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AsstnA.cr

A group of synthetic zeolites, the "P group," has been defined and an attempt has been

made to determine the compositional extent of this group. New analyses of Na-P zeolites

are given, and the analyses available to date show that the Al:Og:SiOz ratio ranges from at

Ieast 1:3.18 to 1:5 26. The effect of ion exchange on the structure of Na-Pr (Na2O, A1rO3,

3.63SiOr,4.31HzO;tetragonal ,  a: l1.7 l  A c:9.83 A) is  considerablel  a maximum range of

7/6 exists in the c-dimension of the tetragonal unit cells of the ion-exchanged forms. Three

main structural divisions lvere distinguished at room temperature and PHr6: 7mm Hg.

(1) Primitive cell, o)c.' tetragonal Li, Na; cubic Mg, Co, Ni, Cu
(2) "Body-centered" cell, alc: tetragonal K, Rb, Cs, Ag
(3) Body-centered celi, cla.' tetragonal Ca, Sr, Ba, (Pb); Cubic Cd.

A study of six dicationic zeolite systems containing Na, K, Ca and Ba-ions revealed that

solid solution gaps exist at room temperature in the systems Na, K; Na, Ba and possibly K,

Cal a reaction point exists in the system K, Ba. Only in the Ca, Ba system was no evidence

found against complete solid solution
Hydrothermal treatment of Na Pr and the Li, K, Mg, Ca, Ba ion-exchanged froms, at

Pnzo:1000 bars and temperatures up to 400o C, showed that K Pt and Ca-Pt were more

resistant to breakdown than the parent Na Pt zeolite. The Li, K and Ba-Pt forms could be

converted to lower symmetry (orthorhombic, monoclinic) H zeolites. The tetragonal dica-

tionic P zeolites transformed more readily to H zeolites on hydrothermal treatment, than

did the monocationic forms. The KzCa-H zeolite so prepared had an r-ray powder pattern

identical rn ith a natural phillipsite

INrnopucrron

In this study2 of the Na-P zeolites we have considered them as mem-

bers of a large group of structurall l '  related zeolites-the "P group"

of zeolites. The object of this paper is to demonstrate the possible extent,
composition-wise, of this zeolite group and to present tr-ra)r and other
data for the known zeoliLe members. A subsequent paPer (Zeo\te

Studies V) wil l deal with the complex dehydration behavior and the
accompanying structural changes that occur on heating a P zeolite in

the atmosphere, and under conditions of controlled partiai water vapor
pressure. A summation and evaluation of these data wil l thus delineate
the extent of certain structural states of a P zeolite with respect to the

I Contribution Number 62-118, College of Mineral Industries, The Pennsylvania State

University, University Park, Pennsylvania.
2 Details on the experimental procedure and extensive numerical data may be obtained

in the Ph.D. dissertation of A. M. Taylor, Pennsylvania State University, Geochemistry

1962.
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variables of composition, temperature and partial water vapor pressure.
The Na-P zeolites are of widespread occurrence in the system NurO-

AIrOB-SiOr-HzO and have been reported crystall ized at temperatures
ranging from 60o to 250o C. and pressures from saturated water vapor up
to at least 2000 bars. These zeolites are known to have variable composi-
tion and to exhibit different symmetry forms. The first part of this paper
is concerned with determining the maximum probable range in composi-
tion and whether the observed symmetry is dependent on composition
or some other variable.

The scope of the investigation is greatly expanded by studying the
structural effects on the Na-P zeolite, resulting from the partial or com-
plete exchange of the sodium ions for monovalent and divalent cations
of various sizes and poiarizing powers. The physicai and chemical
properties recorded for these ion-exchanged P zeolites wil l be valuable
for comparison with properties of other phases that may be synthesized
directly from gels, etc., or found to occur in nature, with the object in
mind of determining whether or not such phases may be P zeolites.

The study of the hydrothermal treatment of P zeolites results in the
evaluation of their reiative persistence or "stabil ity"l under a given set
of p,T conditions. The cationic forms having maximum stability may be
the varieties of P zeolite most l ikely to be found in nature; conversely,
the least stable cationic forms are unlikely to be found. The p, T condi-
tions of the hydrothermal breakdown of these zeoiites, the process of
breakdown, and the nature of the products-whether new zeolites are
formed or anhydrous phases, all constitute valuable data in the attempt
at the evaluation of phase relations in the many chemical systems in-
volved. The breakdown products of the cationic forms having maximum
stability will give an indication of the type of natural mineral assemblage
where P zeolites might be discovered.

The Na-P zeolites were init ialiy investigated by Breck et al., (1956)
who use the name "zeolite B" for these phases. Their findings, including
the method of synthesis, variation in composition, and some ion-exchange
and absorbent properties have been published in the patent l i terature
(Milton, 1961). In a study by Barrer et al., (1959a) of the hydrothermal
crystall ization of hydrous gels of composition NarO.AlzOr.nSiOz
(1 <n(12) in the presence of excess NaOH, there is reported the syn-
thesis of three polymorphs of species P (or Na-P), cubic, tetragonal and
orthorhombic2 symmetry ' n-ray data are given for each polymorph. This
report was followed by a more extensive study (Barrer et o1.,1959b) of
the properties of the Na-P zeolites and some ion-exchanged forms. A

1 The term "stability" is thus not used here in its rigorous thermodynamic meaning.
2 Not encountered in this investigation. Considered to be more probably a member of

the H group of zeolites (see Nomenclature).
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structure was proposed for the cubic polymorph and the relations be-

tween this structure and orthorhombic or monoclinic unit cells of harmo-

tome and phillipsite are indicated. Unfortunately, the term "harmotome
zeolites" is used instead of "P zeoiites" for the group of synthetic phases

under study.
Additional reports of the synthesis of Na-P zeolites have been by Hoss

and Roy (1960), where they were called "phil l ipsite, or cubic phil l ipsite";

Saha (1960), "zeolite B"; and Regis el al., (1960), "phases P", P1, Po

or cubic, tetragonal and orthorhombic phillipsite" respectively. Reports

of synthetic phases considered here to very probably be P zeolites, but

containing exchangeable cations other than sodium, are listed as follows:

Phase Na, K-P?, and calcium "harmotome"?, Barrer et al., (1959b);

phase CASH-I I ,  Koizumi and Roy (1960),  Ames and Sand (1958);  a

cubic alkyiammonium zeolite'analogous to cubic Na-P, Barrer and

Denny (1961a); tetragonal Ca-harmotome and Na-harmotome, Barrer

and Denny (1961b).
The use of natural mineral names to describe synthetic phases should

be avoided when identity is not certain. The current practice of using

harmotome and phillipsite for both high and low symmetry synthetic

phases has rendered these names rather meaningless' That some sort of

standard nomenclature of these zeolites should be proposed is evident

from the list of confusing descriptive terms given above'

NounNcr,erunB

The "P zeolite group" is here defined as that group of zeolites com-

posed of members having an aluminosilicate framework linked in a

manner identical to that of the cubic Na-P zeolite. The P group, so

defined, includes tetragonal Na-P, which is related to the cubic form by

a reversible, displacive-type transition that occurs on heating Na-Pt in

the atmosphere at temperatures below 100o C. (Zeolite Studies V, in

prep.). Ion-exchange processes that occur when the cubic and tetragonal

Na-P zeolites are brought into contact with aqueous salt solutions at

room temperature and atmospheric pressure are not known to cause any

reconstructive changes in the aluminosilicate framework, hence the ion-

exchanged products of these zeolites are also considered members of the

P zeolite group.
The variables of composition and symmetry must not be used in an1'

scheme for the structural classification of zeolites into groups. Use of such

variables should be restricted to the subdivision of groups into subgroups

and species. Three subgroups of the P zeolite group have been recognized

and these are characterized by certain physical properties of the Na, K

and Ca endmember zeolites. The subgroups are designated by a super-
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script, e.9., P1(Na), P'(K), P3(Ca). The symmetry of a phase is shown
by a subscript (P", cubic; P"", pseudocubic; P1, tetragonal). E.g., the
formula K,Ba-P13 represents a tetragonal, dicationic zeolite belonging to
the Ca-subgroup of the P zeolite group.

The exchangeable cation composition phase may be shown either
qualitatively or quantitatively; the Al2O3: SiO2 ratio is given as a number
in parenthesis, e.g., qualitative, Na,Ca-P1; quantitative, (2Na)36Ca76-
Pi3(363), the latter phase has an Al2O3:SiOz ratio of 1:3.63. The P zeo-
Iites that contain exchangeable cations other than sodium have all been
prepared by ion-exchange processes and none by direct synthesis. The
formula given for a P zeolite thus represents the resultant state of the
phase, after perhaps several ion-exchange treatments, e.g., 2K,Ca-P. is
a cubic phase produced by two ion-exchange treatments of zeolite Na-Pt:
In general usage, it is proposed that when it is desired to indicate spe-
cifically that a particuiar cation has in fact been introduced by exchange
the superscript u" be used; thus K2u*,Ca"*-P".

The relationship between the synthetic Na-P zeolites and the harmo-
tome-phil l ipsite group has been studied by Barrer et al., (I959b). They
conclude from a comparison of unit cell measurements that these zeo-
lites must have similar aluminosilicate frameworks. However, from a
recent structure determination of harmotome by Sadanaga et al., (1961),
it is apparent that the anionic framework of harmotome is linlied dif-
ferently from the way proposed by Barrer et al., (I959b) for the structure
of cubic Na-P. Thus the transformation of a "P type" framework to a
"harmotome type" cannot take place without a reconstructive change
occurring i.e., involving a breaking and relinking of some Si-O-(Si, AI)
bonds, and by our definition they cannot be considered as belonging to
the same group.l

Hydrothermal treatment of P zeolites, especially dicationic types,
readily converts them to phases having low symmetry n-ray powder
patterns practicaily identical to those of harmotome or phillipsite (see
Part III). None of these hydrothermal reactions have been demon-
strated to be reversible. Many different structural changes have been
observed to take place on dehydration of P zeolites in the atmosphere
(Zeolite Studies V, in prep.), but on no occasion has any phase been
formed that has an n-ray powder pattern resembling either harmotome,

r A broad group classification of zeolites has recently been proposed by J. V. Smith
(1963). Zeolite Na-Pl (Na-P") is included in the phillipsite group, along with phillipsite,
harmotome, gismondine and garronite. All the structures of zeolites within this group are
based on parallel four- and eight-membered rings of tetrahedra. In our nomenclature, the
P-group of zeolites (including garronite) may be considered as belonging to the phillipsite

family oI zeolites, all of which have certain structural features in common.
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phiil ipsite or their meta-phases. These observations indicate very strongly

that the P zeolites must undergo a reconstructive-type change during
their conversion to harmotome or philiipsite-like phases under hydro-
thermal conditions. For this reason, the synthetic phases that have low
symmetry (orthorhombic, monoclinic) r-ray powder patterns comparable
to harmotome or phil l ipsite are there designated "H zeolites" and are
considered as a group to be structurally dif ierent from the P group.

Part I-The Na-P Zeolites

ExpBurvrBNtel

The method of synthesis used was that described by Regis et al.,
(1960). Solutions of NaOH, NaAlOz and Ludox (ammonia stabil ized
colloidal SiOz) were reacted in glass jars at 100" C. for 1 to 4 days. The
weight ratio, anhydrous solids: water, was kept constant at 1:6. A
starting composition of 6NazO.AI2OB.8SiO2 produced well crystali ine
Na-P1 (samples 349, 363, 378) after 3-4 days. The composition 1.7NazO'
Al2O3.3.5SiOz produced Na-P" (352) after 1 day. The duration of a run
is dependent on the kinetics of the reactions invoived. During the first
few hours, initial crystallization of Na-Fr or Na-A2 occurs, followed by
a gradual conversion to Na-P (1 to 3 days) and finaily analcime begins to
crystallize.

To obtain a product containing a single zeolite phase the run must be
terminated at the right time which is found by trial and error. The
product consists of amorphous solids containing some crystalline zeo-
Iite, ranging in size up to 1 mm; aggregates of zeolite grains (30-200p);

and relatively free zeolite grains (2-15p). A purified sample of zeolite
was obtained by a sedimentation process. The impure zeolite was brought
into suspension in a large beaker of distilled water by vigorous stirring.
When the coarse material had settled to the bottom, the fine zeolite
suspension was sampled and examined microscopically; if no amorphous
particles were present, the top third of the suspension in the beaker was
poured into a Buchner fi l ter. The process was repeated unti l nearly ail
the free zeolite grains were separated from the larger zeohte aggregates
and amorphous material. The purified zeolite was found to be better than
99/6 pue by microscopic examination. Batch amounts of from 5 to 150
grams of purified zeolite were prepared by the above methods.

CouposrrroN AND SyMMETnv VanrerroNs

Seven samples of purified Na-P zeolite were analyzed at the Japan
Analytical Chemistry Research Institute (analyst M. Chiba) and one
sample (363b) by one of us (A.M.T.). The two analyses 363a, 363b are of

1 Na-F: synthetic faujasite.
2 Na-A:Linde Molecular Sieve, Type A.
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the same material. l The composition and symmetry of each sample is
given below in Table 1.

The AlzOa:SiOr rat io  of  the samples ranges f rom 1:3.18 to 1:4.46 and
there is no obvious relation between symmetry and composition. Six
analyses of Na-P zeolites published by Barrer et al., (1959b) have values
of AlzOg: SiOz ranging from 1:3.35 to l:5.26. Thus the analyses available
to date indicate a probable range of 1:3 to 1:5.5. This is comparable to
the range of at least 1 :3 to 1:6 found for synthetic analcimes by Saha
(1ese).

Teer,u 1. Couposnron ANn Svrurunrnv VlnrlrroNs ol Sprcrrs Na-P

Sample Symmtry ^20 (31O)\

318
352
402
446
349
363a
363b
378

0 8 9
n.d .
0 9 1
0 9 4
n.d .
0 . 9 4
(0. ee)
0 . 9 1

3 . 1 8
3 5 2
4 . O 2
4 . 4 6
3 . 4 9
3 . 4 6
3 .63
3 . 7 8

4 6 2
4 . 7 4
5 . 6 0
5 . 8 1
4 . 2 2
r  < c )

4 . 3 1 )
5  .08

0 .  5 7
0 0 0
0 . 6 2
0.00
0 . 7 4

o . 7 4

tetragonal
cubic
tetragonal

cubic
tetragonal

tetragonal

tetragonal

120 (103)-20 (310); CuK., f," 20/min., cht. scale 4":1" 20.

The polymorphism of the Na-P zeolites at room temperature may be
characterized by the following two groups of structures:

(1) Body-centered cubic and pseudocubic (tetragonai)
(2) Primitive tetragonal

The axial ratio cfa of the Na-P unit cell may vary from unity for the
cubic species to 0.975 or less for unit cells exhibit ing maximum tetrag-
onalitl,-. A measure of the noncubic nature of a unit cell is given by the
degree of spiitt ing of the strongest r-ray diffraction peak (310); values
of 420(310) --20(103)-20(310) are l isted for each sample in Table 1.
Samples 349,363,378 have primitive tetragonal cells with A20(310) >0.70
and the absolute intensities of the (310) and other peaks appear to be
greater, in some cases double, that of the corresponding peaks for sam-
ples 318, 352, 402,446. The samples 318, 402, that have L20(310) <0.70
appear to have body-centered tetragonal unit cells and are thus more
closeiy related to the body-centered cubic species, than to the species
having primitive tetragonai unit ceils further removed from cubic sym-
metry.

1 The value 3.63SiO, is used to give the sample number 363 for this particular batch of
zeolite on lghich two analyses were made.
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),I icroscopic examination showed that both the tetragonal species 318,
402 and the cubic species 352, 416 occurred as relatively free, rounded
grains (5 15,pr), whereas the primitive tetragonal species 349, 363, 378
consisted of clusters of irreguiarly shaped grains (5-10p). The refractive
index of individual rounded grains varied over a considerable range for
any one sample (Table 2). The mean refractive index for a particular
sample, however, was found to decrease linearly with increase in sil ica
content. If i t is assumed that the inter-grain variation of refractive index
reflects a corresponding variation in Alzoa: SiOz ratio, then for example,
sample 402 may be composed of individual grains that have ratios rang-
ing f rom 1:3.3 to 1:4.8.  The uni t  ce l l  d imensions wi l i  to  a cer ta in extent
be affected by such variations in composition; a variation in unit ceil

T.trr,e 2. Oprrcer- Pnopnnrrns ol Sprcrrs Na-P

Sample Refractive Index Birefringence

3 1 8
352
402
446
363
378

Range 1 476-1.487;mean
Range 1 .473-1 .479; mean
Range 1.465-1 .478;  mean
Range 1.46tt-1 .472; mean

1.482+0 002
1.482+0.002

t . 4 7 9
1 . 4 7 6
t . 4 7 2
1 . 4 6 8

u,eak
none
weak

very weak
weak
lveak

dimensions from grain to grain would explain the broader and lower
intensity o-ray diffraction peaks obtained from these samples.

The refractive index of the primitive tetragonal species 363, 378 did
not exhibit any extensive inter-grain variation, and the value measured
N"":1.482) is somewhat higher than that of the four body-centered
specimens. X-ray powder data for cubic and tetragonal Na-P are given
in Table 3.

A range in AizOa : SiOz ratio of 1 : 3. 18 to l: 5.26 has been demonstrated
by actual analyses of Na-P zeolites, however, a greater range is indicated
from iefractive index mqasurements made by other investigators. Barrer
et al., (1959a) synthesized Na-P zeoiites from NazO'AlzOz'nSiO: gels for
which n:2 to 12. Refractives indices of Na-P ranged from 1.493 for a
sample grown f rom gel  n:2,  to  1.455 f rom gel  n:8.  A s imi lar  decrease
of refractive index with SiOz content of zeolite "8" (cubic or pseudocubic
Na-P) synthesized from glasses having the composition NazO'L12Oy2-
6SiO:, has been reported by Saha (1961). Assuming the same trend of
refractive index with composition as is listed in Table 1, the refractive
index range reported by Barrer for Na-P would indeed correspond to a
range in AlzOg:  SiOr rat io  of  l :2  to l :6 .



T.cBr,r 3. X-Rev Powonn PerrrrNs ol Na-Pt mm Na-P"

Na-Ps (363)1 Na-P" (352)

hkt

1 1 0
101
tll
200
o02
102
211
l t2
202
212
310
103
J l t

I I J

302
203
32r
312
213
400
322
L04

r',fi\
402)
421
2t4
422
510
413
105
521
440
441
530

503,433
422
610
006
106
r t6
612
.* !
s41)

a : 1 0 . 1 1  i t ,  c : 9 . 8 2  i r

l aA
I

i  7 1 3 2
7 .047
5 . 7 7 6
5 .048
4 . 9 1 4
4.420
4.  108
4 049
3 . 5 2 7
3.328
3 . 1 9 4
3.1r7
3.036
2 979
2 . 7 7 6
2 . 7 5 0
2.694
2 . 6 7 9
2 . 6 5 3
2 . 5 3 1
2 . 4 3 5
2 . 3 8 7

2 . 2 5 7

2 206
2 . 1 5 9
2 .055
1.982
1.966
1.929
1 . 8 M
1 . 7 8 7
1 . 7 5 9
1 . 7 3 4
1 . 7 2 0
1 .681
1 664
1 .638
r . 6 1 6
t . 5 9 7
1 . . ) / o

1 . 5 6 0

85
83
5

. ) l

26
8

94
22
4

18
100
64
10

3
.)

4()

28
2 l
6

2

z

1
2
2
1.
I

2
2
I
z
2
I

I
1
1
I

I

422
510,431

440

530,433

600,422

611,532

a:10.02 A,

7  . 1 0

5  . 0 1

4 .  1 0

3 . 1 6

2 . 6 7

2 . 5 2

2 . 3 6

2.054
1 .965

1 . 7 7 1

1 . 7 1 9

1 . 6 6 7

t .623

100

55

10

I Unit cell formula for Na-Pi (363) is Nas.zAla.zSiro aOaz.l2HzO.
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Regis el al., (.1960) have published data on the Na-P polymorphs and
report that "tetragonal phil l ipsite" had an average composition of
NazO'AlrO3.SSiOr. 76-20H2O, and give refractive indices oI r '::I.491

and e:1.495. It is not definitely stated that these refractive indices are
of tetragonal Na-P having the average composition stated;it is virtually
certain, however, that such a sil iceous P zeolite wouid have refractive
indices within the range 1.45 to 1.46.

Part Il-Structural and Compositional Effects of Cation Exchange

ExppmlrBNrrlr, PnocBlunns

Essentiaily monocationic, ion-exchanged forms of zeolite Na-Pt (J63)

were prepared bv slow percolation of salt solutions through the zeolite
at room temperature, or by repeated soaking of the zeolite in salt solu-
tions at 80 90" C.;in some cases if the former method was found to be
ineffective, the latter method was employed with success (z'14., Mg2+ and
Ni2+). Between 2 to 3liters of soiutions having sait concentrations of
5 20 wt/6 were used to treat 5 gm iots of Na-Pt. Percolating times of 2
to 5 days were required. The ion-exchanged samples were kept in a
saturator (CaCl2, saturated solution) at 22-25o, for at least 3 days prior
to analysis. Water contents were determined on 500-700 mgm of zeolite
by repeated ignition to about 800o C., unti l a constant weight loss was
obtained. 'Ihe extent of exchange rvas determined b1, anal1'zing for resid-
uai sodium uti l izing a Beckman flame photometer. The

16 exchange: g}3ltitrg|I'L-rt-9rjg x 
10!

o n g l n a l  q u a n L l L y  o t  1 \ a '  I

and is l isted as follows: K, Ag, Ba, Cd, Pb l00Ta, Li, Rb, Ca, Sr, Co,
Cr 95 99/6, Cs 9316, Mg 86/s, Ni 82%.

Dicationic or partially ion-exchanged zeolites were prepared from 1
gm lots of Na-Pt (363) or its ion-exchanged forms, by soaking the
material in dilute choride salt solutions (0.02-0.1N) at room tempera-
ture. The amounts of the exchanging cation present in the solution was
controlled so as to equal, or partially equal the amount of the exchange-
able cation present in the zeolite. The progress of the ion-exchange reac-
tions were noted each day, or at shorter intervals of t ime, b1' temporarily
removing a sample for r-ray examination. X-ray charts taken of the
region 27"-32" 20 at  I /2"  /min recorded the (310) ,  (301) ,  (103)  peak posi -
tions of the phases present, hence it was possibie to observe progressive
changes in celi dimensions and the conversion of one structural form to
another.

The dicationic zeolites were analyzed at the Japan Analytical Chem-
istry Research Institute by Mr. M. Chiba. The analytical data rvere used
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to calculate the ratio of the exchangeable cations and the parameter A,
which is defined as the ratio, Sum of Exchangeable Cations: Al2O3,
X 100. The A values calculated for the 21 samples average 95.5, with a
minumum of 90 and a maximum of 99. For the seven Na, K samples, A
averages 97.0 but for K, Ca only 92.0. The lower value for the latter
samples may be due to the presence of minor residual sodium which
lvas not anall 'zed for. The overall iow A values may be due to minor
hydronium ion substitution resulting from the use of slightly acidic salt
solutions in the ion-exchange process.

A Norelco high-angle diffractometer was used for all r-ray work.
Water smear mounts of the ground zeolite powder and an internai stand-
ard of s1'nthetic spinel (MgAl2Oa) were dried in a saturator, and then
r-ray powder patterns obtained at a scanning speed ol |" 20 per mln. on
a chart scale of |" 20 per inch. ' lhe dependence of unit cell dimensions on
te_mperature and water vapor pressure is considerable in some cases, d.g.,
at room temperature the c-dimension of K"*Na-P1 has a temperature
dependence of -0.002 A per o C. The unit cell dimensions obtained are
for temperatures of 22"-25" and high humidity (Figs. 1 and 4).

The unit cell dimensions of the dicationic zeolites were determined as
follows: immediately on removal of the samples from the saturator, the
(310),  (301) ,  (103)  and the (200) ,  (002)  peaks were scanned at  f , "  20
per min. on a chart scaLe of l" 20 per inch. The (111) and (002) spinel
peak positions were used as standards. The ceil dimensions were calcu-
lated from the Qntr values of the above mentioned peaks. An accuracy
of *0.01 A is estimated for all the unit cell measurements.

Rosurrs (A) MoNocarroNrc ZoorrrBs

Considerable variation in unit cell dimensions and water content are
found to occur with the ion-exchanged products of the Na-Pt zeolite.
Both cubic and tetragonal structures exist, with either a body-centered
or a primitive lattice. Three main structural divisions may be distin-
guished at room temperature:

Group 1. Primitive cell, o)c; tetragonal Li, Na, cubic Mg, Co, Ni, Cu (P)

Group 2. "Bocly-centered" cell, a)c; tetragonal K, Rb, Cs, Ag (P')

Group 3. Body-centerecl cell, clo; tetragonal Ca, Sr, Ba, (Pb) cubic Cd (Pt)

The div is ion between pr imi t ive and body-centered lat t ices is  not  c lear

cut; the K-group zeolites (P') have one o! two very weak reflections at
high angles for rn.hich h+k+1:odd, however, many other features such
as unit cell dimensions, water content and dehydration behavior support
the structural division between the Na-Pt and K-Pt zeolites. Pb-Pt has
a primitive iattice, but is placed in Group 3 for convenience.
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A plot of unit cell dimensions vs. size of the exchangeable cation is
shown in Fig. 1, Ahrens' values of ionic radii are used. The maximum
ranges in unit cell dimensions are as follows:

a-dimension
c-dimension

The c-dimension has

9.89 A (Ca)
e .67  A (K)

a range of about 7/6 (hree times greater than the

to 10 13 A (Cs)
to 10.38 A (Pb)

t.z L3
OF CATION

.7 .8 .9 tO t.t t2 t.3 lA t5 t.6 t7
RADIIJS OF CATION A

Frc. 1. Unit cell dimensions zs. radius of exchangeable cation.

o-dimension) and is also more susceptible to change than the o-dimen-

sion, during dehydration.

The substi tut ion of a smalier, more polarizing cation for Na+, whether

it  be univalent or divalent, results in a cubic or pseudocubic structure.

The structural effect of cations having equal size but different polarizing

power is shown by the Ca-Pt and Cd-P" zeol i tes, the former has an

expanded tetragonal structure and the latter a contracted cubic struc-

ture. The Na-P zeol i te i tself ,  may exist at room temperature as the body-

centered cubic polymorph.
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The substitution of a larger cation for Na+ tends to resuit in the change
from a primitive to a body-centered lattice, there being two types of
structures which separate the univalent and divalent ion-exchanged
forms. The K-group (2) and the Ca-group (3) are distinguished by the
former having a)c and the latter c)a. It is important to note that the
above structural division exists only near room temperature. Due to
certain phase transitions that occur on dehydration it so happens that an

k
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Ftc. 2. Unit cell volume us. volume of exchangeable cations.

increase in temperature to 65", could place Li-Pt, Ba-Pt and Na-Pt in the
body-centered group 2 (Zeolite Studies V).

The water content of a zeolite having a rigid anionic framework should
be correlatable with the free volume, i.e., the volume of the structural
cages and channels not occupied by cations, and available for occupation
by water molecules. The water contents of ion-exchanged faujasites are
known to decrease, with increase in cation volume, there being a separate
series for the transition metal, univalent and divalent ion-exchanged
forms (Barrer and Bratt, 1959a). A similar correlation exists with the
ion-exchanged forms of chabazite (Barrer and Langley, 1958). However,
with the P zeolites, which have a non-rigid framework, a different situa-
tion arises. Within a structural group an increase in the volume of the
exchangeable cations results in a corresponding increase in unit cell
volume and water content is not greatly afiected (Fig. 2 and 3). The unit
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cell volumes in the series Li, Na; K, Rb, Cs and Ca, Sr, Pb, Ba all in-
crease with increase in cation size. Whereas the unit celi volumes of the
cubic group Mg, Co, Ni, Cu are approximately equal. The number of
water molecules per unit cell vs. the free volume is shown in Fig. 3 for
each ion-exchanged form. The free volume is the unit cell volume minus
the volume of the enclosed exchangeable cations, minus a constant
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Frc. 3. Number of water molecules per unit cell zs. the free volume. (Freevolume:unit

cell volume minus the volume of enclosed exchangeable cations, minus the volume of
enclosed exchangeable cations, minus a constant volume occupied by 32,0 and 16 (Si,
Al) atoms )

volume occupied by the 32, 0 and 16 (Al, Si) atoms of the structural
f ramervork (est imated at  337 A3).

Although the major factor determining the water content of a zeolite
appears to be the free volume, the ionic potentiai of the cation should
exert some effect as well. Cations having a high ionic potential may exist
with compact hvdration spheres of co-ordinately l inked water molecules,
e.g., Co2+, \i2+, f1z+ and thus directly afiect the water content; or the
presence of a strongl.v polarizing action may result in the zeolite having a
contracted structure with a small free volume, thus indirectly affecting
the water content, e.g., Cd2+ cJ.Io Ca2+.
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The water contents in the K, Rb, Cs series are approximately constant
with slightly less than 8 molecules per unit cell, which is considerably
lower than the 12 13 molecuies per unit cell for the Li, Na group. In the
group Mg, Ca, Sr, Ba; Cd, Pb which have from I2.5 to 14.5 water
molecules per unit cell, the Sr-P1 zeolite has the highest water content for
reasons unknown. The Co, Ni, Cu group, with 15 to 18 water molecules
per unit cell, have the highest water contents of all. Much of this water is
probably l inked in 6-coordination to the metal ions, as the full l 'hydrated
zeolites are colored pink, green and blue, respectively.

In Tables 3, 4, 5 and 6 are given r-ray data, water contents, refractive
indices and densities of Na-P1 (363) and certain ion-exchanged forms.

Tlsle 4. DarA OsrarNno ron Na-Pt (363) .tNo Sour IoN-ExcHANGED Fonlrs alrnn
Tnnrn Eeurr-rsnruu OvBn Sa.run,lrBn CaCl: Sor-urroN .lr Roou Tnupon,lrunr

(25"-27" C.\

P (363) wt /6 HuO

1 8 . 7
1 6 9
1 0 8
1 8  . 0
14.6
1 4 .  J

11.9

Rr (+0.002)

1 . 4 8 9
t .482
1 .504
1 . 5 0 5
1 . 5 3 1
1 . 5 0 7
1 . 5 3 0

.l

(+0.02)Unit Cell Dimensions

Li
Na
K
Ca
Ba
K2, Ca
K, BA

a 9  9 9
1 0  1 1
9 . 9 3
9 8 9
9 . 9 2
9  . 8 8
9 .89

c  9 . 9 1
9 . 8 3
9 . 6 7

10 30
1 0 . 3 6

9 . 6 9

2 0 5
2 1 6
2 . 3 0
z . \ J

z . t l

2 2 6
2 . s 6

2 . 0 2
2 . 1 5
2 . 2 8
2 . 1 6
2 . 5 7
2 . 0 7
2 -56

These data wil l be useful for future identif ication of P zeolites b1' other
investigators. The c-ray data of Table 5 indicates that the phase CASH-
II synthesized by Koizumi and Roy (1960) is most probablv Ca-Pt.

Rnsums (B) Drc.qrroNrc ZEoLrrEs

Extension of the three structural divisions of the P zeolites into dicat-
ionic systems has been studied and it was found that either solid-solu-
tion gaps or reaction points exist between unlike structures. The solid-
solution gaps are identif ied as two phase regions existing during the
course of the ion-exchange process; the extent of the gap is, in most cases,
determined ftorn analyzed samples that consist very predominantly of
one or the other l imiting solid-solutions (Fig.4). These phase relations
exist at 25" C. and for water vapor pressures ranging from saturated,
down to at least 5 mm Hg. Further work has shown that these solid-
solution gaps probably do not extend above 45o at P(HzO) :7 mm Hg.
(Zeolite Studies V, in preparation) .

It seems evident that the exchangeable cations in each of thd Pl, P2, P3
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Tarln 5. X-Rev Powonn PerrrnNs or Ca-Pt (363), GentoxrrE AND CASH-II

Ca-P1 (363)

a :9 .88  A ;  c : 10 .30  A
Garronite

Barrer et ol. (1955b)
CASH-II

Koizumi and Roy (1960)

dAhkl u d dA

101
200
112
211
103
301
222
213
. )  lz

321
004
41r
420
332
224
422
314

431, s01
( l  ) )

s21J
404
305

503,433

/ I J

4 . 9 5

4 .  1 5
4 . 0 7
3 240
3 . 1 4 0
2 . 8 9 3
2 . 7 0 8
2 . 6 7 4
+

2 .573
2 . 3 3 4
2 . 2 1 1
2 . 1 2 5
2 . 0 7 2
2.O30
1 .985
r .940
1  . 8 1 1

1 782
r . 7 4 6
r . 7 1 3

1 . 6 7 4
1 . 6 4 7
1 . 6 1 2

1 . 5 0 5
1.463

r .387
r  . . to /

1 .353

244
600
q ,  t )

q ? t l

. t t o

orJ  !6sr)
604
525
633

82
62
, 1

5 1
40

100
3
9

62
sh

7
6

J

3
.')
2
6

6
5
4

2
3
2

2
3

4
3
I

7  . r 5
4 . 9 5
4 . 1 2
4 . 0 7
3 . 2 2
3 . 1 4
2 . 8 8
2 . 6 8
2 . 6 6

2 . 5 4
2 . 3 4
2 . 2 2
2 . 1 2
2 .05
2 . 0 3
1 . 9 7 0
1 .938
1 .805

1 . 7 7 0
1 . 7 4 5
r . 7 3 0
1 . 7 0 5
l .  o o J

1 .645
1 .605

InS

InS

s
m
m

S

w

s

w

mw
uw

m\\l

mw
m11'

structures must occupy a different set of lattice positions, each set pre-
senting the lowest energy configuration for cations within certain l imits
of size and charge. Of special interest in this connection is the process of
Ca-exchange on K-Pi. Very i itt le Ca-exchange resulted with 0.1N solu-
tions of CaClz. It was discovered, however, that treatment of K-Pt with
saturated .CaClz solution at room temperature alwa,vs produced a cubic

7 . r r
4.942
4 . 1 3 3

3 . 2 2 5
3. r32

2.663

42
33
t a

25
49
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T.Lnr,r 6. INlBxno X-Rev Powonn Perrrnrqs lon Soun IoN-ExcnaNcr:o Fonus
or.Zrolrre Na pt (363)

Mg-P"
a : 9 . 9 9 t  A

K-Pt
a : 9 . 9 3 ;  c : 9 . 6 7  f t

Can(2K)qrP"
o : 9 . 8 8  A

dAhk1hkl

1 1 0
2M
210
211

300,221
310
311
222
320
5 2  |

400
41,O,322
477,330

. )J  I

420
421
332
422

500,430
510,431
520,432

52r
440

522,441
s30,433

.).t I

600,442
610

611,532
62r,540,443

541
533
622

630,542
631

700,632
640

720,641
721,633,  552

730
/ J I ,  J J J

650, 643
732, 651

110
200
211
310
222
. tz I

4 1 1 , 3 3 0
420
JJ I

422
510,431

521
440

530,433
600,442
611,532

541
631

710, 500, 543
640

721, 633, 552
651

7 0 0  6 4
4.95  34
4.04  65
3 . 1 3  1 0 0
2 . 8 5 3  1 l
2 .643 43
2 . 3 3 3  1 3
2.206 2
2 . 1 0 5  1
2 .018 6
1 .936 9
1 . 8 0 7  4
r . 7 4 6  4
1 . 6 9 3  9
1 . 6 4 9  7
1 .603 6
1 . 5 2 5  4
I . 4 5 7  3
1 . 3 9 7  1
r . 3 7 1  |
r . 3 M  5
1 . 2 5 5  6

7 .092
5 008

4.084
3  . 3 3 1
3 . 1 6 1
3 . 0 1 5
2.887
2 . 7 7 2
2 . 6 7 3
2.496
2.424
2 356
2 . 2 9 2
2 . 2 3 4
2 . 1 8 2
2 . 1 3 1
2.041
1 998
1 960
1 . 8 5 6
1 .825
1 . 7 6 7
1 . 7 4 0
1  . 7 1 4
1.690
1.666
1..643
1 . 6 2 2
t . 5 f ) 1

1 . 5 4 2
1 .525
1 . 5 0 5
1.490
1 . 4 7 4
1 . 4 2 7
1 386
1 . 3 7 3
1 .360
1 . 3 1 3
1 . 3 0 2
| 280
1 270

76
48
27
62
14

100
10
2
6

A N

3
6
2
2
1
4
2
1
I

6
1
1
+
2
4
2

101
200
211
112
202
301
103
222
321
312
213
411
303
204
323
422
431
3t4
105
512
404
305
600
610
523
620
206
514

6 943
4.966
4 037
3 .983
3 . 4 7 3
J -  t . tz

3 . 0 6 6
2.842
2.6+9
2.634
2.609
Z . J J I

2 . 3 1 0
2 175
2.094
2.016
1.943
1  . 9 1 8
1 . 8 9 8
1.806
I .  / J J

1 . 6 6 9
.653
.609
.604

1 . 5 6 8
I .  J J J

I U

25
32
27
4

100
t 1

16
l3
25
9

7 I
4
2
1
3
A

4
3
z

1

4
4
4
3
2
3I . J I /
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phase having a composition almost exactly at the halfway mark, t:'z-,

KrCa-P". To obtain at room temperature, Ca, K-P1 phases richer in

Ca-ions, it was necessary to treat Ca-Pt with dilute KCI solution' If there

are two sets of cation positions only half occupied, each separately by

K+ and Ca2+ ions, then the cubic phase K2,Ca-P" which resists further

Ca-exchange, may owe its stability to a maximum value of the configura-
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t ional entropy of the system. It is interesting to note that the natural

polycationic zeolite, philiipsite, frequently has a composition near

(Kr,Ca) AlzSi+Orz, 4'5H2O, which is almost identicai to that of K2,Ca-P"

(see Part III for discussion on inter-conversion).
Two samples containing both K+ and Ba2+ were prepared (KBa1,

KBa2). At the time of preparation, KBal (prepared by K-exchange of

Ba-Pt) consisted of a mixture of approximately equal amounts of two

phases (P'+P'), whilst KBa2 (prepared by Ba-exchange of K-Pt) was a
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single phase (P'). The analyses showed that both samples had the same
cation composition, liz., Ba66(2K)r, - Pr.

An r-ray examination of these samples several months after their
preparation showed that while KBa2 sti l l  existed as a single P2 phase, the
sample KBal was almost compietely converted to an identical P2 phase,
with only a trace of P3 remaining. These data indicate, that at this unique
composition, a reaction occurs whereby the phase, K,Ba-P13 transforms
to K,Ba-P12. The unit cell volume of the former phase is 1021 A3, and the
latter 948 A' 1the.e values represent the largest and smallest unit cell
volumes known, for fully hydrated P zeolites at room temperature),
hence the volume decrease is 73 Aa per unit cell, which must be accom-
panied by a correspondingly large water loss. This collapse reaction is
analogous to the structural collapses that occur during the dehydration
of most P zeolites, but in this case the temperature remains constant and
the stabil ity of the Ba-Pt phase is changed by substitution of 2K+ for
Ba2+ (N.8., at 55o, the Ba-P13 phase transforms to a semicollapsed phase
having an tr-ray pattern comparable to that of K,Ba-P12, (Zeolite Studies
V, in preparation).

The different results of Ca2+ and Ba2+ exchange of K-Pt may perhaps
be explained as follows: The P2 (K) and P3 (Ca,Ba) structures are
assumed to have different sets of positions for the exchangeable cations.
The Ca2+ ion is considerably smaller than K+ and very likely does not
substitute for K+ on the K+ lattice positions, but on some other sites
related to those existing in the PB structure. On the other hand, the Ba2+
ion is the same as the K+ ion in size, and probably does substitute for it
on the K+-lattice sites, as far as the composition (2K+,28a2+, 2*) per
unit cell (assuming a total of six K+ sites per unit cell for K-P). Further
substitution of Ba2+ would require the existence of the unit cell (38a,+,
3")P,', i .e., three Ba2+ ions distributed over six former K+ sites, which is
an unstable configuration relative to that of the Ba-P13 structure, to
which there is ready conversion.

It is apparent from Fig. 4 that there is somewhat more solid-solution
of the cations Na+, K+, Ca2+, Ba2+ in the P2 structure than the P3 and
that Pr exhibits the least solid-soiution. Na-Pt (363) has 5.7 Na+ per unit
cell of 32 oxygen atoms. Complete replacement of one Na+ by K+ per
unit cell is possible, but replacement of two Na+ without nucleating a
more I(-rich P2 phase is not possible. Complete replacement of 2Na+
by Ca2+ or Ba2+ per unit cell was not quite achieved, and it appears that
the Pr structure must be stabil ized by having a certain proportion of the
unit cells occupied entirely by Na+ ions. Solid solution in the P2 struc-

* Asterisk denotes vacant lattice site.



674 A. M, TAYLOR AND RUSTUM ROY

ture extends to approximately 45K,55Na; 50(2K),50Ca and 33(2K),
668a; it should be remembered however that the extent of solid solution
is greatly dependent on temperature and water vapor pressure.

It is appropriate here to consider the natural zeolite "garronite" which
has recently been discovered in Northern Ireland and Iceland by Walker
(1962). This zeolite has an average composition of Caz.sNaAloSiroOu;
13.5H2O and its r-ray powder pattern (Table 5) is essentially indentical
to that of Ca-Pt (as noticed by Barrer et al.,I959b).

A study of Antrim garronite in-this laboratory has shown it to have a
tetragonal unit cell with o:9.86 A, c:10.32 A. Sampies ground to -200

mesh were treated with saturated solutions of NaCi and KCI at 100o C.
Almost complete cation-exchange occurred and both products had
tetragonal unit cells with o)c, as is the case with the P zeoiites (Na""

garroni te a: I0.0+ A,  c :9.8a A;  K""garroni te o:9.90 h,  c :9.6 A) .  fne

r-ray powder pattern of Na""garronite is identical to that of the body-
centered tetragonal variety of Na-P (e.g. samples 318, 402) and K""
garronite to K-Pt.

There is little doubt therefore, that garronite belongs to the P zeoltte
group. It may thus be represented by the formula CasE(2Na)$-Pt3
(333). The abil ity of this zeolite to undergo cation-exchange suggests
that P1(Na) or P'(K) type zeolites might occur in association with gar-

ronite, or as a complete replacement of it.

DrscussroN

The ability oI a zeolite to undergo ion-exchange with univalent and
divalent cations depends largely on the degree of openness of the anionic
framework, and hence on the minimum free diameter of the channels; the
maximum free diameter may aiso be critical when an exchange process
involves assymetrical ions or molecules. Barrer and Kerr (1959) record
a min imum free d iameter  of  3.5 A,  and a maximum of  4.1 A for  the non-
planar 8-membered rings in the cubic Na-P structure. The tetragonal
polymorph should have critical dimensions ciosely similar. A minimum
channel diameter of 3.5 A indicates that a cation as large as Cs+ (r:1.67

A) should be exchangeable for Na+, and this was found to be so.
The cation selectivity of the Na-Pt zeolite at room temperature may be

recorded as K,Li) Rb) Cs and Ba,Sr) Ca) ) Mg. The reverse nature of
these series shows that cation seiectivit.v is not simpll' related to the
degree of cation hydration of the salt solutions emplol'ed for the ion-
exchange process. A complex selectivity behavior may be expected if the
anionic framework of the zeolite is not rigid and if more than one set of
lattice positions exists for the exchangeable cations and the structural
water (Ames , 196l).
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The structural efiects of cation-exchange on the Na-Pt zeolite are
greater and more diversified than those found to occur with other zeolite
species. The maximum range in unit cell dimensions of the ion-exchanged
forms of Na-P1 is about 7/6, which is comparable to that for analcimes
(6/6 Barrer et al., 1953), but somewhat greater than the range observed
for zeolites that have very open structures, e.C.37o for faujasites (Barrer

et al., 1956) .
The P zeolite group and the analcime group of zeolites exhibit certain

features in common. The univalent ion-exchanged forms of analcime,
like the P zeolites, exhibit an isostructural grouping that is largely
dependent on cation size. The Li+, Na+, K+ forms of analcime are hy-
drated and have cubic symmetry, but with the larger ions K+, NH4+, Tl,
Rb+ the structure is anhydrous and tetragonal. The K+ ion is an inbe-
tween size and both types of structure exist, i.e., K-analcime and leucite
(Barrer et al., 1953). With divalent cations however, analcime does not
undergo extensive exchange. The existence of solid-solution gaps in the
dicationic analcime systems Na,K; K,Rb; K,Tl; Na,Rb has been demon-
strated by Barrer and Hinds (1953) I Barrer (195S). A detailed investiga-
tion of the extent, with respect to temperature and water vapor pressure,
of the solid-solution gaps in these and other zeolite groups may do much
to increase our understanding of the variety of zeolite species found in
nature.

To obtain a reasonably complete picture of the phase relationships
existing in the P zeolite group one must study a quinary system such as
NazO-KzO-CaO-X-HzO (whereX : SiOz/AlzOa) with temperatureandwater
vapor pressure as the variables. The data so far presented for this systern
have  been  fo r  X :3 .63 ;T :25 "  C . ,  P " ,o :7  mm Hg .A  va r i a t i on  o f  X
from 2 to 6 may be possible but no data are yet available of the efiect of
this component variable on the phase relations. Zeolite Studies V wil l
deal with the effect of temperature and Ps,6 on mono- and dicationic p
zeolites having X : 3.63.

Part Ill-Hydrothermal Stability and Reactions

ExprnrunNtar, Pnocpuur<os
The starting materials used consisted of partially or completely ion-

exchanged samples of zeolite Na-Pi (363), which have been described in
Part f. The usual techniques were employed to make the hydrothermal
runs (Roy and Tuttle, 1956). Samples, with or without disti l led water,
were sealed in gold tubes and subjected to an outside pressure of 1000
bars, at temperatures within the range 150o-400o C. for 10 days. The prod-
ucts were identif ied from their r-ray powder patterns, and in most cases
these results were checked microscopically.
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Rnsur-rs

The results of 140 runs are summarized in Table 7. The data do not

necessarily represent equil ibrium conditions as.none of the reactions were

demonstrated to be reversible. On the other hand, it must be made clear

Tanr,r 7. Sulrlr,lnrzro RBSur-rs or HvonornrnMAl TREATMENT ol P (363) Znorttns

or 10 Devs Dun.trror ar 1000 Bans

Pred.ominnantly
wet runs:

Phases Formed

anaicimef Pt, 260 analci
(Pt+Mt), 260 H+LASH,1
(H)

montmorillonite
wairakitef Pt, 310 Wk

H

H*analcime
Hfanalcime
analcime* Pt, 240 analci

Pt*analcime
H,315 Hfwairaki te
H, 315 Hfu'airakite
H, 290 Hfwairakite
H
H-|analcime
H
H

Phases l'ormed

B spodumenef eucryptite

leucite*Pt, 340 leucite

anorthite
celsianfH, 345 celsian

analcime*leucite
analcime*leucite

wairakite
leucite*wairakite
feldsparlf wairakite

feldsparlf wairakite

feldspar
feldsparf analcime

feldspar

2. Con-
verslon
Temp.

" c .

Na-Pt
Li-Pt
K P ,
Ms P"
Ca-Pr
Ba-Pt

Dry runs:
NaroKor
NazsK::
2NaTsCair
2Na;rCaor
2Ks:Cars
2KqsCasu
2KzzCast
2K:aBaoo
2NarzBa:e
2NazrBazg
CaogBarr

200
220
310

<200
295

< 200

220
255
2t5
215
220
220
220

< 150
<200
<200
< 150

335
320

>400
. J / J

300

330
335

250
335

250
320
320

>350

1 Sanidinelike feldspar.

Phases in parentheses were not reproducible.

that the direction of equil ibrium and the relative stabil it ies of the phases

concerned are unequivocally indicated by the data.

Many dry zeolite samples were reacted in order to see if lack of water

would retard the progress of reconstructive transformations (e.g P

zeolite--+analcime). The retarding effect was much less than was expected

(not more than 20o in favorable cases), which shows that reconstructive

phase transformations are achieved at very low temperatures with only

zeolit ic water acting as an ionizing medium.
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The Na-Pt zeolite is partly converted to analcime after 10 days at 200"
and 1000 bars, and completely converted at 260". In highly alkaline solu-
tions such as are used in the synthesis of Na-P the reaction to form anal-
cime is weli progressed after one week, at 100o and water vapor pressure.
No orthorhombic Na-H phase was encountered.

Between 260o-335o, the Li-Pl zeolite converted to fine-grained Li-H
and larger aggregates of the Li-zeolite LASH-I (Ruiz Menacho, 1959),
also recorded as species A (Barrer and White, 1951). LASH-1 occurred as
fibrous, radial and fanlike crystal growths, maximum diameter lI0 p.,
having straight extinction, length slow, low birefringence and na,
:1.530. Strongest r-ray diffraction peaks attributed to this phase are at
d 6.42,4.29,3.13,3.04 A.  At  temperatures above 335",  i t  was found that
similar radial crystal growths consisted of a-eucryptite, having straight
ext inct ion,  Iength s low,  b i ref r ingence,  and c, r :  I .572,  e:1.587,  both
+0.002. These properties are identical with those of a-eucryptite, as
defined by Roy, Rov and Osborn (1950). The major phase above 335o
was B-spodumene, which occurred as weakly birefringent crystals (15-20
p), having tetragonal bipyramidal habit.

The zeolite K-P1 converted to K-H (not reproducibly) between 310o-
320o, but at slightiy higher temperatures leucite formed. The r-ray pow-
der pattern of K-H is comparable to that of species K-M (Barrer et al.,
1956, 59a); for r-ray data, see Table 8.

Mg-P" remained unaltered after 3 months hydrothermal treatment at
100" and w.v.p. The ready conversion to montmoril lonite at 1000 bars
and more elevated temperatures is what would be expected from the
phase diagram for the system MgO-AI2O3-SiO2-H2O (Roy and Roy,
1955). The montmoril lonite had a basal spacing varying between 12.5
and 13.6 A; glycolation increased this to 17.7 h.

Ca-Pi converted to wairakitel in both wet and dry runs between 295o
and 375". The zeolite Ba-Pt readily converted to the lower symmetry
Ba-H zeolites; however the products from the wet and dry runs were not
identical. A Ba-H phase closely resembling harmotome, was produced
mainlv from wet runs between 200'-330o, whereas the Ba-H (2) phase
formed in dry runs between 300-400' (X-ray data, see Table 8).

In general, the dicationic P1 zeolites more readily convert to H zeolites
on hydrothermal treatment, than the monocationic zeolites. The substi-
tution of Na+ for K+ in K-P1 lowered its stability and resulted in the
formation of the assemblage analcime f K,Na-P1, the latter phase pre-
sumably richer in K+ than the parent K,Na-Pi zeolite. The r-ra-v powder

I An "analcime-type" phase containing Ca2+ as the predominant cation is referred to an
wairakite irrespective of whether the rveak (200) reflection is present or not. When an addi-
tional phase is present, this reflection is not always detectable.
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patterns of the K,Na-H phases differ slightly in intensity from K-H, but

are identical to the K,Na-M phases reported by Barrer et al '., (1959a).

The result of hydrothermal crystallization of a series of gels (Na,K)r

O'AIrO3'4SiOz, at 2000-3500 bars, in the temperature range 150o-500o,

is shown in Figure 5. The phase K,Na-H crystall ized readily from com-

positions richer in K than 80Na,20K, and was in most cases accompanied

raei-r8'x-RevP,owo:nl+ft 
ffi,:",TTl#rfl:H",:r'onMrosvHvono-

(2K)raCarz-H

o :  9 . 9 0  A
b : 1 4  2 9  A
c:1.4 2s i r

Phillipsite
Hoss & Roy

(1960)
K-H

(2K)$Bau
H

1 1 0
r r r l
ozol
0 2 l
121
022
200
130
1 3 1
220
o32
040
041
230
141
3 1 0
042
3 1 1
223
321
240

050, 043
143

o52

8 1 2

6 . 4 0

5 0 5
4 . 9 6
4 . 2 9
4 1 2
4 0 5
3 9 3

3 2 7

3 2 0
3 1 4

2 9 3

2 . 8 6
2  . 1 5
2 6 9
2 . 6 5

8 . 0 4

7 1 4

6 3 7
5 .  3 7
5 0 4
4 9 6
4 2 7
+ . 1 1
4 0 8

3 5 8
3  . 4 5
3 . 4 2
3 2 8
3 2 3
3 1 9
.3 13
3 0 9
2 9 2
2 , 8 9
2 8 7
2 7 4
2 6 9

9 8
8 2 7
7 1 4
5 3 7
5  . 0 4
4  7 4
4 . 4 8
4 2 9
4 . 1 1 .
3 6 6
3 4 4
3 . 2 5
3 1 8
2 . 9 6
2 7 3
2 6 7
2  . 5 5
2 .  t 7

9 5
8 1 9
7 . 1 4
5 3 7
5 0 1

4 . 4 6
4 2 9
4 1 0
3 6 8
3 . 4 3
3 . 2 5
3 2 0
2 . 9 5
2  7 4
2 'to

2 5 7

8 . 1 2
7 2 0
6 3 7
4 9 8
+ 2 9
4 1 5
4 0 8
3 9 2
3 6 5
3 4 8
3 . 2 4
3 1 9

2 9 1
2 7 1
2 6 7
2 5 2

1 0 0
7 . l o
5  . 6 6
4 9 8
4 4 4
4 3 1
4 0 4
3 9 6
3 . 7 9
3 . 5 6
3 . 3 3

3 1 4
3 0 3
3 0 0
2 . 7 3
2 . 6 7
2 . 6 4
2 3 9
2 2 3
2 1 6

8 . 1 2
7 t 4
6 3 7
5 . 0 1
4 2 9
4 0 8
3 9 2
3 2 +
3  1 5

t 7

85

2 7
3 5
56
20
52
30

8

\.st

m
m

St
m

m

m
st
vst

s t
S t

1

2
2
1
2
5

t 0
3
3
3
2

5
6
6
5
6

t 0
8
3
1
2
6
7

10
1
7
9
2

08
92
i 3
68
5 3

1
3

1 0
3

I

1
7

1 0
4
+
2
6

33

100
1 6

23

3
2 2
39
1 8

2 3 6
2 3 2
2 2 3
2 1 5
2 0 6

by another phase, either analcime or leucite; the indications are that the

cation composition of K,Na-H was nearly always in the range 60-807oK.

Analcime*K,Na-H were produced in short runs of 20 hours, at 350o and

3000 bars, longer runs produced analcime*leucite. At temperatures be-

low 300o, there was no evidence of K,Na-H converting to leucite*anal-

cime. The assemblage analcime*K,Na-H was also formed from a

50Na,50K gel at 100o and 1 atm., by treatment for 3 weeks in a refluxing

solution of dilute alkali having the same Na,K ratio.
The r-ray powder patterns of K,Na-H produced by hydrothermal
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treatment of K,Na-gels and K,Na-P1 zeolites, are identical for phases
having approximately the same cation composition.

Only the Na,Ca-P1 dicationic zeolites failed to yield H zeolites on
hydrothermal treatment. The stabil ity of Ca-P1 is lowered by the partial
substitution of 2Na+ for ca2+; complete conversion to wairakite occurred
as low as 260". At lower temperatures, down to 235o, analcime was pro-
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t l
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MOLE RATIO

Frc. 5. Phases formed by hydrothermal crystallization at 2000-3500 bars of a series
of gels having the compositions (Na,K)zO.Al2e3.4SiOz.

duced together with a Ca,Na-P1 phase richer in Ca* than the original
zeolite (after hydrothermal treatment, the c-dimension of the Ca,Na-p1
phase had increased to a value approaching that of Ca-P1, thus indicating
a composit ion change).

The K,Ca-Pr zeolites readily converted to H zeolites having r-ray
powder patterns essentially identical to those of natural K,Ca-bearing
phillipsites. The phase KzCa-H occurred as faintly birefringent grains
(10-15 p), having n:1.495. The r-ray powder pattern could be indexed
on the or thorhombic uni t  ce l l  a :9.90,  b:14.29,  c :14.29 A l fa t te S; .  R
similar type unit cell proposed for phillipsite by Steinflnk (1962) has
a :9.96, b : 14.25, c : 14.254; space group B2mb.
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The Ba-bearing P1 zeolites all formed well crystalline H zeolites on

hydrothermal treatment, even from the Na-rich composition (2Na)zz

Baza- Pt.

DrscussroN

The above results indicate that the order of "stability" of the mono-

cationic P zeolites to hydrothermal treatment is K) Ca) )Li,Na

)Mg, Ba. Of the six zeolites investigated, the Ba-P1 zeolite is the least

stable and readily converts to the harmotome-Iike phase Ba-H at tem-

peratures below 200o. The presence of Ba in the dicationic P zeolites re-

sults in a considerable lowering of stability. It is also apparent that the

assymetric charge distribution in the dicationic zeolites can result in a

lowering of the stability of the zeolite to such an extent that it is less

stable than either end member e.g.,KCa and probably KBa, CaBa sys-

tems. The H zeolite structure, having orthorhombic or monoclinic sym-

metry, should be more compatible with unlike cations, and these zeo-

lites are the breakdown product of all except the Na,Ca-dicationic P

zeolites. Except for the Ba-H phase, the monocationic H zeolites are not

readily synthesized.
The process of breakdown of both the P and H zeolites is of interest.

The K,Na-H and K,Ca-H phases reacted to give analcite and wairakite

respectively, plus an H phase presumably richer in K+ ions. Similarly

the zeolite 2NaazCaor-Pt reacted to form analcite plus Ca-Pt. The pos-

sibility is discounted of an exsolution process occurring, such as Na,

Ca-Pt3--+Na(Ca)-Ptlf Ca(Na)-Pt3 followed by independent decomposi-

tion of the Na and Ca-rich domains' A study of such an exsolution

process (Zeolite Studies V) has shown it to be confined to the water-

vapor region. The other alternative is for a complete breakdown of the

P or H structure to occur, at least to the extent of multiple units of

(Si,Al)-0 tetrahedra, followed by reorganization of those units to form

two zeolite structures, each containing a different ratio of the two ex-

changeable cations, compared to the original zeolite.

The recrystallization of a P or H zeolite having a composition different

from the original is an indication that such phases could be synthesized

directly from gels or glasses of the right compositions, or formed in

nature. This appears to be the case with Ca-Pt and many of the dicat-

ionic H zeolites.
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