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crystallization of analcime solid solutions from aqueous solutions
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The Institute of Scientific and Industrial Research
Osaka Uniuersity, Yamadakami, Suita, Osaka 565, Japan

Abstract

Sodium aluminosil icate gels containing an extremely small quantity of alumina changed
initially to clear solutions on heating. Analcime solid-solution crystals formed directly from
them at l00oC, under atmospheric pressure.

. The chemical compositions of the analclmes were governed by the initial ratios of soda,
alumina, and sil ica in the gels, and were independent of the depletion of nutrient with the
elapse of reaction time. According to the isomorphous substitution Sia+ = Na+Als+, an
increase of soda and alumina concentrations caused a decrease of the Sior/Alro, ratio in the
analcime crystals, whereas an increase in silica resulted in an increase of the ratio.

Analcime crystals grew uniformly in size in runs of 120 hrs or shorter duration and had
trapezohedral crystal habit. When analcime seeds were added to the lreshly-prepared gels,
they grew longer on heating in all cases. The composition ofthe growth zones on the cryitals
also was governed by the init ial compositions of the fresh gels and was independent of the
composition of the added seed and the length of growth time.

These results can be readily explained by assuming the existence of active chemical species
of sodium aluminosil icates, a hypothesis which was proposed first by Kerr ( 1966). we propose
that they possess fixed compositions and incipient ordered structures identical to analcimes
and that they polymerize to form analcime crystals.

Introduction

In the system Na2O-Al2Or-SiOr-H2O, many kinds
of synthetic zeolites have been obtained from active
gels at temperatures below 200.C. In this system,
however, only a few studies of zeolite syntheses in the
low-alumina region have been reported. Notable ex-
ceptions are the mordenite syntheses by Barrer
(1948), Barrer and White (1952), Domine and euo-
bex (1968),  Sand (1968),  and Culfaz and Sand (1923).

The present investigation focused on the crystalli-
zation of analcime solid solutions from chemically-
reactive gels having an extremely low alumina con-
tent. In the gel compositions, the ratios of Al"O"/
NarO and AlrOslSiO, ranged from I /70 to | /200 and
l/40 to l/320, respectively. In the experiments, in
addition to analcime, hydroxysodalite and zeolite B
were obtained as crystalline phases.

Studies on the synthesis of analcimes have been
made by many investigators in the field of geology,
mineralogy and chemistry: Barrer and White (1952),
Guyer et al. (1957), Barrer et al. (1959), Saha (1959,
196l), Campbell and Fyfe (1965), and Senderov and
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Khitarov (1971).  In our work, however,  the state of
the prepared gels and the conditions of synthesis were
considerably different from those of the previous
studies. Conventional methods for zeolite synthesis
are characterized by the use of gels consisting of
heterogeneous phases with amorphous solid and
aqueous solutions coexisting until the conversion of
amorphous materials to zeolite crystals is completed.
The extremely low-alumina gels used in this investi-
gation were readily changed to clear solutions on
heating long before the crystallization of analcimes
began. The present synthesis of analcimes was carried
out using the clear solutions at l00oC under atmo-
spheric pressure.

In the experiments, the following two problems
were examined: (l) the effects of initial concentra-
tions of soda, alumina, and silica of the gels on the
SiOr/AlrOs ratio of the synthesized analcime, and (2)
the type of growth on analcime seeds in the freshly-
prepared clear solution with a composition differ'ent
from that of the seeds. The results yield useful infor-
mation regarding the crystallization mechanism of
zeolites.
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Fig. l. Boundary curves between soluble and insoluble

amorphous solid gels for various initial molar concentrations of

silica (SiOz) and soda (NarO) at constant AlrOr/NarO ratios. The

gels were prepared from lOM solutions of sodium hydroxide,

sodium aluminate, and aqueous colloidal silica sol. The diagram is

based on 250 observed values.

So far, two theories which were reviewed in detail
by Zhdanov (1971) have been proposed for the crys-
tallization mechanism of zeolites. Breck and Flanigen
(1968), McNicol et al. (1971,1972), and Aiello et al.
(l97la,b) support the theory of conversion of
amorphous solid gel to crystalline phases. However,
Kerr (1966, 1968),  Cir ic (1968),  Culfaz and Sand
(1973) and Cournoyer et al .  (1975) support  the theory
of crystallization from solution. Other authors who
have examined the mechanism of zeolite crystalliza-
tion are Meise and Schwochow (1975) and Polak and
Cichoki (1973).

Experimental

Gels with the original compositions l0 NazO.
(0.05-0.15)Al,Os.(6-16)SiO,.(168-592) H,O were
prepared from a l0M solution of sodium hydroxide
(90 volume percent as HrO), sodium aluminate (35.05
weight percent as NarO and 42.36 weight percent as
Al2O3), aqueous colloidal silica sol (0.2374 g/ml as
SiOr), and distil led water. The total volume of each
gel was adjusted to 50 ml.

The procedures for preparation were as follows.
Known amounts of the l0M sodium hydroxide solu-
tion, sodium aluminate, and water were introduced
into 100 ml teflon bottles used as reaction vessels.
These mixtures were heated at 100"C in a water bath
until the added sodium aluminate was completely
dissolved. Subsequently, a calculated amount of

aqueous colloidal silica sol was pipetted into the
bottle and stirred (ca. 600 rpm) with a magnetic
stirrer for 2 min. Thereafter, the vessel was heated
again at 100"C for 3 to 288 hrs. To prevent evapora-
tion, the system was fitted with a reflux condenser.

Immediately after the preparation, a milky turbid-
ity was observed, which disappeared within 5 min
after heating. Because this turbidity of the gel was
controlled by the initial concentrations of three com-
ponents, the compositional boundaries between sol-
uble and insoluble solid gels were determined by
varying the proportions of silica (SiOr) and soda
(NarO), and holding the AlrOr/NarO ratio constant.
The curves of the compositional boundaries are de-
picted in Figure l. When the gel was alumina-free,
f.e., AlzOa/NazO : 0, no amorphous material was
observed. As the AlzOg/NazO ratio was increased,
however, the region of the two phases enlarged in the
direction of higher concentrations of silica and soda.
The dashed area (ABDC) indicates the concentra-
tion ranges of silica and soda used in the present
investigation (in this region the AlrOslNazO ratio (

1 .5  x  lO- '? ) .
In all cases, analcime crystals were obtained in

measurable amounts from clear solutions in 3 to 5 hrs
after heating the solutions at l00oC. The crystal di-
mensions were in the range of 15 to 25pm. At the
completion of the runs, the reaction products were
separated from the solution through a teflon filter
with a pore size of 0.2pm and examined by X-ray
diffractometer (CuKa radiation) analysis, optical mi-
croscopy, scanning electron microscopy, and by
DTA. Chemical analyses were made on several speci-
mens by gravimetric methods. The quantity of soda
was determined by flame photometry.

Experiments on the growth of analcime seeds were
carried out as follows. First, the seed crystals with a
uniform grain size ranging from 6 to 7p'm were pre-
pared from a few gels with selected compositions by
heating for 48 to 72 hrs. Subsequently, a known
amount of seed crystals was added to other freshly-
prepared gels, and the mixture was heated at l00oC
for 20 to 66 hrs. The resulting crystals were separated
from the solution and examined by the methods de-
scribed above.

Results and discussion

Analcime solid solutions

Saha (1959) has shown that analcime sol id solu-
tions can be produced from glasses varying in compo-
sition from albite to anhvdrous natrolite, and that the
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Table l. Relationship between A0 values and SiOr/AlrOs ratios for analcime solid solutions

Ae va lue 1 . 5 8 7 ' 1 . 6 5 6 0 1 . 7 0 0 ' 1 . 7 1 8 ' L  . 7  7 1 " g 4  4 "

S i O r l A l r O a  r a t i o 3 .  Z 4 3 . 5 2 3 . 7  4 1  A 1 4 . 0 4 4  . 3 9

T h e  S i O r l A 1 r O z  r a t i o s  w e r e
2 o  ( S i l i c o n i s i r l )  ( s c a n n i n g

d e t e r n i n e d  b y  c h e n i c a l  a n a l y s i s .  A 0  v a l u e :
s p e e d  1 o 1 1 6  n i n , ;  c h a r t  s p e e d  l c n / m i n . )

2 0  ( A n a I c i n e  ( 6 3 9 )  )  -

unit-cell dimensions of the analcimes decrease lin-
early with increasing SiO, content. He has pointed
out also that the SiOr/AlrO, ratio can be determined
by the difference of the 20 angles between the diffrac-
tion peak (639) for analcime and (331) for silicon
(internaf standard). Because the N angles are in the
range of 77 .9" to 78.5o for the former and 7 6.47o for
the latter, the difference (A0) increases with increas-
ing SiOz/AlrOg mole ratios. In our investigation this
method was applied to determine SiOr/AlrO, ratios
of the analcimes. Both the Ad values and the SiOr/
AlrO, ratios for the specimens whose compositions
were previously determined are listed in Table l.
These results are in good accord with those of Saha
and thus were used for calibration. The SiOr/AlrOs
ratios of the analcime solid solutions obtained were
in the range of 3.2 to 4.8.

By varying initial molar concentrations of soda,
alumina, and silica in the gels, the Ad values for the
analcimes could be changed. In order to investigate
the effect of the concentrations of NarO, AlrOr, and
SiOz on the resulting SiOr/AlrOs ratios for analcime,
the Ad values were measured as a function of one
component, while the other two were kept constant.
Some of the observed values are plotted in Figure 2.
It should be noted that on the abscissa the scale for
alumina is 1O'? times that of soda and silica.

The increase of initial soda concentration, holding
alumina and silica constant, caused a reduction of the
Ad values, as seen from curves I through 5 in Figure
2. These five curves were obtained for gels having
different concentrations of alumina and silica, as can
be seen from the footnote in Figure 2, but the concen-
trations of these two components remained constant
for each curve. Similar effects were observed as a
function of initial alumina concentration, with soda
and silica kept constant. Curves 6 through l0 in
Figure 2 were drawn in the same manner. However,
the increase of initial silica concentration brought
about a reverse change, as is shown by curves ll,12,
and 13 .

These results reflect the isomorphous substitution

of silicon by aluminum, Sia+ c Na+Ale+, to maintain
electrical neutrality. From the curves in Figure 2, the
variation of the Ad value, which was caused by varia-
tion of I percent in the initial concentration of one
component, was calculated and converted to the
SiOr/AlrOs ratio in analcime as follows: 0.02' by
soda, 0.002o to 0.004" by alumina, and 0.01o to 0.02o
by silica.

The amount of crystals formed was determined as
a function of reaction time, and two examples are
tabulated in Table 2. The rate of crystallization in-
creases gradually with reaction time and beyond 100
hrs the rate increment is slight. A similar tendency
was observed in the crystallization of analcimes from
other gels. Using the observed values listed in Table

9 a
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Fig. 2. Variations in A0 values for analcime solid-solution
crystals as a function of initial molar concentration of one
component, keeping those of the other two components constant.
Diamond-shaped symbols on curves I to 5, triangles on curves 6 to
10. and circles on curves I I to l3 indicate the values obtained as a
function of soda, alumina, and silica, respectively. The scale along
the abscissa is correct for soda and silica. but the concentration of
af umina has been mult ipl ied by a factor of 1O'z. For curves 1,2,3,4,
and 5 the constant molar concentrations of alumina and silica were
1.80 X lO-'? and 1.50, 1.5 X l0- '? and 1.50,2.23 X l0-2 and 1.88,
1.50 X l0- '  and 1.88, and 1.5 X l0- 'zand 2.53, respectively. For
curves 6, 7, 8, 9, and I 0 the constant molar concentrations of soda
and sif  ica were 2.14 and 1.50, I  .88 and I .50, 2.03 and I .88, I  .88 and
1.88, and 1.50 and 1.50, respectively. For curves I l ,  12, and l3 the
constant molar concentrations of soda and alumina were 1.88 and
1.88 X l0- 'z, 1.88 and 2.34 x l0- 'z, and 2.50 and 2.50 X lO-'z,
respectively.

, o \
A D .
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2, the percentage reduction in concentrations ofthree
oxide components in the solution was calculated and
plotted as a function ofl reaction time (see Fig. 3). In
this il lustration, a 100 percent reduction would mean
that the concentration of alumina has become zeto
because of the formation of analcime crystals. As the
reaction time was increased, the concentration of alu-
mina was reduced greatly, by 60 or 80 percent after a
288 hr period; silica and soda concentrations re-
mained very similar during 288 hr periods. The re-
duction of silica and soda was in a range of 4 percent
and I percent, respectively.

We therefore suggest that, at an early stage of
crystallization, alumina-rich solid solutions of anal-
cime were formed, and that at a later stage alumina-
poor analcimes crystallized. However, Ad values for
the analcime were unchanged even after 288 hrs. The
variation of Ad values as a function of reaction time
was measured and is listed in Table 3. The results
indicate that the composition of the solid solutions
was governed by the concentrations of the initial
components of the original gel and was independent
of the length of the reaction time.

Hydroxysodalite and zeolite B

These zeolite species were also produced as single
phases from clear solutions, but their crystallization
occurred in chemical environments different from
that for analcimes. Compared with analcime, hy-
droxysodalite was stable in highly alkaline solutions,
whereas zeolite B crystallized from less alkaline solu-

Table 2. Weight percent of analcime crystals formed from clear
solutions as a function of reaction time

React ion Weight  I  of  crystals forned

t i m e  ( h r s )  r x p .  t o o l - 7 ( * 1 )  E * p .  t o o t - t o ( * 2 )

Fig. 3. Reduction in concentrations ofsoda, alumina, and silica

in solutions as a function of reaction time. 100 percent reduction

means that the concentration has become zero because of the

format ion of  analc ime crystals.  Sol id l ine:  ref .  (*1)  in Table 2;

broken l ine:  ref .  (*2)  in Table 2.

t ions. Accordingly, these two species did not coexist
with each other, but both were found to coexist with

analc ime.

Growth of analcime crystals

The scanning electron photomicrograph (Fig. 4)

shows that analcime crystals grew uniformly in size
for runs shorter than about 120 hrs, and they had

several polyhedral crystal habits. Barrer (1963) noted

that single crystals of synthetic Na-analcimes consist
mainly of polyhedra with predominating trapezohe-
dral !2ll) and truncating cube {100} forms. In this
study, the crystal forms are assumed to be analogous
to the trapezohedron, but actual morphological data
are not available.

As the crystals grew with reaction time, they be-

came uneven in their dimensions and irregular in

shape because the surface adhesion between crystals

affected their growth. At this stage of development,
single crystals were no longer observed. Neck growth

occurred often, and spherical growths projected from
the surface of large crystals.

Attempts to grow analcime seeds were made in
freshly-prepared gels of two types. In one type the

composition of the fresh gels was identical with that

of gels used to prepare added seeds (case I), and in

the other type it was different from the init ial compo-
sition of the gels of added seeds (case D). In both
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I O .  T Z
2 8  . 4 7
3 9 . 4 6
6 0 . 0 1

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

1 6 . 3 8

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

The  100  w t . ?  l eve l  was  de f i ned  by  assun ing  t ha t
the in i t ia l  concentrat ion of  a lunina becones
zero as i t  is  consuned by the fornat ion of
ana l c ime .
( *1 )  and  ( *2 ) :  The  o r i g i na l  ge1  conpos i t i ons
w e r e  1 0 N a 2 0 ' 0 .  1 A 1 2 0 1 ' 7 S i 0 2 ' 2 5 9 H 2 0  a n d  1 0 N a 2 0 .
0 .  1 A 1 2 o 1 . i o s i o 2 .  s i o f , 2 o ,  1 5 s p e c t i v e l y .  T h e -
S i02 /A1203  ra t i os  f o r  t he  f r aneworks  we re
3 , Z Z  i n  E x p .  1 0 0 1 - 7  a n d  5 . 9 1 .  i n  E x p .  1 0 0 1 - 1 0 .

f ime (hr)



t76 UEDA AND KOIZIJMI: ANALCIME SOLID SOLUTION

Re ac t ion  t ine  ,  hTS .

4  8 h r  9 6 h r  2  8 8 h r

I n i t i a l  c o n p o s i t i o n  o f  g e l

N a r 0 : A 1 r 0 r : S i O Z : H 2 0

Table 3 Relationship between observed Ad values for precipitated
analcimes and reaction time

In Table 4 the init ial compositions of both gels, the
SiOr/AlrOB ratios of the framework for phases S and
phase N, the growth time, the total amount of crys-
tals after the run (W,), the original quantity of phase
S (W"), and the W",/Wt ratio (percent), are l isted. The
W"/W, ratio decreases with growth time because of
the assumption that W" does not change. However,
the weights of phases G and N could not be deter-
mined separately.

The X-ray intensities of very finely powdered sam-
ples were measured on the Ka, peak of the (639)
spacing according to the procedure of Keating
(1959). The intensities due to phases S, G, and N are
expressed as 1., Is, and 1n, respectively; and the total
intensity ({) is given as [ : I" + IE + In.

As shown in column 2 of Table 4, phase S always
differs from phase N in composition. Therefore,
phase G should be the same in composition as either
phase N or S as shown in Figure 5. Ifphase G has the
same composition as phase N (Fig. 5a), the quantity
of phase S must remain constant with growth time,
and its diffraction peak does not overlap those of the
others. In this case, the measurement of the I./Itratio
(percent) is easy and sufficient. The observed values
are l isted in the last column of Table 4. They diminish
markedly with growth time in all cases and prove to
be in close agreement with the W"/W, ratios l isted in
column 6. Such a direct comparison is reasonable
because of the relation I"/11 : k(W"/Wt) where k :
constant.

However, if the composition of phase G is the same
as that of phase S (Fig. 5b), Is cannot be determined
independently, although the ratio (1" + Is)/It can be
calculated as before. The amount of phase G depends
on both the number of seed crystals and the length of
growth time. The former is assumed to be maintained
constant throughout the growth time, because

1 0  0 . 0 7 5
1 0  0 . 0 7 5
1 0  0 . 1
t 0  0 . 1

I 0  0 . 1
1 0  0 . 1
t 0  0 . 1 2 5
r 0  0 . L 2 5

1 0
1 1

7
8

9
I O

8
1 0

3 7 0  1 . 7 5 5 "
4 0 7  1 .  8 0 0 .
2 5 9  1 . 5 8 2 "  1 . 5 8 s .
2 9 6  1 . 6 3 6 0

3 3 3  1 . 6 8 3 0
3 7 0  7 . 7 3 9 "  t . 7 3 6 "
2 5 6  1 . 5 8 5 .  1 , 5 8 7 "
2 9 5  1 . 6  8 1  "  1 . 6  8 0  0

r . 7 5 2 "
1 . 8 0 3 '
1 . 5 8 3 "
1 . 6 3 3 "

r . 6 8 ? "
1 . 7 3 8 "
1 . 5  8 4 "
|  . 6 8 2 "

A e  v a l u e :  2 0 ( A n a l c i n e f O S S t ) - 2 0 ( S i l i c o n r z z r r )
( S c a n n i n g  s p e e d  1 " / 1 6  i L i n . ;  c h a r t  s o e e d ' l d f i / m i n . )

cases, two kinds of crystals with different dimensions
were observed. They are clearly distinguishable, as is
shown in Figure 4c. The large particles correspond to
the grown seeds, and the smaller ones are newly-
formed crystals from the fresh gel. These particles,
which consist of three phases [(i) seed, (i i) growth
zone, and (i i i) newly-formed crystal], are schemat-
ically represented in Figure 5.

In case D, X-ray diffraction patterns showed split-
t ing of peaks due to the existence of two kinds of
solid solution, whereas in case I no peak splitt ing was
observed. Our investigation of the mechanism of
growth was based on experiments of case D.

The interplanar spacings d of coexisting solid solu-
tions did not change with growth time, but their
intensity ratios varied over a wide range. From this
variation, the chemical composition of growth zones
on the surface of a seed was determined. The experi-
mental results are tabulated in Table 4.

Fig 4' Scanning electron photomicrographs of analcime crystals. (a) Crystallites resulting from a clear solution with composition
lONaro  0 . lA I rOs 9s io ,333HrOaf te rheat ingat l00 'CforT2hrs(400x) . (b )  En lu rg" rn .n to f  a (5400x) . (c )Largerc rys ta ls represent
enlarged seeds, and smaller grains are crystals newly formed from freshly-prepared gel (560x).
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Table 4. Experimental results for the growth of analcime seeds in freshly-prepared gels

177

Sio4/A72\ rat ios
ot  t raneworK
phase  phase
s  ( * 2 )  N ( * 3 )

r * r \  / * < 1
Grow th  ! l - (  - r  1 r ^ r  " r

t ime
(hrs )  ( tng) ( tng)

tvs/ I { t  I  s / I  t
r a t i o  r a t i o

( 4 )  ( 8 )

( * 6 )
I n i t i a l  conpos i t i on  o f  ge l s

Ge l  f o r  p repa r i ng  seed  Ge1  f r esh l y  p repa red

N a r O : A l r O r : S i O r : H r ON a Z 0 : A 1 2 0 3 : S i 0 2 : H 2 0

l 0
1 0
1 0
1 0
1 0

2 0
4 2
6 6
2 0
4 2

0 . 1  7  2 5 9
0 . 1  7  2 5 9
0 . 1  7  2 5 9
0 . 1  7  2 5 9
0 . 1  7  2 5 9

1 0  0 .  I  1 0  3 7 0  3 . 2 2
1 0  0 .  1  1 0  3 7 0  3 . 2 2
1 0  0 .  1  1 0  3 7 0  3 . 2 2
1 0  0 .  0  7 5  1  1  4 0 7  3 . 2 2
1 . 0  0 . 0 7 s  1 1  4 0 7  3 . 2 2

0 . 1  1 0
0 . 1  1 0
0 . 1  1 0

/ * 1 \

r  * l  l

1 0  0 .
1 0  0 .
1 0  0 .
1 0  0 .
1 0  0 .

3 . 9 1
?  0 1

3 . 9 1
4  . 2 0
4 . 2 0

z ) ' ,
3 . 2 2
7  7 )

3 . 2 2
3 . 2 2

7  Z S 9  3 . 9 1
7  2 5 9  3 . 9 1
7  2 5 9  3 . 9 1
7  2 5 9  4 . 0 1
7  2 5 9  4 . 0 1

8 5 . 4  2 0
1 9 0 . 9  2 0
) 7 <  7 .  ? i

6 1 . 9  2 0
r 2 4 . r  2 0

6 5 . 7  2 0
1 ( '  O  ) i

2 2 2  , 4  2 0
1 9 3 . 0  2 0
z s 7 , 0  2 0

t 7  7  7 1  7

l u . )  t r . J

8 . 9  I  . 7
3 2 . 2  3 2 . r
t 6 . 2  1 5 ,  4

3 0 . 4  2 8 . 1
1 3 . 1  L l  , 7

9 . 0  7 , 8
1 0 . 3  9 ,  8

7 . 8  6 , 7

2 0
4 2
6 6
4 2
6 6

3 7 0
370
3 7 0

1 0
1 0
1 0

( *1 )  :  Na tu ra l  ana l c ime  f r on  I ga rash i ,  Ak i t a  p re fec tu re ,  Japan  was  used  as  seed ;  i t  r ^ ' as
powde red  t o  a  g ra i n  s i ze  r ang ing  f r om abou t  l -  t o  50un  and  was  i r r egu la r  i n  shape .
Syn the t i c  seed  c r ys ta l s  we re  i n  t he  range  o f  6  t o  7yn  i n  ave rage  d i nens ion .
( n 2 ) :  A d d e d  s e e d .  ( * 3 ) :  N e w l y  f o r r n e d  c r y s t a l s  f r o m  f r e s h  g e l .  ( * 4 ) :  T o t a l  w e i g h t
o f  who l -e  c r ys ta l s  a f t e r  r un .  ( *5 ) :  Amoun t  o f  added  seed .  ( *6 ) :  Ra t i o ,  x - r ay  i n t ens i t y
o f  phase  S / t o ta1  i n t ens i t y  o f  who le  c r ys ta l s .  ( s cann ing  speed  1 ' / 32 rn i n . ; cha r t  speed
1  cn /n i n .  )

growth rates were approximately equal for phases G
and N, and the growing seed crystals were com-
paratively uniform in dimensions, as can be seen in
Figure 4c. Because the radii of grown seeds grew to
about twice the size of the original ones after 66 hrs,
the final volume became about 7 times the original
volume of phase S. The increase in the weights is
probably of a similar magnitude, and consequently
the ratio (1" + I)/L should become much higher
than the rutio Is/L with growth time.

As a result of these studies, we conclude that the
compositions of the growth zone are governed by the
initial compositions of the freshly-prepared gels and
have no relation to either the seeds or growth tirhe.
When natural analcime is used as a seed, the growth
takes place in the same manner, Such growth is to be
expected because the structural misfit between phases
S and G is only 3 percent maximum, as indicated by
the difference in their lattice dimensions.

Our results appear to support the hypothesis that
active complex chemical species play an important
role in zeolite crystallization, as was first proposed by
Kerr (1966). Both the crystallization and growth of
analcime can be readily explained by consideration of
the behavior of the chemical species which were dis-
solved in the clear solutions.

At the beginning of the reaction, a large portion of
silica in the original mixture promptly dissolved in

the liquid phase and was converted to ionic species
such as occurs when sodium metasilicate is dissolved
in water. The Tyndall phenomenon of colloidal dis-
persions was not observed before crystallization be-
gan. As can be seen from the concentration range
(ABCD) in Figure l, the silica content of the starting
materials ranged from 1.3 to 2.5M, but the formation
of amorphous materials due to polymerization did
not occur in the clear solution over a long period of
time.

(o) (b)

Fig. 5. Schematic representation of a growing seed and newly-
formed crystal from fresh gel. S represents seed, G growth zone,
and N newly formed crystal. Dashed areas indicate the same
composition as phase N; (a) means that G is the same as N in
composition, whereas (b) means that it is the same as S.
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As the first step in crystall ization, we propose that
chemical species composed of sodium aluminosil i-
cates formed rapidly in an early stage. The clusters
once formed were unchanged on heating but were
chemically active. As the next step, we propose that a
partial polymerization of the clusters took place. Pre-
sumably they were being superposed on each other in
complete alignment l ike the stacking of building
blocks, and this polymerization led to a stage of
stable nuclei, and finally to the growth of crystals.
From the homogeneous crystal growth observed in
the early stages, as shown in Figure 4a,the number of
the nuclei probably converged to a certain range.

Kerr (1966) theorizes a soluble active species that
probably is a colloidal particle rather than a simple
molecular or ionic species, but its nature remains
unknown. Cir ic  (1968) has repor ted that  the soluble
species probably consist of an aluminosil icate dimer
or tetramer containing two negative charges. These
conclusions were derived from his investigations of
the crystall ization of zeolite A.

On the basis of the experimental results, the forma-
tion and growth of analcime might be explained by
assuming a complex bui ld ing b lock model  for  the
active chemical species. We suggest that such clusters
possess definite compositions and rigid structures
identical with those of analcimes, although their com-
positions and structures have not yet been deter-
mined directly.

The dimensions of the active chemical species and
the crit ical radii of the nuclei of analcimes are un-
known for discussions of the results of the present
study, but are a subject for future investigations.

Summary

In i t ia l  gels  of  composi t ion l0Na,O.(0.05-0.15)
Al ,Os.(6-16)SiOr. (168-592)H,O were prepared us-
ing aqueous solut ions of  sodium hydroxide,  sodium
aluminate,  and aqueous col lo idal  s i l ica sol .  These gels
changed to c lear  solut ions wi th in 5 min on heat ing at
l00oC under atmospheric pressure, and after 3 to 5
hrs crystals of analcime solid solution formed from
them. The fo l lowing conclus ions are made.  ( l )  The
effects ol the init ial concentrations of soda and sil ica
components on the SiOr/AlrOs ratios of the crystals
were important, whereas the effect of alumina was
smal l .  (2)  By the isomorphous subst i tu t ion Si '+ =
Na+AlS+,  an increase in the in i t ia l  concentrat ions of
soda and a lumina caused a decrease in the SiOr/
AlrO, ratio of the framework, whereas an increase in
s i l ica resul ted in  an increase of  the rat io .  (3)  The
composi t ions of  the analc ime sol id-solut ion crysta ls

were governed only by the init ial concentrations of
three components in the gels and were independent of
the variation of their concentrations with reaction
time. (4) Analcime crystals grew uniformly in size
over a period ofabout 120 hrs and had trapezohedral
crystal habit. (5) Analcime seed crystals grew in
freshly-prepared gels even if the compositions of the
fresh gels differed from those gels used for the prepa-
ration of the added seed. (6) The composition of the
growth zones surrounding the seed was governed by
the init ial concentrations of three components in the
fresh gels and was independent of the composition of
the added seed and of the growth time. The crystall i-
zation and growth of analcimes can be explained by
assuming the existence of active chemical species
composed of  sodium aluminosi l icates.  We propose
that these species possess fixed compositions and
rigid structures identical with those of the analcimes
formed.
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