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ABSTRACT: Six samples of ‘Vermiculite’ have been studied to investigate the mechanism of its
well known but poorly understood property to exfoliate. The samples were analysed quantitatively by
XRD to determine their precise mineralogical composition. Electron microprobe methods, including
elemental mapping of native potassium and of caesium (introduced by cation exchange) were used to
examine variation in the chemical composition of the particles. Most of the samples examined show
heterogeneous mineralogical compositions which occur as distinct zones within the volume of
individual particles, presenting a mosaic texture. Exfoliation is related to this mosaic distribution of
the different mineral phases within the particles. Lateral phase boundaries between vermiculite and
mica layers, or vermiculite and chlorite layers are postulated to prevent or impede the escape of gas
from a particle, resulting in exfoliation when the pressure exceeds the interlayer bonding forces that
hold the layers together. This mechanism provides a common explanation for the exfoliation of
‘Vermiculite’ by thermal methods or by treatment with H,O,. Paradoxically, one sample which
consists of pure vermiculite, in the mineralogical sense of the term, demonstrates that pure
vermiculite does not and should not exhibit the property of exfoliation. Our explanation of the
mechanism of exfoliation explains the commonly observed particle size dependence of exfoliation
and the tendency for obviously poly-phase ‘Vermiculite’ samples to show the largest coefficients of
expansion.

KEyworDps: vermiculite, hydrobiotite, phlogopite, exfoliation, hydrogen peroxide.

As a traded commodity, the term ‘Vermiculite’ is
used to describe commercially exploited deposits of
micaceous minerals which can be exfoliated when
heated rapidly to high temperatures (Hindman,
2006). Exfoliation involves a volume expansion
with individual platy particles expanding perpendi-
cular to the cleavage planes, bloating in an
accordion- or concertina-like fashion to up to
20—30 times their original volume (Walker,
1951). In their exfoliated form, the accordions of
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vermiculite are often curved, which together with
their segmented appearance evokes the vermiform
resemblance to worms, and explains the origin of
the name ‘vermiculite’. Historically, any mineral
that showed the property of exfoliation when flash-
heated was identified as ‘vermiculite’ (Walker,
1951). Even in the earliest literature it was,
however, known that other minerals, in particular
hydrobiotites, also exhibited the property of
exfoliation when heated rapidly. The term hydro-
biotite was reintroduced by Gruner (1934) in his
classic study of vermiculites to denote minerals that
he correctly identified as intimate interstratifications
of mica and vermiculite layers. In fact, it later
became established that hydrobiotites often showed
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a greater propensity to exfoliate compared with true
vermiculites. Thus, Midgley & Midgley (1960)
examined sixteen commercial vermiculites, finding
that none were pure true vermiculites. They
observed that the largest degree of exfoliation was
associated with the occurrence of hydrobiotite and
the lowest degree of exfoliation with the occurrence
of true vermiculite. Indeed of the eleven specimens
of vermiculite examined originally by Gruner
(1934) only three (Nos. 8, 9 and 10) were listed
as ‘easily’ or ‘readily’ exfoliating and all three were
designated as hydrobiotites, all containing appreci-
able alkalis, mainly potassium, in obvious contrast
to the specimens designated as true vermiculite in
which alkalis were essentially absent. It should be
noted, however, that Gruner (1934) did not
comment at the time on any relationship of
mineralogy to exfoliation. Subsequently, in a
classic French study Couderc & Douillet (1973)
examined a further thirty one specimens of
commercial vermiculites, with samples from thir-
teen localities spread across nine different countries.
Only two specimens, both from Brazil, appeared to
be pure true vermiculite and these showed by far
the lowest coefficients of expansion. The remaining
specimens were identified as various mixtures of
vermiculite, interstratified mica/vermiculite types
and mica. Despite analysing 31 specimens, Couderc
& Douillet (1973) failed to establish a detailed
relationship between exfoliation and the miner-
alogical composition of their specimens, noting
only that samples showing regular interstratification
of mica and vermiculite layers (hydrobiotite), as the
dominant phase showed the highest coefficients of
expansion. More recently, Justo et al (1989)
confirmed these observations, finding much higher
coefficients of expansion for two hydrobiotite-
dominated samples, compared to four samples of
pure vermiculite.

In the mineralogical, as opposed to the
commercial commodity sense, vermiculite is a
precisely defined name for a group of 2:1
phyllosilicates with a layer charge of between 0.6
and 0.9 per O;o(OH), formula unit (Bailey, 1980;
Guggenheim et al., 2006). On this basis vermicu-
lites are distinguished from smectites with lower
layer charge and micas which usually have higher
values. X-ray diffraction (XRD) patterns of
vermiculites have first-order basal spacings of
between about 14 and 15 A and if homo-ionic
and pure (in the sense of having no interstratifica-
tion with other phases such as mica) they show a
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series of higher order basal peaks that are rational
on the primary basal spacing (Brindley & Brown,
1984; de la Calle & Suquet, 1988). Vermiculites
may be dioctahedral or trioctahedral although it
appears that all known macroscopic occurrences
(Foster, 1961; Douglas, 1989) and certainly all
commercially exploited deposits (Hindman, 2006)
are trioctahedral.

By far the most well known method of
exfoliating vermiculite is by short lived rapid so
called ‘shock’ or ‘flash’ heating. Commercially, this
is usually achieved by heating to temperatures of
around 900°C for a few minutes or more in a
vertical or rotary furnace (Hindman, 2006). With
some vermiculites in the laboratory the onset of
exfoliation can be observed at temperatures as low
as 300°C, although rapid heating at 100°C, a
temperature at which around half of the interlayer
water in vermiculite is lost, does not result in
exfoliation (Walker, 1951). Interestingly, other
authors have indicated that the temperature of the
onset of thermal exfoliation can also be lowered by
cation exchange treatments with Na', or NHj
(Muiambo et al., 2010; Huo et al, 2012). The
experiments of Muiambo et al. (2010) were
conducted on specimens of the well known
Palabora vermiculite from Phalaborwa, South
Africa, whilst the specimen examined by Huo et
al. (2012) from China was described as an
industrial (“‘interstratified”’) vermiculite.
Microwaves have also been employed successfully
by several investigators as an alternative thermal
method to exfoliate vermiculite (e.g. Obut et al.,
2003; Marcos & Rodriguez, 2011).

As well as thermal methods, vermiculite may
also be exfoliated chemically. By far the most
effective chemical method known is that of using
hydrogen peroxide (H,O,). The exfoliating action
of H,O, on particles of weathered mica was first
noted independently by Drosdoff & Miles (1938)
and Groves (1939) during soil particle size analyses
procedures where H,O, was used to oxidize organic
matter. Drosdoff & Miles (1938) tested 20 museum
specimens of vermiculite and whilst most showed
no reaction at all, two samples of ‘philadephite’ (a
defunct varietal name for hydrobiotite) exfoliated
readily. Groves (1939) provided no details of the
vermiculite specimens he examined but speculated
that the exfoliation effect observed upon the action
of H,O, was possibly due to the evolution of
oxygen between the flakes, although he noted that
this did not provide explanation for the observed
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‘asymmetric expansion and the zones of different
colour’. More recently, Ucgiil & Girgin (2002) and
Obut & Girgin (2002) investigated the effects of
H,0, on a phlogopite from Turkey. The potassium
content of this material is in fact far too low for a
pure phlogopite and XRD evidence presented in
Ucgiil & Girgin (2002) is suggestive of some
interstratification with vermiculite. Another
chemical method that produces exfoliation is
treatment with sulphuric acid. Ruthruff (1941)
noted that hydrobiotite exfoliated greatly when
soaked in concentrated sulfuric acid for 48 h and
then spread out and allowed to dry in air, whereas
true vermiculite similarly treated showed no
exfoliation. Walker (1951) later commented that
this might be used as a test to distinguish between
the two minerals. Exfoliation by sulfuric acid was
explained by Ruthruff (1941) as due to displacive
growth of sulfates between the layers. Uggiil &
Girgin (2002) also tested exfoliation of the Turkish
phlogopite with H,SO,, HCl, HNO3 and H;PO, but
in contrast to H,O, no response was noted.

In general, the mechanism of thermal exfoliation
of vermiculite is ascribed by most workers to the
rapid production of steam during flash-heating
which forces open the layers of vermiculite as the
steam escapes from the structure. Nonetheless,
commenting on exfoliation in her review of
thermally modified clay minerals, Heller-Kallai
(2006) concluded that “no completely satisfactory
explanation for the unique behaviour of vermiculite
has yet been offered”. It is also unclear if the
phenomenon of thermal exfoliation has mechanistic
factors in common with chemical exfoliation. In
terms of the basic mechanism of exfoliation there
are three main pertinent observations, and it is
useful to review these before we progress. Firstly,
many authors have pointed out that thermal
exfoliation only occurs when the particles of
vermiculite are flash-heated; in contrast slow
heating does not result in exfoliation. Secondly,
exfoliation is often noted to be a function of
particle size. Smaller particles sizes typically show
less expansion compared to larger particle sizes.
And thirdly, interstratified mica/vermiculite invari-
able shows a greater propensity to exfoliate
compared to samples of pure vermiculite. As
such, most commercial vermiculites typically
contain large proportions of hydrobiotite rather
than true vermiculite. Any proposed mechanism
for exfoliation should be able to explain all three of
these observations.
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Walker (1951) also pointed out the early
confusion that occurred in nomenclature because
of the variability of the mineralogy of ‘vermiculite’
over small distances. On the smallest scale this is
exemplified by single particles that may consist of
zones of mica, zones of true vermiculite and zones
of interstratification of the two. On larger scales,
heterogeneity is represented by samples of ‘vermi-
culite’ that are variable mixtures of different
minerals (e.g. vermiculite, hydrobiotite and phlogo-
pite), resulting in the potential for substantial
differences in mineralogical composition and
behaviour between specimens from the same
locality. No doubt if insufficient attention is given
to the characterisation of vermiculites the results
reported may serve to cloud our understanding of
the mechanism of exfoliation. Indeed, Frank &
Edmond (2001), although mainly concerned with
identification of asbestos in vermiculite, are at pains
to point out that it is difficult to compare much of
the data in the literature because vermiculites and
hydrobiotites have so often been grouped together
as ‘vermiculites’ in many studies, especially those
that address commercial aspects. In fact, returning
to the classic work of Walker (1951) it can be noted
that he saw fit to comment that of the eleven
specimens that he originally examined eight turned
out to be hydrobiotite.

Even though there have been many studies of
vermiculite it is clear that a completely satisfactory
explanation for the mechanism of exfoliation has
not yet been offered. There is also a growing and
active interest in exfoliation not only of clay
minerals but of a wide variety of layered materials,
by various means, for applications in a wide array
of technological and nano-technological fields (e.g.
Coleman et al, 2011). The present study was
undertaken to attempt to elucidate the mechanism
of exfoliation of ‘Vermiculite’, which probably can
be considered as the very first layered material to
be exploited for this property. Our approach has
been to combine precise mineralogical and
chemical characterisation of a range of specimens
in relation to their capacity to be exfoliated by both
thermal and chemical means.

MATERIALS AND METHODS
Samples studied

Six samples were studied, one of pure phlogopite
mica as a control and five composed mainly of
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vermiculites and hydrobiotites in varying amounts.
Two samples labelled MK-1 and KL-2 were
sampled in Tanzania at the Mikese area in
Morogoro region and Kalalani area in Tanga
region, respectively. A further sample of the
classic Palabora vermiculite (PB) from
Phalaborwa, South Africa, was supplied by
Palabora Europe Ltd. Three additional samples
were taken from The James Hutton Institute
mineral collection; Ver-2 a specimen of ‘Poole’
vermiculite, believed to be from the Enoree district
in S. Carolina, Ver-18 a sample from Glen
Urquhart, Invernesshire, Scotland, and Phl-3, a
large hand specimen of phlogopite originally
obtained from R.F.D. Parkinson and Co. and used
as the control true mica specimen.

Mineralogical analysis

All samples were initially crushed in a coffee
grinder for a few minutes only to avoid structural
degradation and sieved to obtain particle size
fractions of 1—2 mm. For XRD analysis, 3 g of
the sieved samples were mixed with water at a ratio
of 4:1 (water: solid) and micronized by grinding in
a McCrone mill for 12 min, with the exception of
the phlogopite sample Phl-3 which was notably
more resistant to particle size reduction and was
therefore milled for 24 min. The resulting slurries
were spray-dried directly from the mill at 130°C to
obtain random powder specimens (Hillier, 1999).
Identification of the mineral phases in the samples
was carried out after recording the XRD patterns of
the random powders using Co-Ko radiation selected
by a diffracted beam graphite monochromator on a
Siemens D5000 6/6 diffractometer. The scanning
was carried out over a range of 2—75° on the 20
scale with 0.02° steps and counting for 2 s/step.
Quantitative analyses of random powder XRD
patterns were carried out by a full pattern fitting
method as described in Omotoso et al. (2006).
Purified reference specimens were used as mineral
standards. The objective of this analysis was to
determine the proportion of individual minerals in
the samples.

Chemical analysis

The chemical composition of the samples was
determined by electron probe microanalysis
(EPMA) using a Microscan MK7 equipped with
an energy dispersive analyser (LINK Analytical
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AN10/25S). The analysis was carried out using an
accelerating voltage of 15 kV; probe current of
3.0 nA; take off angle of 75° 30 pum electron beam
diameter; and counting time of 150 s. Standard
minerals were used for calibration. Data were
acquired and processed using the LINKS ZAF4/
FLS software at the University of Aberdeen,
Department of Geology and Petroleum Geology.
Distribution of potassium in the samples
(1-2 mm sized material) was studied using a
scanning electron microscope (SEM) fitted with
an X-ray energy dispersive system (EDS). The
particles were mounted on glass slides and coated
with a thin conducting layer of carbon to prevent
the surface from charging (Hall & Lloyd, 1981).
The SEM instrument used was an ISI-ABTS5 with
EDS-LINK AN10/55S. The images were acquired
with an ISS-I-SCAN 2000 Digital Image
Acquisition System. The mapping was done with
a 15 ms dwell time and a 512 pixel x 512 pixel
frame at the University of Aberdeen in the UK.
Additionally, selected samples were caesium
(Cs™) exchanged by soaking overnight in solutions
of 1 m CsCl (Hillier & Clayton, 1992) followed by
thorough rinsing in deionised water and the
subsequent particle distribution of Cs" mapped by
techniques similar to those employed for potassium

mapping.

Thermal exfoliation procedure

The extent of exfoliation was measured as the
coefficient of expansion (K) defined by Couderc &
Douillet (1973) as the ratio of bulk densities
measured prior to and post flash-heating. Each
sample was measured in triplicate using the
precisely sized 1—2 mm materials separated by
sieving. No attempt was made to remove impurities
but XRD analysis (see below) showed that all
samples contained phyllosilicate contents of greater
than 92% by weight. For each sample precisely 2 g
was weighed on an electronic balance. Sample
volume was determined by tipping the loose
fragments into a 5 ml measuring cylinder, lifting
2 cm above the table and dropping gently 10 times
to obtain a homogenous packing of the loose
particles in the cylinder. Thereafter, separate
specimens were flash-heated in a muffle furnace
at 400 and at 900° C for three minutes. One minute
was set for the temperature to equilibrate and two
minutes as the holding time. The weight of the
samples and their volumes were again determined
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immediately after heating. Heating at 400°C was
aimed at assessing the effect of interlayer water loss
only, compared to 900°C at which loss of both
interlayer water and water derived from dehydrox-
ylation of structural hydroxyl was expected.
Additionally, ten large (~1 cm? sized) flakes of
sample KL-2 were also tested by flash-heating at
900°C under identical conditions to the 1—2 mm
fraction samples.

Chemical exfoliation procedure

Following the results of thermal exfoliation tests,
all original samples were also tested for their ability
to be chemically exfoliated. This was conducted by
immersion/contact of small aliquots of the 1 -2 mm
fractions consisting of several tens of particles with
30% H,O, overnight.

RESULTS

Mineralogical composition

The XRD patterns of the spray-dried random
powders of the samples are presented in
Fig. laand b, and quantitative analyses of the
samples by the full pattern fitting method are
given in Table 1. XRD results show that two of the
samples (KL-2, Ver-18) are dominated by true
vermiculite. Indeed, sample KL-2, shows no
evidence of any other minerals. This sample
appears to be 100% pure true vermiculite, with
integral basal reflections based on a spacing of
~144 A and additional non-basal peaks which
conform precisely to the typical powder pattern of
a trioctahedral vermiculite (Brindley & Brown,
1984). Sample Ver-18 has an almost identical XRD
pattern to that of KL-2, the only minor difference
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being the presence of some peaks which indicate
that a minor amount of chlorite is also present in
this sample. At low angles the chlorite basal peaks
(001, 002) are coincident with basal peaks from the
vermiculite but greater resolution occurs at higher
angles (Fig. 1a). The control phlogopite also shown
in Fig. la is confirmed as pure phlogopite mica
with no evidence of any vermiculite either as a
discrete phase or as an interstratification. Figure 1b
shows XRD patterns of the three samples PB, MK-
1 and Ver-2. Two of these samples, Ver-2 and
MK-1 contain substantial true vermiculite, but both
samples also contain substantial hydrobiotite
(Table 1). The presence of hydrobiotite is indicated
most obviously by strong but broad peaks at
around 12 and 24 A. The largest spacing peak is
sometimes referred to as a superlattice peak since
it arises from an ordered interstratification of 10 A
(mica) and 14 A (vermiculite) layers. The term
hydrobiotite has been precisely defined (Brindley
et al., 1983) but we use it here in its most general
sense to describe mica/vermiculite mixed-layer
minerals, with sub-equal proportions of layer
types, although it is likely that the specimens we
have examined would conform to the strict
definition. The similar name hydrophlogopite,
although widely used by analogy, is discredited
as a mineral name. Hydrobiotite is the dominant
phase in sample PB accounting for about 95% of
the sample, only a trace of true vermiculite being
present in this sample. Both sample PB and Ver-2
also contain minor amounts of discrete phlogopite
(Table 1). The presence of accessory minerals in
vermiculites and hydrobiotites is common (Frank
& Edmond, 2001; Hindman, 2006) and other
phases identified by XRD in the various samples
include minor to trace amounts of quartz,
amphibole and talc.

TaBLE 1. Quantitative mineralogical composition of the six samples (<2—>1mm sized) by full pattern fitting.
Analytical uncertainties at 95% confidence are given following the method described in Hillier (2003).

Vermiculite  Hydrobiotite ~ Phlogopite Chlorite Talc Quartz Amphibole
KL2 100.0 +5.0
VER-18 92.0 £4.9 7.4 £2.0 0.6+0.8
VER-2 46.7 £3.8 34.6 £3.5 12.1+2.4 0.5 £0.8 2.1+1.3 2.1+£1.3 1.9+1.3
MK1 25.6 3.1 62.1 4.2 5.1+£1.8 72+2.0
PB 94.6 +4.9 5.1+1.8 0.3+0.7
PHL-3 98.5+5.0 1.4+1.1
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Fic. 1. (a) Random powder XRD patterns of samples KL-2 (pure vermiculite), Ver-18 (vermiculite, minor

chlorite), and Phl-3 (pure phlogopite). Arrows show positions of chlorite 003 and 004 peaks in Ver-18, and insert

expands this region for comparison of Ver-18 to KL-2. (b) Random powder XRD patterns of samples Ver-2

(vermiculite, hydrobiotite, phlogopite), MK-1 (vermiculite, hydrobiotite) and PB (hydrobiotite, phlogopite).
Quantitative mineralogical compositions are given in Table 1.

Chemical composition .
the measured potassium contents most of the

Spot EMPA analyses of particles from the analyses can be classified into one of three discrete
different samples are given in Table 2. Based on categories namely vermiculite (<<1% K,O), phlo-
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gopite (x~10% K,0), or hydrobiotite (=x5%K,0).
Some analyses with intermediate compositions were
recorded, but they appear less common than
discrete compositions. This classification is
included in Table 2, using the abbreviations V, P,
HB and mixtures thereof. For samples KL-2 and
Ver-18, all analyses gave compositions that appear
to be consistent with pure true vermiculite; no other
compositions were recorded from these two
samples. Sample Ver-2, also produced a set of
analyses that was consistent with a pure vermicu-
lite, and are in fact of rather similar composition to
the vermiculite analyses recorded from KL-2 and
Ver-18, but in addition the Ver-2 sample showed a
complete range of compositions, with some
analyses classified as hydrobiotite, others as
probable mixtures of vermiculite and hydrobiotite
(in the spot analysis volume) and one with a
potassium content consistent with pure phlogopite.
Similarly, sample MK-1 showed a range of
different compositions but again polarized into
groups that can be classified as either vermiculite
or hydrobiotite compositions. Analyses of the PB
sample from Palabora also appear to divide into two
groups, one group of hydrobiotite type compositions
and the other with potassium contents commensu-
rate with pure phlogopite. Finally, as expected, the
control mica Phl-3, showed analyses consistent only
with that of a pure phlogopite. One further and very
important point concerning the EPMA data, indeed
one that determined our decision to map the
particles for potassium distribution (see below),
was that the variable compositions that were
recorded for samples Ver-2, MK-1 and PB were
not necessarily recorded from individual particles,
but often from different spots on the same
contiguous particle.

Potassium distribution

Mapping of potassium by SEM with EDS
revealed that samples KL-2 and Ver-18 do not
contain significant amounts of potassium (and see
Table 2); consequently the micrographs of potas-
sium distribution obtained were uniform and
featureless. For particles from samples Ver-2 and
MK-1, however, potassium mapping revealed a
complex mosaic distribution of potassium across the
particles (Fig. 2). The darkest areas of the
micrographs correspond with the lowest potassium
concentrations, and the brightest areas to the highest
potassium concentrations. Thus, particles from
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Ver-2 show a clearly defined patchwork of low-
potassium and high-potassium regions. For the most
part the shapes of these different zones appear to be
irregular and they are distributed quite evenly
across the particles with sharp well defined
boundaries between low- and high-potassium
zones. In some instances there appear to be linear
zones of low-potassium concentration connecting a
network of patches of low-potassium distribution. In
combination with the EMPA analyses of Ver-2 it is
clear that the darkest patches are zones of
vermiculite, the brighter patches are zones of
hydrobiotite and the very brightest patches are
zones of phlogopite. Particles from MK-1 show a
similar distribution. Additionally, some particles are
observed in both samples showing a more diffuse
distribution and zoning of potassium, which may
indicate less discrete zoning of the distribution of
the different mineral phases throughout the volume
of the particle, or perhaps zones that are deeper in
the particle volume and/or tilted such that their
boundaries have less obvious expression in the
surface maps. Particles from the PB sample also
show variation in the distribution of K, but in these
particles patches of very low potassium concentra-
tion are more or less absent and the zoning of
potassium distribution appears somewhat more
diffuse, but nonetheless still consistent with an
irregular, patchy, distribution of hydrobiotite and
phlogopite zones across many particles.

Caesium distribution

On the basis of the previous results, two samples
were tested for their Cs' exchange properties,
namely KL-2 and Ver-18, both being samples that
XRD and EMPA analysis confirmed as essentially
pure vermiculite. Several particles were exchanged
with Cs" which was expected to completely replace
the interlayer cations in these vermiculite particles
so that the distribution of exchange sites could be
mapped. Based on the EMPA results for these two
samples the natural interlayer cations were expected
to be dominated by exchangeable Mg®*, and fixed
interlayer potassium was demonstrated as essen-
tially absent (Table 2). This experiment is analo-
gous to the mapping of potassium distribution in
these samples but instead provides information on
the distribution of cations in exchangeable inter-
layer sites rather than fixed potassium in interlayer
sites. The distribution of Cs* found in sample KL-2
was uniform (Fig. 3), i.e. all interlayer sites were
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TaBLE 2. Electron microprobe analyses from different samples and their classification. V = vermiculite, HB =
hydrobiotite and P = phlogopite.

Sample SiO, TiO, ALO; Cr,0; Fe,O3 MnO  MgO CaO  Na,O K ,O Total Mineral

KL-2 38.01 052 15.66 0.23 443  0.04 25.68 0.08 0.29 0.02 8495
KL-2 37.77 057 1535  0.15 466 0.05 2509 036 0.26 0.00 84.26
KL-2 3849 0.60 15.69 0.15 432  0.00 2566 0.13 0.20 0.05 85.28
KL-2 39.13 059 1587  0.20 453  0.07 2655 0.07 0.20 0.00 87.21
KL-2 37.12 054 1622  0.20 490 0.04 26.76  0.05 0.27 0.00 86.08

Ver-18  39.01 0.62 1645 0.08 548 0.04 2194 0.54 0.40 0.03 84.58
Ver-18  38.84 0.72 16.61 0.01 575 0.08 2330 0.87 0.16 0.06 86.40
Ver-18 3436  0.61 18.79  0.20 577 0.09 2657 0.30 0.30 023 87.21
Ver-18 4194 056 1595 0.12 546 0.06 2297 0.00 0.39 0.03 87.47
Ver-18 35,62 0.60 17.34  0.10 582 0.11 2420 0.14 0.31 0.03 84.26
Ver-2 3944 1.01 11.70  0.09 500 0.00 2579 0.17 0.19 0.07 83.47
Ver-2 41.16 057 1211  0.04 450 0.01 27.86 0.08 0.32 0.11 86.77
Ver-2 4144 054 11.59  0.00 456 0.05 27.13 0.06 0.23 0.14 8573
Ver-2 4097 145 1224 042 791 0.06 2215 0.11 0.17 0.33 85.80
Ver-2 41.05 099 1234 050 539  0.04 2636 0.10 0.23 086 87.86 V/HB

Ver-2 41.02 1.68 12.02 043 843 0.08 22.13 0.10 0.32 1.80 88.00 V/HB
Ver-2 39.51  2.08 1337 033 789 0.03 20.05 0.16 0.30 526 8898 HB
Ver-2 39.06 199 1326 0.37 823 0.05 19.85 0.22 0.33 545 88.80 HB
Ver-2 3949 221 13.59 0.07 1096 0.16 1823 0.07 0.36 5.53  90.67 HB
Ver-2 39.13 230 1339 0.00 12.19 0.04 1734 0.00 0.18 6.88 91.44 HB
Ver-2 3870 194 1323 039 13.00 0.00 1726 0.14 0.23 6.95 91.82 HB
Ver-2 40.86 231 12,69 0.17 9.67 0.07 2027 0.02 0.28 9.10 9542 P

MK-1 4513 279 847 025 20.16 0.04 226 220 0.21 0.16 81.67 v
MK-1 40.86 1.00 1475 0.06 16.81  0.09 2.02 151 0.17 021 77.47 \%
MK-1 3930 0.87 1643 0.14 16.82 037 772 132 0.16 0.23 8335 \%
v
v

<< << < << <<<K<<

MK-1 42,60 134 1853 0.03 1523 0.00 1.30  1.32 0.06 0.26  80.67

MK-1 4097 091 11.12 034 2457 0.00 328 1.80 0.12 030 83.41

MK-1 4176 225 1378 040 1239 0.09 1469 1.52 0.15 1.95 8897 V/HB
MK-1 39.60  2.01 1353 046 1224 0.04 15.04 0.87 0.20 3.62 87.60 V/HB
MK-1 4047 193 1422 037 11.60 0.11 1292 0.88 0.23 421 86.94 HB
MK-1 4043 224 1380 029 1333 0.16 16.03 0.82 0.30 436 91.76 HB
MK-1 35,60 2.00 1351 021 1339 005 12770 045 0.25 5.12  83.27 HB
MK-1 36.10 2.00 13.83 0.07 13.02 0.07 1272 037 0.16 571 84.04 HB
MK-1 38.12 217 1448 0.17 1395 005 1228 0.56 0.23 596 8797 HB
MK-1 37.63 233 1441 013 1428 0.19 1246 0.55 0.33 6.08 88.37 HB

PB 42.01 096 9.65 0.02 7.70  0.00 2646 0.12 0.34 4.61 91.88 HB
PB 4247  1.06 9.57 0.01 7.41  0.03 2650 0.12 0.38 4.83 9238 HB
PB 41.80 086 10.48 0.07 6.52  0.08 2574 0.05 0.17 6.05 91.81 HB
PB 41.77 099 1047 0.06 6.73 0.00 2563 0.04 0.30 6.07 92.06 HB
PB 41.89 1.13 8.88  0.03 9.59 0.14 2440 0.05 0.23 842 9475 HB/P
PB 41.73  1.19 898  0.06 9.85 0.07 2394 0.00 0.31 9.64 95.77 P
PB 42.18  1.07 9.81 0.12 752  0.12 2441 0.03 028 1059 96.13 P
PB 4198  1.04 9.45  0.08 7.89 0.00 2424 0.00 0.21 10.74  95.62 P
PHL-3 4032 093 1398 0.00 3.64 0.10 2424 0.02 0.50 10.25 93.97 P
PHL-3  40.18 0.88 13.98 0.00 354 019 2438 0.16 043 1028 94.02 P
PHL-3 4042 1.03 1346 0.00 3.04  0.01 2469 0.02 0.53  10.12 9332 P
PHL-3  40.11 0.74 13.54 0.00 325 0.01 2487 0.04 0.53  10.08 93.17 P
PHL-3  40.61 1.05 14.14  0.00 3.65 0.02 2453  0.00 0.71 1021 94.92 P
PHL-3 3963 092 13.89 0.00 352 0.08 2439 0.19 042 1026 93.30 P
PHL-3 4083 1.06 13.73  0.00 290 0.01 2493 0.06 042 10.11 94.04 P
PHL-3  40.10 1.09 1397 0.00 3.14  0.04 2460 0.00 0.43  10.00 93.37 P
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F1G. 2. Particles mapped for K distribution; bright areas indicate greater concentrations of K. (a) and (b) sample
Ver-2, (c¢) and (d) sample MK-1, (e) and (f) sample PB. In all cases the field of view is ~2 mm.
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VER18 Map 2 300 pm VER18 Map 2
SE MAG: 600x HV: 20kV WD: 7.7mm MAG: 600x HV: 20kV_ WD: 7.7mm

Fic. 3. Particles mapped for Cs (purple and magenta (b), (d), (f)) and Mg distribution (light blue (f)).
(a) Secondary electron (SE) image of particle from sample KL-2, (b) Cs map of same particle showing uniform
distribution of Cs throughout the particle volume, (c) SE image of particle from sample Ver-18, (d) Cs map of
same particle showing patchy mosaic distribution of Cs indicating that some areas of this particle cannot
exchange Cs. (e) SE image of particle from sample Ver-18, (f) same particle showing combined maps for Cs
(magenta) and Mg (blue), areas which do not exchange Cs are correspondingly richer in Mg.
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5]
exchangeable so that Cs® was found evenly g can—gq
throughout the particles. In contrast, several of the § ’ %O) 3’ 3’ 3’ 3’ ?4' <
particles tested for Ver-18, showed obvious regions = S| oo~
where Cs” was unable to exchange. These regions s S Ao =
appear as the darkest regions in the micrographs X E
i - i =] — — —
since the}./ have low or no Cspresent, 1n+contrast to 5 > L33 8983
other regions of the particles where Cs™ exchange 2 ’ L ITSFEFS
. . . <
occurred readily. The presence of these regions in o) Flo—oco—o
sample Ver-18 suggests that, although it has no % e—m—maae
obvious regions of fixed potassium, the interlayers =
of some regions are not occupied by exchangeable 5
cations. In addition mapping for Mg after Cs" % T IS £8&8828
exchange demonstrates that the regions void of Cs* S = A"g TS
also have greater Mg contents than the regions E 5 X3S hE : 2 g :. =
where Cs* was able to exchange (Fig. 3). This =5 g
pattern of distribution of Cs* absent zones across = Z
. . . .. S 3 s Nt D
individual particles is reminiscent of the patch work = & coSoo3S
. . o . s 5 G | sccsss
or mosaic of potassium distribution noted in other 2 S| FAAAFA
samples, as well as being at a similar scale and it 0= s IR BRI B
also reveals some similar thin linear features =%
. —_~ v
connecting the patches together. oz
S «©
K >
s o533
Thermal treatment = OLO> 12| S95%5F
. . ¥ TR o aan
Results of the flash-heating treatments to induce 8” = = AT n>oO
. . . . wv
thermal exfoliation are summarized in Table 3 and g z
. . S E —
photomicrographs of the specimens before and after 5 3 2
heating to 9OQ°C are shown in Fig. 4. Thfe Teference g % Spl2z22222
phlogopite mica Phl-3 had the lowest original bulk £ 5 | iér X o oy o
density (Table 3), probably due to the fact that the £ e ne
particles of this sample were notably thinner than 5 g
. . et
other specimens (Fig. 4). Nonetheless, as expected, & 2
changes in bulk density were negligible for this S z
specimen, and can be ascribed mainly to the small s g %ci % SRl Beriot
mass losses recorded, as a consequence of partial & E K ez
dehydroxylation. With a value of 1.1 (Table 3) the N ~— TAaA= ==
coefficient of expansion (K) indicates that the g2 gﬂ
phlogopite Phl-3 did not visibly exfoliate as can %E <
be confirmed from visual inspection (Fig. 4). The e _@g 5 % RRTE
§ampl§ showing the largest' (K) Valu.e of 6.0 é é %S ILEIY
indicating that it was extensively exfoliated was TE z Lo aad
MK-1. Mass loss for this sample at 900°C was E E
152% and implies a large contribution from =
. . . . e v —
interlayer water, although if measured simply in ?n %o) TASNNDY
terms of a .vohllme cl}ange (Table 3) by fa{ the =t V| yon =
largest contribution to its decreased bulk density is S Lo a
the five-fold increase in volume due to exfoliation 8
of the particles. Samples Ver-2, PB and Ver-18 also g
all showed significant exfoliation (Fig. 4), with (K) A
values of 5.0, 4.2 and 3.4, respectively, for heating o ) %o o
. = = AR B
at 900°C (Table 3). For all samples which 5,5 S o 5 % 9 " E
exfoliated at 900° some exfoliation was observed = 3 M>>Za A
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FiG. 4. Photomicrographs of samples before exfoliation (column 1) and after thermal (column 2) and H,O,

(column 3) exfoliation. Row A: KL-2, row B: Ver-18, row C: Ver-2, row D: MK-1, row E: PB, row F: Phl-3.

Samples KL-2 and Phl-3 show no visible exfoliation; all other samples show ready exfoliation with both thermal
and H,O, treatment.
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also at 400°C, and generally speaking the extent of
exfoliation observed at 400°C was approximately
half of that observed at 900°C. In contrast, sample
KL-2 showed quite a different behaviour. Despite
losing 19.8% mass when heated to 900°C, a value
that compares well with the theoretical weight loss
expected from both complete dehydroxylation
(~5%) and removal of the two layers of water
associated with the interlayer cations (& 15%) in a
pure vermiculite, the measured coefficient of
expansion was only 1.5. Visually this sample
showed no obvious signs of exfoliation (Fig. 4),
although the colour changed to the typical golden
one often observed for most specimens after
heating, the particles appeared notably more brittle
to the touch, and at high magnification the surface
of the particles show numerous slightly raised
blister-like areas. Thus, for sample KL-2 the
deviation of the (K) value from unity is ascribed
mainly to the effect of the large weight loss on bulk
density. Measured as a simple volume ratio
(VT/V20 in Table 3) the deviation from unity is
less than that measured as a bulk density ratio (1.2
compared to 1.5). This indicates that although
exfoliation is not observed some minor volume
expansion of the particles may have taken place,
this behaviour being very similar to that of the pure
phlogopite Phl-3. In summary, the sample KL-2, the
purest vermiculite sample examined, does not
visibly exfoliate in response to thermal shock.
Because of this somewhat unexpected result,
larger particles of approximately 1 cm? area of
sample KL-2 were also examined following heating
to 900°C. As with the smaller 1 -2 mm particles, no
visible signs of any exfoliation were observed for
these larger particles of sample KL-2.

Chemical exfoliation

Each sample was also tested for its ability to
exfoliate when treated with H,O,. These tests
showed that after several hours of either immersion
or simply wetting in H,O,, samples of PB, MK-1,
Ver-2 and Ver-18 all exfoliated readily, whereas
Phl-3 and KL-2 showed no reaction whatsoever
(Fig. 4). Thus, the ability of any one sample to be
exfoliated chemically mirrored the ability to be
exfoliated by thermal shock. Although no attempt
was made to quantify exfoliation by measuring the
coefficient of expansion (K) the impression gained
was that many individual particles probably
exfoliated to a greater degree in H,O, than by
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thermal shock. A time lapse video (seven hours real
time) of a single particle of the PB sample
undergoing chemical exfoliation following wetting
by H,O, is deposited in the ‘Images of Clay
Archive’ (http://www.minersoc.org/photo.
php?id=149). Close inspection of the early stages
of expansion when the particle was still wet with
H,O0,, clearly shows bubbles of gas escaping around
the edges of the particle. In a separate experiment
with approximately 10 g of sample PB the gas
generated by treatment with H,O, was confirmed as
oxygen by its ability to re-ignite a glowing splint.

DISCUSSION

Both XRD and EMPA data from the six samples
studied are internally consistent in their character-
istics. Thus, the two samples KL-2 and Ver-18 have
diffraction patterns consistent with pure true
vermiculites. This is verified by their chemical
compositions which, in so far as they show the
essential absence of potassium, confirm the absence
of mica in these specimens. In contrast, samples
Ver-2, MK-1 and PB, were shown by XRD analysis
to be multi-phase mixtures of vermiculite, hydro-
biotite and phlogopite (Table 1). The multiphase
composition was confirmed by the variability of the
chemical analyses obtained by EMPA, and mapping
for potassium demonstrated that the different phases
are most commonly present as discrete zones within
the same particle. The arrangement of these zones
is often mosaic-like due to sharp intra-particle
boundaries between zones or patches of one phase
and zones or patches of another. In other words,
although some particles are present as discrete
physically separable phases, for the most part the
different phases detected by XRD are present as
multiphase particles.

In terms of their expansion characteristics, the
three mixed phase samples, all with some propor-
tion of hydrobiotite, also showed the greatest degree
of exfoliation with (K) values of between 4.2 and
6.0 for shock heating at 900°C. In contrast the two
single phase vermiculite samples Ver-18 and KL-2
showed the lowest (K) values of 3.4 and 1.5
respectively for heating at 900°C. These observa-
tions are completely in accord with those of other
workers who have often demonstrated that samples
that are poly-phase and/or rich in hydrobiotite
exfoliate more readily compared to samples that
are rich in true vermiculite (Midgley & Midgley,
1960; Couderc & Douillet, 1973; Justo et al., 1989).
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For example, four of the samples examined by Justo
et al. (1989) were designated as true vermiculites
and showed (K) ratios ranging from 1.7 to 3.7,
compared to values of 6.2 and 9.0 for two other
mixed phase samples with components of vermicu-
lite, mica/vermiculite and mica. Similarly, the data
of Courdec & Douillet (1973) indicate (K) values of
3.0 and 4.4 for two pure vermiculite samples and
values often double these (average = 6.6) for all
other samples; all of which contained mixed-layer
mica/vermiculite components, and all of which
were poly-phase. In addition to characterising
their samples by XRD both Justo et al. (1989)
and Courdec & Douillet (1973) provided chemical
analyses of their samples demonstrating the
essential absence of potassium in those samples
designated as pure vermiculites. These pure
vermiculite specimens are therefore comparable in
their XRD and chemical data to Ver-18 and KL-2
of the present study. Thus, in summary there appear
to be two broad categories in relation to miner-
alogical properties and their relationship to exfolia-
tion behaviour; one category includes the poly-
phase specimens usually with a significant hydro-
biotite component that tend to show the largest
degree of exfoliation, whilst the other category
includes the apparently pure vermiculites, which
exfoliate far less and in some cases, such as KL-2
of the present study, essentially not at all. Figure 5
illustrates the distinction of these two groups very
clearly in a plot of exfoliation measured as (K) the
coefficient of expansion (i.e. original bulk density/
exfoliated bulk density) vs. potassium content
measured as K,O.

Despite the long standing study of the exfoliation
of vermiculite samples, as pointed out by Heller-
Kallai (2006), no satisfactory explanation for this
behaviour has yet been offered. Most authors agree
without question that thermal shock exfoliation is
related to the escape of the steam that is produced
by the sudden heating of interlayer water molecules.
Given the high temperatures involved, an additional
complimentary contribution from water (steam)
formed during dehydroxylation of the hydroxide
molecules of the octahedral sheets is also possible.
However, several authors have shown that exfolia-
tion may begin at temperatures at low as 200°C, and
our experiments conducted at 400°C are below the
dehyroxylation temperature of all 2:1 clay minerals
(Mackenzie, 1957; Paterson & Swalffield, 1987),
confirming that dehydroxylation is not a prerequi-
site for exfoliation to occur. Nevertheless, although
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an instantaneous conversion of water to steam
provides a logical and attractive explanation for a
driving force for thermal exfoliation it falls short of
providing a complete explanation because despite
having the largest interlayer water contents, the
most vermiculitic samples invariably show the
lowest degree of expansion (Fig. 5). Indeed, one
of the samples examined in the present study,
sample KL-2, essentially failed to exfoliate at all.
With a (K) value of just 1.5 for the 1-2 mm
particles flash-heated to 900°C for 3 minutes, the
sample KL-2 is very similar to the RJ-2 sample
described by Justo et al. (1989), from Santa Olalla,
which for particles sized to around 5 mm maximum
diameter gave a (K) value of 1.7 when heated at
900°C for 15 min. Thus, in summary the true
vermiculite group shows less, little or no exfoliation
compared to the hydrobiotite group. Clearly any
mechanistic understanding of thermal exfoliation
has to be able to explain the behaviour of both of
these mineralogical groups.

Walker (1961) indicated that exfoliation is
related to particle size, and it seems well
established in industry that the bulk density of
exfoliated products is inversely related to the
particle size of the feed (Suvorov & Skurikhin,
2003), reflecting less exfoliation by finer particle
sizes compared to larger ones. Interestingly, Marcos
& Rodriguez (2011), working on microwave
exfoliation of vermiculite from Santa Olalla, noted
that particles of <3 mm diameter did not exfoliate
at all, whereas larger particles did. Vermiculites
from Santa Olalla have been studied quite
extensively (de la Calle et al., 1988; Justo et al.,
1989), and in terms of the two groups identified on
Fig. 5 it appears that specimens for which published
XRD and chemical data are available have
characteristics that would place them into the true
vermiculite dominated category rather than the
mica/vermiculite dominant category. In order to
check for the possible influence of particle size on
the exfoliation of pure vermiculite sample KL-2,
which failed to exfoliate for a particle size of
1—2 mm, we also tested particles ~1 c¢cm? flash-
heated at 900°C, but even for this much larger
particle size this sample failed to exfoliate.

In addition to testing thermal exfoliation, we also
tested all samples for their ability to be chemically
exfoliated. We did not measure the extent of
exfoliation but simply observed if exfoliation
occurred or not. For H,O, the results showed that
all samples exfoliated following contact with H,O,
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when left overnight, except for two samples KL-2
and Phl-3. As observed previously by Uggiil &
Girgin (2002) exfoliation occurred simply with
contact and wetting of the specimens by H,O,.
KL-2 is a pure vermiculite sample whilst Phl-3 is
the reference control pure phlogopite. Therefore,
these tests show that the behaviour of all six
samples in terms of their ability to be chemically
exfoliated by H,O, mirrors their behaviour for
thermal treatment (Fig. 4). The conclusion that can
be drawn from these chemical tests is that whatever
properties of the particles promote thermal exfolia-
tion they are relevant also for exfoliation by H,O,.
This suggests that the mechanisms of both thermal
and H,0O, chemical exfoliation share one or more
common factors.

To return to the specific mechanism of thermal
exfoliation, the discovery that the poly-phase
character of the hydrobiotite dominant group of
samples is a feature that is expressed in individual
particles suggests that this mosaic-like structure
with its division into discrete well defined domains
of more or less vermiculitic character is a key
feature of the propensity of this group to exfoliate.
Although we have only mapped this mineralogical
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mosaic structure based on the distribution of
potassium, as determined from a probe of the
particle surface, because the mosaic involves sharp
transitions from one phase to another it must
presumably have a structure that involves sharp
well defined transitions along the plane of the
layers, i.e. from layers which are vermiculite to
layers which are mica. Such transitions would be
expected within the volume of the particle in a
manner determined by the extension of the mosaic
structure throughout the particle. The essential
difference between such layers is that vermiculite
contains exchangeable hydrated cations, e.g. Mg>",
whereas layers of mica have fixed un-hydrated ions
of potassium keyed into the ditrigonal cavities of
adjacent 2:1 layers. With such transitions occurring
throughout and within the volume of most particles
one can envisage that the escape of steam produced
from the interlayer water of vermiculite layers
during thermal shock may be inhibited or impeded
where vermiculite layers are laterally transitional to
mica layers. Presumably, this inhibition may result
in a build-up of pressure only relieved by forcing
the layers apart to allow the steam to escape, i.e.
exfoliation is the result. In terms of the poly-phase

12
. & Courdec & Douillet (1973
Pure phlogopite ( )
104 A O Justo et al. (1989)
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Fic. 5. Exfoliation measured as coefficient of expansion (K), i.e. original bulk density/exfoliated bulk density, vs.
potassium content (K,O).
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nature of individual particles, lateral transitions of
vermiculite to mica layers could occur with any
combination of vermiculite, hydrobiotite or mica
phase domains depending on the specific details of
the mosaic arrangement. As such, particles
consisting of vermiculite and hydrobiotite, or
vermiculite and mica, or hydrobiotite and mica or
even hydrobiotite alone, provided there were lateral
transitions of vermiculite to mica layers, would all
have capacity to impede the escape of steam under
thermal shock. An additional attraction of this
mosaic structure explanation for the mechanism of
thermal exfoliation is that it can explain the particle
size dependence of this phenomenon. Hence, for
any given average size of the phase domains in the
mosaic structure, once the particle size begins to
approach or becomes smaller than this domain size,
exfoliation would no longer occur because the
escape of steam would no longer be impeded at
intra-particle phase boundaries.

Although this explanation for exfoliation can be
applied to the obviously poly-phase samples that
constitute the hydrobiotite group of Fig. 5, at first
sight it does not appear to provide an applicable
explanation for the exfoliation behaviour of the true
vermiculite group. For example, in the present
study the XRD patterns and potassium contents of
samples KL-2 and Ver-18 are essentially identical,
yet sample KL-2 does not exfoliate whereas in
obvious contrast Ver-18 exfoliates quite readily
(Fig. 4). However, exchanging the interlayer cations
of these samples with Cs' and then mapping the
distribution of Cs' revealed that there are in fact
differences in particle structure between these two
samples. Thus KL-2 showed a uniform distribution
of Cs" indicating that the cations in the interlayer
region of KL-2 are uniformly and completely
exchangeable. Ver-18, however, shows obvious
regions where Cs' failed to exchange, which like
the hydrobiotite group of samples seem to form
intra-particle domains. A likely explanation for the
inability of Cs" to exchange into these regions is
that they do not contain exchangeable cations, but
are instead local domains of brucite-like interlayer
hydroxide. In other words, they are local zones of
chlorite, present within the vermiculite particles.
Chlorite was in fact observed by XRD in sample
Ver-18 and although it was initially assumed that it
was present as a discrete particulate phase, the Cs"
mapping indicates that chlorite is, at least in part,
intergrown with the dominant vermiculite. Further
support for this interpretation is provided by the
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fact that the Mg®" concentration is clearly elevated
in these zones post Cs'exchange (Fig. 3), precisely
the chemical signature that would be expected from
a fixed interlayer brucite sheet compared to
exchangeable interlayer sites.

In the same way that intergrown domains of
vermiculite, hydrobiotite and mica present a particle
structure with the potential to impede the release of
steam during thermal exfoliation, so too would a
mosaic structure composed of intergrown vermiculite
and chlorite. In essence the presence of chlorite in
vermiculite can be envisaged as little more than a
change from exchangeable interlayer Mg>" to a fixed
magnesium hydroxide interlayer. In an intergrown
structure the transition from hydrated cation to fixed
hydroxide may occur laterally along a contiguous
interlayer space such that brucite interlayers could act
in an analogous way to potassium in mica layers by
physically blocking the escape of steam during flash-
heating. Once again pressure release would then only
be achieved by exfoliation of the layers. In support of
this mechanism it is pertinent to note that all of the
‘pure’ vermiculites examined by Justo et al. (1989)
show evidence of dehydroxylation endotherms
between 500 and 600°C in their DTA traces.
Although Justo et al. (1989) preferred to interpret
these features as evidence of mica layers in the
vermiculite, this interpretation is inconsistent with the
essential absence of potassium as shown by their
own chemical analyses. We suggest that the
endotherms are more likely evidence of
dehydroxylation of brucite interlayers, the presence
of which suggests the potential for a mosaic structure
in these vermiculite samples with its capacity to
impede the escape of steam during thermal shock
resulting in particle exfoliation. Although the
presence of domains of chlorite layers in vermiculite
can often be detected by XRD, it is well established
that DTA is potentially a more sensitive technique
for their detection (Paterson & Swaffield, 1987). As
mentioned above, we did in fact identify a minor
amount of chlorite in sample Ver-18 by XRD and
although the tacit assumption usually made is that the
chlorite identified by XRD is present as discrete
particles, the evidence from Cs® saturation indicates
that at least some chlorite is also present in intimate
intra-particle intergrowth or interstratification with
the dominant true vermiculite phase.

A cartoon of the mosaic structure and how it
explains the phenomenon of exfoliation is shown in
Fig. 6. In essence the mosaic structure is envisaged
to act as a maze to escaping gases, with some dead
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FiG. 6. Mechanism of exfoliation: (a) particle variously consisting of intergrown mosaic of vermiculite,

hydrobiotite and mica domains (or vermiculite and chlorite domains). Gas phases produced by shock thermal

treatment, or breakdown of hydrogen peroxide are trapped in dead ends at phase boundaries causing pressure
build up. The result (b) is exfoliation of the layers.
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ends becoming pressure points and subsequently
acting as nuclei for the initiation of the exfoliation
process. Thus exfoliation is necessary to relieve the
pressure build up, and is triggered at dead-end
pressure points when the force applied by the gas
pressure exceeds the forces bonding the phyllo-
silicate layers together (Giese, 1978). Presumably
the requirement for the force due to pressure build-
up to exceed the forces bonding the layers together
may also explain the temperature dependence of
thermal exfoliation. In terms of the relationship
between thermal and chemical exfoliation the
mosaic structure can also be envisaged as the
common factor that underlies the capacity of any
sample to exfoliate or not, whether by thermal or
H,O, chemical means. Thus, exfoliation with H,O,
has long been suggested to be due to the
decomposition of H,O, and the evolution of
molecular oxygen as a gas phase (Groves, 1939),
probably catalysed by elements such as Fe or Mn
(Drosdorff & Miles 1938) in a Fenton-like reaction.
Since the overall decomposition of the H,O,
produces a gas phase, i.e. O,, the impedance of
the escape of the evolved O, by the mosaic structure
can be offered as the common denominator in the
explanation for exfoliation by this chemical means.
Presumably the liquid H,O, initially exchanges
readily into the vermiculite layers within a particle,
facilitated by the linear features that seem to
network vermiculite patches together. When H,O,
decomposition begins it must quickly reach a rate
that exceeds the ability of O, to diffuse back out of
the mosaic structure and, in an analogous fashion to
flash heating, the gas pressure that results is
sufficient to exfoliate the layers. Interestingly, as
well as demonstrating the escape of O, gas from the
edges of the particles, the video recording of the
H,0, exfoliation of the particle of the PB sample
(http://www.minersoc.org/photo. php?id=149) shows
that there is an elastic-like partial contraction of the
volume of the particle as the process comes to
completion. It is almost as if the particle is over-
inflated by the process of the escaping gas and there
is a relaxation once the gas has all finally escaped
from the particle. Overall, a particle of around 0.1
mm thickness will consist of some 70 to 100
thousand individual 2:1 vermiculite or mica layers.
The accordion-like vermiform particles that form on
exfoliation usually show cleavage, opening and
obvious separation of only some tens to several
tens of layers per particle, so presumably only a
relatively small number of layers per particle are
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exfoliated as a result of pressure build up at dead
ends. In summary, both the processes of thermal and
H,0, exfoliation can be understood in terms of how
the structure and arrangement of different phases
throughout the volume of a particle impede the
escape of gas resulting in a build-up of pressure that
is eventually released by exfoliation of the layers. A
similar explanation for the thermal exfoliation of
silicon wafers by hydrogen gas was offered by
Weldon et al. (1997). The mosaic structure and the
intra particle phase transitions found in vermiculite
samples can be considered as analogous in function
to the defects in silicon. Indeed, the role that defect
structure may play in the exfoliation behaviour of
other layered materials may warrant further
investigation.

Our model can also offer a possible explanation
for the unexplained observations that the onset
temperature of thermal exfoliation can be lowered
by exchange with cations such as Na*, K™ or NH4"
(e.g. Muiambo et al., 2010; Huo et al, 2012).
Potentially, all of these cations can be fixed in
interlayer positions, especially at points of high
layer charge. Such a process has the potential to
increase the tortuosity of gas escape from the
particles and consequently the probability of dead-
end pressure points, which are required in our
model to act as nuclei for the exfoliation process.

Finally, we have shown that a sample of pure
vermiculite, KL-2, does not exfoliate, neither
thermally with flash-heating, nor chemically with
H,0, treatment. Judging from the results of Cs*
exchange this sample is the specimen closest in
composition, structure and homogeneity to a true
pure vermiculite, with no evidence for any
chloritisation. As such when flash-heated, or
treated with H,O,, the gas phases so produced
may easily escape via unimpeded routes through the
interlayer space; the result is that the sample does
not exfoliate as there are no dead-end routes to
block the escape of the gas phase. Paradoxically
then, it would appear that a true pure vermiculite, in
the mineralogical sense, will not show the property
of exfoliation despite the fact that the mineralogical
literature so often and readily cites exfoliation as a
characteristic property of vermiculite.

CONCLUSIONS

The mechanism of thermal exfoliation is explained
as a consequence of an intra-particle mosaic-like
intergrowth of vermiculite, hydrobiotite and mica in
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most commercial ‘Vermiculite’ samples. The
exfoliation of apparently pure true vermiculites
that contain no potassium can also be explained by
a mosaic structure, consisting of vermiculite and
chlorite, achieved by nothing more than a switch in
the nature of the interlayer from hydrated exchange-
able cation interlayers in vermiculite to brucite-like
interlayer hydroxide in chlorite. In both cases either
fixed K" ions or fixed hydroxide interlayers act as
barriers to gas escape because they occur in mosaic-
like arrangements at a scale that is smaller than the
particles. This mosaic arrangement is also the
underlying factor and, thus, the common denomi-
nator which is responsible for chemical exfoliation
when particles are treated with H,O,. In terms of its
role in the exfoliation process, the mosaic-like
arrangement provides a maze for escaping gas and
consequently, the potential for dead ends, which act
as pressure points. A build-up of pressure at such
points that gives rise to forces in excess of
interlayer bonding forces inevitably results in
exfoliation. The model provides an explanation for
the particle size dependence of the exfoliation
process. It also explains why multiphase samples,
especially if they have a high proportion of
hydrobiotite, have the greatest capacity for exfolia-
tion. The asymmetry of the exfoliated vermiform
particles that first puzzled Groves (1939) is also
explained since a contiguous layer traversing a
particle may be a vermiculite layer in one place and
a mica or a chlorite layer elsewhere. Specimens
with characteristics that appear to indicate that they
are pure vermiculite show the lowest capacities to
exfoliate because they contain only minor amounts
of intergrown chlorite meaning the extent of any
mosaic structure is relatively low and there is
consequently much less capacity for exfoliation to
occur. More obviously poly-phase samples
consisting of variously intergrown vermiculite,
hydrobiotite and phlogopite show a much greater
capacity to exfoliate determined by the extent,
arrangement and scales at which their mosaic
intergrowths occur.
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