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Abstract: Sepiolite containing minerals from various regions of Turkey were
processed to investigate their sintering behaviour over a wide temperature range.
The sintering was studied by mercury porosimetry and nitrogen adsorption
(BET). Microstructural features were investigated using SEM and TEM techni-
ques. Physico-chemical and microstructural characterization of the sintered
ceramic bodies demonstrated unusuval pore structure (mean pore size of
0.02 micron within the range of 0.015-1.0 micron) retained even at temperatures as
high as 1000 °C. A low linear shrinkage of 7.28% at 1100 °C indicates the potential
promising applications in the field of filtering, molecular sieving and adsorption
at higher temperatures. © 1997 Elsevier Science Limited and Techna S.r.l.

1 INTRODUCTION

Sepiolite is a hydrated magnesium silicate which
consists of fibrous talc-like layers stacked in long
ribbons with micro-channels and grooves parallel
to the fibre axis. Based on such structural features
and due to its high surface area along with the
existence of a high physico-chemical activity, sepio-
lite is used in numerous applications such as filtering,
adsorption, decolourization and molecular sieving.
An ideal formula for sepiolite can be given as:

Si]gMggOn.nHzO

It is shown that, on heating, the sepiolite structure
loses bound water along with the loss of zeolitic
water, resulting in tilting in the silicate layers (i.e.
folding in the crystal) transforming the structure
into a dehydrated form (sepiolite anhydride).!2
Although, there have been a considerable num-
ber of studies on sepiolite devoted to structural
analysis,>® surface and adsorption characteris-
tics,”® dehydration behaviour,!%-!4 rheological and
catalytic properties'*"!8 and other physico-chemical
characteristics,!°"%2 there is a considerable lack of
information and data on the sintering of sepiolite
base ceramic materials. The sintering behaviour of
sepiolite can have interesting characteristics, since

*To whom correspondence should be addressed.
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sepiolite is an unusual material which has struc-
tural features that may lead into further applica-
tions as a bulk ceramic material. In this regard, the
purpose of the present study is to investigate
the sintering behaviour along with the physical
characteristics of the heated and unheated sepiolite
samples. Microstructural features and physical
properties of the sintered samples were also deter-
mined for the evaluation of the material’s charac-
teristics.

2 EXPERIMENTAL

Natural sepiolite samples of Eskisehir-Sivrihisar
region were collected in as-received forms, crushed
and ground into powdered form using 45 mesh
sieves. Eskisehir-Sivrihisar, brown coloured sepio-
lite is denoted as Sepiolite A; Eskisehir-Sivrihisar,
beige coloured sepiolite is denoted as Sepiolite B.
The chemical analysis of both sepiolite samples
determined by atomic absorption method are given
in Table 1. As for the compositional features con-
cerned, one should note that the sample A is
sepiolitic-dolomitic, while the sample B can be
considered as purely sepiolitic in nature. Particle
size and distribution analysis of powdered samples
using sedigraph indicates that 50% of Sepiolite A is
under 2 micron in size, while 50% of Sepiolite B is
under 4 micron in size,



306

Powdered samples were then compacted uni-
axially to a bar shaped form (0.4x0.4x4.0 cm)
under 1 ton/cm? pressure. The surface area deter-
minations using BET technique with nitrogen
adsorption, porosity and density measurements
using mercury porosimeter and picnometer,
respectively, are tabulated for the powdered sepiolite
samples in Table 2. The samples of Sepiolite A and
B exhibit surface area values of 244 and 402 m?/g,
respectively. Porosity levels of the samples are

Table 1. Chemical analysis of the sepiolite samples

Sepiolite Sepiolite
A B
SiO, 51.80 64.80
MgO 28.40 23.20
CaO 12.60 1.16
Al,05 1.63 435
FeO 0.69 1.76
TiO, 0.06 0.19
K20 0.24 0.56
Loss of ignition 458 3.98

Table 2. Physical properties of the sepiolite samples

Physical property Sepiolite Sepiolite
A B
Surface area (m?/g) 244 402
Porosity (%) 50.8 47.6
Density (g/cm3) 2.59 2.49

Table 3. Pore size range and mean pore size upon
heating in the sepiolite samples (in micron)

Sepiolite 25°C 900°C 1000°C

sample

A 0.01-0.1 0.03-1.0 0.05-1.0
0.023 0.15 0.13

B 0.015-0.1 0.01-0.03 0.0154.0
0.030 0.015 0.02
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found in the range of 47.6%-50.8%. The density
values are measured to be 2.49-2.59 g/cm?®. Poros-
ity measurements on green and sintered bodies
were made to determine mean pore diameter and
pore size distribution and are shown in Table 3.
Samples were sintered over a wide temperature
range of 300-1200 °C at a heating rate of 10 °C/min
for 1 h sintering hold under normal furnace atmo-
sphere and allowed to cool to room temperature in
the furnace atmosphere. The weight loss and
structural changes during heat treatment were
determined by thermal gravimetric analysis (TGA)
and differential thermal analysis (DTA). Other
physical property measurements for the percent
shrinkage after sintering, percent porosity, pore
size¢ and pore size distribution and three-point
bending test were carried out on the sintered sam-
ples. X-ray and IR spectral analyses were also per-
formed on as-received powders and the sintered
samples. The microstructures of the as-received,
compacted and sintered samples were studied by
SEM and TEM techniques. TEM studies were
made on the loose powders of as-received sepiolite
samples. A very dilute solution of ground and
sieved powders with 0.3% Formvar in chloroform
was prepared, and small drops of this suspension
were air dried on the carbon coated copper grids.
The grids were then coated with ~200 A carbon.

3 RESULTS AND DISCUSSION

DTA and TG analysis were employed to study the
structural alteration of the sepiolite samples upon
heating. DTA and TGA curves, which were recor-
ded simultaneously with a heating rate of 10°C/
min, are shown in Fig. 1(a) and (b). DTA curves
show structural alteration during the heat treatment
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Fig. 1. DTA and TGA curves for the sepiolite samples: (a) sample A; (b) sample B.
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Table 4. Crystallization products of the sepiolite
samples upon heating (as determined by XRD analy-

sis)
Sepiolite Sepiolite
A B
25°Cand Dolomite Sepiolite
300°C Sepiolite Dolomite
900°C Diopside Clinoenstatite

Clinoenstatite
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of both sepiolite samples, exhibiting endothermic
peaks at 65-120°C which indicate the loss of zeo-
litic water, while endothermic peaks at 275-325°C
and 425-500°C show two step removal process of
coordinated water molecules. It should be noted that
similar DTA curves for various sepiolite samples
have been reported in some literature.!>!3 In the
range of 775-830°C, it is observed that a final endo-
therm is present, followed by distinct exothermic
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Fig. 2. XRD patterns of the sepiolite samples (a) at room temperature and (b) at 900°C. A — Sepiolite A; B — Sepiolite B.
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Fig. 3. The infrared spectra for the sepiolite samples: (a) sample A; (b) sample B.
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peaks at 830-925°C. The endothermic peak may
be associated with the loss of hydroxyl groups,
while the exotherms suggest the recrystallization of
other modified structures which were also reported
in the previous studies.!>!3

TGA evaluation of the sepiolite samples consis-
tent with the DTA data showed loss of the zeolitic
and coordinated, bound water molecules and
dehydroxylation of sepiolites during the heat
treatment. The dehydration behaviour of samples
A and B are comparable to those described in pre-
vious studies.>!%!> TGA curves given in Fig. 1(a)
and (b), suggest that weight loss during heating
caused by the removal of zeolitic water occurs at
temperatures below 150 °C, while the loss of bound
water molecules occurs in two steps at about 200-
350°C and 350-600°C. The final weight loss at
600-800°C is caused by dehydroxylation of the
sepiolite samples. As can be seen in Fig. 1(b), the
TGA curve for the Sepiolite B sample exhibits a
more gradual weight loss behaviour after 350°C
compared with that of the Sepiolite A sample.

X-ray diffraction patterns for as-received powders
and samples heated up to 1000 °C were analysed and
phase identification was carried out. The results are
tabulated in Table 4 and shown in Fig. 2(a) and

Table 5. % porosity level upon heating in the sepiolite

samples
Sepiolite 25°C 900°C 1000°C 1100°C
samples
A 50.8 54.0 52.6 499
B 476 55.0 4.4 12.0
b (900°C)
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Fig. 4. Cumulative intrusion vs pore diameter for the sepio-
lite samples.
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(b). It should be noted that heating of the samples up
to 350°C did not change the XRD pattern reflec-
tions. Further heating of the samples up to 900°C
resulted in the recrystallization of the sepiolites
into the new forms of clinoenstatite and diopside
(Sepiolite A) and clinoenstatite (Sepiolite B).
Infrared spectroscopic analysis of unheated and
heated sepiolites was achieved using KBr discs in
the range of 4000-1200 cm~!. The infrared spectra
for the sepiolite samples heated at 300 and 900°C
are shown in Fig. 3(a) and (b). It was observed that
the spectra for room temperature sepiolites were
identical to those of the samples heated at 300°C
and therefore are not given here. All of the IR
spectral curves show absorption bands located in
the regions of 3425-3680 and 1630-1660 cm~!,
which are assigned to the hydroxyl stretching and
molecular water deformation modes, respec-
tively.>!2 The bands observed at 3680 cm™! corre-
spond to the OH stretching vibration of the Mg-
OH groups, while the bands at 3425 and
3240 cm™! are attributed to the zeolitic water con-
tent. The spectral curve given in Fig. 3(a) also
reveals the presence of a band at 1450 cm~! in the
low temperature spectra for sample A. This band
disappears when the sample was heated to 600°C
suggesting the presence of organic groups. It is
interesting to note that hydroxyl stretching
absorption bands at 3425 and 3570 cm~! can be
identified for the sample sintered at 300°C, while
the band at 3425 cm~! can still be identified for the
sample sintered even at 900°C. The stretching
absorption bands of O-H belonging to zeolitic
water at 3425 cm~! for the sample sintered at

i

Fig. 5. A TEM photomicrograph of the Sepiolite A sample at

room temperature, loose form x 16,000.

Table 6. Linear shrinkage (%) of the sepiolite samples as a function of temperature

Sepiolite 600°C 900°C 950°C 1000°C 1100°C 1160°C 1200°C
samples

A 0.7 442 4.89 6.60 7.28 15.8 17.9

B 0.71 5.97 8.50 16.56 — — 27.6
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300°C seem to shift to 3450 cm~! at 900°C. The
deformation bands appeared at 1630-1660 cm™!
associated with zeolitic and coordination water
suggest that bound water molecules are still pre-
served and trapped within the structure of the
sepiolite sample, even at 900 °C. Such a behaviour
might be explained with internally tilted and col-
lapsed channels which encounter diffusion and
retard the escape of coordinated water from the
crystal structure.'?

The porosity conditions, such as the percent
porosity, mean pore diameter and pore size distri-
bution of the sintered samples, were characterized
by mercury porosimetry. The results for the green
samples and the samples sintered at 900, 1000 and
1100 °C are tabulated in Tables 3 and 5. It should be
noted that both of the sepiolite samples sintered at
900 °C maintained 54-55% porosity level with mean
pore diameter of 0.015-0.15 micron and pore size
distribution in the range of 0.01-1 micron. Such an
unusual pore structure has been kept stable even at
1100°C for the Sepiolite A samples with 49.9%
porosity. However, for the samples of Sepiolite B, a
sharp pore closure occurs at 1100°C reduced to
12%. Cumulative intrusion vs pore diameter for the
green samples of Sepiolite B and the samples sintered
at 900°C are given in Fig. 4. The linear shrinkage
data given in Table 6 also supports this unusual pore
structure of the Sepiolite A samples, indicating
maximum 7.28% shrinkage at 1100°C. It is inter-
esting to note that both samples exhibit low shrink-
age rates up to 600 °C at the level of 0.70-1.43%.

Smooth, creamy white coloured appearance of
the Sepiolite A samples sintered after 600°C sug-
gests a low impurity level in the structure. Three-
point bend tests on sintered Sepiolite A samples
resulted in strength values of 16, 47 and 85 kg/cm?
sintered at 900, 1000 and 1100 °C, respectively.

The morphologies of the loose, as-received sepio-
lite powders were examined using TEM techniques.

Fig. 6. A TEM photomicrograph of the Sepiolite B sample at
room temperature, loose form x16,000.
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As apparent in the TEM micrograph given in Fig. 5,
the Sepiolite A sample is composed of bundles of
short sepiolite fibres of average 1.75 micron length
and 0.5 micron width in size. Small dolomitic par-
ticles are located in between and at the edges of
fibres. In Fig. 6, a TEM micrograph of the Sepiolite
B sample is shown. Sepiolites of average 2.0 micron
length and 0.3 micron width are distributed as fibre
aggregates and individual fibres. The appearance of
this fibrous structure indicates that these sepiolite
samples may have a promising application in the
field of filtering and molecular sieving.
Microstructural evaluation of the fractured sur-
faces was carried out using scanning electron
microscopy techniques. Figure 7(a) shows an SEM-
SEI (secondary electron image) photomicrograph
of a fractured surface of the Sepiolite A sample
sintered at 600 °C. Typical fine fibrous appearance
of the structure can be seen in the sample. Large
fracture holes and cracks in between the fibrous
and fine granular structure can be observed in Fig.
7(b). In Fig. 8, a fractured surface of the Sepiolite
A sample sintered at 950°C is shown to demon-
strate a very fine and loose granular appearance
with microporosities. The effect on the fracture

Fig. 7. SEM-SEI photomicrographs of a fractured surface of
the Sepiolite A samples sintered at 600 °C.
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surfaces of the Sepiolite A samples sintered at
1000°C can be seen in Fig. 9(a) and (b). Particle
size distribution and morphological features exhi-
bit considerable differences in the microstructure.
Hence, it might be suggested that the possible
application of these samples in the field of filter-
ing, molecular sieving and adsorption may have a

ten WOLS

Fig. 8. A SEM-SEI photomicrograph of a fractured surface
of the Sepiolite A sample sintered at 950 °C.
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Fig. 9. SEM-SEI photomicrographs of a fractured surface of
the Sepiolite A samples sintered at 1000°C.
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limitation at that temperature range. Fine fibrous
particles agglomerated loosely in a structure with
continuous channels of 1 micron width [Fig. 9(a)],
whereas in some other areas distinctly observed
sintering is evident, as shown in Fig. 9(b) in which
1-2 micron size pores are regularly spaced and
distributed throughout the structure.

4 CONCLUSION

The present study investigated some of the physical
and structural characteristics and the sintering beha-
viour of sepiolite samples from Eskisehir-Sivrihisar
regions of Turkey. The IR spectra of the sepiolite
samples provided information regarding the removal
of zeolitic and bound water and organics. SEM and
TEM micrographs revealed that the sepiolites have a
fibrous structure consisting of flat laths joined toge-
ther at their edges. Analysis of the structure demon-
strated the porosity development with the mean pore
size values around 0.02 micron in the pore size range
of 0.015-1.0 micron retained at 1000°C. A low linear
shrinkage value of 7.28% was also determined at
temperatures as high as 1100°C. Such results and
findings indicated that the sepiolite has a promising
potential in high temperature applications due to its
microporous and fibrous structure retained at tem-
peratures as high as 1000 °C.
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