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Abstract

Solid state intercalation of alkali halides into kaolinite takes place by heating pressed disks of
dimethylsulfoxide (DMSO)-kaolinite complex ground in different alkali halides. 'This reaction in-
volves diffusion of the DMSO outside the interlayer space and the alkali halide into the interlayer
space. IR and Raman spectroscopy reveal two types of intercalation complexes: (i) almost non-
hydrous, obtained during thermal treatment of the DMSO complex; and (ii) hydrated, obtained by
regrinding the disk in air. The strength of the hydrogen bonds between intercalated water or halide
anions and the inner surface hydroxyls decreases in the order C1'>Br >I". Chlorides penetrate the
ditrigonal holes and form hydrogen bonds with the inner OH groups.

Keywords: alkali halides, intercalation, kaolinite intercalation complexes, mechanochemical in-
tercalation, thermal intergalation

Intercalation complexes of kaolin-type minerals

Kaolin-lype minerals intercalate a variety of organic compounds [1-5]. The
penctrating species overcome the strong clectrostatic and van der Waals interactions
between the kaolin-like layers and the basal spacing expands from 0.72 to about
1.00-1.44 nm. Intercalating compounds may {ferm hydrogen bonds with components
of the TO layer by accepting protons from inner-surface hydroxyls and donating pro-
tons to inner-surface oxygens, as was first inferred by comparing calculated and ex-
perimental basal spacings, and later proved by infrarcd spectroscopy [6-~12]. Basal
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hydroxyls are poor proton donors and form hydrogen bonds only with very strong
basic groups, such as NH, in urea or hydrazine, C=0 in urca and several other am-
ides, NO in pyridine-N-oxide (PNO) and S=0 in dimethylsulfoxide (DMSO). The
latter are bound to inner-surface hydrexyls through cither the sulphur or the oxygen
atoms. In all these cases the proton acceptor groups point o the hydroxyl surfaces
and hydrogen bonds are obtained, in which these groups accept protons from the hy-
droxyls. The inner-surface O-H stretching bands in the kaolinite [R spectrum arc
perturbed and shifted to lower wavenumbers. The characteristic absorption bands of
the adsorbed proton acceptor groups are also shifted.

Strong proton donor groups, such as NH, in urea or amides, may form hydrogen
honds with oxygens located on the tetrahedral sheet surlace. Since the oxygen plance
is a poor ¢lectron donor, these hydrogen bonds are very weak. Their existence wag
inferred from perturbation of the Si-O stretching vibrations of the kaolinite and of
the NHj; stretching vibrations of the organic moleculc [8].

Three main groups of polar organic compounds were distinguiched by their mode of
interealation [13, 14]. *Group A’ includes species which are dircctly intercalated from
the liquid, melt or concentrated agucous solution. ‘Group B’ consists of species which
are indirectly infercalated by means of an ‘entraining agent’, and ‘group C’ includes spe-
cies which are intercalated by displacement of previously intercalated compounds.

In contrast with halloysite, which forms intercalates with many organic compounds
[41, kaolinite and dickite directly intercalale only a few compounds. Small molecules
with a large dipole moment (3.71-5.37 Debye) may serve as group A compounds, and
arc intercalated directly by batch treatment, without any pretreatment of the clay [5].
This includes molecules which act simultancously as proton donors and acceptors, such
as urea [2], hydrazine [13], hydroxylamine, imidazole, form-amide [15], acetamide {and
mono- or dimethyl derivatives of the amides) {8, 10, 12, 16], small molecules with a be-
tain-like mesomeric structure which serve as proton acceptors, such as DMSO, di-
methylselenoxide and PNO [ 14, 17-23] and salts of short-chain fauy acids with large
monovalent cations, such as K*, Rb*, Cs* and NH3 [1, 14].

When the intercalating compound is liquid, a trace amount of water is sometimes
essential for the intercalation process; however, increasing amounts of water may
decrease the extent of intercalation [22]. Similarly, if the intercalating compound is
adsorbed [rom aqueons solution, this solulion must be highly concentrated. For ex-
ample, in the case of urea or hydrazine, below a limiting concentration (10-11 M)
the solute is highly solvated and relatively few unsolvaled molecules are present or
available for intercalation [2]. Increasing the solute concentration will initially raise the
interealation rate until a point is reached heyond which this rale falls. This phenomenon
i attributed (o self-association of the organic molecules at high concentrations, leaving
very few monomers for intercalation. The liguid structure can be disrupled by raising the
temperature, hence an increase in temperature gives rise to a [aster rate of intercalation.
However, the balch temperature cannot be oo high, because the intercalated molecules
escape from the interlayer space in these conditions.

Most known intercalation complexes of group A are not stable. They exist as long
as contact with the pure liquid 1s maintained [16, 17). Morecover, these complexcs are
destroved by water: the kaolinite hydrates on cluting the intercalated species with
water and recollapses with intense washing. Several of these compounds, particu-
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larly hydrazine and ammonium acelate, act as entraining agents. Hydrazine can en-
train any neutral molecule or salt (group B), the only requirement being that the en-
trained specics is soluble in aqucous hydrazine solution. Some of these compounds,
studicd by Weiss e al. | 14], are benzidine, n-octylamine, giycerel and the following
organic salts: sodium acetate, potassium salts of glycine, alanine, lysine, oxalate and
lactate. Tntercalation of sodium and potassium salts of the fatty acids, Tanric, palmi-
tic, claidic, oleic and 12-hydroxystearic acid via hydrazine, was recently carried out
124, 25)]. The appropriate complex with the entrained compound may then be oh-
tained by selectively removing the hydrazine by evaporation. exposure to air, or heat
treatment. Compounds such as nitrobenzene. acetonitrile, glycol and long chain al-
kylamines (group C} may penetrate the mineral interlayers by replacing other inter-
calated compounds, such as ammonium acetate [13, 14] or DMSO [ 18]

The size of adsorbed molecules affects the intercalation rate: the rate usually in-
creases with a decrease in size [12, 16, 171, From X-ray data it appears that a single
layer of organic molecules is obtained with a considerable amount of “keying” in
most cases. This also includes kaolinite treated with long chain (up to 18 carbons)
carboxylic acids [24, 25]. There were only a few cases in which a double layer of
molecules was oblained, with the plane of an aromatic ring or the axis of an aliphatic
chain lying parallel to the kaolinite surlace. These XRD resulls could also indicate that
a single layer was obtained with the ring or chain perpendicular to the silicate fayer and
the oxygen of the organic molecule in contact with the inner-surface hydroxyls [14],
However, the c-spacing was 1o short for this vrientation and the authors suggested that
some keying took place. On the other hand, pleochroic IR data led to the conclusion that
the molecules were tilted with respect (o the silicate surface [8].

Kaolinite-fatty acid salt intercalation complexes are of particular interest, because in
the presence of water, a very large c-spacing is obtained. As shown by Seto et af. [26],
a stepwisc intercalation of ammonium propicenate resulted in a spacing in the range
1.2-2.55 nm, with a high degree of order along the ¢ axis.

Intercalating ability diffcrs from one mineral to the next [27, 28]. There are also
differences in reactivity between kaolinites themsclves, and from sample to sample.
For example, all batch experiments to form intercalation complexcs of firc clay (b-
axis disordered kaolinite) with DMSO [ailed. Well crystallized kaolinite from Geor-
gia (USA) forms a stable DMSO complex and the degree of intercalalion is almost
100%. On the other hand, kaolinite -5 from Makhiesh Ramon (Israel) intercalates
DMSO only in part, and the complex is stable only in the presence of cxcess DMSO.
When the sample is dricd in ambient atmosphere, the organic molecule escapes from
the interlayer (unpublished results).

Kristol et al. [29] showed that the stability of the intercalation complex towards
washing with water depends on the degree of disorder of the kaolinite. Intercalation
complexes of ordered kaolinites collapse to 0.72 nm upon washing, whereas com-
plexes of disordered kaolinites form hydrates similar to halloysite. The thermal be-
haviour of intercalation complexes also depends on the degree of order of the
kaolinite. The DTG curve of an ordered kaolinite-potassium acelate complex
showed two separate peaks duc o dehydroxylativn and acetale decomposition,
whereas the DTG curve of the disordered complex showed a single peak indicating
that both reactions occur simultancously.
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In addition to hydrazine and hydroxylamine, a few other inorganic compounds
were directly or indirectly intercalated into kaolinite. Costanzo et ai. [30-33] re-
ported the synihicsis of four different intercalation hydrates of kaolinite, oblained by
replacing DMSO by H,O. Weiss et al. [14] intercalated different inorganic alkati hal-
ides into kaolinite using aqueous solutions of the salts and hydrazine or ammonium
acetate as an entraining agent. The intercalation of the alkali halide was verified by
X-ray determination of the basal spacing. In our laboratorics intercalation com-
plexes of alkali halides have been investigated for about thirty yecars. RbCl, CsF,
CsCl and CsBr complexes are obtained directly cither (1) after long periods at 60°C
in concentrated aqueous solutions in sealed glass ampoules or as slurry, followed by
long ageing in a damp atmosphere, or (ii) by mechanochemical treatment {grinding).
Other alkali halides penelrate into kaolinite interlayers by replacing DMSO that has
heen previously intercalated into kaolinite. Thus, the first four alkali halides are classi-
fied as group A intercalating compounds, whereas the other halides belong to group C.
In the present paper the work which was carried out in our laboratories is reviewed.

Direct intercalation of caesium halides

Three different grinding techniques were employed in our laboratory [34-47].
The first was manual grinding (2-30 min) of mixtures containing kaolinite and the
appropriate caesium salt, in different mass ratios. In the second, the same mixtures
were ground for 15-30 min by a mechanical grinder, comprising a mortar and pestle.
Samples were prepared by ‘air grinding’, in ambient air, or by ‘wet grinding’, where
5-7 drops of water were added every 3—5 min to keep the mixture moist. In the third
technique, the mixtures were ground in a centrifugal ball-mill cquipped with an ag-
ate ccll and several agate balls. In this grinding system the mixture was isolated from
the atmosphere. The term ‘dry grinding’ is used for grinding in a ball mill with no
addition of waler, The different ground samples were examined after being aged in
an oven at 100°C, in a desiceator under air saturated with water vapour, or in ambient
atmosphere for different periods. In a non-mechanochemical preparation method,
unground kaolinite was suspended in a concentrated aqueous cacsium halide solu-
tion or mixed with the salt and water to form a slurry. After different ageing periods
in scaled glass ampoules at 60°C, the excess water was evaporated. The dried mix-
ture was aged in air saturated with water vapour.

The interaction of CsF with kaolinite by any of these methods resulted in a com-
plex mixture of caesium silicates, caesium aluminum silicates, caesium aluminum
fluoride and aluminum fluoride. Three types of intercalation complexes (A, B and C)
were also identified [34, 35]. Small amounts of complex A were detecled in samples
obtained by drying CsF—kaolinite slurries. This complex was identificd by its X-ray
diffraction peak at 0.99 nm. IR spectroscopy showed that this complex is hydrated.
However, the characteristic bands of kaolinite were not perturbed, indicating that
there were no interactions between functional groups of the kaolinite layer surface
(OH or 8i-0 groups) and the intercalated molccules [34]. Adsorbed water molecules
form intermolecular H-bonds hetween themselves, which is similar to the intermo-
lecular interactions ol water in natural halloysite [36]. It appears that some of the in-
ner-surface hydroxyls were replaced by fluorides during this treatment. According to
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the calculations of Wolfe and Gicse [37] substitution of F for OH groups dramatically
weakens the interlayer bonding of kaclinite. Complex A is probably obtained by the in-
tercatadon of water clusters into the space between weakly bonded kaolinite layers.

Complex B was identified by XRD (0.84 nm) after evaporaling a kaolinite-CsF
suspension in the presence of excess sall. The intensity of this peak relative to the
(.72 nm pcak was initially wcak, but it incrcased with ageing. The 0.84 nm pcak dis-
appeared when the sample was washed with water or heated at 260°C. The keying
of F~is obvious from the spacing of 0.84 nm. On the other hand, Cs* is large and can-
not be located in the interlayer space. We therefore suggested that HF (or
[H(H,0),1F) was the intercalated specics. A hydrated proton was identified by an IR
band at 1725 cm™ [34].

Complex C was identified by IR after grinding kaolinite—CsF mixtures [35]. The
X-ray diffractogram of this complex did not show any characteristic basal spacing,
but the 0.72 nm peak of untreated kaolinite became very weak. The diminution of the
001 reflection indicates that due to grinding the kaolinite is delaminated and be-
comes amorphous in the c-direction. CsF is hygroscopic and the kaolinite—CsF mix-
ture adsorbs water (rom the atmosphere during grinding. Thus, grinding in open sys-
tems can be regarded as wet grinding. Tn the presence of excess Cs”, which is a water
structure breaker, the adsorbed water becomes non-structured and single H,OG mole-
cules form hydrogen bonds with active sites on the layers of mechanically delami-
nated kaolinite, This gives rise to changes in the IR spectrum. Band A, an inner-sur-
tace OH stretching vibration of kaolinite located al 3692 cin™’, becomes weak. A
new band appears at 3600 cm™', attributed to perturbed band A. The extinction of
band A and appearance of the new band provide evidence for the interaction of inter-
calated waler with exposed inner surf{ace hydroxyls. Band D, the inner hydroxyl
stretching vibration at 3620 cm”!, diminishes slightly immediately afler grinding
and further decreases with ageing. This extinction is accompanied by the appearance
of a now band at 3518 cm™, attributed to a perturbed inner hydroxyl vibration. This
perturbation of about 100 em™'is strong and must be due to hydrogen bonds between
inner hydroxyls and F~, which can occur only if the fluoride ions penetraile the
ditrigonal holes of the oxygen planes. This keying effect will be discussed in the last
part of this review.

The grinding of minerals of the kaolin subgroup with CsCl in air leads to their
delamination and the formation of an intercalation complex in which CsCl, together
with water adsorbed from the atmosphere, is located between the layers of the min-
erals {38-47]. Kaolin-type mincrals that have been studied until now are kaolinite
|38-401, halloysite [41], [ire clay and dickite [42]. In these intercalation complexes
hydrogen bonds are formed belween inner-surface hydroxyls of the octahedral
sheets of the kaolin-like layers and oxygens of adsorbed water molecules, as well as
hetween protons of adsorbed water molecules and inner-surface oxygens of the tet-
rahedral sheets. Delamination and intercalation occur during the grinding ol the
mineral with CsCl. However, the intercalation reaction associated with the adsorp-
tion of water from the atmosphere is much slower than the delamination, and an age-
ing period longer than a month is sometimes necded Lo complete the reaction. This
is cspecially noticeable for kaolinites, where the partial intercalation observed im-
mediately after grinding gradually increased. The long time was probably necessary
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for the hydroxyls to become reoriented. Intercalation of dickite was observed for the
first time one day after grinding [42]. Fire clays, on the other hand, formed com-
plexes mainly during the grinding process, and their spectra remained unchanged for
al least six weeks [42]. Halloysite is an expanded mineral and intercalation, although
gradual, begins with grinding and is fast [42]. The three serpentine-type minerals an-
tigorile, lizardile and chrysotile did not react with CsCl during the grinding process
[42]. The surface acidity of their inner-surface hydroxyls is weaker than that of the
dioctahedral kaolins and the surface basicity of their inner-surface oxygens is also
weaker than that of the kaolin minerals. They do not form hydrogen bonds with in-
tercalated water molecules and consequently this kind of intercalation does not oc-
cur. To the best of our knowledge intercalation complexes of serpentines are not re-
ported in the literature.

The TR spectrum of the complex is characterized by the diminution of inner sur-
face hydroxyl absorption bands (designated A, B and C, at 3692, 3666 and 3653 em ™!,
respectively) and the appearance of new bands at 3599 and 3582 em™, attributed to
a perturbed clay inner-surface OH group (A”) and inlercalated HyO, respectively.
The intercalation is also accompanied by shifts of framework $i-O and Al-O
stretching and bending bands as well ag AIO-H deformation bands. These signifi-
cant changes in the infrared spectra of the intercalation complexes indicate the for-
mation of hydrogen bonds between OH groups of the octahedral sheets and adsorbed
water molecules, and between the latler water molecules and bhasal siloxane oxygens
ol the tetrahedral sheets [42, 43].

Oricntation ol hydroxyls in the different minerals of the kaolin subgroup varics
[48]. As a result there are differences in the locations and relative intensitics among
the inner surface OH stretching bands in the IR spectra of the untreated kaolin-type
minerals, Band A is the most intense for some kaolins, whereas others, like dickite,
show band C to be more intense, relative to band D. Hatloysite exhibits only bands
A and D. Similar intensity differences are not observed in the IR spectra of the inter-
calation ecomplexes of (he various kaolin-type minerals. These data suggest that there
are no structural differences between intercalation complexes obtained from
kaolinite, dickite, firc clay or halloysite [41, 42].

Delamination of CsCl intercalated minerals of the kaolin-type subgroup has been
proven by deuteration [42]. The inner-surface hydroxyls of the kaolin sub-group
minerals were deuterated without any difficulty by washing the CsCl complexes six
times with D20, A new band Ap at 2725 cm™, accompanied by twe shoulders By and
Cp, at 2710 and 2698 cm™', respectively, appeared in the TR spectrum. Simultaneously,
hands A, B and C showed considerable reduction in their intensities. A weak shoul-
der Dp at 2675 cm™' indicates that the inner hydroxyls were deuterated to a very small
extent. This is indeed what one would cxpect from a delaminated kaolin-type mineral.

Deuteration also supporied the idea that water molecules were adsorbed by the
kaolin-type clay from the atmosphere during its grinding with CsCl. The diffcrent
clays were already deuterated after the first washing with D3O, but their spectra dif-
fered from those obtained after six washings. A very broad absorption, which com-
prises shoulders at 2600 and 2663 cm™' and a maximum at 2610 em™', in addition to
a very weak band Ap, was obscerved in the speetra of kaolin-type CsCl complexes al-
ter they were washed twice with D,O. The intensity of the 2663 em™ band was de-
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pendent on the orientation of the clay film, indicating that it was due 1o a vibration
perpendicular to the kaolin-like layer. It was denoted A’ and attributed to deulcrated
hand A’. Band A is thus equivalent to perturbed band Ap. The broad band at
2630 cm™' was altributed to intercalated D,O. Simultaneously bands A, B and C
showed considerable reduction, whereas band A’ and the intercalated water band atl
3582 em™! disappeared. These data indicate that intercalated water in the kaolin—
CsCi-H,0 complex was replaced by D;0 [42]. The kaolin-type CsCl-D,C com-
plexes are very stable and spectra of samples left at room humidity for 48 h were similar
to spectra recorded immediately after the preparation of the complex. After six washings
the mtercalated CsCl is removed and the clay framework collapses [42].

The degree of intercalation of CsCl was least with mixing, intermediate with air
grinding and greatest with wet grinding [43]. With the latter the extent of intercalation
was almost complete. Water seems to be essential in the mechanochemical intcrecalation
process. The specific activity of caesium salts may be due to the fact that this cation
breaks the water cluster structure and in the first stage of the process, monomeric species
are adsorbed on the external surfaces of the kaolinite 140]. These molecular species
should be more active compared with clustered water (Fig. 1a). No peak was observed
in the X-ray diffraction curve of samples obtained by wet grinding for 30 min [40, 46,
47]. The samplcs oblained after air grinding showed a peak at 0.72 nm which gradually
disappeared after ageing 2—4 weeks in air or 1-2 days in a humid atmosphere [47]. The
IR spectra of the air ground mixtures showed that the intercalation started with the
grinding process. It is poassible that at this stage hydrated CsCl penetrated into the edges
of the interlayer space (Fig. 1h). The disappearance of the 0.72 nm peak, which is char-
acteristic of non-intercalated kaolinite, indicates that the sample was delaminated and
hecame amorphous in the c-direction, In this assemblage the kaolin-like layers are not
atranged in any preferred orientation (card house structure) with Cs*. CI” and water in
the space between the layers. (Fig. 1¢). The sample was heated for 2 h at 250°C, in
order to eliminate the intercalated water. The diffractogram of this sample contained
a very intense peak at .06 nm.

IR spectroscopy and DTA-TG curves showed that this thermal treatment resulted
in an almost complete dehydratation of the sample. It is therefore concluded that a
spacing of 1.06 nm characterizes the anhydrous CsCl-kaolinite intercalation com-
plex. Water molecules were evolved during heating, and new assemblages were
formed by reorganization with parallel TO layers intercalated by Cs and Cl ions
(Fig. 1d) |46].

X-ray diffractograms, IR spectra and thermal curves obtained from samples pre-
parcd by suspending the ground sample or untreated KGa-1 kaolinite in an aqueous
& M CsCl solution fur 3 wecks at 60°C in scaled glass ampoules were diagnostic for
an anhydrous intercalation complex 46, 47]. Although these samples were obtained
from an aqueous phase, it should be noted that the resulting CsCl intercalation com-
plex was almost anhydrous, which shows that a system with inter-water hydrogen
bonds is more stable than one with hydrogen bonds between water molecules and
kaolinite siloxane and hydroxyl groups. The aging of the CsCl-kaolinite ground
sample for 2-3 months in a humid atmosphere alsa resulted in the anhydrous inter-
calation complex [47]. Clustered water molecules are more restricted in their trans-
lational and rotational motion than monomers weakly bonded to the kaolinite silox-
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Fig. 1 Four stages in the mechanochemical intercalation of CsCl and H,0 by kaolinite.
A - First stage: adsorption of molecular HyO on the external surfaces of a kaolinite as-
scmblage (the c-spacing is 0.72 nm and the IR speetrum is that of kaolinite); B — second
stage: penetration of CsCl and H,0 into frayed edges of the interlayers of kaolinite as-
scmblages (the c-spacing is .72 nm, but the IR spectrum shows weak bands of the in-
tercalation complex); C — third stage: delamination of the kaolinite assemblage by the
grinding process, the intercalation of hydrated Cs and Cl ions and their interaction
with inner-surface hydroxyls and oxygens {(XRD does not show any peak for basal
spacing but the IR spectrum is characteristic for the intercalation complex); D - fourth
stage: thermal dehydration of the intercalation complex at 250°C and rearrangement
of the TO layers (a new XRD peak ts obtained at .05 nm and the IR spectrum is sig-
nificantly changed compared with those of the previous stages). 1, Kaolin-type TO

layer; 2, Adsorbed CsCl and/or H,0 species

anes and hydroxyls, and therefore have lower entropy. Thus during the mechanochemi-
cal treatment, when the water content is low and non-clustered due to the Cs, intercala-
tion of kaolinite by water is favored by entropy. In aqueous systems, where the waler
conicent is high, enthalpy stabilization of water clusters occurs, as in halloysite [41]

Dry grinding of CsBr or CsI with kaolinite in the ambient atmosphere did not re-
sult in any intercalation [43]. Ageing, which improves the intercalation in a CsCl-
kaolinite system, did not aifect the CsBr— and Csl-kaolinite systems. However, IR
and thermal mass loss study proved that CsBr and water (but not CsI and water)
formed a kaolinite intercalation complex during wet grinding [43]. The CsBr—H.0-
kaolinite intercalation complex was studied by simultancous DTA-TG, supple-
mented by [R spectroscopy [44]. TG curves show six stages of mass loss. The first
stage, in the room temperature—[70°C range, is accompanicd by an endothermic
DTA peak at 75-115°C. This corresponds to the desorption of surface and interpar-
ticle water, located mainly at the inlerface between the mineral and the salt. Un-
treated kaclinite does not show any peak or mass loss in this temperature range. The
second stage of mass loss (170-400°C), is due to desorption of intercalated water.

S Therm. Anal. Cal., 56, 1999
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Reexamination of the IR spectrum of thermally treated samples shawed that the
ZsBr complex obtained al this stage is almost anhydrous, The third mass loss slage
400-590°C) is due to the dehydroxylation of the clay and simnltaneous thermal hy-
Irolysis of the intercalated CsBr. Mass loss of mixtures that de not contain excess
ZsBr is smaller than that of untreated kaolinite in the same temperature range; this
s due to the fact that the dehydrexylation of the former, which is delaminated, has
iready started during the second stage. These reactions give rise to an endothermic
1eak al 485-500°C. The dehydroxylation DTA peak of natural kaolinite appears at a
ilightly higher temperature, i.c., 530°C.

The fourth-sixth stages depend on the initial salt/clay ratio. In the absence of ex-
:ess non-intercalated salt, mass loss is relatively small, resulting from the dehy-
Iroxylation of the clay which started at the second or third stages bul continues at the
‘ourth stage. A weak exothermic peak due Lo the recrystallization ot the dechydroxy-
ated kaolinite phase appears at above 950°C (sixth region). This peak decreases with
ncreasing CsBr conlent and is not observed with excess salt. During the dehydroxy-
ation of the kaolinile a phase is obtained in which the salt is incorporated into the
'O framework. The thermal propertics of the Cs-bearing meta-kaolinite differ from
hose of normal meta-kaaolinite by not ¢xhibiting an exothermic reaction at ~1000°C.
The presence of a non-adsorbed CsBr phase is confirmed in the corresponding DTA
:urves by two endothermic peaks at 605-640 and 825-1040°C, anising [rom mehing
wnd boiling of this salt. The fourth mass loss stage (590-6857C) represents partial
sublimation of the excess salt, which starts in this temperature range. In the hifth
nass loss stage (685-950°C) the boiling salt evaporates. In the sixth stage (950-
[170°C) a very small mass loss is recorded, associated with the recrystallization of
he meta-clay. Mixiures with more than 140 mmol/100 g kaolinite show the presence
»f a non-adsorbed CsBr phasc. Below this saturation point, all of the CsBr occurs in
he intercalation complex. This saturation concentration is lower than the
>297 mmol/100 g kaolinite obtained for CsCl by a similar DTA method [45].

[ndirect intercalation of alkali halides

The DMSO-kaolinite intercalation complex was the starting material for the
sreparation of the alkali halides complexes. It was prepared by stirring kaolinite with
1 solution containing 75% DMSO and 25% H,O for one week. After this treatment,
he separated slurry was aged at 60°C for one week. The DMSO intercalation com-
slex was identified (rom a hasal spacing of 1.11 nm in X-ray diffraction. 200 mg of
his complex were ground with 200 mg of each alkali halide and pressed into 12.5
nm diameter disks using a mass of 10 tons {or 10 min. Each disk was reground and
‘epressed before it was thermally treated. In the thermal treatment the disk was
aradually heated in air [tom room temperature to above 300°C for different dura-
ions, after which X-ray diffractograms and IR spectra were recorded. The disks
were repressed without grinding cach time before they were returned to the furnace
n order to avoid fast cvolution of the released DMSO [49]. The activation cnergics
“or the thermal decomposition of the DMSO intercalation complex and the evolution
>f DMSO were found from isothermal and dynamic studies by Breen and Lynch [50]
0 be 8542 and 7224 kI mol ™, respectively, or 78 kJ mol™! by Adams and Waltl [51].
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At room temperature the IR spectra of ail samples showed characteristic DMSO
hands |52-54]. These bands became weak and disappeared when the disks were
heated, indicating that DMSO was gradually evolved. The TR spectra of the ther-
mally trcated samples differed from that of kaolinite and from cach other. The spec-
tra of the CsCl and CsBr complexes were similar to those of the thermally treated
complexes ohtained by direct intercalation. It was therefore concluded that the alkali
halide ions diffused into the swollen mincral interlayers, replacing the organic com-
pound. Such a solid slate exchange may take place only if the thermal diffusion of
the penetrating species is faster than the cvolution of the intercalated DMSO. For
this rcason the mixtures were pressed into disks and each disk was repressed alter
cach thermal treatment. All attempts to replace DMSO with any of the alkali halides
without pressing the mixture into a disk failed. Furthermore, we did not find appro-
priaic conditions for intercalating Nal, and only a small amount of NaCl and inter-
mediate amounts of NaBr were intercalated [49]. Lithium and fluoride salts could
not be studied because these salt-kaclinite mixtures are hygroscopic and it is impos-
sible to press them into disks. Lt appears that the intercalation ability of the alkali cat-
ion increases with decreasing hydration energy. It is possible that the anhydrous cat-
ion is essential for the intercalation process. This requires further study.

After heating the disks at 100°C, in addition wo the 111 min XRD peak indicating
that the DMSO complex persisted, two new peaks at 0.72 and 1.00-1.17 nm ap-
peared, duc to non-intercalated collapsed kaolinite and kaolinite intercalated by al-
kali halide, respectively [49]. The latter peaks increased at 150°C and became domi-
nant at 200 or 250°C. At higher temperatures the complexes started to decompose
and the 0.72 nm peak intensified to some extent. In some cases longer thermal treat-
ment at 100-150°C gave optimal intercalation. With NaCl maximum intercalation
was oblained at 150°C, but as mentioned previously, it occurred to a very small ¢x-
tent. The replacecment of DMSO by CsCl was almost complete at 100°C, but CsBr
and Csl required temperatures of 250 and 200°C, respectively, for the complete re-
action. Considerable amounts of KBr displace DMSO at 200°C. For KCI and KI,
only trace amounts of the alkali halide replaced DMSO at 200°C and higher tempera-
ures were required for an efficient exchange [49]. Basal spacings corresponding to op-
timal intercalation, are summarized in Table 1. The basal spacings observed in the work
of Weiss ef al. [14], mentioned carlicr, arc similar 1o our data and are also shown in Ta-
ble 1. It may be concluded that similar intercalation complexes were obtained by hoth
techniques, although the complexes ol Weiss et al. were obtained from agueous solu-
tions, whereas our complexes were obtained in solid state thermal reactions [49].

After grinding the thermal treated discs (330°C), the XRD peaks which charac-
lerize intcrcalation became weak [53]. It was suggested that during grinding
kaolinite was delaminated and became disordered. Water molecules from the atmao-
sphere together with alkali and halide ions penetrated into the vacancies between the
disordered layers. This assecmblage is similar (o that obtained by grinding kaolinite
with CsF or CsCl (Fig. 1¢) |53]. As is shown by IR spectroscopy two dilferent
groups ol intercalation complexes are present [52, 53]. The thermally treated [reshly
preparcd complexes are almost anhydrous, whereas the ground samples are gradu
ally hydrated. The 001 spacings in the diffractograms of the ground disks should be
considered to arise from the remaining anhydrous complex in the samples.
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IR spectroscopy supplemented by curve fitting calculations, is established as a
reliable tool for the characterization of intercalation complexes. In conventional IR
absarption spectroscopy of clays, samples are pressed into disks with alkali halides
as matrices. Possible reactions between the mineral and the sall during the prepara-
tion of the disk may afTcct the recorded spectra. We therefore employed photoacous-
tic and diffuse reflectance FT-IR epcetroscopy lor the reground mixtires in addition
to the cenventional technique. These techniques yield spectra of powders without the
requirement that they be pressed into disks. The IR spectra showed that the alkali
halide intercalation complexes are obtained together with water initially present in
the disk in the first stages of the thermal treatment |52, 53], At elevated lemperatures
mosi of the waler was removed, and almost non-hydrous intercalation complexes of
alkati halides were obtained. The spectra also showed that after two months storage
in air and grinding the disks, the water bands increased substantially relative Lo all
others. This suggests a rehydration of the intercalation complexes previously ob-
tained at high temperatures. The IR spectra of the two groups of samples were used
to characterize both almost anhydrous and hydrous varictics of these intercalation
complexes. Representative specira of freshly prepared and reground potassium hal-
ides-kaolinile intercalation complexcs are shown in Fig. 2,

The posilions of the strelching bands due to kaelinite hydroxyl groups and ad-
sorbed H,0 in the spectra of potassium and caesium halide complexes (determined
in part by curve fitting) are summarized in Table 2. In the curve fitting calculations
Lorentzian shape bands were auributed (0 OH bands and Gaussian shape bands to
waler bands |43]. For comparison, data for untreated kaolinite arc also included.
Two of the bands in the spectra of the interealation complexes were designated A’
and A” and allributed to perturbed band A in the spectrum of unureated kaolinite.

Table 1 The 00} spacings of kaolinilc-alkali halide intercalation complexes obtained from diffracto-
grams of thermally treated disks [49] ta) and of complexes obtained from aqueous salt so-
lutions in the presence of hydrazine or ammonium acelale as an cntraining agent {147 (b}

001 spacing (nn
Alkali hatide pacing (nm)

a b
NaCl 1.00 1.01
KCl 1.05 1.01
RhCl 1.01 1.01
CsCl 1.05 1.03
NaBr 1.07 1.07
KBr 1.03 1.04
CsBr 1.09 1.08
Kl 1.09 1.08
Rbl 1.15 1.14
Csl 1.17 -
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Band A appears in some of the spectra of the intercalated kaolinite, bul is very weak;
Lthis peak arises from that fraction of the kaolinite which does not form an intercala-
tion complex. The weakening of the original inncr-surface hydroxyl stretching
bands, and the concomitant appearance of new bands due to perturbed inner surface
hydroxyls, prove that these groups form hydrogen bonds with inlercalaled species.
Comparison between freshly prepared, almost dry samples and ground, hydrated
samples, proves that the intercalated species thal accept protons from inner-surlace
hydroxyls are water molecules and halide anions. Band A’ is weak in the speetra of
the anhydrous samples but intense in the spectra of the hydrated samples. This band
was attributed (o surface hydroxyls bound to water. Band A" is weak in the spectra
of hydrated samples but intense in spectra of almost anhydrous complexes. This
band was attributed to inner-surface hydroxyls bound to the halide anion. The lact
that the location ol band A” and of the H,O stretching bands depend on the alkali hal-
ide, indicates that the intercalated water molecule is bonded to both ions of the salt,

Inensity {arbitrary Jnis)

3300 3400 3600 36006 3700 asao
Fraquency iom’

Fig. 2 Infrared spectra of thermally treated disks of DMSO kaolinite in a — KCI, heated at
330°C; b — KCl-kaolinite, after regrinding and rehydration; ¢ — KBr disk heated at
330°C; d — KBr-kaolinite, after regrinding and rehydration; ¢ — KI heated at 330°C,
{ — Kl-kaolinite, after regrinding and rchydration
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the alkali and the halogen. The cation is bound to the H20 oxygen by electrostatic
dipole-ion interaction whereas the anion is bound through a hydrogen bond in which
the water molecule acts as the proton donor as follows ML.O(H)-11.. X where M is
the alkali cation and X is the halide anion.

In the spectra of hremides and todides the frequency of band D, which arises
from inner hydroxyls, is very similar to that of untreated kaolinite [43, 52, 53). How-
ever, in the spectra of the freshly prepared chlorides this band shifts to lower fre-
quencies |46, 47, 52, 53], The perturbed band is designated D”. Curve fitling shows
that both bands I and D are present in the spectra. The relative intensity DT de-
pended on the degree of hydration of the sample. In spectra of highly hydrated sam-
ples, this ratio was very small, but increased as the hydration diminished. The per-
tirhation of hand D is due (o the hydrogen-bonding betwecen inner hydroxyls and
chiorides which occurs after the chlorides penetrate the ditrigonal cavities. This
penetration reverses in the presence of intercalated water. It should be mentioned
here that band D’ was observed when the hydrous CsCl/kaolinite complex, which
had been oblained by the wet grinding technique, was heated at 250°C 46, 47]. Ta-
ble 2 shows thal the perturbation of band A 1o band A” (171 and 191 em™!in the
spectra of KCI and CsCl complexes, respectively) is much higher than that of band
1D o band D’ (58 and 44 cm™', respectively). This is an indication that the hydrogen
honds between the chlorides and the inner-surface OH groups are much stronger
than those between the chlorides and the inner OH groups. The penetration of CI”
and its interaction with the inner OH group will be discussed in the last part of this
review, [t should be mentioned that the penctration of F~ results in a higher perturba-
ton af band D to 3518 cm™' (a perturbation of 102 em™'y[35].

Frequencies and assignments of IR absorption bands below [200 em~ in spectra
of lreshly prepared intercalation complexes obtained by thermal treatment of disks,
and the same samples after they had been reground and hydrated, are summarized in
Table 3 together with the corresponding bands in the spectrum ol untreated
kaolinite. The Si-O stretching and deformation vibrations are modilied in spectra of
the intercalation complexes: they shift from their positions in the spectrum of un-
wreated kaolinite, and their shapes ate chianged. These effects are a consequence of
several factors, such as the cation, the anion, and the degree of intercalation and hy-
dration. The data suggest that hydrogen bond lormation between intercalated water
melecules and atoms of the oxygen plane affcets the perturbation. The shifts of the
Si—O lrequency with the halogens indicate that these bonds are weak in the presence
of CI, hut are stronger with Br™ and suill stronger with T'. This is duc to the strengths
of the bonds fonmed between a water mulecule and Cl, Br or Lions, The water mole-
cules serve as proton donors in these bonds, the strength of which decreases with in-
creasing atomic number of the halogen. Consequently the ahility of the water mole-
cule o dunate its sceond proton 1o an oxygen atom of the silicate layer increases in
the sequence opposite (o its tendency to donate a proton Lo the halogen.

The two AIO-H deformation bands (H and T) and the Al--C deformation band (M)
arc also perturbed in the complexes with respect to their frequencies in the spectrum
of the original kaolinite. Bands H and M shift to higher frequencies and their loca-
tions depend on the halogen, whereas band I shilts to lower {requencics.
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The 50-1000 cm™' region of the Raman spectra of five alkali halide-water—kaolinite
intercalation complexes was studied and compared with both the Raman spectrum of a
reference kaolinite and far-IR spectra of the complexes [54, 55]. Most ol the 26 Raman
hands observed for the complexes can be correlated with Raman and IR [requencics of
uncomplexed kaolinite, permilling assignments based on previously published data.
New Raman bands detected in the spectra of the chloride complexes probably arise froimn
the keying of this ion through the ditrigonal hole into the TO layer.

In general, band A’ (Table 2) shows that weak H-bonds are obtained between in-
ner-surface OH groups and 17, stronger bonds occur with Br™ and the strongest are
obtained with CI7. This scquence agrees with the fact that basic strength of the halide
ion increases with decreasing atomic number. As one would expect, the acid behav-
iour of the water molecules coordinated to the anions (second proton donation abil-
ity to the siloxanes) follows the opposite order. From the locations of bands F, G and
N (Table 3) it is obvious that strong Si—O...H-OH hydrogen bonds are obtained with
I". weaker honds are obtained with Br™ and the weakest are obtained with Ci™. Sur-
prisingly, the basic behaviour of the water molecules coordinated to the anions (pro-
ton accepting ability from inner-surface hydroxyls) is in the opposite sequence.
From the location of band A” (Table 2) it is obvious that strong OH...OH, hydrogen
bonds are obtained with hydrated I", weaker bonds result with hydrated Br™and the
weakest are obtained with hydrated CI™. This behaviour is probably associated with
steric interference upon the frec movement and rotation of the intercalated water
molecule, which is simultancously involved in four bonds. Table 1 shows that the
swelling of the kaolinite is the highest with iodide salts and decrcases with decreas-
ing sizc of the halide. In [ intercalates, the water molecule is free to take the best lo-
cation for accepting a proton [rom the inner-susface OH group. In bromide interca-
lates this ability decreases and it further decreases in chloride intercalates.

The inductive eflfect of the alkali cation on the basic and acidic propertics of the
waler molecules is also noteworthy. KY is a stronger acid than Cs*. Consequently
water coordinated to K* is a stronger acid than water coordinated to Cs*, and Si-O
groups in potassium salts are more perturbed than in cacsium salts (Table 3). Similarly,
watcr coordinated to K* is a weaker base than water coordinated to Cs*, and OH groups
in potassium salts (band A"y are less perturbed than in caesium salts (Table 2).

The involvement of the oxygen plane in complex formation may occur through
the interaction of partially negatively charged oxygens with the positively charged
cations, but it could also be due to the keying of the different ions in the ditrigonal
holes, There is no problem accepting the slight keying of K™ and Cs*, which are posi-
tively charged and have a diameter similar to that of the ditrigonal hole (0.276 and
(.334 nm, respectively}. The classical model of fixation of ions by clay minerals [56]
cannot be used to explain the penetration of chloride into the ditrigonal cavity for
(wo reasons: (1) electrostatic repuision occurs between negatively charged chlorides
and the negatively charged oxygens: and (2) the ditrigonal hole which has approxi-
mately the diameter of the oxygen is too small to enable the penetration of an atom
with a non-bonded van der Waals radius larger than that of oxygen (~0.3 nm) [57].
In the classical picture, atoms are considered as densc spheres. This approach is in-
correct for the situation under discussion, because of the positive field that is in-
duced by the inner hydroxyls. The IR spectra show that these groups are involved in
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Fig. 3 Keying of chloride ion in ditrigonal cavity. Sizes of atoms and orbitals are arbitrary.
The plane of the edges of the three represented hybridized orbitals is not parallel to
the plane of the page; the fourth orbital is perpendicular to the plane of the other three
and is not shown in the figure

hydrogen bonds with the chlorides, which requires thal hybridization of the latter
takes place (hydrogen honds are formed by partial clectron pair donation from the
chloride o the proton, and this can occur only from hybridized orbitals). Conse-
quently the ncgative charge density around the anion has directional character,
namely that of the hybridized orbitals. Tt can be assumed that the hybridization of the
chloride is sp”. The three hybridized orbitals not involved in the hydrogen bond with
an inner-surface hydroxyl would then be directed towards three of the six silicon nu-
clei, which are the centres of the six tetrahedra that form the ditrigonal cavity. The
clectrons of the valence shells of the silicons and oxygens of these tetrahedra are lo-
cated mainly in the o (and to some extent also in the ) bonding orbilals between the
nuclei of these atoms. Consequenlly, the directions hetween the centre of the cavity and
the silicons can be considered as voids, because of their low electron densities (Fig, 3).

Inner electron shells are not involved in the hybridization and should always be taken
as spherical. The number of inner shells for both bromides and iodides is higher than the
total number of shells for oxygen. Conscquently, these 1ons can pencirate only slightly
into the ditrigonal cavity and cannot form hydrogen bonds with inner hydroxyls.

The diameters of CI7, Br™ and I” anions are 0.36, 0.39 and (.44 nm, respectively.
Spacings of 1.08, 1.11 and 1.16 nm allow these anions (o be located in the interlayer
without keying. According to Table | smaller basal spacings arc obtained with all Na
and K salts, which may indicate some keying of the anions. In chloride salts the an-
jon penetrates the dilrigonal cavity and reaches the inner OH groups. The basal spac-
ing should be determined by the alkali cation and the water which are present in the
interlayer space.

No keying of [” was observed in the case of Csl; keying was very slight with RbI
or CsBr (RbBr was not studicd), but considerable with KBr and KI. Cs* and I” are,
respeclively, a soft acid and a solt base [57]. We assume that the strong interaction be-
tween the soft acid and the soft base in the Csl system prevents the penctration of this
anion into the ditrigonal hole. K*, and to some extent also Rb*, are harder acids and
their interaction with I” is weaker. Consequently, a very small keying of I” from Rbl
and a more considerable keying from KI are observed. The small keying of Br in CsBr
should also be associated with the hardening of bromide in comparison with iodide.
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The indirect intercalation of Csl is remarkable. This complex was not formed by
air or wet grinding, in contrast to the other cacsium salts. We previously suggested
two possible reasons for this observation: (1) I is too large and cannol penetrate the
interlayer space of kaolinite, and (2) hydrogen bonds between inner surface hydrox-
yls and sorbed water molecules or intercalated anions, essential for intercalation, are
very weak with I7 {43]. The assumption that I7 is too large and cannot intercalate
kaolinite is disproven by indirect intercalation. Therefore, the primary reason for the
inertness of CsI during mechanochemical trecatment must be the weak hydrogen
bonds formed between intercalated I7 and inner-surface hydroxyls, and between the
anion and intercalated water; this is consistent with the frequencies of band A and
the HOH bands, respectively. The inertness of CsI in the mechanochemical (reat-
ment can be attributed to the strong interaction between the soft acid (Cs™) and the
soft base (I7). Similar nonrcactivity was observed during a mechanochemical study
of cacsium and sodium halides [58].

In conclusion, three types of intercalation complexes of alkali halides were iden-
tificd. The first is a hydrated variety (Fig. 4a), in which hydrated alkali and halide
ions are located between disordered kaolinite TO layers (card house structure. See
also Fig. ic). The water molecule forms two hydrogen bonds by donating protons, 1o
the halide ion and to the surface oxygen of the siloxane group of the kaolinite layer,
A third hydrogen bond involving the water molecule is obtained when it accepts a
proton from an inner-surface hydroxyl of the kaolinite layer. An ion-dipole clectro-
static interaction vccurs between the alkali halide and the water molecule. The sce-

4 Rl
&-—d-@ O%%@éo é&o

o
OH.-Piant })5 (5 EI5 (5 O .5 O E{ O @
om0 W 000 @ o &
ovane () @ @ @] K ' (5 };’(5 Y
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e p o e L2 ] ® 0
o 80 O 8000
d b c
€) nanide anion oo 5 -Al
@3 -Alkali cation @ -S| ceeren H-bond

afectrostatic attraction

-—(5- H,0 (5-0»1

Fig. 4 Schematic representation of the fine structures of three types of alkali-halide kaolinite
intercalation complex and the bonding between the active groups on the kaolinite lay-
ers and the intercalated species. a — hydrated, with halide anions, alkali cations and
waler molecules located between disordered layers of kaolinite; b — anhydrous, with
halide anions and alkali cations located between layers of kaolinite; and ¢ — anhydrous,
the halide anions penetrating the ditrigonal cavity of the oxygen planc
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md type of intercalation complex is anhydrous (Fig. 4b). The halide ion forms hy-
irogen bonds by accepting protons from the inner surface hydroxyls. The alkali cat-
on electrostatically interacts with the partially negatively charged oxygens of the in-
rer-surface OH-planc and the O-planc. The third type of intercalation complex is
ipecific for the small anions F~and CI” (Fig. 4¢). These anions penetrate through the
fitrigonal holes of the O-plane to form H-bonds with the inner hydroxyls of the O,
DH-plane of the kaoliniic layer.
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