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A natural occurrence of a silica/clay nanocomposite material was investigated by transmission electron microscopy (TEM) and X-ray
powder diffraction (XRD). High-resolution images show that this nanocomposite material consists of 5–20 nm thick slabs of smectite
and tridymite/cristobalite layers with coincident normals. In spite of the brittle glass-like appearance of the nanocomposite material its
colloidal properties are similar to those of pure smectite but partial loss of expansion capacity was detected upon glycerol solvation.
The structural relationship between smectite and silica is interpreted based on the smectite structure model of Edelman and Favejee
(1940) which supposes reversed tetrahedra in the SiO4 layer of the TOT structure. This structure model explains the presence of silica
impurities in bentonites used as raw material and several geological standard montmorillonites.
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Introduction

Smectites constitute a special group of layered silicates. They
are nanocrystalline and have variable compositions leading
to a net negative charge which is balanced by loosely bonded
alkali or organic cations located on the interlamellar surfaces.
These structural and chemical features are responsible for a
set of unique properties including high cation exchange
capacities, large chemically active surface area and unusual
hydration characteristics, which form the basis for a wide
range of applications. In addition, for a long time smectites
have been used as precursor phases in the synthesis of
polymer-clay nanocomposites [1].

Attempts to combine the properties of silica and clay
result in highly porous clay heterostructures [2, 3]. By
exchanging the interlayer Na+ ions of montmorillonite
with SiO2-Fe2O3 mixed oxide sol particles extremely large
surface areas and good thermal stability can be achieved
[4]. The formation of silica nanorings suitable to be func-
tionalized on the edges of clay particles has also been
reported [5]. Another class of silica-clay nanocomposites
with elemental silicate layers dispersed into a silica matrix
are produced by the complete delamination of the clay
precursor [6, 7].

Structure models of smectite are presented in Figure 1.
Smectite is a three-layered clay mineral composed of two
layers of silica tetrahedra (T) sandwiching a layer of
(Fe, Mg, Al) octahedra (O) and these three layers form

the structural unit called TOT. The normal of the TOT unit
is parallel to the crystallographic c axis. According to the
currently used smectite structural model [8], the vertices of
the tetrahedra point towards the octahedral layer, resulting
in an interlayer space between the basal planes of two
neighbouring tetrahedral sheets. In the interlayer space
there are hydrated exchangeable cations (Figure 1a).

As an alternative model, Edelman and Favejee [9]
suggested that the tetrahedral orientation alternates in the
T layers (Figure 1b), which means that every second
tetrahedron is reversed with respect to the orientation
proposed by the Hofmann et al. model, resulting in a
tetrahedral arrangement similar to that in cristobalite and
tridymite (Figure 1c). The reversed tetrahedra point
towards the interlayer space and some apical oxygens are
replaced by hydroxyl groups. Although the presence of
Si-OH groups at the layer surfaces explains some proper-
ties of smectite including swelling or cation exchange,
the Edelmann-Favejee model was mostly ignored by the
mineralogy community.

Several decades later Eggleton [10] found reversed
tetrahedra in stilpnomelane, an Fe-bearing layered silicate
and explained this structural feature as a result of the misfit
between the small SiO4 tetrahedra and the large FeO6

octahedra. Eggleton [11] later pointed out that if any
smectite contains reversed tetrahedra as proposed by the
Edelman-Favejee model, it would be the Fe-smectite with
the mineral name nontronite.
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Dioctahedral smectites are frequently associated with
cristobalite (e.g. [12, 13, 14, 15, 16]). In the XRD patterns
of smectite/cristobalite associations cristobalite is repre-
sented by only one or two reflections (at 4.05 and
2.5 Å). Güven & Grim [13] made an attempt to separate
the silica from smectite based on their different densities,
but their subsequent XRD and TEM measurements proved
that the two phases were inseparable in the majority of
bentonites. Based on these observations a close structural
relationship was supposed between smectite and cristoba-
lite [17]. hk0 selected-area electron diffraction (SAED)
patterns raised the possibility of an oriented intergrowth
of the two phases [13, 15].

In this paper we report the natural occurrence of a novel
type of a silica-clay nanocomposite material which contains
ordered slabs of smectite and silica with similar dimensions.
We present the results of high-resolution transmission elec-
tron microscopy (HRTEM) and X-ray diffraction studies and
propose a structure model to explain the orientational rela-
tionship between silica and smectite.

Sample: origin, macroscopic and light
microscopic features

A variety of the mineral chloropal from Hungary, histor-
ically called ‘ungvárite’ was investigated. The chloropal
sample originates from the hydrothermally altered rhyolite
tuff near Gönc, Tokaj-Eperjes Mountains, North East
Hungary [18] and forms part of the mineral collection
of the Natural History Museum at Eötvös University
(inventory # K091039). The sample shows all macro-
scopic features of opals (conchoidal, sharp fracture, brit-
tleness, hardness), has a light yellowish green colour, and

a slightly duller lustre than that of common opals. Under
a petrographic microscope the sample shows equigranu-
lar texture with 1–2 μm grain size. At some places fibrous
texture can be observed as well, the length of the fibres
does not exceed 20 μm (Figure 2). The sample does not
show any traces of weathering.

Experimental

X-ray diffraction measurements were carried out using a
Philips PW 1710 diffractometer with CuKα radiation at
45 kV and 35 mA. Mineral composition of the bulk chlor-
opal was determined on a random-powdered sample. Smec-
tite was further characterized in details by XRD diagrams
obtained from parallel-oriented specimens deposited onto

Fig. 2. Optical micrograph of the chloropal sample (crossed polars)

Fig. 1. Schematic structural models for smectite of (a) Hofmann et al. [8], (b) Edelman and Favejee [9], and the structural building unit of high-
cristobalite and high-tridymite (c)
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glass slides after various treatments. The following diagnos-
tic treatments were carried out: ethylene glycol solvation at
60 °C overnight, Mg saturation followed by glycerol solva-
tion at 95 °C overnight, K saturation, heating at 350 and
550 °C for 2 hours and Na saturation. The Green-Kelly
(1953) test (Li saturation) was used to determine whether
the layer charge originates from octahedral or from tetrahe-
dral substitution. K saturation, subsequent heating to 110 °C
and glycolization procedure was used to estimate the layer
charge of the smectite. For K, Li, and Na 1 N, for Mg
saturation 0.5 N chloride solution was used. Prior to X-ray
diffraction analyses the prepared samples were stored under a
controlled relative humidity (�35% RH).

TEM studies were made using a JEOL 4000EX micro-
scope operating at 400 keV. TEM specimens were
mechanically thinned down to ca. 30 μm and finally ion
beam milling was used to reach electron transparency.

Results and discussion

Based on the representative XRD pattern from the random
powdered sample, chloropal is composed predominantly
of smectite and tridymite, and minor amounts of cristoba-
lite and quartz (Figure 3a).

The major components could be easily identified by
their characteristic reflections in Figure 3a: basal reflec-
tion of smectite at around 15 Å, and reflections at 4.31,
4.11, 2.50 and 3.85 Å for tridymite reflections, the latter
one being a shoulder on the high 2θ side of the 4.1 Å
reflection. Similarly, quartz could be identified by its
reflections at 3.34 and 1.82 Å. Quartz reflections are
much sharper than the reflections of other phases,

indicating coherently scattering domain size differences
between quartz and the other mineral components, quartz
having a larger domain size. The intensity of 001 reflec-
tion of tridymite at 4.35 Å is higher than that of 100
reflection at 4.35 Å (indexed as high tridymite, according
to Sato [19]. In the chloropal sample, however, the
reflection around 4.1 Å is more intense than the other
one at 4.3 Å. This can be explained with the presence of
cristobalite, which 111 reflection contributes to the total
intensity of the 4.1 Å peak.

The absence of the 003 smectite reflection around 5 Å
suggests the presence of octahedral iron in the smectite
structure, and the d(060) = 1.52 Å value coincides with those
reported in the literature for nontronite [11, 20]. Figure 3b
shows X-ray patterns from oriented samples followed by
different solvation treatments. The sample swelled upon
ethylene glycol solvation, and fully expanded to 17.2 Å.
However, when the solvating agent is glycerol, the expansion
is not uniform, since the basal reflection at 15 Å is split into
two reflections at around 17 and 15 Å. The positions of silica
reflections did not change on glycolation and glycerolation.
The Mg-saturated sample exhibited a sharp basal reflection,
and correspondingly, 002 at 8.50 Å together with a very
weak 003 at around 5.60 Å appeared upon glycolation.
These data reveal the absence of interstratification
(Figure 3b).

XRD patterns of the different cationic forms are shown in
Figure 3c. The 001 reflection of the untreated sample is
slightly broadened towards high angles with a maximum at
around 14.3 Å suggesting Mg, as the main interlayer cation,
however, a heteroionic interlayer composition is possible.
The XRD results on ion exchanged and saturated samples
indicate the smectite character of the chloropal. The basal

Fig. 3. X-ray diffraction patterns of cloropal samples subjected to various treatments: (a) a bulk disoriented sample in its original state,
(b) samples after different solvations, (c) after cation saturations, and (d) after heat treatment. Tr = tridymite, Cb = cristobalite, Qtz = Quartz,
EG = ethylene-glycol, GLYC = glycerol solvation, G-K test = Green-Kelly test
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reflection shifted to 12 Å upon K saturation. Subsequent
heating to 110 °C and glycolation caused partial expansion
to around 14 Å, indicating medium layer charge. After the
Green-Kelly test the sample re-expanded to 14.3 Å. Taking
into account that the sample did not expand fully upon
glycerol solvation even when it was Mg saturated, the result
of this test indicates that the layer charge is allocated mainly
to the tetrahedral sheets. Upon heating the sample to 350 °C
and 550 °C, the smectite structure collapsed to 10 and 9.8 Å,
respectively. The 100 tridymite reflection at 4.30 Å became
slightly less distinct after heating to 550 °C (Figure 3d).

Electron diffraction patterns of chloropal were
recorded in two orientations. If the electron beam is per-
pendicular to the TOT units of smectite, the SAED pattern
is composed of diffraction rings with uneven intensity
distribution. Such diffraction patterns are characteristic
for smectites with turbostratic structure (e.g. [21]).

In the SAED pattern of chloropal (Figure 4) the most
intense diffraction ring is at 4.5 Å, which corresponds to the
020 and 110 reflections of smectite. Further hk0 rings appear
at 2.6 Å and 1.6 Å, corresponding to d(200) and d(310)/d(060),
respectively. The d(100) and d(111) of tridymite and cristobalite
fall fairly close to the 020/110 smecite ring. In case of some
disorder, which leads to broadening and thus blurring of the
diffraction rings, close interplanar spacings of smectite and
silica rings cannot be resolved.The ring at 3.5 Å is not
continuous. According to the sparsely available X-ray dif-
fraction data on dioctahedral smectites, nontronite d(11–2) falls
between 3.5 and 3.62 Å [20]. Consequently, the arc-shaped
reflections at 3.5 Å in chloropal presumably belong to the
smectite structure with a hkl or 0kl type index. (Note that the
hkl indices with l being an integer different from zero arise
from a unit cell with c0 = 10 Å. In the high vacuum
conditions of the microscope the interlayer water from

smectite escapes and a collapsed 10 Å periodicity along the
c axis remains.)

Setting the electron beam parallel to the TOT units the
(001) periodicity of dehydrated smectite is visible (10 Å)
(Figure 5). Between the 002 and 003 reflections of the
smectite the spacings of silica layers (4.2 Å) are clearly
resolved. This spacing corresponds to the 002 and 111
reflections of the high temperature polymorph of tridymite
and cristobalite, respectively (Figure 1c). Separate silica
reflections appears at 2.1 Å as well. This diffraction pattern
implies that chloropal is composed of smectite and silica
layers with coincident normals.

The intimate intergrowth of silica with smectite is evident
in high-resolution images shown in Figure 6a. 7–20 nm
thick units of silica and smectite alternate in chloropal.
However, the thickness of these packets is not uniform.
There are parts where nontronite contains thinner silica units
and vice versa. The periodicity in the silica units is close to
4.2 Å, the lattice fringes are roughly parallel to that of
smectite. Smectite fringes are in places wavy, and terminate
within the smectite unit (Figure 6b, shown by arrows).

The essential feature of the Edelman-Favejee model is the
alternating orientation of tetrahedra in the six-membered
rings in T sheets (Figure 1b). An 1/6 b shift between the
neighbouring TOT units results in a cristobalite-like arrange-
ment of tetrahedra in the “interlayer space”. If the 1/6 b shift
is combined with a 180° rotation in the (001) nontronite
plane the result is a tridymite-like slab (Figure 7a and b).
Such alternating tetrahedral orientations allow the formation
of a nanocomposite material composed of nanometre-sized
slabs of silica and clay. This nanocomposite preserves the
cation exchange capacity and swelling of smectite, which is
combined with the glass-like brittleness of silica.

Our results support Eggleton’s idea [11] regarding the
possible reversal of the tetrahedra in Fe-rich smectites, how-
ever, they do not rule out the validity of the Hofmann et al. [8]
model. The main difference between the two models lies in

Fig. 5. SAED pattern of chloropal recorded parallel to the layer
normal and a line profile measured along 00 l of nontronite. Non-
tronite indices refer to a dehydrated 10 Å structure. The pattern was
taken from an area of about 250 nm of diameter. Note that separate
reflections at 4.2 Å and 2.1 Å correspond to the thickness of a single
tetrahedral sheet in tridymite/cristobalite

Fig. 4. Typical hk0 SAED pattern of chloropal. The inset shows
radially integrated and background substracted intensity
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the sequence of atomic layers parallel to (001) smectite which
manifests in the relative intensities of 00 l reflections. Meas-
urement of 00 l intensities of well crystalline Fe-rich layer
silicates would help the validation of the structure models.

Conclusions

Electron diffraction and high-resolution imaging of the min-
eral chloropal provide evidence for a novel type of silica-clay
nanocomposite structure which has not been synthetized up to
date. In this nanocomposite structure the 5–20 nm thick slabs
of smectite and silica have coincident normals resulting in
parallel (001) and (001)/(111) planes of Fe-smectite and tridy-
mite/cristobalite, respectively. According to solvation experi-
ments, the brittle, glass-like appearance of this nanocomposite
material is associatedwith the colloidal properties of smectites.

Applying the early idea of Edelman and Favejee [9] we
provide a structural model for this nanocomposite material.
Our model proposes an alternating tetrahedral orientation in

the TOT unit of smectite and allows the interstratification of
silica and iron smectite slabs that have an arbitrary thickness.
The close structural relationship between silica and smectite
explains why the two phases are inseparable in some clays.
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