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ABSTRACT. The dehydroxylation of 10 A halloysite from the Wellin (Weillen) cryptokarst (southern Belgium) was
studied in situ by applying infrared emission spectroscopy. Dehydroxylation is evidenced by the loss of the OH-
stretching modes between 3600 and 3700 cm™. A slow decrease of all intensities up to + 500°C is observed followed
between 500° and 550°C by a rapid decrease to almost zero. The IES bands at 920 and 938 cm’', attributed to the
accompanying inner and outer or inner sheet AI-OH libration modes, are removed on heating at the same rate and
disappears at the same temperature as the OH-stretching bands. The low frequency bands that disappear upon heating
are associated with OH-libration (920 and 938 cm™) or OH-translation modes (798, 754 and 693 cm™). At high
temperatures only very broad bands around 800 cm™', a weak shoulder around 900 cm™ and two broad bands around
1000 and 1175 cm™ are observed. The first two are associated with newly formed Al-O bonds whereas the other two
are associated with Si-O bonds in the dehydroxylated halloysite, an X-ray amorphous mullite-like phase.

KEYWORDS: halloysite, infrared emission spectroscopy, dehydroxylation, metahalloysite, hydrated kaolinite,
cryptokarst, Belgium

SAMENVATTING. Infrarood emissie spectroscopische studie van de dehydroxylatie van 10 A halloysiet uit
een neogene cryptokarst in Zuid Belgié. De dehydroxylatie van 10 A halloysiet uit de Weillen (Wellin) cryptokarst
(zuid Belgi€) is bestudeerd in situ met behulp van infrarood emissie spectroscopie. Dehydroxylatie is waarneembaar
door het verdwijnen van de OH-stretching vibraties tussen 3600 and 3700 cm™. Een langzame afname in alle intensiteiten
wordt waargenomen tot £ 500°C gevolgd door een snelle afname tussen 500° en 550°C tot bijna nul. De IES banden
rond 920 en 938 cm’', toegeschreven aan de bijbehorende inner en outer of inner sheet Al-OH libratie vibraties,
verdwijnen met dezelfde snelheid en bij dezelfde temperatuur als de OH-stretching vibraties. De lage frequentie
banden die verdwijnen bij verhitting zijn geassocieerd met de OH-libratie (920 en 938 cm™') of met de OH-translatie
vibraties (798, 754, 693 cm™). Bij hoge temperaturen zijn alleen zeer brede banden rond 800 cm™, een zwakke
schouder rond 900 cm™' en twee brede banden rond 1000 en 1175 cm™! waarneembaar. De eerste twee zijn geassocieerd
met nieuwgevormde Al-O bindingen, terwijl de andere twee geassocieerd zijn met Si-O bindingen in de
gedehydroxyleerde halloysiet, een rontgen amorfe op mulliet lijkende fase.

SLEUTELWOORDEN: halloysiet, infrarood emissie spectroscopie, dehydroxylatie, metahalloysiet, gehydrateerde
kaoliniet, cryptokarst

1. Introduction 7.2 A for a normal kaolinite to approximately 10 A
(Hofmann et al., 1934). This interlayer H,O tends to
be unstable and under ambient conditions, halloysite
tends to dehydrate to metahalloysite (Mehmel, 1935).
Halloysite contains, like kaolinite, two types of OH-
groups: 1) the outer or inner surface OH-groups

Halloysite has a structure consisting of kaolinite-like
layers interspersed in the fully hydrated state with a
sheet of HZO molecules (Newman, 1987), shown by
an increase in the basal spacing from approximately
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(OuOH) located in the outer-upper unshared plane and
2) the inner OH-groups (InOH) located in the lower
shared plane of the octahedral sheet.

The halloysite described in this paper is different from
many other halloysites as it remains mostly in the hy-
drated state even after storage for two years without
any precautions to prevent dehydration. Therefore, this
halloysite is an excellent sample to study the hydrated
10 A form of halloysite. Recently, the Raman spectra
of this stable 10 A halloysite have been described
(Kloprogge & Frost, 1999). The OH-stretching region
shows two antisymmetric inner surface OH-modes n,
and n, (3703 and 3688 cm™) and inner OH-modes n,
and n, (3642 and 3625 cm™) with additional broad,
low intensity bands at 3556 and 3598 cm™'. These bands
are absent in dehydrated halloysite and are assigned to
OH-stretching modes of adsorbed surface and
interlayer H,O. Comparison between the 10 A
halloysite and metahalloysite shows that almost all
bands observed for the hydrated halloysite are also
observed for the metahalloysite, however with small
differences in their positions. These differences may
indicate differences in crystal structure (interlayer H O)
or folding of the layers. New bands are observed for
the 10 A halloysite at 359 and 332 cm’!, which are ab-
sent in all other kaolin-minerals. Therefore, these vi-
brations are assigned to H-bonded H,O modes of
adsorbed and interlayer H,O corresponding to the two
OH-stretching modes around 3556 and 3598 cm'.

Infrared spectroscopy has proven to be useful in the
study of the dehydroxylation of clay minerals (Stubican
& Roy, 1961; Pampuch, 1973; Mackenzie, 1973; Han
& Chen, 1982; Frost & Vassallo, 1996). The generally
accepted concept of kaolinite dehydroxylation results
from the interaction of two OH-groups in a two step
process to form a H O molecule by proton transfer leav-
ing a chemically bonded oxygen, as a superoxide anion,
in the lattice (Pampuch, 1971; Maiti & Freund, 1981;
Brindley & Lemaitre, 1987, Frost & Vassallo, 1996).
Only a few studies have been carried out on the
dehydroxylation of halloysite and it is generally as-
sumed that the dehydroxylation is identical or at least
similar to that of kaolinite (Holdridge & Vaughan,
1957):

The dehydroxylation behaviour of 10A halloysite has
not been studied by in situ spectroscopic methods. The
technique of measurement of discrete vibrational fre-
quencies emitted by thermally excited molecules,
known as Fourier Transform Infrared Emission
Spectroscopy (FTIR ES, or IES) (Vassallo et al., 1992;
Frostetal., 1995; Frost & Vassallo, 1996) has not been
widely used for the study of minerals. The major ad-
vantages of IES are that the samples are measured in
situ at elevated temperatures and IES requires no sam-

ple treatment other than making the sample of
submicron particle size. Further the technique removes
the difficulties of heating the sample to dehydroxylation
temperatures and subsequent quenching prior to the
measurement, as IES measures the dehydroxylation
process as it actually is taking place. The aim of this
paper is therefore to achieve a more detailed under-
standing of the dehydroxylation behaviour of 10 A
hydrated halloysite by applying infrared emission
spectroscopy. This in contrast to most halloysites stud-
ied till now, which show mainly the 7 A phase due to
their unstable behaviour and subsequent dehydration
when exposed to air.

2. Geological background

The sample studied was collected during the fieldtrip
accompanying the Euroclay 95 conference in Leuven,
Belgium, August 1995. The halloysite was collected
in the Wellin (Weillen) karst located on the Entre-
Sambre-et-Meuse plateau in southern Belgium. This
area mainly consists of folded Upper Devonian shales
and Lower Carboniferous limestones, which were ini-
tially uplifted during the Variscan Orogeny. During the
Upper Cretaceous and the Cenozoic era the plateau
went through alternating phases of continental condi-
tions and southward regressions coming from the north-
ern marine basins. A major relative sea level fall dur-
ing the Neogene resulted in the deposits of continental
sediments. The covered karsts (cryptokarsts) started
to deepen during the Neogene due to progressive dis-
solution of the underlying limestones. They trapped
pre-existing Eocene-Oligocene marine sands and clays
as well as overlying continental sediments (Dupuis,
1992; Nicaise etal., 1995). The samples were collected
from a breccia down the slope of the Weillen karst.
The thickness of the breccia is variable and estimated
to be several meters. This breccia is made up of
silicified, sometimes partially transformed to
halloysite, limestone blocks in a matrix of halloysite
and kaolinite. This breccia is thought to be formed from
the mechanical collapse of a stratiform deposit located
higher in the karst during the deepening (Nicaise et
als;'1999).

3. Analytical techniques

3.1. X-Ray powder diffraction (XRD)

The nature of the clay (< 2 mm by sedimentation) was
checked by X-ray powder diffraction (XRD). The XRD
analyses were carried out on a Philips wide angle PW
1050/25 vertical goniometer equipped with a graphite
diffracted beam monochromator. The d-values and in-
tensity measurements were improved by application
of an in-house developed computer aided divergence
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slit system enabling constant sampling area irradia-
tion (20 mm long) at any angle of incidence. The go-
niometer radius was enlarged from to 204 mm. The
radiation applied was CuK_ from a long fine focus Cu
tube operating at 40 kV and 40 mA. The samples were
measured at 50 % relative humidity in stepscan mode
with steps of 0.02° 2q and a counting time of 2s.

3.2. Infrared emission spectroscopy (IES)

FTIR emission spectroscopy was carried out on a
Digilab FTS-60A spectrometer, which was modified
by replacing the IR source with an emission cell. A
description of the cell and principles of the emission
experiment have been published elsewhere (Vassallo
etal., 1992; Frostetal., 1995; Frost & Vassallo, 1996).
Approximately 0.2 mg of the halloysite sample was
spread as a thin layer on a 6 mm diameter platinum
surface and held in an inert atmosphere within a nitro-
gen-purged cell during heating. The infrared emission
cell consists of a modified atomic absorption graphite
rod furnace. A platinum disk acts as a hot plate to heat
the sample and is placed on the graphite rod. An insu-
lated 125-mm type R thermocouple was embedded
inside the platinum plate in such a way that the ther-
mocouple junction was <0.2 mm below the surface of
the platinum. Temperature control of + 2°C at the op-
erating temperature of the sample was achieved by
using an Eurotherm Model 808 proportional tempera-
ture controller, coupled to the thermocouple.

The emission spectra were collected at intervals of
50°C over the range 200 - 800°C. The time between
scans (while the temperature was raised to the next
hold point) was approximately 100 seconds. It was
considered that this was sufficient time for the heating
block and the powdered sample to reach temperature
equilibrium. The spectra were acquired by coaddition
of 64 scans for the whole temperature range (approxi-
mate scanning time 45 seconds), with a nominal reso-
lution of 4 cm™'. Good quality spectra can be obtained
providing the sample thickness is not too large. If too
large a sample is used then the spectra become diffi-
cult to interpret because of the presence of combina-
tion and overtone bands and self-absorption. One has
to bear in mind that as for normal infrared spectro-
scopical techniques the Beer-Lambert law is also valid
for infrared emission spectroscopy and the emitted
energy is therefore related to the sample mass. Spec-
tral manipulation such as baseline adjustment, smooth-
ing and normalisation was performed using the
Spectracalc software package (Galactic Industries
Corporation, NH, USA). Band component analysis was
undertaken using the Jandel ‘Peakfit’ software pack-
age which enabled the type of fitting function to be
selected and allows specific parameters to be fixed or

varied accordingly. Band fitting was done using a
Lorentz-Gauss cross-product function with the mini-
mum number of component bands used for the fitting
process. The Gauss-Lorentz ratio was maintained at
values greater than 0.7 and fitting was undertaken un-
til reproducible results were obtained with squared
correlations of r* greater than 0.995.

4. Results and discussion

Figure 1 shows the XRD pattern of the halloysite sam-
ple from the Wellin (Weillen) karst after approximately
two years storage under ambient conditions. Clearly
two basal spacings can be distinguished around 9.93
and 8.02 A. The first basal spacing reflect the hydrated
or 10A halloysite whereas the 8 A phase represent the
dehydrated halloysite or metahalloysite. No impuri-
ties of other minerals were observed. For comparison
a completely dehydrated halloysite from New Zealand
showing a basal spacing of 7.36 A has been added in
Figure 1.

The hydroxyl-stretching region of the infrared emis-
sion spectra of the halloysite obtained at 50°C from
250° to 800°C is shown in Figure 2. The hydroxyl-
stretching region is characterised by four bands as
shown in Figure 3. The three higher frequency bands
are assigned to (n, 3693 cm™, n, 3671 cm™ and n, 3647
cm™) to the three inner surface hydroxyls and the fourth
(n, 3625 cm™) is assigned to the inner hydroxyl
(Johnston et al., 1990, Frost & Vassallo, 1996). The
commonly accepted view is that the n and n, are the
coupled antisymmetric and symmetric vibrations
(Brindley et al, 1986; Michaelian et al., 1987). These
bands are in similar positions as observed for the New
Zealand 7 A halloysite (3680, 3670, 3650 and 3628
cm’, Frost & Vassallo, 1996) as expected, because the
hydrated interlayer will only have a minor effect on
the hydroxyl groups as reflected in the slightly differ-
ent band positions. Dehydroxylation is evidenced by
the loss of signal intensity of the OH stretching modes
between 3600 and 3700 cm™' (Fig. 4). Below 300°C a
strong decrease in intensity of the n, and n, is observed,
in contrast to n and n, which do not show a decrease
within the experimental error, followed by a slow de-
crease of all intensities up to approximately 500°C.
Between approximately 500° and 550°C a rapid de-
crease to almost zero is observed for all the bands and
the bands can not be observed at temperatures above
600°C. This seems to suggest that the different
hydroxyls of the halloysite are being removed at dif-
ferent temperatures or at different rates, in contrast to
earlier IES observations of the dehydroxylation of
kaolinite (Frost & Vassallo, 1996). It appears that the
loss of the inner hydroxyl band is nearly linear over
the temperature range between 300° and 500°C. The
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Figure 1. X-ray diffraction patterns of 10 A halloysite from the Weillen cryptokarst and 7 A halloysite from New Zealand. The
sharp reflections in the New Zealand samples are due to quartz impurities.
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Figure 2. Infrared emission spectra in the hydroxyl-stretching region between 3500 and 3750 cm™ of 10 A halloysite from 250°
to 800°C at 50°C interval showing the decrease in intensities of the OH-stretching modes.
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Figure 3. Band component analysis of the infrared emission spectrum in the hydroxyl stretching region-between 3550 and 3750
cm” of 10 A halloysite at 300°C showing the inner surface n, and n, and outer surface n, and n, OH-stretching modes.
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Figure 4. The variation of the relative intensities of the bands associated with the hydroxyl-stretching modes as function of the
temperature based on the band component analysis data.
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change in slopes of the temperature-relative intensity
graph around 500°C support the hypothesis that two
different mechanisms are working during the dehydro-
xylation of the 10 A halloysite. It is further notewor-
thy that the IES bands at 920 and 938 cm' are removed
on heating at the same rate and disappears at the same
temperature as the hydroxyl-stretching bands (Fig. 5).
This is not unexpected as these bands are attributed to
the accompanying inner and outer or inner sheet Al-
OH libration modes (Farmer, 1974).

Figure 5 depicts the IES spectra of the 10 A halloysite
in the low frequency region. Prominent bands can be
observed around 457, 472, 537, 693, 754, 798, 920,
1015 and 1117 cm™. These bands agree well with ear-
lier observations of other kaolins and with the Raman
spectrum of the 10 A halloysite (Kloprogge & Frost,
1999). Table 1 reports the IES lattice modes and com-
pares them with the Raman data. Strong changes are
observed between 450° and 500°C as expected from
the hydroxyl-stretching region. The bands that disap-
pear in this temperature interval are either associated
with OH libration (920 cm™) or translation modes (798,
754 and 693 cm™). The band at 537 cm’' is thought to
be the Si-O-Al in plane bending mode similar to the
541 cm™'band observed for kaolinite (Frost et al., 1993).
Upon heating and dehydroxylation this bond is altered
and is lost above 500°C. At higher temperatures only
very broad bands around 800 cm, a weak shoulder

around 900 cm™ and two broad bands around 1000 and
1175 cm™ can be observed. The first two are associ-
ated with the formation of new Al-O type of bonds
whereas the other two are associated with Si-O bonds
in the dehydroxylated halloysite, an X-ray amorphous
phase with a spectrum that starts to resemble that of
mullite.

In conclusion it can be said that infrared emission
spectroscopy is a very powerful tool in the study of
dehydroxylation mechanisms of halloysite. The IES
spectra clearly show the temperatures at which the
dehydroxylation starts and when it is complete. The
spectra clearly show that the vibrations that involve
OH groups undergo dramatic changes upon heating,
whereas the Si-O bands remain large unchanged.
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Figure 5. Infrared emission spectra in the low frequency region between 450 and 1400 cm™! of 10 A halloysite from 200° to 800°C
at 50°C interval showing the changes in the OH-libration modes due to dehydroxylation and the formation of a new X-ray
amorphous phase with broad bands above approximately 500-550°C.
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10 A halloysite 10 A halloysite Raman Dehydrated halloysite Assignment
IES this study (Kloprogge and Frost, 1999) (Frost and Shurvell, 1997)
(cm™) (cm™ (cm™)

Vi LLUL7 1100 Si-O stretch
v, 1015 Si-O stretch
V3 938 944 Al-OH libration
V4 920 e 910 910 Al-OH libration
Vs 826 844 Si-O-Al deformation
Vg 798 794 779 OH translation
\2] 754 748 728 OH translation
Vg 693 710 693 OH translation
Vo 537 548 540 Si-O bend
Vio 503 510 Si-O bend
A 472 465 Si-O bend
Vi2 457 430 442 Al-O stretch

Table 1. Band positions in the IES low frequency region of 10 A halloysite and comparison to the Raman spectrum of 10 A

halloysite and to dehydrated halloysite.

6. References

BRINDLEY, G.W., CHIH-CHUN, K., HARRISON,
J.L., LIPSISCAS, M. & RAYTHATHA, R., 1986.
Relation between the structural disorder and other char-
acteristics of kaolinites and dickites. Clays and Clay
Minerals, 34: 233-249.

BRINDLEY, G.W. & LEMAITRE, J., 1987. Thermal,
oxidation and reduction reactions of clay minerals. In:
A.C.D. Newman, ed., Chemistry of Clay and Clay
Minerals. Mineralogical Society, London, Longman,
Monograph 6: 319-370.

DUPUIS, C., 1992. Mesozoic kaolinized giant regoliths
and Neogene halloysitic cryptokarsts: two stricking
paleoweathering types in Belgium. /n: Schmitt, J.-M.
& Gall, Q, eds., ENSMP Mémoires de. Science de la
Terre, 18: 61-68.

FARMER, V.C., 1974. The layer silicates. In: , V.C.
Farmer, ed., The infrared spectra of minerals. Minera-
logical Society, London, 331-363.

FROST, R.L., FREDERICKS, PM. & BARTLETT,
J.R., 1993. Fourier transform Raman spectroscopy of
kandite clays. Spectrochimica Acta, 49A: 667-674.
FROST, R.L. & VASSALLO, A.M., 1996. The
dehydroxylation of the kaolinite clay minerals using
infrared emission spectroscopy. Clays and Clay Min-
erals, 44: 635-651.

FROST, R.L., FINNIE, K., COLLINS, B. & VAS-
SALLO, A.M., 1995. Infrared emission spectroscopy
of clay minerals and their thermal transformations. In:
Fitzpatrick, R.W., Churchman, G.J. & Eggleton, T.,
eds., Proc. 10" Int. Clay Conf., Adelaide, Australia,
CSIRO Publications, July 1995: 219-224.

HAN, X. & CHEN, K., 1982. Infrared absorption spec-
tra of minerals of the kaolinite-halloysite series. Dizhi
Kexue, 1: 71-79.

HOFMANN, U., ENDELL, K. & WILM, D., 1934.
X-ray and colloid-chemical studies of clay. Ange-
wandte Chemie, 47: 539-547.

HOLDRIDGE, D.A. & VAUGHAN, E.,, 1957. The kao-
lin minerals. In: R.D. Mackenzie , ed., The differential
thermal investigation of clays. The Mineralogical So-
ciety, London, 123-125.

JOHNSTON, C.T.,AGNEW, S.F. & BISH, D.L., 1990.
Polarised single crystal Fourier-transform infrared
microscopy of Ouray dickite and Keokuk kaolinite.
Clays and Clay Minerals, 38: 573-583.
KLOPROGGE, J.T. & FROST, R.L., 1999. Raman
microprobe spectroscopy of hydrated halloysite from
a Neogene cryptokarst of South Belgium. Journal of
Raman Spectroscopy, in press.

MACKENZIE, K.J.D., 1973. Simple high-temperature
infrared cell and its application to the dehydroxylation
of kaolinite. Journal of Applied Chemistry and Bio-
technology, 23: 903-908.

MAITI, G.C. & FREUND, F,, 1981. Dehydration-re-
lated proton conductivity in kaolinite. Clay Minerals,
16: 395-413.

MEHMEL, M., 1935. Uber die Struktur von Halloysit
und Metahalloysit. Zeitschrift fiir Kristallographie, 90:
35-43.

MICHAELIAN, K.H., BUKKA, K. & PERMANN,
D.N.S., 1987. Photacoustic infrared spectra (250-
10,000 cm™) of partially deuterated kaolinite. Cana-
dian Journal of Chemistry, 65: 1420-1423.
NEWMAN, A.C.D., 1987. The interaction of water
with clay mineral surfaces. /n: A.C.D. Newman, ed.,
Chemistry of clays and clay minerals, Mineralogical
Society, London, Longman, Monograph 6: 237-274.
NICAISE, D., DUPUIS, C. & DE PUTTER, T., 1995.
Pure halloysite occurrences in Neogene cryptokarsts of
the Entre-Sambre-et-Meuse (Southern Belgium) area.




220

J. Theo KLOPROGGE & Ray L. FROST

In: Euroclay 95 August 20-25, 1995 Field trip guide.
PAMPUCH, R., 1971. Le mécanisme de la déshydro-
xylation des hydroxides et des silicates phylliteux.
Bulletin du Groupe Frangais des Argiles,23: 107-118.
PAMPUCH, R., 1973. Applying IR spectroscopy to
thermal decomposition of hydroxides and phyllosili-
cates. In: V. Boldyrev and K. Meyer, eds., Festkorper-
chemie. East Germany Verlag Grundstoffindustrie,
Leipzig, 179-193.

STUBICAN, V. & ROY, R., 1961. Proton retention in
heated 1:1 clays studied by infrared spectroscopy,

weight loss and deuterium uptake. Journal of Physics
and Chemistry, 65: 1348-1351.

VASSALLO, A.M., COLE-CLARKE, P.A., PANG
L.S.K. & PALMISANO, A., 1992. Infrared emission
spectroscopy of coal minerals and their thermal trans-
formations. Journal of Applied Spectroscopy, 46: 73-
78.

Manuscript received on 01.02.1999 and accepted for
publication on 01.10.1999




