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Abstract

This research work provides a technical description of the utilization of natural zeolites in the
synthesis of ceramic composite material using mechanical milling and reactive sintering technique.
Two commercially available minerals (Natural zeolite from Mad in Tokaj region and MOTIM ALO,)
were used as starting raw materials, A comprehensive analysis has been conducted for the
detailed characterization of raw materials as well as produced products, the analysis combines
the mineralogical examination using X-ray diffraction (XRD) together with chemical constituent
determination by (XRF) and thermoanalytical studies using (TG/DTA), heating electron microscope
and thermal conductivity analyzer to determine the influence of sintering temperatures on the
thermal properties of the produced zeolite-alumina composite materials. Based on the results
obtained from XRD, XRF and TG/DTA, the authors have found a great connection between the
composition, firing temperature and thermal properties of the produced ceramic samples.
Keywords: zeolite-alumina, composite materials, uniaxial compaction, thermal properties
Kulcsszavak: zeolit-aluminium-oxid,kompozit anyag, egytengelyl sajtolas, termikus tulajdonsagok

1. Introduction

Currently, ceramics materials both traditional and advance
materials have attracted huge interest in research and industries
[1-14]. Zeolites are a large group of naturally occurring
minerals, normally consist of hydrated aluminosilicates of
sodium, potassium, calcium, and barium which are formed
from largely extending three-dimensional frameworks of
[SiO,]* and [AlO,]* tetrahedra bonded from their corners
with shared oxygen atoms (Fig. 1) [15] . Zeolite is characterized
by their porous structures with large interconnected cavities
that accommodate cations such as Na*, K*, Ca?* and Mg** that
neutralized the negatively charged framework [16,17]. Various
structures (more than 200) are introduced for zeolites, in which
20% is considered as natural minerals and the reminders are
synthetic materials. Zeolite which can be prepared in a high
amount at relatively moderate temperatures is popular for
large-scale applications. Therefore, high-alumina zeolites with
large pore systems, for example, zeolites Linde type A (LTA)
and zeolites Linde type X, are the most highly used zeolites in
industries [15].

Large effort has lately been devoted to produce ceramic
composite materials with enhanced properties using available
and cost-effective materials. Natural zeolites are interesting
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candidates that can be used in the synthesis of many ceramic
composites [18-23] due to their fascinating properties such as
large surface area, high ions exchange capacity, high sorption
capacity and their porous structure that can host secondary
materials. Many applications for zeolite and zeolite-based
materials have been introduced including building materials
such as bricks, lightweight aggregate and additives for cement
and concretes etc. Other technical applications of zeolite-
based materials in many industries have also been reported for
instance heterogeneous catalysis, sorbents and ion exchangers
[24-25].

The ceramic forming techniques involve many processes
such as pressing, extrusion, injection moulding, casting, sol-
gel ect. The pressing technique is advantageous over other
methods due to its low cost, simplicity and high productivity.
All these production lines involve several steps, including, raw
materials preparation, shaping techniques, drying method,
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sintering temperature and residence time. During the firing
process which normally take places at a temperature ranging
from 1/2 to 3/4 of the melting temperature of the ceramic raw
materials [26]. The ceramic green bodies undergo a series
of important changes, involving binder burnout, physico-
chemical reactions (e.g. decomposition, oxidation), allotropic
transformation, and sintering. These changes play a crucial
role in the quality of the produced samples [27]. Due to the
physicochemical reactions the sample raw materials are
transformed into new complex compounds which govern the
stability of the final ceramic products because of the change in
volume of the system (increase or decrease). The densification
due to the sintering has high influence in the physical and
thermal properties of the ceramic products like porosity,
density, and thermal conductivity, etc.

LTA

1. dbra A zeolitok sematikus felépitése SiO4 és AlO4 tetraéderekbdl és a zeolit
egyszeriisitett poliéderes szerkezetének dbrdzoldsa [15]
Fig. 1 Schematic construction of zeolites from SiO, and AlO, tetrahedra and
simplified polyhedra representation of a zeolite structure [15]

The goal of this paper is to investigate the effect of the change
of sintering temperatures on thermal properties of zeolite-
alumina composite materials. The natural zeolite is taken from
Mad in Tokaj region which is a well-known area for a large
deposit of natural zeolite, located on the north of Hungary as
shown in Fig. 2.
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2. dbra A természetes zeolit elhelyezkedése Mddban (Tokaji régio, Magyarorszdg)
Fig. 2 Location of the natural zeolite in Mdd (Tokaj region, Hungary)

2. Materials and experiments

2.1 Preparation methods

Natural zeolite from Mdd (Tokaj region) and MOTIM Al O,
powders were taken as starting raw materials. Five different
compositions of zeolite and AL O, weight ratios were mixed

in Retsch PM 400 planetary ball mill operated at the speed of
150 rpm for 15 minutes. The prepared powder mixtures are
then compacted using a uniaxial compacting machine with a
mechanical pressure of 100 MPa to produce cylindrical ceramic
discs with a thickness of approximately 10 mm and a diameter
of 25 mm. The produced ceramic compacts were fired at
1100°C, 1150 °C, 1200 °C, 1250 °C and 1300 °C temperatures,
using a programmable laboratory furnace with the heating rate
of 60 °C/h and residence time of 3 h at the highest temperature.
The samples of the sintered specimens are shown in Fig. 3.
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3. dbra Kiilonbozo sszetételii mintdk, kiilonbézoé hdmérsékleten szinterelve
Fig. 3 Samples with different composition sintered at different temperature

2.2 Characterization techniques

Phase identification of raw materials and the final product
was done via XRD method using a Rigaku Miniflex IT X-ray
diffractometer, with CuKa radiation (A= 1.54184 A). XRD
patterns were scanned in step size of 0.01016° in a range of 26
intervals of 0-70°. The effect of sintering temperature on the raw
materials and prepared mixtures was also carried out using the
heating microscopeaswellasthe concurrent thermogravimetric
analysis (TGA) and differential thermal analysis (DTA)
methods which enable the persistent determination of the
samples weight loss based on the temperature. The thermal
conductivity of the prepared ceramics is performed via
C-Therm TCi Thermal Conductivity Analyzer which applies
the modified transient plane source (MTPS) technique in the
determination of the thermal conductivity and effusivity of
materials.

3. Results and discussions

3.1 XRD investigations

The XRD analysis of the raw materials (natural zeolite
powder) from Mad (Tokaj region, Hungary) are confirmed to
have many minerals phases together with zeolite (clinoptilolite)
as shown in Fig. 4. Table I shows the oxides and phases
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percentages of the natural zeolite in wt.% acquired from XRF
and XRD tests. Silica (cristobalite) is found in the highest
amount with a percentage of 50% while montmorillonite
accounts for 30% and the other minerals represent 20% of the
total amount.

Based on the composition of the oxides the overall amount
of silica is found to be 82.92 wt.% and the reminders are other
oxides like alumina, magnesia and sodium oxide.

Fig. 5 shows the XRD diffractogram of alumina from
MOTIM. The XRD investigation reveals a complete match of
the peaks which is an indication for the existence of alumina
with single-phase (corundum).
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4. dbra A természetes zeolit mintdk XRD diffraktogramja (M: montmorillonit; C:
klinoptilolit; Cr: cristobalite; Q: kvarc; Ca: kalcit)
Fig. 4 XRD diffractogram of the natural zeolite specimens (M: montmorillonite; C:
clinoptilolite; Cr: cristobalite; Q: quartz; Ca: calcite)

wt.% Ca0 Si0, AL0O, Mg0 Na,0 CO, H,0 Losson

ignition

Quartz 8.00 8.00 0.00

Cristobalite 50.00 50.00 0.00

Montmoril- 30.00 1913 406 321 0.74 287 287
lonite

Calcite 200 112 0.88 0.88

Clinoptilolite ~ 10.00 579 189 0.57 160 175

Total 10000 112 8292 595 321 131 0.88 447 550

1. tabldzat Az oxidok és az dsvinyi fazisok osszetétele és to izaléka

Table 1 The composition and weight percentage of the oxides and mineral phases
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5. dbra Az aluminium-oxid XRD diffraktogramja
Fig. 5 XRD diffractogram of alumina

3.2 Thermal properties of raw materials

The thermal characteristics of naturally occurring zeolites
vary remarkably from one type to another and highly govern
their applications. Upon heating, zeolites in general tends to
lose water (free and crystalline) and experience dehydration-
accompanied volume shrinkage, which is completely or
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partially irreversible, especially when zeolites undergo
modification in the tetrahedral structure.

TG/DTA curves of the ceramic raw materials with 90%
zeolite and 10% alumina are shown in Fig. 6. Overall weight
loss of approximately 8.4% was obtained at 1190 °C. Firstly,
2.01% decrease in the mass was observed in a temperature
range of 40-102 °C which accounts to the removal of free water
which normally exist in the zeolites surface, micropores and
channels [26] Secondly, a weight loss of 3.74% was obtained
in a temperature between 102 °C and 163,8 °C which could be
attributed to the evaporation of the water in the closed pores
and burning of the organic content. In the third steps and at the
temperature between 163,8 °C-242.2 °C a weight loss of 4.57%
was gained which could be due to the continuous burning of
the low flammable materials (hydrocarbons). The largest weight
loss was revealed at a temperature between 242 °C and 761 °C
which ascribed to the evaporation of crystalline water. Small
reaction was obtained at about 761-1190 °C which could be
assigned to the decomposition of calcite and montmorillonite
and/or formation of mullite and anorthite.

6. dbra  90% zeolit-10% aluminium-oxid por DTA, TG és DTG gorbéi
Fig. 6 DTA, TG and DTG curves of 90% zeolite-10% alumina powder

The behavior of the ceramic mixtures under firing is
examined using a Camar Elettronica heating microscope
as shown in Fig. 7. Zeolite-alumina mixtures were stable up
to 1358°C, no melting was observed only sintering of the
mixtures was noticed with 5% height shrinkage.
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Fig. 7 Heating microscope images of different composition of zeolite-alumina
mixtures
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Natural zeolite from Mad (Tokaj region, Hungary) contains
different minerals, therefore when mixed with alumina and
fired, it undergoes various complex processes including
dehydration of water followed by allotropic transformation
(quartz to cristobalite), physicochemical reactions (formation
of new mineral phase) and sintering and it can be clearly seen
in Fig. 3 which shows the change in colour and the volume
shrinkage of the produced specimens based on the change
in firing temperature. This could be a clue for the above-
mentioned processes.

XRD ofthesintered samples Fig. 8 confirmsthe decomposition
of montmorillonite and calcite, as well as the formation
of mullite and anorthite at a temperature above 1000 °C,
moreover, the amount of amorphous phase is increasing at
higher sintering temperature. It is worth mentioning that in
both cases, the firing of (natural zeolite and natural zeolite +
alumina) leads to formation of mullite and anorthite but in
case of firing zeolite-alumina mixture, larger amount of mullite
and anorthite is expected to produce. Moreover, the volume
shrinkage is increasing with increasing the firing temperature
and hence the density is also increased.
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8. dbra A kiilonbozé hémérsékleten szinterezett mintdk XRD diffraktogramja
(M: montmorillonit, C: klinoptilolit, Cr: kristobalit Q: kvarc, Ca: kalcit, Mu: mullit, An:
anortit, Co: korund)

Fig. 8 The XRD pattern of samples sintered at different temperatures
(M: montmorillonite, C: clinoptilolite, Cr: cristobalite Q: quartz, Ca: calcite,
Mu: mullite, An: anorthite, Co: corundum).

3.4 Thermal conductivity

The thermal conductivity of the prepared samples as
a function of zeolite composition sintered at different
temperatures (1100 °C, 1150 °C, 1200 °C, 1250 °C and 1300 °C)
are shown in Fig. 9. Thermal conductivity of the samples tends
to increase with increasing the sintering temperature due to
the increase in density and reduction in porosity, the lowest
thermal conductivity is found to be 0.3 W/mK achieved when
100% natural zeolite is sintered at 1100 °C. It can be noticed
that increasing the alumina composition in the produced
specimens tends to increase the thermal conductivity and this
could be attributed to the formation of mullite and anorthite.

- 1100
w1 1540°C
-1 ¥
RS
—— 1300°C

Thermal conductivity (W/mK)

80

Zeolite composition (%)

9. dbra A kiilonbozdé hémérsékleten szinterezett zeolit-aluminium-oxid mintdk
hévezetdképessége
Fig. 9 The thermal conductivity of the zeolite-alumina samples sintered at different
temperatures

4. Conclusions

Thermally-induced volume shrinkage and structural
transformation were obtained due to the loss of free and
combined water molecules by dehydration, decomposition of
montmorillonite and calcite and formation of a new phases
(mullite and anorthite) which firstly noticed by the change in
the colour of the produced specimens and further confirmed
by XRD, the formation of mullite and anorthite has resulted
from the reaction of the added amount of alumina together
with silica and the decomposed montmorillonite existing in
the natural zeolite. All these processes lead to increase in the
volume shrinkage of the prepared samples and hence increase
the density and as a result, the thermal conductivity of the
samples is also increased. The composition of the mixtures
of the raw materials is found to has a large influence in the
thermal conductivity and this could be resulted from the
addition of alumina that induced the formation of mullite and
anorthite at higher temperature.
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