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From Platy Kaolinite 
to Nanorolls

INTRODUCTION
Crystalline order/disorder and layer stacking are the proper-
ties most important in determining the use of kaolin-group 
minerals in industrial materials. For most industrial appli-
cations, mined kaolinite has to be refi ned and processed to 
achieve the desired properties, such as viscosity, whiteness, 
purity, and crystal size and shape (Kogel 2014 this issue ). 
It is advantageous that kaolinite readily disperses in water 
at high solid contents—up to 70%. Common impurities, 
such as quartz, micas, illite, montmorillonite, goethite, 
hematite, anatase, and rutile, can adversely affect the use 
of kaolins and commonly must be removed.

Beyond the traditional uses of kaolins, much effort has been 
devoted to the synthesis of clay–polymer nanocomposites 
and the development of their applications (Ruiz-Hitzky 
and Van Meerbeek 2006). Much work has been done on 
the smectite-group minerals, or “swelling clays,” because 
cationic molecules can be easily intercalated via the 
ion-exchange reaction. Kaolinite in contrast has a negli-
gibly small cation-exchange capacity. 

Intercalation, the reversible insertion of a molecule or 
ion into layered compounds, is diffi cult in the case of 
kaolinite because the H-bonding between the layers has 
to be broken up. However, in recent years our knowledge 
of the intercalation of kaolinite has increased signifi cantly. 
One might expect that kaolinite–polymer nanocomposites 
will be developed that can compete with smectite–polymer 
nanocomposites in specifi c applications. This paper gives 
an account of how kaolin-group minerals can be modifi ed 
and nanocomposited with other materials to develop new 
materials.

Kaolinite is a 1:1 clay mineral. 
The notation 1:1 means that one 
layer of kaolinite is composed of 
a tetrahedral silica sheet and an 
octahedral alumina sheet. The 
tetrahedal and octahedral sheets 
share a layer of oxygen atoms 
(FIG. 1A). One basal surface of the 
layer is composed of oxygen atoms 
bonded to Si and is called the 
siloxane surface. The basal surface 
on the opposite side of this sheet is 
composed of OH groups bonded to 
Al (FIG. 1A). This surface is called 
the aluminol surface. There are 
three important consequences 
of this arrangement: (1) each 

kaolinite layer is a strong dipole; (2) the kaolinite layers 
are strongly held together by H-bonding and by dipolar 
interaction; and (3) the siloxane surface is hydrophobic, 
while the aluminol surface is hydrophilic. 

Kaolinite is the most common kaolin-group mineral, 
and it occurs in nature as particles composed of stacks 
of several layers. Often they have a hexagonal shape 
(FIG. 1B). The ideal formula of the pseudohexagonal 
unit cell is Si2Al2O5(OH)4. Dickite and nacrite are less 
common polymorphs in the kaolin group. Halloysite is 
a hydrated 1:1 structure and occurs in nature as spheres 
and tubes; the latter are typically 30 nm in diameter and 
0.5–10 µm in length (Brigatti et al. 2006). The kaolinite 
structural formula is electrically neutral. However, very 
small amounts of isomorphous substitution occur: most 
commonly Fe3+ for Al3+ (up to 1:30) and rarely Al3+ for 
Si4+ and Fe2+ for Al3+. Thus, the structural formula can be 
slightly negatively charged, and a weak cation-exchange 
capacity, typically less than 2 cmol/kg, has been measured 
(Murray 1999). The edges of kaolinite particles are termi-
nated by O atoms and OH groups. Interactions depend 
on the pH of the surrounding solutions. The OH groups 
take up a proton from the solution to form –OH2

2+ in an 
acidic medium, or release a proton to the solution to form 
O– in basic conditions. The pH at which the edge surface is 
neutral, or at which the number of positive charges equals 
the number of negative charges, is the isoelectric point or 
the pH of zero charge, pHzero. In typical waters, this pH is 
3.6 for kaolinite (Lagaly 2006).

INTERCALATION
Up until the end of the 1950s, almost nothing was known 
about the intercalation of any compound, be it organic 
or inorganic, neutral or ionic, between the layers of clay 
minerals of the kaolin family. In 1959, Wada described what 
he called “the oriented penetration of ionic compounds 
between the silicate layers of halloysite, resulting in 
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 reversible one-dimensional swelling.” He showed conclu-
sively that the 10.1 Å basal spacing of hydrated halloysite 
was affected when this mineral was treated by a group of 
salts, mainly with K+ and NH4

+ cations, indicating interca-
lation between the 1:1 layers. Washing with excess water 
restored the 10.1 Å spacing of hydrated halloysite (Wada 
1959), demonstrating that the intercalation was reversible.

At the time, the identifi cation of 7 Å minerals in soil clays 
posed a problem because dehydration of halloysite was 
considered irreversible. Consequently, based on his 1959 
conclusions, Wada formulated the working hypothesis 
that “formation of the salt complexes and regeneration 
of hydrated halloysite might be utilized as a criterion 
for differentiation of halloysite from kaolinite” (Wada 
1961). However, when he submitted kaolinite to the same 
dry-grinding treatment with potassium acetate (KOAc), as 
he did for halloysite, to his great surprise (“contrary to expec-
tation”), a strong and sharp refl ection appeared at 14.2 Å, 
indicating an expansion along the c-axis similar to the case 
of halloysite (Wada 1961).

This experiment defeated the working hypothesis and 
constituted a major breakthrough in the whole fi eld of 
clay mineral science: kaolinite was expandable! The 
observed expansion to 14 Å resulting from dry grinding 
with KOAc became a characteristic of all members of the 
kaolin group, since dickite had been shown previously to 
expand (Andrew et al. 1960). A few months later, in a 
short note, Weiss (1961) reported the intercalation of a 
neutral molecule, urea, between the layers of kaolinite. 
He indicated also that a few other neutral molecules could 
be intercalated, such as formamide, acetamide, chloracet-
amide, and thiourea. 

The urea–kaolinite intercalate was the basis of a highly 
cited paper published by Weiss (1963). He demonstrated 
that the extremely thin-walled porcelains manufactured 

in China as early as the 9th century, and whose secret of 
fabrication had been lost in the 13th century, resulted from 
urinary ageing of kaolinite under well-defi ned conditions. 
Anecdotally, his conclusion was reinforced by the accidental 
observation that a kaolinite-like mineral that had been for 
a long time below a pit of dung and liquid manure was 
indeed a urea–kaolinite intercalate (Weiss 1963). 

These independent discoveries, made almost simultane-
ously by groups in Japan and Germany, were opening the 
way to new directions in clay minerals chemistry: kaolinite 
interlayer surfaces were accessible.

MOLECULAR INTERCALATIONS 
IN KAOLINITE
Why did it take so long to start the intercalation chemistry 
of kaolinite when smectites were known for a long time 
to be expandable and swellable? The individual layers of 
kaolinite are linked together through H-bonds between the 
aluminol groups of the octahedral sheets and the siloxane 
macrorings of the tetrahedral sheets. In addition, due to 
the asymmetric structure of the layers, strong dipole inter-
actions add to the strength of the layer packing (FIG. 1A). 
Consequently, access to the interlayer spaces of kaolinite is 
not favored, and only a select group of guest compounds 
can directly intercalate (Lagaly et al. 2013). These guest 
compounds are divided into three groups: (1) compounds 
containing both H-bond donor and acceptor functions, 
such as hydrazine, urea, and formamide; (2) compounds 
with high dipole moments, such as dimethyl sulfoxide 
(DMSO); and (3) salts of short-chain fatty acids with a 
limited number of cations, such as potassium or ammonium 
acetate (Lagaly et al. 2013). These intercalates are not stable 
in water or under heating: the intercalated molecules are 
desorbed and generally the starting kaolinite is recovered.

Why is direct intercalation limited to a small number of 
compounds? The strong attractive forces linking the octahe-
dral and the tetrahedral sheets are responsible. On the 
external surfaces a highly dipolar compound can interact 
with OH groups at the edges of the mineral, causing an 
elastic deformation of the layer that results in an opening 
of the interlayer space (Lipsicas et al. 1986). Recent studies 
on the adsorption of indole, a nitrogen heterocycle, on the 
surfaces of kaolinite have indeed shown that the density 
of the nitrogen heterocycle is larger on the octahedral side 
through interactions of the N–H group with the aluminol 
surface (FIGS. 2, 3) (Fafard et al. 2013). Once the fi rst step, 
the deformation, is completed, the intercalation becomes a 
cooperative and synergistic process that completely fi lls the 
interlayer space. A corollary of this mechanism of intercala-
tion is counterintuitive: larger kaolinite particles do inter-
calate more readily than smaller ones, in contrast to what 
is generally observed in solid-state reactivity. The basis of 
this unusual behaviour can be found in the misfi t existing 
between the tetrahedral and the octahedral sheets, creating 
a structural stress. If a particle is larger, its lateral dimen-
sions increase, and consequently the cumulative degree of 
misfi t increases. A result of the intercalation is to reduce the 
stress (Deng et al. 2002). In other words, the resistance to 
intercalation decreases in the case of larger particles. It is 
energetically more favorable to break the attraction forces 
between the stacked layers in the case of coarser particles.

Once direct intercalation is achieved, it becomes possible 
to replace the fi rst intercalate (DMSO, KOAc, or urea, for 
example), which we call the preintercalate, by a much 
larger choice of compounds, and a large number of 
secondary intercalates have been reported (Lagaly et al. 
2013), including bulky organic cations such as imidazolium 

FIGURE 1 (A) Structure of a layer of kaolinite (B) Scanning 
electron microscopy (SEM) image of typical stacks of 

hexagonal particles of kaolinite. These aggregates show neither 
intercalation nor ion exchange. 
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derivatives (Letaief et al. 2008) and long-chain alkylamines. 
In the latter case the basal spacing increases linearly with 
the length of the alkyl chain (Komori et al. 1999a). 

INTERLAYER GRAFTING
Intercalated compounds are readily displaced by water 
when the kaolinite intercalate is dipped in water, and 
their thermal stability is low. This prohibits applications 
of organokaolinites in aqueous media. The aqueous and 
thermal stabilities would be greatly enhanced if the inter-
calated compounds were covalently grafted on the inter-
layer surfaces. The Al–OH sheet is a candidate because 
of the reactive OH groups. The fi rst interlayer grafting 
of kaolinite was achieved by intercalating and thermally 
grafting ethylene glycol (EG) and a series of alcohols and 
diols from a DMSO–kaolinite preintercalate to form an 
aluminum alkoxide sheet (Tunney and Detellier 1993). The 
grafted intercalates, resulting from the esterifi cation of the 
aluminol groups, are characterized by a strong resistance 

to extensive water washing, even under refl ux for a long 
period of time. This was clearly described in the case of 
diethanolamine and triethanolamine (Letaief and Detellier 
2007). Extensive washing can be used as a test to probe the 
grafting and to separate ungrafted and grafted intercalates. 
Intercalated nongrafted molecules will be removed, leaving 
only the grafted ones, and a slightly shorter basal spacing. 

The formation of the Al–O–C bonds in EG–kaolinite was 
conclusively demonstrated by 27Al solid-state nuclear 
magnetic resonance (NMR) studies showing a specifi c 
signal for the grafted Al–O–C unit. The 13C–27Al distance 
of the grafted EG was measured by more sophisticated 
echoing double resonance NMR studies, which indicated 
a distance of 3.1 Å between the bonded 13C nucleus of 
the EG molecule and the 27Al nuclei of the kaolinite layer 
(Hirsemann et al. 2011). This distance is in excellent agree-
ment with that of a covalent Al–O–C bond. 

Rheological studies of aqueous dispersions of kaolinite 
modifi ed by interlayer grafting of alcohols, diols, and 
glycol monoethers showed an exponential increase of the 
apparent viscosity with increasing alkyl chain length of the 
grafted molecules (Gardolinski and Lagaly 2005a). Some 
of these covalently modifi ed kaolinites were then inter-
calated with long-chain amines (Gardolinski and Lagaly 
2005b). The largest basal spacing ever obtained was for 
n-docosanamine and was reported as 64.2 Å. The aim of the 
study was to delaminate kaolinite in the thinnest-possible 
particles. The octadecylamine–kaolinite intercalate (basal 
spacing of 53.2 Å) was used for the delamination. These 
basal-spacing values indicate that the alkyl chains are in an 
all-trans conformation, perpendicular to the plane of the 
basal surface, in arrangements similar to what is observed 
with other layered materials, such as the layered double 
hydroxides. After dispersion and ultrasound treatment 
in toluene, the intercalates were recovered by repeated 
toluene dispersion and centrifugation. Although some 
thicker particles were still present, the sample contained 
thin lamellae forming hollow tubes (FIG. 4); the smallest 
one was formed by a single kaolinite layer (Gardolinski and 
Lagaly 2005b). The lateral misfi t between the octahedral 
and tetrahedral sheets, mentioned above, was compensated 
by curling of the layers. This happens because the attrac-
tive forces between the layers were suffi ciently weakened.

FIGURE 3 SEM image of the aggregation of kaolinite in the 
presence of adsorbed indole. FROM FAFARD ET AL. (2013), 

REPRINTED WITH PERMISSION OF THE AMERICAN CHEMICAL SOCIETY 

FIGURE 2 Multilayer adsorption of indole on kaolinite in toluene 
and heptane along the vector perpendicular to the 

kaolinite surfaces. The map highlights the maxima of adsorption (in 
red) near the Al–OH surface of kaolinite, which correspond to the 
fi rst adsorption layer of indole, as well as the fi rst and second deple-
tion layers (in dark and lighter blue) at 5 Å and 8 Å. The density of 
the nitrogenous heterocycle is larger on the octahedral side. FROM 
FAFARD ET AL. (2013), REPRINTED WITH PERMISSION OF THE AMERICAN 
CHEMICAL SOCIETY

FIGURE 4 Transmission electron microscopy (TEM) image of 
the deintercalated kaolinites grafted with di(ethylene 

glycol) 2-ethylhexyl ether. FROM GARDOLINSKI AND LAGALY (2005B), 
REPRINTED WITH PERMISSION OF THE MINERALOGICAL SOCIETY OF GREAT BRITAIN 
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NANOCOMPOSITES
In the middle of the 1980s, Roy, Komarneni, and their 
colleagues (Roy et al. 1986; Komarneni 1992) introduced 
the generic term nanocomposites to recognize the regular 
heterogeneity, at the nanometer level, of some materials. 
The next two decades saw a spectacular increase in the use 
of this term, following the discovery that the properties of 
these materials could be signifi cantly and synergistically 
improved with respect to the properties of each individual 
component, sometimes in a dramatic way (Sanchez et al. 
2005). Since clay minerals had been largely used as fi llers 
in polymers and other materials, it is not surprising that 
one would try to exfoliate clay minerals in single layers 
and disperse them in polymers. This was successfully 
achieved by Toyota researchers who were the fi rst to report 
exfoliated montmorillonite–nylon nanocomposites, with 
strong improvement of the polymer mechanical proper-
ties (Kojima et al. 1993). The prolifi c fi eld of clay-based 
polymer nanocomposites (CPN) was born (Carrado and 
Bergaya 2007). Essentially, two main types of CPNs can 
be considered: intercalated and exfoliated (Alexandre and 
Dubois 2000). If an increased basal spacing is observed 
after intercalation of the polymeric chains, the stacking of 
the layers is maintained and an intercalated nanocomposite 
is obtained. In contrast, if there is a complete loss of crystal-
lographic orientation, the layers are dispersed randomly in 
the polymeric matrix and an exfoliated nanocomposite is 
formed. There is a range of intermediate situations. 

Because of their swelling properties, smectites have 
typically been the clay minerals used for the preparation 
of these nanocomposites. What about kaolinite? If exfoli-
ated, its intrinsic asymmetric structure, resulting in single 
layers with strong dipoles and functional surfaces covered 
by hydroxyl groups, could potentially lead to nanocom-
posites with properties differing signifi cantly from those 
obtained with smectites.

KAOLIN–POLYMER INTERCALATED 
NANOCOMPOSITES
After the fi rst major breakthrough in the chemistry of 
kaolin minerals by Wada and Weiss in 1961, a second 
came in 1988 with the fi rst intercalation of a polymer in 
the interlayer space of kaolinite (Sugahara et al. 1988). 
The ammonium acetate of a kaolinite–ammonium acetate 
preintercalate was displaced by acrylonitrile. Subsequently, 
the intercalated monomer was polymerized to yield a 
kaolinite–polyacrylonitrile intercalated nanocomposite, 
characterized by a basal spacing of 1.3–1.4 nm. Essentially, 
three methods have been used to prepare CPN from 
kaolinite: (1) as exemplifi ed in the case above, intercala-
tion then polymerization of a monomer; (2) an approach 
largely used in the case of smectites, the direct intercalation 
of the polymer from its melt by displacing preintercalated 
molecules; this was successfully achieved in the case of 
polyethylene glycol (PEG) to produce kaolinite–PEG inter-
calated nanocomposites (Tunney and Detellier 1996); and 
(3) displacement of a preintercalate by a dissolved polymer 
(Komori et al. 1999b; Turhan et al. 2010). These methods 
were applied to a number of systems (Letaief and Detellier 
2013). The nanocomposites obtained were invariably of the 
intercalated type. Strong attractive forces remain in effect 
after intercalation of a monolayer of polymer, resulting in 
ordering in the c-axis direction. 

EXFOLIATION
As described above, hollow tubes can be formed after 
appropriate modifi cations and treatment of the kaolinite 
internal surfaces (Gardolinski and Lagaly 2005b; Matusik et 
al. 2009) or of the dickite internal surfaces (Matusik et al. 

2012). The misfi t between the tetrahedral and octahedral 
sheets of kaolinite was further exploited to transform the 
platy mineral into a curled one. Nanorolls or nanotubes 
(FIG. 5) were obtained in a one-step route from methoxy-
modifi ed kaolinite. Intercalation of alkyltrimethylammo-
nium salts and exfoliation proceeded concurrently (Kuroda 
et al. 2011). Yuan et al. (2013) showed that the reaction 
conditions, such as the temperature, signifi cantly infl u-
enced the formation of these nanorolls. 

Can kaolinite be exfoliated in a polymer matrix? A route 
to achieve this, based on the intimate mixing of two 
polyelectrolytes of opposite charges, has been reported by 
Letaief and Detellier (2009). Kaolinite was fi rst modifi ed 
by grafting triethanolamine on its internal surfaces and 
transformed into a quaternary ammonium ion, R4N+, so 
that an extended lamellar hybrid polycation was obtained. 
An organic polyanion, polyacrylate, was mixed with this 
modifi ed kaolinite inorganic polycation. Morphological 
changes were then obtained (FIG. 6): curved structures 
similar to previously reported nanorolls or nanotubes 
were observed, dispersed in the polymeric matrix. A simple 
chemical route has also been reported for the exfoliation of 
kaolinite in polymerized ionic liquids (Letaief et al. 2011).

The dispersion of individual layers of kaolinite opens 
the way to new types of clay nanohybrid materials, with 
improved interactions between the polymer and the clay 
mineral components in the exfoliated nanocomposite.

CONCLUSIONS AND FUTURE PROSPECTS
Signifi cant advances have been made in the intercalation 
and interlayer grafting of kaolinite particles. These have 
allowed for the preparation of kaolinite–polymer nanocom-
posites. This fi eld of research is in its infancy. Further 
developments will depend on the answer to the question 
of whether the kaolinite–polymer nanocomposites have 
advantageous properties compared to those of smectite–
polymer nanocomposites. The properties to be considered 
include fi re resistance, mechanical strength, deformation, 

FIGURE 5 High-resolution scanning electron microscopy images 
of methoxy-kaolinite-cetyltrimethylammoniumchloride 

(C16TMACl) after heat treatment at 600 °C. FROM KURODA ET AL. 
(2011), REPRINTED WITH PERMISSION OF THE AMERICAN CHEMICAL SOCIETY
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and point-impact strength. They depend on the particle 
size and shape, the degree of exfoliation, and the amount 
of clay mineral needed to achieve the desired properties. 

On a more fundamental level, there is a mismatch between 
the octahedral and tetrahedral sheets in both kaolinite 
and smectites. This mismatch is due to the difference in 

bond length of the Si–O and Al–O (or Mg–O in the case 
of smectites) bonds. Planar layers are obtained in the case 
of kaolinite because of the strong interlayer interactions 
(dipolarity and H-bonding). If the kaolinite particles 
are exfoliated up to the individual layers, this interlayer 
interaction is minimized/disappears and the planarity of 
the kaolinite layers is lost: they curl, and a new type of 
material is obtained. The impact of curling on the proper-
ties of kaolinite–polymer nanocomposites has not yet 
been studied. This curling of the layers does not occur in 
smectites, or does so only partially, because the octahe-
dral sheet is sandwiched between two tetrahedral sheets. 
It seems to be a good strategy to exploit this difference 
in behavior of kaolinite layers and smectite layers for the 
preparation of specifi c nanocomposites, such as ultrastiff 
nanocomposites and bionanocomposites (Podsiadlo et 
al. 2007).
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FIGURE 6 Scanning electon microscopy image showing the 
partial morphology of kaolinite exfoliated in sodium 

polyacrylate. FROM LETAIEF AND DETELLIER (2009), REPRINTED WITH PERMIS-
SION OF THE AMERICAN CHEMICAL SOCIETY
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The differences among the kaolin-group minerals result 
from the distribution of vacancies in the octahedral sheet 
and nature of stacking shifts (Kogure et al. 2005). In 
kaolinite and halloysite, the directions of the 1:1 inter-
layer shift are easily disordered, which results in a wide 
range of stacking order (informally referred to as high to 
low crystallinity). Disorder is commonly distinguished in 
X-ray diffraction by peak broadening of the k ≠ 3n region of 
the pattern, but it is also seen in infrared spectra, electron 
diffraction patterns, and dehydroxylation temperatures. 

Halloysite is infl uenced by the substitution of larger Fe3+

for Al3+, creating a misfi t of the 1:1 layers and causing 
them to curl into tube- and sphere-like forms (Joussein et 
al. 2005). Halloysite expands and accommodates interlayer 
H2O molecules (schematically shown above). Most impor-
tantly, the kaolin-group minerals display a wide range of 
crystal shapes and surfaces, all affecting their hydroxyl-
group orientations and hence their physical-chemical 
properties.  

TABLE SUMMARY OF NOMENCLATURE AND CLASSIFICATION OF KAOLIN-GROUP MINERALS

Properties Kaolinite Halloysite Nacrite Dickite

Crystal shape
(SEM image)

Space group
Unit-cell 
parameters

(reference)

C1̄
a = 0.5154 nm
b = 0.8942 nm
c = 0.7402 nm
α = 91.69°
β = 104.61°
γ = 89.92°

Bish (1993)

Cc
a = 0.51 nm
b = 0.89 nm
c = 2.07 nm
α = 99.7°

Joussein et al. (2005)

Cc
a = 0.8906 nm
b = 0.5146 nm
c = 1.5664 nm
β = 113.58°

Zheng and Bailey (1994)

Cc
a = 0.5137 nm
b = 0.8918 nm
c = 1.4389 nm
β = 96.74°

Joswig and Drits (1986)

Structural views 
of hydroxyl 
orientations in
octahedral sheet
H = black, O = red
Al = green

Environmental
occurrences

Weathered volcanic ash, 
pumice, granite, laterites, 

shales, sandstones

Weathered volcanic ash, 
pumice, granite, hot springs, 

hydrothermal systems

Hydrothermal
systems (rare)

Diagenesis, hydrothermal
systems
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