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The dehydration transformation in a palygorskite sample has been studied by XRD, by
applying the three-phase model consisting of crystaliine, non-crystalline and paracrystalline
domains. Measurements of the structural parameters characterizing the three domains, showed
that crystallinity of the sample increased whereas distortion decreased up to 300 °C at which
temperature anhydride phase developed. At higher temperatures, distortion, non-crystallinity
and paracrystallinity increased, resulting in the formation of an admixture of anhydride and
amorphous phases due to the expulsion of the entire co-ordinate and some hydroxyl water.
The variations of the structural disorder was found to be anisotropic. The (110) planes were
more vulnerable to disorder than the (01 0) planes.

An attempt was also made to correlate the variations of the structural parameters with that
of the dielectric properties. The variations of dielectric constant and dielectric loss were found
to be related to the amorphous and paracrystalline domains.

1. Introduction

Palygorskite is a clay mineral with double silica chains
(ribbons) with various types of structural disorder
related to vacancies in the octahedral sites [1] and to
ribbon displacements both parallel and perpendicular
to the fibre axis [2, 3, 6]. This mineral contains four
different types of water which have been described as
hygroscopic, zeolitic, co-ordinated and hydroxyl
water; each of which is lost at a different temperature
range. The dehydration transformation has been ex-
plained [5, 6] on the basis of a folding mechanism of
the chains, presuming the interchain bond forces to be
weak as also observed in fibrous polymers [6-8].
Attempts have been made [2, 3] to explain this trans-
formation in terms of two types of layer disorders and
showed that the defect model is compatible with the
concept of a folding mechanism. These structural
disorders increase at higher temperatures as have been
tevealed by X-ray powder diffraction and infrared
spectroscopic studies [2, 9]. Palygorskite and its high
temperature transformation products may be con-
sidered to consist of three types of structural domains,
crystalline, paracrystalline, and amorphous [7]. Usu-
ally such fibrous material is assumed to consist of
crystalline and non-crystalline regions, however, the
highly broadened diffraction profiles and the absence
of higher order reflections in the X-ray powder pattern
of the palygorskite sample, as observed by the present
authors, indicate the existence of a third, poorly
crystailine region [8] which was first termed para-
crystalline [10]. “Paracrystallinity” represents an in-
termediate structural state between fully crystalline
and non-crystalline states. In the paracrystalline state,
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the periodicity of the chains or linear crystallites
composing the material is more or less preserved, but
their orientations are disordered. A three-state model
consisting of crystailine, paracrystalline and non-
crystalline domains may thus represent better the
structural states of palygorskite and its dehydration
products. An attempt has, therefore, been made in the
present work to study the dehydration transformation
in palygorskite in terms of this three-domain model.

2. Theory

The three-domain model [ 7] envisages the coexistence
of crystalline, paracrystalline and non-crystalline do-
mains distributed randomly in the entire body of the
sample without any sharp boundaries. According to
these authors, the total intensity I(s), of X-rays scat-
tered in the direction s from a system composed of the
three domains is given by

Isy = I, + 1, + I

where I, I,, and I, are the scattered intensities from
the crystalline, paracrystalline and non-crystalline
domains, respectively. The three most important
parameters characterizing a three-domain model are
degree of crystallinity (X,), degree of paracrystallinity
(X,) and degree of non-crystallinity (X,.) and are
defined as X, = I/I, X, =1,/I, and X, =1 /I, re-
spectively. Each of these parameters represents the
proportion of the corresponding phase in the entire
sample. The paracrystalline phase is further character-
ized by two additional texture parameters, namely
domain size (M) and distortion (D). Distortion is
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defined as the mean deviation in the position of atoms
in the paracrystalline state from the structural site in
the corresponding crystalline state. This set of para-
meters characterizing a substance having three
domains will be, hereinafter, referred to as structural
parameters. The experimental evaluation of these
parameters is based on the variance (W) and the
integral width (B) of the resuitant diffraction profile of
I, and I, which were defined [7] as
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b= P,M + P,/(D + 1/M)

where P, and P, are fractions of diffracted intensities
from the crystalline and non-crystalline components,
respectively, and o is the range of the diffraction
profile for estimating W and B. From the slope and
intercept of the linear plot of W against ¢ and the
integral width, all the structural parameters can be
calculated.

3. Experimental procedure

The present investigation was carried out on a speci-
men of palygorskite from Florida (PF1-1, from
the Source Clay Repository of The Clay Minerals
Society). Details of the sample preparation and results
of chemical and differential thermal analyses were
already reported [2].

The XRD patterns were recorded on a Philips
Norelco diffractometer using CuK, radiation at 35 kV
and 10 mA and a Ni-Al balanced filter. The 110 and
040 reflections, found suitable for analysis, were
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recorded at intervals of 0.05° (20) applying fixed-step
scanning method. Annealed quartz powder of large
crystallite size was used to obtain the pattern for
instrumental corrections. Necessary corrections for
background and various physical factors affecting the
observed intensities were made [7, 8]. The variance-
range curves were obtained using a 1030 computer.
Dielectric measurements of the hot-pressed samples
were carried out following standard procedure [11].

4. Results and discussions

Figs 1 and 2 show the XRD intensity distribution of
palygorskite samples heated to different temperatures.
Figs 3 and 4 depict the corrected 1 1 0 reflections of the
samples at different temperatures and their corres-
ponding variance-range plots, respectively. Similar
variance-range curves (not shown) were also drawn for
040 reflection. The slopes and intercepts of the vari-
ance-range curves of the 110 and 040 reflections are
shown in Table 1. The different structural parameters
of the three-domain model as described above, were
calculated [12] and are listed in Table II. The ob-
served temperature variations of the dielectric con-
stant and dielectric loss of the sample are shown in
Figs 5 and 6, respectively.

As shown by the data in Table I, the degree of
crystallinity (X;) and domain size (M) increased and
the degree of non-crystallinity (X, ) gradually de-
creased to 300°C. The variations do not, however,
follow any regular pattern. Above 300°C, the non-
crystalline fraction (X,.) increased appreciably and
the crystalline fraction decreased markedly. These
variations are accompanied by an appreciable rise in
the distortion (D) and a reduction in the paracrystal-
lite size. This trend continued to 800°C at which
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Figure 1 Scattered intensity distribution of palygorskite at (a) 300 °C, (b) 200°C, (c) 28 °C and (d) amorphous and of non-crystalline state.
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Figure 2 Scattered intensity distribution of palygorskite at (a) 500 °C (b) 400 °C and (c) amorphous and of non-crystalline state.
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Figure 3 Intensity distribution of 110 reflection of palygorskite at
different temperatures (a 300°C, b 200°C, ¢ 28°C, d 400°C,
& 500°C).

temperature the ordered structure was found to be
destroyed. The diffraction pattern at this temperature
consisted of a broad diffuse halo characteristic of non-
crystalline material.

The structural parameters as derived from the 110
and 040 reflections also varied anisotropically. It is
also seen from Table II, that the values of X, corres-
ponding to both these reflections increased whereas
values of D decreased up to 300 °C. X, increased more
and D also decreased less markedly than in (010)
direction at all temperatures below 300 °C [10]. These
observations suggest that the atomic arrangement in
and stacking of the (110) planes were more ordered
than those of the (010) planes. This observation is
consistent with the results of electron microscope and
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Figure 4 Variance-range curves for the 110 reflection of palygor-
skite at different temperatures (a 500 °C, b 400 °C, ¢ 28°C, d 200°C,
e 300°C).

XRD studies [2, 13] which clearly demonstrate that
the (100) and (1 10) planes form the cleavage faces of
the palygorskite laths parallel to the fibre axis as in
sepiolite [1]. The lattice structure, however, remained
more or less intact up to 300°C above which X,
started decreasing and D increasing, steadily. This
trend suggests that the degree of disorder increased,
marking the onset of the structural breakdown above
300°C. The variations of X, and D along the (110)
and (010) directions indicate that (1 10) planes are
more vulnerable to structural disorder than (010)
planes. This behaviour may be attributed to folding of
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TABLE 1 Results of various range analysis of the X-ray powder diffraction profiles of 110 and 040 reflections at different temperatures

Temperature 110 reflection 040 reflection
O
Slope x 1072 Intercept x 1072 Slope x 1072 Intercept x 10™#
I (nm) I (nm) I (nm) I (nm)
28* 0.441 1.052 0.752 2.541
200 0.376 0.776 0.659 2.085
300 0.366 0.752 0.468 1.075
400 0.538 1.654 0.501 1.367
500 0.668 2.159 0.703 2.300
? Room temperature.
TABLE II Structural parameters of palygorskite at different temperatures
Structural parameters Temperature
28°C 200°C 300°C 400°C 500°C

110 040 110

040 110 040 110 040 110 040

Degree of

crystallinity, X (%) 22 17 30
Degree of

paracrystallinity, X, (%) 33 38 29
Degree of

non-crystallinity, X, . (%) 45 45 41
Paracrystallite size, M (nm) 32 1.9 3.6
Distortion, D (%) 1.25 1.90 1.10

32 26 18 18 14 14

32 38 41 41 40 40

36 36 41 41 40 40
20 3.8 29 27 2.8 20 1.9

1.60 1.00 1.20 1.70 1.50 1.80 1.80
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Figure 5 Variation of dielectric constant (K) with temperature at different frequencies (a 5 x 10?2 Hz, b 10* Hz, ¢ 10° Hz, d 10° Hz).

the double chains around the lines of oxygen atoms
that was caused by the expulsion of the coordinated
water and which resulted in more distortion along
(1 10) than (01 0). This anisotropy can also be ascribed
to critical anisotropic thermal vibrations of the mole-
cules above 300 °C. Another explanation may be that
the expulsion of the water molecules from the micro-
channels introduced variability of interlayer spacings
of the cleavage plane (110), which increased with
temperature [2, 13].

The different phases representing the various dehy-
dration stages of the sample can be identified with the
different structural states [13] and studied in terms
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of particle size [14]. The crystalline phase at 200°C
corresponded to the state when all the zeolitic water
along with some coordinated water escaped resulting
in an increase of X, as shown in Table II and in
particle size along (110) and (010). The phase with
highest degree of crystallinity that developed at 300 °C
may be identified with the anhydride state when most
of the coordinated water escaped with the appearance:
of a new line at 0.92 nm and setting in the ordered
folded state as was also observed earlier [5]. The high
temperature phases at 400 and 500°C with poor
crystallinity (X.) and high order of distortion (D)
represented the structural state which consisted of an
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Figure 6 Variation of dielectric loss (tan 8) with temperature at different frequencies (a 5 x 102 Hz, b 10* Hz, ¢ 10° Hz, d 10° Hz).

admixture of anhydrous and amorphous forms res-
ulting from the expulsion of the admixture co-ordin-
ated water and partial removal of (OH) water. At
500 °C, more hydroxyl water escaped. Consequently
the structure collapsed more resulting in further de-
crease of X, and increase of D as shown in Table 11
X, and X, however, remained more or less the same.

An attempt is also made to correlate the dielectric
and structural properties of this mineral at different
temperatures, similar to those reported for disordered
polymers [6]. It has been reported that the degree of
non-crystallinity was mainly responsible for high di-
electric constant and dielectric loss in a poortly crystal-
line material whereas the paracrystalline region with
considerable distortion constituted the next most im-
portant factor. According to this observation and the
structural parameters listed in Table I1, both dielectric
constant and dielectric loss should increase up to
300°C. Above 300 °C these parameters should again
increase with an increase of X, and D. As expected the
experimentally measured values of these dielectric
parameters follow exactly the same type of temper-
ature variation as mentioned (Figs 5 and 6).
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