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Thermal dehydroxylation in surface modified

kaolinite

B. JALAJAKUMARI, K. G. K. WARRIER, K. G. SATYANARAYANA
Regional Research Laboratory (CSIR), Trivandrum 695 019, India

Metakaolinite with increased surface area has been prepared by a thermal decomposition-
hydration-redecomposition technique. An attempt has been made to characterize the new
phase using solid state nuclear magnetic resonance (NMR) and Raman spectroscopy, and
transmission electron microscopic (TEM) studies, and to compare with the metakaolinite
obtained by normal heating. Raman and solid state NMR spectral data indicate that additional
vacuum treatment procedure removes further hydroxyls from the metakaolinite. TEM studies
show the changes in shape and size of particles during the dehydroxylation treatments.
Dielectric properties measured on samples of kaolinite, metakaolinite and the vacuum-treated
kaolinite showed distinct evidence of the dehydroxylation reactions taking place as a result of

the thermal treatments.

1. Introduction

Kaolinite has found a variety of applications in
industry for many years. For all high-temperature
uses of kaolinite, the removal of the hydroxyl groups
and conversion to the metakaolinite state before pass-
ing to spinel and mullite phases is very important and
has been the subject of detailed study [1-5]. The major
techniques involved in such studies have been thermo-
gravimetry and differential thermal analysis, infrared
spectroscopy and X-ray diffraction. However, the
results from these studies were rather inadequate to
explain fully the dehydroxylation reactions and the
structure of metakaolinite, because the infrared (IR)
spectra showed diffuse and broad bands and the X-ray
diffractograms (XRD) of metakaolinite did not show
any powder pattern [6]. Recent studies by Mackenzie
et al. [7] were able to establish the sequence of
kaolinite dehydroxylation by studying the atomic
environments of both silicon and aluminium through
#Si and Al solid state nuclear magnetic resonance
(NMR) using magic angle spinning by involving the
remaining hydroxyls in metakaolinite. Raman spec-
tral data were also used effectively in the identification
of the hydroxyls present in kaolinite minerals [8, 9]
and this technique has certain advantages over using
IR spectra alone because the latter are based mainly
on the change in dipole moments [10]. However, both
these techniques could be used complementary to one
another to interpret the thermal dehydroxylation
reactions in kaolinite.

Normally metakaolinite is prepared by calcining
kaolinite above the dehydroxylation temperature. A
modified heat treatment procedure reported earlier
[11, 12] was found to result in a dehydroxylated
kaolinite with increased surface area and was used in
our study on the clay-polymer composites [13]. In the
present investigation an attempt is made to charac-
terize this surface-modified powder and compare it
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with the metakaolinite prepared by simple calcination,
using various techniques such as DTA, IR, Raman
and solid state NMR spectroscopy. An electron
microscopic study was conducted to investigate the
change in particle size and shape due to thermal
modification. The dielectric properties of kaolinite,
metakaolinite and the sampie prepared by modified
heat treatment have been interpreted based on the
extent of dehydroxylation, because the hydroxyl
groups contribute towards the electrical conduction in
such powders [14].

2. Experimental details

Kaolinite clay was collected from Trivandrum
District, Kerala State, India, and it was washed and
dried to pure kaolinite (WC). About 10g clay were
heated to 650° C for 5 h, immediately dispersed in cold
water under vigorous stirring, dried and again heated
in vacuum at 450°C for 4h (VT). Similarly a 10g
sample was heated at 650°C for 5h to obtain the
metakaolinite (MK). The kaolinite (WC), metakao-
linite (MK) and the vacuum-treated kaolinite (VT),
were used for further investigation.

The DTA was taken in Du Pont thermal analyser
at a heating rate of 10°Cmin~' using alumina as
standard. The surface areas of the samples were
measured by the BET method. XRD patterns were
taken in a Philips diffractometer with a copper target
and IR spectra were taken in a Perkin Elmer instru-
ment by the KBr pellet method. Raman spectra were
recorded with a Spex Ramalog instrument using the
488 nm line of a spectra-physics 165 Ar* laser for
excitation. The solid state magic angle spinning NMR
spectra of samples were obtained on a XL 200 Varian
spectrophotometer at magic angle spinning speeds
upto 2600 1.p.s. The transmission electron microscope
used was Jeol JEM 100 B. The diclectric measure-
ments were conducted on a precision capacitance
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Figure I DTA curves of WC, MK and VT.

bridge (GR 716) in the frequency range 10° to 10° Hz
and on a Marconi circuit magnification meter
(TF 329 G) in the range 10° to 10" Hz by applying the
resonance curve method.

3. Results and discussion

3.1. Chemical composition

Table 1 gives the chemical constituents of the starting
kaolinite sample. Being high in alumina and low in
iron and alkalies this sample should behave as true
kaolinite during thermal treatment.

3.2 Thermal analysis

The DTA curves of WC, MK and VT presented in
Fig. 1 show a small endothermic peak due to the loss
of adsorbed water at 110° C. The endothermic peak at
590° C for WC corresponds to dehydroxylation lead-
ing to formation of metakaolinite [15]. The endo-
thermic peak is absent in both MK and VT. The
exothermic peak at 975°C in kaolinite due to the
spinel formation [4] is present in MK at the same
temperature, which has been shifted down to 940°C
in the case of the VT sample. Possibly the reactivity
of the particle was enhanced by the hydration-
redecomposition process.

3.3. Surface area

Table IT shows the results of BET surface area
measurements on WC, MK and VT. WC had a sur-
face area of 15m?g~' which was not appreciably
changed due to simple calcination to metakaolinite
(MK). However, the surface area of WC after the
thermal decomposition-hydration-redecomposition
treatment was found to increase to 29m” g~'. As has
already been reported [12] scanning electron micro-

TABLE I Chemical analysis of the kaolinite

Constituent (%)
Si0, 46.02
AL O, 37.3
Fe, O, 0.9
TiO, 0.67
MgO 0.28
CaO Trace
K,O 0.45
Na,O 0.18
Loss on ignition 14.2

scopy of the treated powder has shown some sort of
surface porosity and this could be the reason for the
increased surface area.

3.4. IR and Raman spectra

The appearance of a band in the Raman spectrum is
dependent on a derivative of the polarizability of a
system in the time of duration of a vibration respon-
sible for a band. From the selection rule it emerges
that bands of highly symmetrical vibrations are weak
in infrared and strong in Raman spectra [16]. Hence a
comparison of IR and Raman spectra provides scope
for evaluating the degree of depolarization of a band
to distinguish a symmetrical vibration from an
asymmetrical one. In short, for a complete analysis of
a vibrational spectrum, the IR and Raman spectra
should be involved and conclusions drawn such that
they are complementary to each other [8].

Fig. 2 shows the IR spectrum of WC, MK and VT
samples. The IR spectrum of WC shows characteristic
peaks for OH stretching modes between 3705 and
3620 cm ' [17, 18]. There are well-defined peaks in the
range 1100 to 400 cm ' responsible for Si-O, Si-O-Al
and AI-OH linkages [18]. However, the IR spectra of
MK and VT are broad and not individually sharp in
the range 3620 to 3705cm ™', possibly due to the
overlap of symmetrical group vibrations. Further, the
bands in the range 1100 to 400 cm ' are diffuse, prob-
ably because of the effect of the heat treatment of
kaolinite and the subsequent removal of hydroxyls.

Figs 3 to 5 present the Raman spectra correspond-
ing to WC, MK and VT. In the range of hydroxyl
groups, the Raman spectrum of WC shows five
characteristic peaks similar to these reported for
kaolinite [8, 9] at 3626, 3654, 3667, 3686 and
3692cm~'. However, MK and VT retained the peaks
appearing at 3686 and 3692 cm ™' in WC at almost the
same position, whilst there was a slight shift for the
3692cm ™! peak to 3694cm™' in MK and VT. The
peaks at 3626 and 3654cm™' in kaolinite, although
retained in MK, are surprisingly absent in VT. This
could be clear evidence of the further removal of
hydroxyls reported to be retained in metakaolinite.

The reduction in the intensity of the peak at
3667 cm ™' and subsequent shift to 3663 cm ™' are also
indicative of the partial removal of the hydroxyls from
metakaolinite as a result of the vacuum treatment.
However, the peak at 3686 cm ' observed in WC has
been retained in MK with reduced intensity, and is still
retained in VT. Reduction of the intensity of this peak
indirectly indicates the removal of inner hydroxyls.
The OH bending vibration at 911cm ™' [17] in WC,
being shifted to a higher range in MK, also indicates
the involvement of the OH group in the dehydroxyl-
ation reactions. A large number of additional peaks

TABLE 11 Surface area of WC, MK and VT

Surface area (m”g™")

wC 15
MK 14
vT 29
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Figure 3 Raman spectra of WC, MK and VT in the 3620
to 3725cm ™! region.
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have appeared in the Raman spectra when compared
with IR spectra. Once these peaks are identified, which
is difficult on the basis of the present level of infor-
mation, it will be much easier to interpret the effect
of heat treatment on kaolinite. On the other hand,
this indicates the possibility of involving the Raman
spectra combined with IR spectra for explaining the
thermal transformation in kaolinite.

3.5. Solid state NMR

The *Si and Al NMR spectra of the three samples
WC, MK and VT are shown in Fig. 6. The *Si spec-
trum for kaolinite shows a single resonance at about
—91.47 p.p.m., but the clay heated to 650° C shows a
single broad resonance centred at about —98.6 p.p.m.
with respect to TMS. This is identical with the spec-
trum of metakaolinite already reported [7]. The meta-
kaolinite is reported to retain about 12% of its
original hydroxyls which even after heating at 800° C,
could not be completely eliminated [7]. The NMR
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Figure 4 Raman spectra of WC, MK and VT in the 1700
to 690cm ™! region.

wc

spectrum of VT as seen from Fig. 6c shows the shift
of the broad peak to — 102 p.p.m., similar to that
observed by Mackenzie et al. {7] on kaolinite heated
to 800° C. This phenomenon is probably due to the
Si-O-Si (Al) bond angles, as calculated from Si-O and
Al-O distances [7]. Further an additional shoulder
appeared in VT at — 80 p.p.m. which is absent in MK
and this provides evidence confirming Si-O layers
or the formation of Si-O bonds from early spinel
precipitation.

Figs 6d to f show the Al NMR spectra of the three
different samples. The principal resonance in WCis in
the expected position for octahedral aluminium
coordinated to hydroxyl groups; splitting may be due
to the presence of more than one silicon site or to the
effect of an electric field gradient at the quadrupolar
aluminium nucleus [7]. MK shows an octahedral alu-
minium resonance at about —0.8 p.p.m. and tetra-
hedral signals at about 65 p.p.m. An additional peak
at 34.6 p.p.m. can be detected in Fig. 6e as reported for

MK

Figure 5 Raman spectra of WC, MK and VT in the 650 to
100cm ™' region.
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Figure 6 High resolution solid state NMR spectra of WC, MK and
VT. Spinning speed 2600 r.p.s. (a) to (c) Si spectra, (d) to (f) YAl
spectra.

metakaolinite and dehydroxylated pyrophyllite [19].
The tetrahedral signal has shifted to 66.6 p.p.m. in the
case of VT (Fig. 6f), as was observed for kaolinite
heated to 800°C [7]. However, no recrystallization
takes place by additional vacuum treatment as pre-
sented in Fig. 7. XRD patterns of VT are similar to
that of MK (Fig. 7).

3.6. Microscopic observations
Figs 8a to ¢ show the TEM of WC, MK and VT
particles. WC, as seen from Fig. 8a reveals the flaky
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nature of kaolinite with an average particle size of
about 0.37 yum. On heating metakaolinite to 650°C,
the powder acquired an agglomerated structure, as
was reported earlier (20), with an average particle size
of about 0.75 um (Fig. 8b). However vacuum treat-
ment resulted in considerable deagglomeration of MK
to fines of average size 0.25um (Fig. 8¢) with a
regular shape and irregularities on the surface which
would have caused an increase in surface area and
hence the higher reactivity [13, 20].

3.7. Dielectric behaviour

Dielectric measurements at 32° C on the WC, MK and
VT presented in Figs 9, 10 and 11 reveal the decrease
in dielectric constant (K) and dielectric loss (tan o)
with frequency in accordance with the normal trend
for dielectrics [21]. The sharp decrease of K at low
frequencies has been attributed to space charge polar-
ization in this frequency range [21, 22]. At higher
frequencies, K becomes practically frequency indepen-
dent. The K value of 2.8 at a frequency of 10° Hz
agrees with that reported by Bhattacherjee et al. [23]
for kaolinite. The frequency-independent low values
of K indicate that the space charge polarization effect
is negligible in kaolinite at these frequencies [23].
Dielectric loss (tan §) measurement also shows similar
variations with frequencies in WC similar to those
reported [23]. As seen from the above results, it is
assumed that ionic contribution is very pronounced in
WwC.

The K and tan § values of MK and VT follow
similar trends as in WC, as is clear from Figs 10 and
11. However, the decrease here is not that steep,
because of the prior hydroxyl removal, the absolute
values of K and tan 6 in VT being still less than that
in MK essentially due to further removal of hydroxyls
from metakaolinite by the vacuum treatment pro-
cedure. The dielectric measurements as explained
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Figure 7 XRD pattern for WC, MK and VT.

39 37 35 33 31
20 l(degq)

29 27 25 23 21 19 7 I5

2657



based on the dehydroxylation could be supported by
NMR and Raman spectra and TEM studies.

To sum up, the observations made from the thermal
analysis curve and surface area measurements that
dehydroxylation followed by the vacuum treatment
adopted to prepare VT have resulted in a type of
metakaolinite with increased activation and surface
area, compared to the corresponding metakaolinite
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Figure 9 Variation of dielectric constant and dielectric loss (tan 4)
with frequency of WC at room temperature.
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Figure 8 Transmission electron micrographs of (a) WC, (b) MK and
(c) VT.

prepared by simple calcination. However, the IR spec-
tra and XRD of MK and VT probably do not explain
the characteristics of these particles. Recent tech-
niques such as Raman spectra and solid state magic
angle spinning NMR have indicated the extent of
hydroxyl removal. Raman spectra could be used as an
effective tool to study the transformation in kaolinite,
as was found in the present investigation, especially
when coupled with the IR spectral data. Similarly, the
increasing resonance value in *Si NMR from WC to
VT through MX indirectly indicates the removal of
further hydroxyls from the metakaolinite which has
been reported to retain 12% of the hydroxyls from
kaolinite [7]. The transmission electron microscopic
pictures show that a total change in the particle size
and shape has taken place due to thermal treatments.
The dielectric properties are in line with the assump-
tion of decreasing K and tan é values with increasing
frequencies.

4. Conclusions

1. Dehydroxylation of kaolinitic clay could be
achieved by the dehydroxylation vacuum treatment
technique.

2. Raman and IR spectra, when used jointly,
could reveal adequate information on the extent of
dehydroxylation in kaolinite.

el
x
Z st
<{
=
w
z 1.4
o
(]
O L3
@
=
© —
L_',‘l 1.2 MK
Ll
oyt
O\O\o_y-r
1 1 1 t !
102 103 104 105 106 107

FREQUENCY (Hz)

Figure 10 Variation of dielectric constant (k) with frequency of MK
and VT at room temperature.
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Figure 1! Variation of dielectric loss (tan §) with frequency of MK
and VT at room temperature.

3. Si and Al magic angle spinning NMR spectra
could be used to study the environment of aluminium
and silicon atoms in the kaolinite as well as in the
dehydroxylated forms.

4. The dielectric property of kaolinite with and with-
out dehydroxylation can be explained based on the
information jointly obtained from the instrumentation
techniques such as Raman and NMR spectroscopy.

Acknowledgement

The authors thank Dr A. D. Damodaran, Director,
Regional Research Laboratory, Trivandrum, for
permission to publish this paper. The authors also
thank Dr K. J. D. Mackenzie and Dr R. H. Meinhold,
DSIR, New Zealand, for NMR spectra and Dr G.
Aruldas, Department of Physics, University of
Kerala, for the Raman spectra. They are also grateful
to Professor K. V. Rao and Dr. S. Bhattacherjee,
Department of Physics, Indian Institute of Tech-
nology, Kharagpur, for dizlectric measurements and
to the staff of the Ceramics Division, Regional
Reseach Laboratory, Trivandrum, for cooperation in
the course of this work.

References

[. W. E. CAMERON, Admer. Mineral. 62 (7-8) (1977) 147.

2. M. BULENS, A. LEONARD and B. DELMON, J.
Amer. Ceram. Soc. 61 (1978) 81.

3. A. J. LEONARD, ibid. 60 (1977) 37.

11

12.

13.

14.

15.

16.

20.

21,

22.

23.

A. K. CHAKRABERTY and D. K. GHOSH, ibid 61
(1978) 170.
I. W. M. BROWN, K. J. D. MACKENZIE, M. E.

BOWDEN and R. H. MEINHOLD, ibid. 68 (1985) 298.
R. H. MEINHOLD, K. J. D. MACKENZIE and
I. W. M. BROWN, J. Mater. Sci. Lets. 4 (1985) 163.

K. J. D. MACKENZIE, I. W. M. BROWN, R. H.
MEINHOLD and M. E. BOWDEN, J. Amer. Ceram. Soc.
68 (1985) 293.

A. WIEWIORA, T. WIECKOWSKI
LOWSKA, Arch. Mineral. 135 (1979) 5.
C. T. JOHNSTON, G. SPOSITO and R. R. BIRGE,
Clays and Clay Mineral. 33 (1985) 483.

E. B. WILSON, J. C. DECIUS and P. C. CROSS,
“Molecular Vibrations” (McGraw-Hill, New York, 1955)
pp. 34-53.

N. S. H. PETRO, W. E. MOURAD and B. S. GIRGIS,
Surface Technol. 13 (1981) 189.

B. JALATAKUMARI, P. KRISHNA PILLAI, K. G. K.
WARRIER and K. G. SATYANARAYANA, J. Mater.
Sci. Lett. 5 (1986) 865.

B. JALAJAKUMARI, P. KRISHNA PILLAI, K. G. K.
WARRIER and K. G. SATYANARAYANA, Trans. Ind.
Ceram. Soc. 45 (5) (1986) 123.

A. K. DATTA and S. BHATTACHERIEE, J. Mater.
Sei. 21 (1986) 1041.

D. N. TODOR, “Thermal Analysis of Minerals” (Abacus,
Kent, England, 1976) p. 215.

K. NAKANISHI and P. H. SOLEMON, “Infrared
Absorption Spectroscopy” (Holden-Day, San Francisco,
1977) p. 75. '

M. NEAL and W. E. WORRAL, J. Brit. Ceram. Soc. 76
(1977) 57.

K. RAMASWAMY and M. KAMALAKKANNAN, /nd.
J. Pure Appl. Phys. 25 (1987) 284.

K. J. D. MACKENZIE, I. W. 5. BROWN, R. H.
MEINHOLD and M. E. BOWDEN, J. Amer. Ceram. Soc.
68 (1985) 266.

B. JALAJAKUMARI, K. G. K. WARRIER and K. G.
SATYANARAYANA, in Proceedings of the National Con-
ference on the Refractory Industry in India, Trivandrum,
Indian Ceramic Society, September 1987, p. 53.

A. K. DATTA and 8. BHATTACHERIJEE, J. Mater.
Sci. 21 (1986) 1041.

S. LOKA NATHA and S. BHATTACHERIJEE, Trans.
Ind. Ceram. Soc. 45 (1986) 41. .

S. BHATTACHERIJEE, Ind. J. Pure Appl. Phys. & (1971)
1054.

and A. SOKO-

Received 6 January
and accepted 29 July 1988

2659



