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Abstract-Kaolinite: alkali halide intercalates have been successfully prepared by grinding the salt with 
kaolinite in the absence of water. Rate of intercalation is shown to correlate negatively with melting point 
of the salt. The basal dimensions of the intercalates increase with increasing size of the ion. As shown 
recently for kaolinite: NaCI intercalate, the layered structure survives the dehydroxylation of the kaolinite 
at 500°-600°C, at which point the excess alkali halide can be removed by rinsing to give an XRD­
amorphous material. This amorphous material, of approximate stoichiometry MAISi04 , reacts at sur­
prisingly low temperatures to give crystalline phases, apparently of the same stoichiometry, with structures 
closely related to eucryptite (M = Li), camegieite (M = Na), kalsilite (M = K), and leucite (M = K, Rb, 
Cs). The relationships between the structures of the reaction products are discussed. 
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INTRODUCTION 

The ability to intercalate alkali halides with kaolinite 
has been known since Weiss et al. (1966) demonstrated 
that it was possible using an entraining agent. In an­
other context Miller and Oulton (1972) noted that di­
rectly grinding kaolinite with KBr, for the purposes of 
producing an infrared (lR) disc, caused drastic struc­
tural change as observable by IR spectroscopy. Jackson 
and Abdel-Kader (1978) treated the kaolinite similarly 
but for a different reason. They observed that dry­
grinding of kaolinite with CsCI facilitated the complete 
intercalation of kaolinite by dimethylsulfoxide (DMSO). 

A recent study by the present authors (Thompson et 
al., 1992) on the kaolinite: NaCl intercalate showed 
that NaCl could be directly intercalated into kaolinite 
without the use of an entraining agent. By a combi­
nation of dry-grinding of the kaolinite-salt mixture and 
heating the kaolinite in a saturated aqueous solution 
prepared from the mixture, it was possible to achieve 
~95% intercalate yield. What was strikingly different 
between the intercalate generated by this synthetic 
method and that reported by Weiss et al. (1966) was 
the basal dimension as observed by X-ray powder dif­
fraction (XRD). Thompson et al. (1992) observed basal 
dimensions of 1.25 and 0.95 nm, which we interpreted 
as a mixture of kaolinite : NaCl intercalates with a dou­
ble and single layer of NaCI in the interlayer of the 
kaolinite. In contrast, Weiss et al. (1966) reported 1.013 
nm for their kaolinite: NaCI intercalate, which was 
prepared using an entraining agent. It was also notable 
from their systematic study of all the alkali halides that 
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the basal dimensions of the kaolinite: alkali halide in­
tercalates varied surprisingly little as a function of al­
kali or halide. 

As part of our recent study, we were also able to 
show that the 1.25 and 0.95 nm layered structure sur­
vived by de hydroxylation ofthe kaolinite at 500°-600°C 
and that it persists to temperatures above 800°C re­
sulting in a layered tetrahedral framework aluminosil­
icate. The excess NaCl was removable by rinsing with 
water, producing an XRD "amorphous" material. 
When this was heated at 900°C, it recrystallized with 
a structure very closely related to low-camegieite, 
NaAISiO. (Klingenberg et aI., 1981), some 350°C be­
low its thermodynamic stability field. 

The principal motivation for systematically rein­
vestigating the reaction of kaolinite with other alkali 
halides was to determine: 1) whether the other alkali 
halides behaved in the same fashion as NaCl; 2) how 
the intercalate yield and dimension varied as a function 
of alkali and halide; and 3) whether they formed de­
rivatives similar to or quite different from those ob­
served for kaolinite: NaCl. 

EXPERIMENTAL METHODS 

Materials 

The kaolinite used in this study was a well-crystal­
lized Georgia kaolinite previously described in 
Thompson and Cuff (1985) as kaolinite No.2. The 
alkali chlorides MCI (M = Li, Na, K, Rb, Cs), other 
potassium halides KX (X = F, Br, I), and ammonium 
chloride used in this study were all A.R. grade. 
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Synthesis 

Step 1: Intercalation. Initially the kaolinite: alkali ha­
lide intercalates (ammonium is considered to be an 
alkali because of its similar properties) were prepared 
according to the previous procedure, i.e., by dry-grind­
ing the kaolinite with an excess of salt, dispersing the 
clay/salt mixture in sufficient distilled water to make 
a saturate~ salt solution, then heating to dryness on a 
hot plate. 

In the course of this work, a much simpler and more 
efficient method of achieving maximum intercalation 
by the alkali halide was discovered, i.e., that of dry­
grinding the kaolinite with an excess of the salt. As a 
result, we decided to use this dry-grinding method for 
all specimens in preference to the previously described 
method. We systematically studied intercalate yield by: 

I) varying the grinding time for KCl using two differ-
ent mills, 

2) varying the salt: kaolinite volume ratio for KCl, 
3) comparing yield as a function of M in MCl, and 
4) comparing yield as a function of X in KX. 

For most specimens, we used a bench-top steel ball 
mill with internal volume of3 cm3 • For selected spec­
imens, we used a steel geological rock mill with internal 
volume of -200 cm3 • The latter mill consisted of a 
heavy steel cylinder inside a larger radius cylindrical 
cavity, which resulted in a more severe crushing/grind­
ing action. 

Step 2: Dehydroxylating the intercalate. The interca­
lated kaolinite, still in the presence of the excess salt, 
was heated for 1 hr in a muffle furnace some 20°-30°C 
below the melting point of the salt or at 700°C, which­
ever was lower. The LiCI intercalate was only heated 
to SOO°C to prevent the formation of high-eucryptite 
during this step. In all cases, this was adequate for the 
dehydroxylation of the kaolinite (- SSO°C). The am­
monium chloride intercalate was not taken beyond Step 
1 due to the sublimation temperature ofNH4 CI being 
340°C, much less than the dehydroxylation tempera­
ture of the kaolinite. 

Step 3: Rinsing to remove excess salt. The thermally 
treated specimen was dispersed thoroughly in distilled 
water then centrifuged to reclaim the reaction product. 
This step was repeated, typically S times, until no fur­
ther halide ions were detectable in the elute by the 
addition of silver nitrate solution. Excess water was 
removed from specimens by heating overnight at 1 o Soc. 

Step 4: Second heating. The rinsed/dried material was 
fired overnight at progressively \ligher temperatures 
until it was believed that no further structural phase 
transitions would take place. 

Characterization 

Intermediate and final reaction products were stud­
ied by the following techniques: 

1) X-ray powder diffraction (XRD) patterns were col­
lected on a Philips X-ray powder diffractometer us­
ing Ni-filtered CuKa(X = I.S42 A) with a Sietronics 
Sie 112m automated stepping motor control system. 

2) Scanning electron microscopy (SEM) was per­
formed with Jeol 890F and Jeol 6400F scanning 
electron microscopes, the latter equipped with a 
Link Si EDS and Moran Scientific Analyser. Sam­
ples were analyzed in the SEM without a conductive 
metal or carbon coating. Scanning electron micro­
graphs shown in Figure 7 were obtained using Pt­
coated specimens. 

3) Electron microprobe analyses were obtained using 
a Jeol 8800L electron microprobe operating at IS 
kV and IS mA. Conventional Philibert-Duncumb 
ZAF corrections were applied to obtain quantitative 
atomic ratios. 

RESULTS 

Intercalation 

The intercalate yield was most clearly gauged by the 
reduction in the remnant 7.16 A kaolinite peak height 
in the XRD profiles rather than by the increase in 
intercalate peak heights. Harsh grinding of kaolinite 
has the effect of reducing preferred orientation due to 
modification of the platy morphology. This would 
complicate the measurement of intercalate yield by this 
method if it were not for the dilution of the kaolinite 
by the excess alkali halide. The reduction in the 7.16 
A kaolinite peak height was calibrated against a mix­
ture of kaolinite and KCI that had been mixed but not 
ground. 

Varying the grinding time. KCI was selected for this 
experiment because it gave clearly defined 10.4 and 
14.6 A intercalate peaks in its XRD profile and because 
both alkali and halide were in the middle of their re­
spective groups in the Periodic Table. Figure I shows 
the XRD profiles (4°_14° 28) of the intercalation step 
for a 1: 11 weight ratio (I: 14.7 volume ratio) kaolinite: 
KCl starting mixture for various grinding times using 
both the bench-top steel ball mill and the geological 
rock mill. The intercalate yield increased as a function 
of grinding time. In the ball mill, the intercalate yield 
varied from 77% after S min to 89% after IS min. In 
the geological rock mill, which is mechanically more 
severe, the intercalate yield varied from 90% after I 
min to 9S% after IO min. 

Varying the salt: kaolinite volume ratio. Kaolinite: Kcl 
intercalate was chosen for this experiment for the same 
reasons given above. Figur<t 2 shows the XRD profiles 
(4°_14° 28) ofthe intercalation step product for a grind-
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Figure 1. XRD profiles (4°_14° 211) of the intercalation step 
product for a 1: 11 weight ratio kaolinite: KCI starting mixture 
for various grinding times using both the bench-top steel ball 
mill and the geological rock mill. 

ing time in the bench-top steel ball mill of 5 min for 
a range of weight ratios of the kaolinite: KCI starting 
mixture. The intercalate yield dramatically increased 
from -60% for the 1:2 ratio to -90% for the 1:20 
ratio. Due to the extreme range of dilution of the ka­
olinite by KCI in these experiments, it was difficult to 
quantify the yield accurately. 

Yield and layer spacing as a function of M in Mel and 
of X in KX. To study the variation in intercalate yield 
and layer spacing of the intercalate of the alkali chlo­
rides, we chose a grinding time in the steel ball mill of 
5 min with a constant volume ratio of I: 14.7 (corre­
sponding to a I: 11 weight ratio for KCI). Because of 
the considerable difference in densities of the various 

1 :2 

4 6 8 10 12 14 
°29 Cu Kcc 

Figure 2. XRD profiles (4°_14° 211) of the intercalation step 
for a grinding time in the bench-top steel ball mill of 5 min 
for a range of weight ratios of the kaolinite: KCl starting 
mixture. 

alkali halides, it was considered necessary to maintain 
a constant volume ratio for the results to be meaning­
ful. Figures 3 and 4 show the XRD profiles (4°_14° 2fJ) 
for kaolinite: MCI as a function ofM and for kaolinite: 
KX as a function of X, respectively, all other conditions 
being the same. For the alkali chloride series, the yield 
was least for NaCI (75%) and greatest for CsCI (90%); 
whereas, for the potassium halide series, yield was least 
for KF (76%) and greatest for KI (93%). Figures 3 and 
4 also show the change in layer spacings as a function 
ofM and X. Because some of the intercalate diffraction 
peaks in these figures were almost unobservable above 
background, the d-spacings for these peaks were de­
rived from specimens that had been ground for much 
longer periods than those used in these series. The 
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Figure 3, XRD profiles (4°_14° 20) for kaolinite: Mel as a 
function of M, all other conditions being the same. Intercalate 
d-values have been derived from profiles of specimens ground 
for much longer periods than those used in this series. 

position of peaks was estimated visually from these 
"best" profiles. 

Figure 5 plots the observed intercalate yield against 
melting point for both MCl, where M '" alkali, and 
KX, where X = F, CI, Br. In Figure 6, the change in 
layer spacings as a function ofM (top) and X (bottom) 
can be seen. 

Effect of dry-grinding on morphology. In our earlier 
study of the intercalation of kaolinite by NaCI (Thomp­
son et at., 1992), the kaolinite was preground with the 
NaCI before heating of the mixture under aqueous con­
ditions to produce the intercalate. The present dry­
grinding method ofintercalation is mechanically more 
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Figure 4. XRD profiles (4°_14° 20) for kaolinite: KX as a 
function of X, all other conditions being the same. Intercalate 
d-values have been derived from profiles of specimens ground 
for much longer periods than those used in this series. The 
profile of an optimized kaolinite : KF intercalate is also shown. 

severe on the kaolinite. Figure 7 presents scanning elec­
tron micrographs (secondary electron images) of the 
starting kaolinite (a) juxtaposed to a kaolinite: NaCl 
intercalate specimen (-92% yield) that had been thor­
oughly rinsed to remove all NaCl (b). The dry-grinding 
modifies the crystal morphology, producing buckled 
thinner kaolinite sheets. For most crystal aggregates, 
the original hexagonal crystal form is unrecognisable. 

Optimum conditions of synthesis. The conditions used 
to maximise the formation of intercalate by this dry­
grinding method consisted of grinding 109 of a-I: 15 
volume ratio of kaolinite to salt for 15 min in the 
geological rock mill. 
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Figure 5. Intercalate yield vs melting point of the alkali chlo­
rides and potassium halides with line of best fit . 

Dehydroxylating the intercalate 

When the intercalated kaolinite was dehydroxylated 
by heating, the 0.72 nm peak in the XRD profile, cor­
responding to the - 5% unintercalated material, dis­
appeared. There was no noticeable broad "hump" be­
tween 0.45 and 0.30 nm, as observed when kaolinite 
dehydroxylates to form meta-kaolinite. The intercalate 
peaks, where observable, persisted through this heating 
step. As expected from the composition ofthe mixture, 
the diffraction peaks due to excess alkali halide dom­
inated the XRD profiles (not shown). 

Rinsing to remove excess salt 

The XRD profile of the rinsed material was similar 
for all the alkali halide intercalates. Figures 8-12 show 
the XRD profiles (14-64° 2fJ) of the Step 3 products. 
The observed intercalate peaks completely disap­
peared, and a very broad hump between -0.50 and 
0.25 nm (i.e. , 18° and 36° 2fJ) emerged. With the ex­
ception of the KF and LiCI intercalates, the only re­
maining peak was due to the 3.52 A peak (25.3° 2fJ) of 
AI. Ti2Si012 , which is a low-temperature reaction prod­
uct of anatase-containing kaolinite (Range and Weiss, 
1969). Both the KF- and LiCI-derived material showed 
incipient crystallization of phases to be discussed be­
low. 

The absence of any precipitate in the elute upon the 
addition of silver nitrate solution suggested that all the 
soluble halide ions had been removed by the rinsing 
step. EDS analysis of the products usually showed a 
trace of halide to be present, typically at the level of 
detection (-1 wt. %). Semiquantitative analysis by EDS 
indicated that the Step 3 product typically had the 
stoichiometry MAISiO •. 
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Figure 6. Plots of d-values of intercalates vs ionic radius: 
(top) for MCI, where M = alkali , NH4 (bottom) for KX, where 
X = F, CI, Br with lines of best fit. Intercalate peaks were 
never observed for KI. 

Second heating 

The reaction product of Step 3 was heated to pro­
gressively higher temperatures. In each case, the XRD­
amorphous material reacted to give a well-crystallized 
material at relatively low temperatures. In some cases, 
the initial crystal structure gave way to another struc­
ture at higher temperatures. The XRD results for each 
specimen are presented below for each alkali halide. 
For the quantitative analyses performed using the elec­
tron microprobe, the alkali metal compositions are all 
lower than expected by the formula MAISi04 ; indeed, 
the lower the melting point the lower the composition. 
While the alkali metal compositions are given, they are 
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Figure 7. Typical scanning electron micrographs (secondary 
electron images) of a) the starting kaolinite and b) kaolinite: 
NaCI intercalate (-92% yield) prepared by dry grinding, which 
has been subsequently rinsed free of NaC\. 

assumed to be underestimated due to volatilization in 
the electron beam. 

LiC!. Figure 8 shows the XRD profile (14°-64° 20) of 
the Step 3 and Step 4 products for LiCl. The set of 
sharp diffraction lines could be fully indexed to a hex­
agonal unit cell similar to that for high-eucryptite, 
LiAISiO. (Von Winkler, 1948). The relative intensities 
were also very similar to those reported. The refined 
unit cell for the Step 4 product is presented in Table 
2. It was first observed at 650°C, though the diffraction 
lines did not sharpen until 700°C. The temperature at 
which this phase was formed from the Step 3 product 
was surprisingly low, given that it is typically prepared 
either by slowly cooling the melt at ~ I 500°C (Behruzi 
and Hahn, 1971) or in the presence of a LiF flux at 
920°C (Von Winkler, 1948). As Li has an atomic num­

B-LiAISi04 

x20 

Li-amorphous 

14 24 34 44 54 64 

°29 Cu Kcc 
Figure 8. XRD profiles (14°_64° 20) of the Step 3 and Step 
4 products for LiC\. The amorphous Step 3 product shows 
incipient formation of high-LiAISi04 • 

'carnegieite' 

Na-amorphous 

ber of 3, it was not possible to confirm the stoichi­
ometry using EDS in the SEM or electron microprobe. 14 24 34 44 54 64 

NaC!. Figure 9 shows the XRD profiles (14°-64° 20) of 
the amorphous Step 3 product and after it was heated 
at 850°C. The XRD lines could not be indexed to a 
single unit cell, but the majority of the lines, including 
all the strong lines, could be indexed to the F-centered 

Figure 9. XRD profiles (14°_64° 20) of the Step 3 and Step 
4 (heated at 8500C) products for NaC!. In the Step 4 product, 
the asterisks indicate lines that could not be indexed to the 
cubic " camegieite" unit cell. 
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°29 Cu KO( 
Figure 10. XRDprofiles (14°-64° 211) of the amorphous Step 
3 product for Kl, after heating at 900·C, and again after heat­
ing at 1350·C. The asterisks indicate lines in the XRD profiles 
of the Kl-derived leucite-like and hexagonal phases that could 
not be indexed to their respective unit cells. 

cubic unit cell ofhigh-carnegieite (see Table 2). Quan­
titative microprobe analysis showed the material to 
have an average stoichiometry ofNao,82Alo96Si' ,07' The 
low Na content again is attributed to Na loss in the 
beam. While the Si:Al ratio for this material is repro­
ducibly -10% high, this is not significantly different 
from the analysis of the starting kaolinite, which gave 
a ratio of 1.06 (Table 1). We propose that the XRD 
lines that could not be indexed to the cubic carnegieite­
like unit cell belonged to a second unknown phase with 
similar stoichiometry. 

KF, Kef, KBr, KI. The XRD results for KF, KCI, KBr, 
and Kl were almost identical. Only the profiles for Kl 
are presented. Figure 10 shows the XRD profiles (14°-
64° 28) of the amorphous Step 3 product for Kl and 
after heating at 900°C and at 1350°C. The 900°C prod­
uct gave a diffraction pattern that could be indexed to 
an a = y'3aka'sih,e hexagonal unit cell with dimensions 
closely related to those reported for kalsilite, KAISi04 

(Perrotta and Smith, 1965) (see Table 2). For the KBr­
and Kl-produced material, the Si:AI ratios were 1.05 
and 1.03; whereas, for KF, the ratio was 1.38. This 
large deviation in Si:AI ratio from the starting material 
is discussed below. 

The 1350°C product gave a quite different diffraction 
pattern that could be indexed to a tetragonal unit cell 

°29 Cu KO( 
Figure II. XRD profiles (14°-64° 211) of the Step 3 product 
for RbCI and after heating at I 100°C. The asterisks indicate 
the two lines in the XRD profile of the RbCl-derived leucite­
like phase that could not be indexed to the tetragonal unit 
cell. 

similar to that for leucite, KAISiz0 6 (Faust, 1963). The 
refined unit cell dimensions of this material and the 
other KX reaction products are presented for compar­
ison in Table 2. They are not significantly different 
from that reported for idealleucite. The main problem 
with this assignment was the implied stoichiometry. 
Quantitative microprobe analysis of the leucite-like 
products for the KCl-, KBr-, and Kl-produced material 
showed that the Si:Al ratio was 1.07-1.13, a figure close 
to that expected for the formula KA1Si04 (see Table 
I) and much the same as those of starting material and 
the Step 3 product. While it is possible that the material 
had unmixed uniformly on a submicron scale, the ab­
sence of any compositional inhomogeneity and the lack 
of XRD evidence for the formation of silica-deficient 
crystalline phases in the K20-SiOz-AI20 3 system sug­
gested that unmixing to give KA1Si20 6 and KAl02 had 
not occurred. For KF the ratio was 1.53, again much 
higher than expected. 

The major difference between KF, KCl, KBr, and 
Kl was the temperature off ormation and stability range 
of both the hexagonal phase, kalsilite, and the tetrag­
onalleucite-like phase. The hexagonal phase was formed 
at -800°, 1040°, 985°, and 900°C, respectively. Pre­
viously synthetic kalsi1ite had been prepared hydro­
thermally at 800°C (Smith and Tuttle, 1957). The kal­
silite fully transformed to the leucite-like phase at 1350°, 
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pollucite 

Cs-amorphous 

14 24 34 44 54 64 

°28 Cu KO( 
Figure 12. XRD profiles (14°-64° 28) of the Step 3 product 
for CsCl and after heating at 1100°C. The asterisks indicate 
the lines in the XRD profile of the CsCl-derived leucite-like 
phase that could not be indexed to the I-centered cubic unit 
cell. 

1060°,1100°, and 1350°C, respectively. Polymorphism 
of KAISi04 has been investigated previously. Tuttle 
and Smith (1958) reported that, above -850°C, kal­
silite transformed to an orthorhombic superstructure 
ofkalsilite, which they called 0, . Subsequently, Abbott 
(1984) proposed that "0, is a metastable low-temper­
ature polymorph." Neither study observed a leucite­
like phase at this composition. 

RbCI. Figure 11 shows the XRD profile (14°-64° 2(J) 
of the amorphous Step 3 product and after it was heated 
at II OO°C. This crystalline phase began to appear just 
below 11 00°e. The diffraction peaks could be indexed 
to a tetragonal unit cell similar to that reported for the 
Rb analog ofleucite, RbAISi20 6 (Martin and Lagache, 
1975). This material was prepared hydrothermally at 
700°C. We note that the strong diffraction peaks at 
-28° 2(J coincide with the strongest reflections for a 
RbAISi04 polymorph with a "Immm-type" stuffed 
tridymite-related structure (Klaska and Jarchow, 1975). 
The other strong peaks for this phase were absent, sug­
gesting that we did not have this phase. The tetragonal 
unit cell was subsequently refined and is presented in 
Table 1. As for KCI above, it is not significantly dif­
ferent from that reported for ideal Rb-leucite. How­
ever, quantitative microprobe analysis gave a Si:Al ra­
tio of 1 .11, slightly higher than the 1.06 for the starting 
material but nonetheless close to that expected for the 
stoichiometry RbAISi04 • 

CsCI. Figure 12 shows the XRD profile (14°-64° 2(J) of 
the amorphous Step 3 product and after it was heated 
at 11 OO°C. This crystalline phase began to appear just 
below this temperature. The strong diffraction peaks 
could be indexed to a cubic unit cell similar to that 
reported for pollucite, CsAlSi20 6 (Gallagher and Mc­
Carthy, 1977), which was prepared by coprecipitation 
of salts with final firing temperature of 1200°e. Quite 
a number of XRD lines could not be indexed to the 
pollucite-like unit cell and were assumed to belong to 
a second phase. Gallagher et at. (1977) had reported a 
Cs analog to the RbAISi04 polymorph with a "Immm­
type" structure (Klaska and Jarchow, 1975), though 
comparison of our data with theirs confirmed that this 
phase was not present. Microprobe analysis consis­
tently gave a Si:AI ratio of - 1.08. Due to the unreli­
ability of the Cs analysis, it was not possible to resolve 
the second phase on the basis of composition even 
though some variation was observed. 

DISCUSSION 

Structures and reaction mechanisms 

While the present study did not exhaustively ex­
amine all the alkali halide combinations, it is reason­
able to conclude from the results for the alkali chlorides 
(MCl, where M = alkali, NH4 ) and potassium halides 
(KX, where X = halide) studied that all alkali halides 
would intercalate to some extent. Even the somewhat 
hygroscopic salts, KF and LiCl, showed significant in­
tercalation by the dry-grinding method. 

In order to propose a mechanism for the room-tem­
perature, mechanically induced intercalation, we should 
summarize our observations: 

1) An excess of alkali halide is necessary to obtain a 
good yield, and the greater the excess the higher the 
yield. 

2) The lower the melting point of the alkali halide the 
higher the yield, all other conditions being equiv­
alent. 

3) All the alkali halides have a hardness (1.5-3.0 on 
the Moh scale) comparable to that of kaolinite (2.0-
2.5). 

SEM images (not presented) showed the kaolinite 
crystals to be enveloped or coated by the alkali halide. 
The comparable hardnesses appear to allow the inti­
mate mixing of salt and kaolinite to occur and the large 
excess of salt appears necessary to completely envelope 
all the kaolinite crystals. We propose that grinding the 
kaolinite and salt together causes local "melting" of 
the alkali halide, generating the very highly polar ion 
pairs (typically with dipole moment in the gas phase 
of -10 Debye), which then proceed to intercalate in a 
manner similar to small polar molecules, such as 
DMSO, NMF, and hydrazine. The idea oflocal 'melt­
ing' is supported by the correlation of yield with melt­
ing point. 
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Table 1. Atomic ratios in selected specimens by electron microprobe analysis. 

Kaolinite sample "Ai,Si,O,·2H,O" 

Si 7.0 Al 6.6 
Stoichiometry AI)'93 Si2.o4 

Hexagonal "KAlSi04" specimens 
via KF via KBf via Kl 

Si 7.0 7.0 6.9 6.4 6.5 6.4 6.1 6.2 6.2 
Al 5.0 5.1 5.1 6.1 6 .0 6.2 6.1 5.9 6.0 
K 5.0 4.8 4.9 3.7 3.7 3.5 5.3 5.3 5.4 
Total cation 17.0 16.9 17.0 16.5 16.5 16.4 17.5 17.5 17.6 
Ave. 

stoichometry Ko.S2 Alo.s4 Sil.t6 Ko.6! Al)'02 Si)'07 Ko.S9 AI).oo Si)'03 
Carnegieite/ leucite- like specimens "MAlSi04 " 

M= Na Rb Cs 

Si 6.5 6.4 6.4 6.7 6.7 6.9 6.7 6.5 
Al 5.7 5.8 5.8 6.8 6.1 6.1 6.2 6.2 6.4 
Na 4.8 5.0 5.0 6.0 
Rb 2.6 2.8 2.6 
Cs 1.9 2.7 2.9 
Total cation 17.0 17.2 17.2 15.6 15.7 15.6 15.0 15.6 15.8 
Ave. 

stoichometry N30s2 Alo.96 Si !.o7 Rbo.44 AI ).o! Si 1.1 2 CSO.42 AI l.o4 Si1.l 2 

M= K via KF K via KCI K via KBf K via KI 

Si 7.5 7.3 7.6 6.6 6.6 6.6 6.8 6.8 6.8 6.5 6.3 6.1 
AI 4.7 5.2 4.6 6.2 6.2 6.2 6.0 6.0 6.0 5.7 5.8 5.9 
K 3.7 3.6 3.8 3.2 3.0 3.0 2.5 2.5 2.3 4.8 5.6 5.6 

Total cation 16.0 16.0 16.0 16.0 15.8 15.9 15.6 15.5 15.4 17.1 17.7 17.9 

Ave. 
stoichometry Ko.62 Alo.S! Si L24 Ko.,! AI)'o3 SiJ.Jo Ko.4! AI).oo Si1.l3 Ko.S9 Alo.97 Si).os 

Analysis presented on the basis of 24 oxygen atoms. Observed stoichiometries in terms of formula. 

Alkali halide intercalate and dehydroxylated inter­
calate structures and their relationship to kaolinite have 
been discussed previously (Thompson et aI., 1992). 
Figure 13 shows a schematic polyhedral representation 

of kaolinite (a), the single layer intercalate (b), and 
dehydroxylated single layer intercalate (c). 

The different intercalate d-spacings observed cor­
respond to single, double, and, forKF, triple layers of 

Table 2. Refined and reported unit cell dimensions. 

Refined results Literature 

Unit cell dimensions Unit cell dimensions 

Source Product Symmetry a (A) erA) a (A.) erA) 

LiCI high -eucrypti te' P6! 5.27(2) 11.06(13) 5.27 11 .25 
NaCI high-camegieite2 F43m 7.2189(5) 7.325 
RbCI Rb-Ieucite-type3 14 / a 13.41(6) 13.64(8) 13.297 13.745 
CsCI pollucite-type4 la3d 13.73(8) 13.667 
KF K-Ieucite-type' 14, /a 13.07(5) 13.78(4) 13.060 13.751 
KCI K-Ieucite-type' 14/a 13.09(6) 13.77(9) 13.060 13.751 
KBr K-Ieucite-type' 14/a 13.15(5) 13.78(7) 13.060 13.751 
KI K-Ieucite-type' 14/a 13.06(5) 13.75(4) 13.060 13.751 
KF kalsili te-type6 P63 9.02(3) 8.58(4) 8.939 8.693 
KBr kalsilite-type6 P63 9.03(3) 8.62(3) 8.939 8.693 
KCI kalsilite-type6 P63 9.06(2) 8.62(3) 8.939 8.693 
KI kalsilite-type6 P63 9.01(2) 8.61(3) 8.939 8.693 

'Von Winkler (1948). 
2 Smith and Tuttle (1957). 
3 Martin and Lagache (1975). 
4 Gallagher and McCarthy (1977). 
, Faust (1963). 
6 Perrotta and Smith (1965). 
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Figure 13. Schematic polyhedral representations of a) kaolinite, b) the single layer intercalate, c) and the dehydroxylated 
intercalate. The negative charge acquired by the aluminosilicate framework of the dehydroxylated intercalate following 
dehydroxylation is balanced by excess cations in the interlayer. 

alkali halide between the kaolinite sheets. Weiss et al. 
(1966) observed neither multiple intercalate d-spacings 
nor significant differences between alkali halides. Their 
results must be attributed to the presence of residual 
entraining agent between the kaolinite layers. 

The observation of anomalously low Si:AI ratios for 
the material prepared from KF is almost certainly due 
to reaction of the KF, which is hygroscopic, with the 
aluminosilicate structure during the dehydroxylation 
step. The authors have observed that heating kaolinite 
with KF in aqueous solution results in the ready for­
mation of AIF3, KAIF4 and K3AIF6. Under the exper­
imental conditions described in the present work, we 
might expect that partial leaching of AI from the ka­
olinite occurs, resulting in the lower than expected Si: 
AI ratio. 

As the XRD data for all the Step 3 products (Figures 
8-12) showed the same broad "amorphous" hump be­
tween 18° and 36° 2fJ, we conclude that the same de­
struction of long-range order applies in each case as 
postulated for kaolinite: NaCI intercalate (Thompson 
et al. , 1992). To explain the observed stoichiometry, 
we propose the following chemical reaction for the gen­
eral case of alkali halide during Step 2: 

AI2Si2 0 5(OH)4 ·(2 + x)MX -+ 2 MAISi04 + x MX + 
2HX + H 20. 

Due to the presence, after Step 2, of unreacted alkali 
halide in the interlayer and the excess alkali halide, it 
is only possible to confirm the stoichiometry of the 
dehydroxylated kaolinite after all the alkali halide has 
been rinsed away, i.e., after Step 3. Figure 14a shows 

a schematic polyhedral representation of the Step 3 
product. This model is closely related to the a- or hexa­
celsian (BaAI2Si20 g) structure (Takeuchi, 1958), except 
that there are twice as many cations between the layers. 
While a-celsian-type structures give a well-ordered 
structure with basal spacing of -7.6 A, the XRD profile 
of the rinsed materials showed no evidence of similar 
long-range order. 

The above product can be considered as a reactive 
form of MAISi04, which, when heated to a sufficient 
temperature, rearranges to produce a framework alu­
minosilicate structure that can best accommodate the 
alkali cation, M +. For the range of alkali metals (M = 
Li, Na, K, Rb, Cs) we observe the formation of four 
different structure types. These are summarized below: 

Min MAISi04 Structure Structure Type 

Li high-eucryptite stuffed quartz 
Na high-carnegieite stuffed cristobalite 
K (Iow-

temperature) kalsilite stuffed tridymite 
K (high-

temperature) leucite analcime 
Rb Rb-Ieucite analcime 
Cs pollucite analcime 

Buerger (1954) was the first to describe the eucryptite, 
carnegieite, and kalsilite structures as stuffed deriva­
tives of silica polymorphs. 

One notable feature of these reaction products is 
their stoichiometry. Except for the KF-prepared ma-
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Figure 14. Schematic polyhedral representation of a) the Step 3 (dehydroxylated and rinsed intercalate) reaction product 
and b) the stuffed quartz, c) cristobalite, and d) tridymite structures. Topotactic transformations from the proposed Step 3 
product structure that preserve the Si and Al layering are implied by the arrows. 
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a 

b 

Figure 15. Schematic polyhedral representation of the cubic 
leucite structure with a) the 16-fold sites occupied and b) the 
24-fold sites occupied by monovalent cations. 

terial, all the products gave Si:AI ratios consistent with 
the starting stoichiometry, i.e., the transformation of 
the XRD-amorphous material to the crystalline phase 
involved only internal structural rearrangement. This 
is illustrated in Figure 14 for all but the leucite struc­
ture. 

Cristobalite and tridymite are both layered struc­
tures consisting of hexagonal layers. The layers consist 
of six-membered rings of comer-sharing SiO. tetra­
hedra, alternately pointing up and down. In Figures 
l4c and l4d these layers are seen in projection (hori­
zontally) and stacked together (vertically) in two dif­
ferent ways to give either cubic cristobalite-type or 
hexagonal tridymite-type. Both structures can be sim­
ply derived from the proposed Step 3 product structure 
(Figure 14a) by inversion of alternate tetrahedra within 
the layers. 

In the case of quartz, the transformation from Step 
3 product requires significantly more internal rear­
rangement, as the six-membered rings of tetrahedra 
are necessarily cleaved to produce the helical arrange­
ment of tetrahedra characteristic of the quartz struc­
ture; however, it is clear from Figure 14b that the al­
ternate layers of Si04 and AlO. tetrahedra proposed 
for the Step 3 product structure can be preserved in 
the eucryptite structure. 

While quartz is in one sense "layered," the leucite 
or analcime structure is definitely not. Cubic leucite 
(KAISi20 6 ) has a typical zeolitic framework of corner­
connected (Si,Al)04 tetrahedra with 4- and 6-membered 
rings. Its structure is presented schematically in Figure 
15a. Only half the unit cell is shown for clarity. As the 
Step 4 leucite-hke products all appeared to have the 
stoichiometry MAISi04 , we must consider how the 
leucite or analcime structure might accommodate the 
50% excess alkali cations. In pollucite (CsAISi20 6 ) the 
space group symmetry is /a3d. The Cs atoms occupy 
a 16-fold site. There is also a 24-fold site that is either 
occupied by water or unoccupied. In isostructural anal­
cime (NaAISi20 6 ' H 20), the Na atoms occupy two­
thirds of the 24-fold site. These alternative cation sites 
are illustrated in Figure 15b. In the cation-excess leu­
cite-like Step 4 products, if the alkali cations were to 
occupy these 24-fold sites instead of the 16-fold sites, 
this would account for the observed stoichiometry. 
Whether this gives a chemically plausible structure is 
discussed below in terms of bond-valence sums. 

An understanding of the observed structures in 
terms of Apparent Valences 

The relationship between bond length and bond va­
lence in non-molecular solids (Brown and Altermatt, 
1985; O'Keeffe, 1989) is now widely accepted. In a 
given structure, it is possible to calculate the Apparent 
Valence (A V), i.e., the sum of the bond valences, for 
an atom using this relationship, namely sij = exp[(roij 

- rij)! B], where roij and B are empirically determined 
parameters. These parameters have been tabulated by 
Brown and Altermatt (1985). 

By calculating the AVs for the alkali cations in the 
cavities of the various structure types, we see that the 
size of the cavity in the aluminosilicate framework 
determines which structure type is formed. Table 3 
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Table 3. Apparent Valences' for various structural models. 

Leucite5 

Quartz2 Cristobalite3 Tridymite" 16b 24c 

Li 0.92 0.35 0.16 
Na 2.27 0.93 0.40 0.60 
K 2.15 0.97 0.18 1.45 
Rb 1.39 0.26 2.08 
Cs 2.12 0.40 3.22 

, Sums of bond valences. Ro values taken from Brown and 
Altermatt (1985). 

2 Calculated for eucryptite, LiA1SiO. (Von Winkler, 1948). 
3 Calculated for low-carnegieite (Withers and Thompson, 

in press). 
• Calculated for kalsilite, KA1SiO. (Perrotta and Smith, 

1965). 
5 Calculated for pollucite (Gallagher and McCarthy, 1977). 

gives the A Vs in the interstitial site(s) in the various 
structure types for all the alkali cations. In the eucryp­
tite-type structure (stuffed quartz), only Li is small 
enough to be accommodated by the 4-coordinate site 
in the helical tunnels. In the carnegieite-type (stuffed 
cristobalite), the cavity is large enough to fit Na but 
not K. Kalsilite (stuffed tridymite) has an even larger 
cavity than carnegieite and comfortably accommo­
dates K but not Rb. 

Rb and Cs are too large to fit into the cavities in any 
of the above structures. A more open zeolite-type struc­
ture is necessary. In the cubic leucite structure (space 
group symmetry /a3d), the two interstitial sites are of 
very different size. This is illustrated in the A V s listed 
in Table 3. The pollucite structure, CsAISi20 6 struc­
ture, has all the 16-fold sites filled (Figure l5a) and, 
despite the large size of the Cs atom, it is quite un­
derbonded. On the other hand, on the basis of AVs 
(Table 3), only Na, as observed in analcime, and Li 
are small enough to fit into the 24-fold sites (Figure 
15b). It is evident from these calculations that, for the 
aluminosilicate leucite framework to accommodate the 
50% excess K, Rb, and Cs atoms required by the stoi­
chiometry MAISi04 , the alkali atoms cannot occupy 
the 24-fold sites but must partially occupy a general 
position somewhere between the 16-fold and 24-fold 
sites. There is no doubt that the large cavity in the 
leucite framework would be able to accommodate the 
extra alkali cations. 

CONCLUSIONS 

The results of this investigation show that all alkali 
halides can be intercalated into kaolinite directly, i.e., 
without the need for an entraining agent and in rela­
tively high yield. By not using an entraining agent, it 
was possible to study systmatically the layer spacing 
of the intercalates free from complication by the pres­
ence of residual entraining agent. The lack of variation 
in layer spacing reported by Weiss et al. (1966) was 
almost certainly due to this effect. 

While the intercalates themselves are unstable in the 
presence of water they do provide a synthesis route to 
a range of novel materials. Some of the possibilities 
have been explored in the present investigation, but 
the reactivity of the XRD "amorphous" Step 3 product 
of stoichiometry MAISi04 will make it a useful starting 
material for processes other than simply heating it as 
we have done. 

The crystal structures and crystal chemistry that we 
have explored provide a useful insight into the way 
structural features of crystalline materials can be pre­
served during solid-state chemical reactions. The crys­
tal structures observed for the Step 4 products showed 
a tendency to preserve both the tetrahedral silicate 
framework and the alternating layers of Si and Al of 
kaolinite. 

Finally, the synthetic route afforded by the alkali 
halide intercalate has allowed the formation oftwo new 
metastable crystalline phases. Firstly, the stabilization 
of the high-carnegieite structure with the stoichiometry 
NaAISi04 has not been reported previously, though it 
is known that an excess ofNa20 does stabilize the cubic 
structure (Klingenberg and Felsche, 1986). Secondly, 
the formation of materials with stoichiometry MAl­
Si04 with a leucite-like structure has also not been 
reported previously. 

Some preliminary investigations on other metal ha­
lide salts suggest that this synthetic route will be more 
generally applicable than the alkali aluminosilicates 
studied here. 
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