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This paper presents a detailed investigation of the correlation between micro-structural, optical and
thermal properties of a mixture constituted of NaA zeolite and Al2O3 alumina with different portions
at various compacting pressures. A comprehensive study was made by using SEM, EDX, XRD, PL and
PTD analysis. Through this full characterization, it was demonstrated that a mixture of grain size
ranging from 50 nm to 85 nm can be used as a red emitter of mean wave length k ¼ 650 lm in
optical devices. This mixture also proved to be used as a thermoinsultor or a thermocondensor
material; with a thermal conductivity of about 0.22–1.33 W�m�1�K�1 and a thermal diffusivity of
about 0.070–0.174 cm2�s�1.
� 2017 The Authors. Published by Elsevier B.V. This is anopenaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
Introduction

Zeolites are microporous, alumino silicate minerals, consisting
of three-dimensional arrangement of SiO4 and Al2O3, linked by
oxygen atoms that form different construction units and large
frameworks. Having specific nanochannels, nanopores and ion-
exchange capacity, zeolites can be used in various applications as
molecular sieves, adsorbents, catalysts [1]. The synthesis of zeo-
lites, has received significant attention in recent years. This is
because they have a wide variety of starting materials containing
high amounts of Si and Al, e.g., kaolin, high-silica bauxite, halloy
site, interstratified illitesmectite, montmorillonite. . .etc. [2–9].
Zeolites were confined almost 200 years ago in mineralogical
museums because of their beauty. The ability to synthesize with
a controlled structure and size also proved to be useful in various
applications ranging from the separation gas catalytic processes
in petroleum refining [10,11]. However, researches dedicated to
the synthesis of zeolites remain extremely teeming, as evidenced
by the number of studies related to synthetic zeolites compared
to those naturals.

Several researchers reported that the alumina used as templates
for nanosize structures such as optoelectronic devices [12,13],
magnetic storage [14], solar cells [15], carbon nanotubes [16], cat-
alysts [17] and metal nanowires [18,19]. The investigation of the
thermal properties is useful in understanding the structural evolu-
tion of some components against internal and external effects. In
this regard, Somayajulu [20] presented a study of pellets of
ThO2-CeO2 mixed oxide (MOX). A combined experimental and the-
oretical methodology was used in that research which helped
determine the thermo-physical properties such as elastic modulus,
specific heat, thermal expansion and thermal conductivity. Those
properties were then compared with respect to homogeneity,
microstructure, porosity and oxygen to metal ratio.

The effect of surface modification of 4A zeolite on physical and
electrical properties of copolyimide hybrid films was investigated
by Biçen et al. [21]. They demonstrated that that effect contributed
to thermal, mechanical and hydrophobicity properties. The ther-
mal conductivity of evacuated packed powders of zeolite NaX
was investigated as a function of particle size and temperature
by Jakubinek et al. [22]. They showed that particles of 2 mm and
800 nm had a temperature in the range of 5–400 K and that their
thermal conductivity varied in the range of 0.0025–0.17
W�m�1�K�1.

This paper presents a detailed investigation and correlation
between microstructural, optical and thermal properties using
new strategy applied to a mixture of NaA zeolite and Al2O3 alumina
powder denoted NaA/Al2O3. The NaA/Al2O3 mixture was systemat-
ically studied by scanning electron microscopy (SEM), X-ray
diffraction (XRD) and the energy dispersive X-ray (EDX) to check
the purity phase, structure and grain size of the powder. The
photoluminescence (PL) response was also found versus the mass
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proportion in the mixture. That powder was manufactured; in the
form of pellets with different compacting pressures for two differ-
ent mass percentages of the mixture, and after that it was restud-
ied. The thermal properties were determined by means of the
photothermal deflection (PTD) technique [23–27]; which is a
non-destructive technique and sensitive to any fine physical and
structural changes of all types of materials.
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Fig. 1. X-ray powder diffraction pattern of NaA zeolite and A and E zeolite-alumina
mixtures.
Method and microstructural characterization

The NaA zeolite was synthesized by methods known in the ref
[28] by using a well natural kaolinite from Tamra mine (HI =
1.23) in the north of Tunisia (KTM). This kaolin material was
hydrothermally digested by NaOH and leached with dilute HCl.
This gave an acid solution which would be adjusted by NaOH in
order to precipitate an amorphous Si and an Al white gel with a
proper ratio of Al/Si, which was then used for the NaA zeolite
synthesis. This white gel would be dissolved in 1.0 M NaOH and
crystallized at 90 �C in a stainless steel autoclave for 3 days. A solid
product obtained, filtered out, washed with deionized water,
and dried at 90 �C for about 10 h, constituted the A zeolite.

The study developed two sets of samples in the form of pellets
constituted by a mixture of NaA zeolite and Al2O3 alumina with
two different percentages Aðmzeo ¼ 1

5maluminÞ and E(malumin ¼ 1
5mzeoÞ

at three different compacting pressures which are detailed in
Table 1.

In order to determine the structure of the specimens, the sam-
ples were characterized by powder XRD analysis performed with a
D8 Bruker AXS powder diffractometer. The X Powder analytical
software was used for the semi-quantitative determination of the
mineral phases by an automated processing of the diffraction data.
The studies were carried out using Cu Ka radiation of wavelength
k ¼ 1:540 Å in a 2h range of 5–45�. Fig. 1 shows the XRD pattern of
the pure synthesized NaA zeolite and the two mixtures: A and E. In
all the three curves the peaks (2 2 2), (4 4 0), (4 2 2), (4 4 2), (6 4 2),
(6 4 4), and (6 6 4) appear respectively at 2h = 9.17�, 18.34�, 22.22�,
23.81�, 27.83�, 29.04� and 33.93� are characteristic of zeolite-A
(NaA) with a chemical composition: Na12(Al12Si12)O48,(H2O)18
which are in good agreement with the results obtained by Reed,
Gramlich, Simmen and Zivica et al. [29–32]. It is worth noting that
the obtained peaks are of different intensities and widths which
indicate that this product is an amorphous material. According to
those peaks the grain sizes d were determined using respectively
Bragg’s law and Debye Scherer’s method of equation:

d ¼ 1:2k
Dð2hÞ cos h

whereD(2h) is the value of the full width at half maximum (FWHM)
of these peaks. This calculation shows that the grain size is from 50
nm to 5 lm. The study of the XRD pattern A and E shows the emer-
gence of new peaks (2 2 0), (4 2 0), (5 5 5) and (8 4 0) respectively at
2h = 7.27�, 12.66�, 31.03� and 33.04� which are related to the struc-
ture alumina inserted in the zeolite matrix (curve A) or that of the
zeolite inserted in the alumina matrix (curve E) from which it is
reclaimed that the mixture is an insertion mutation and it is also
Table 1
Samples and its concentrations and compacting pressures.

Samples Compacting pressure (103 torr)

A . . . ! mzeo ¼ 1
5malumin

E . . . ! malumin ¼ 1
5mzeo

3 . . . ! 30
4 . . . ! 40
5 . . . ! 50

Example:A3 mzeo ¼ 1
5malumin

� �� ! with 30 ktorr of compacting pressure
deduced by studying the peaks of the two latter curves and that
the grains of the E-mixture are softer than that of the A one.

The morphological features were determined by the FEI Quanta
200 scanning electron microscope, equipped with an energy dis-
persive X-ray (EDX) analyzer. Analyses were performed in up to
five different areas of each sample by continuous raster scanning
at 25 kV. Fig. 2 shows microstructures of the initial NaA zeolite
as deduced from SEM and EDX experiments. The SEM micrographs
show particles of a partially deformed spherical shape with various
sizes provided of pores indicating an amorphous and non compact-
ing structure. The presence of the main elements O, Na, Al, Si and
other minor elements can be seen in the EDX spectrum which
identifies the metakaolin recognized by Zivica et al. [32] and Mef-
tah et al. [28] which is used in this work as a starting material for
the preparation of the zeolite sample.

The SEM and EDX analyses of these A and E mixtures are given
in Fig. 3 for the same compacting pressure equal to 40 kilo-torr;
from which it is denoted that the matrix of A-mixture has more
pores than that of the E-mixture which indicated that the latter
is more compacted than that of the A one. This behavior may be
related to the Al2O3 grain size whose value is in the order of 0.5–
2.2 lm of the same order of that they obtained by XRD analysis
of Fig. 1 and those obtained by Pham et al. [33]; whose obtained
Al2O3 composite of grain size was in the order of 0.5–1.1 lm. The
effect on the structure, optical and thermal properties of the
NaA/Al2O3 mixture are studied and detailed below.
Photoluminescence properties

Fig. 4a and b show the PL spectrum in the UV–visible range and
in the spectral range from 500 to 800 nm of the pure alumina Al2O3

and NaA zeolite materials and the NaA/Al2O3 mixture for the two
different percentages and with the three different compacting
pressures. It is denoted that the comparison of the spectrum for
the same compacting pressure, shows a displacement of the peak
initially existing at about 780 nm for the pure NaA zeolite by a blue
shift in the order of 130 nm for the three components and the two
compacting pressures to become centered at k ¼ 650 lm showing
that NaA/Al2O3 mixture can be used as red emitter in optical
devices. Furthermore, this observed PL shift may be related to
the recombination of electrons in the conduction band and holes
in the valence band of semi conductors. This requires an enlarge-
ment of the band gap especially for quantum confinement or the



EDX Quan�fica�on

Elem wt% at% 

O 29.80      41.6 

Na 9.01     8.76 

Al 28.60   23.69     

 Si 32.59   25.93     

Fig. 2. EDX and SEM micrographs of synthesized NaA zeolite.

(a)

(b)

Fig. 3. EDX and SEM micrograph of synthesized mixtures A4 (a) and E4 (b).
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inter-band transition related to Si–O/Si–H ratio which decreases by
increasing the alumina mass in the mixture. Then it can be
deduced that this behavior does not seem to have its origin only
from the zeolite embedded in the porous alumina matrix or the
converse but it is due to the contributions of the two materials.
Fig. 3 shows the SEM images which confirm that the prepared
powder is constituted of big grains of micrometric size which are
internally filled with small grains of dimensions in the order of
50 nm or smaller. As indicated by the XRD study and the EDX spec-
trum, the variation of the Si-O percentage decreases versus the alu-
mina portion causing an oxygen saturation and a reduction in the
Si–O portion; which influence the Si–O/Si–H ratio and the PL spec-
tra. This means in practice, that the compacting pressure does not
have a remarkable influence in the PL emission which was
expected from the beginning since the pressure cannot influence
the electrical and optical properties of the material.

Thermal properties

The thermal conductivity, thermal diffusivity and heat capacity
of materials can be measured by using the PTD technique. This
technique, whose principle is given in Fig. 5, consists of heating
the sample by a modulated light of intensity I ¼ I0ð1þ cosxtÞ
which will be absorbed on the sample surface and generate a ther-
mal wave. This thermal wave will propagate in the sample and in
the air surrounding it and will induce a temperature gradient and
then a refractive index gradient in the fluid. The fluid index gradi-
ent will cause the deflection w of a probe laser beam skimming the
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Fig. 4. Photoluminescence spectra of the mixtures (NaA/Al2O3) with various percentages.
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Fig. 5. Schema of the deflected probe beam on the sample surface.
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Fig. 6. Experimental set-up used for PTD investigation: 1-Table of micrometric displacem
Look-in amplifier, 7-Mechanical chopper, 8-Computer.
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sample surface (Fig. 6). This deflection may be related to the sam-
ple’s thermal properties. The heating source is a halogen lamp of
Power 100 W whose light is modulated by using a mechanical
chopper with variable frequency. An (He-Ne) laser beam skimming
the sample surface at a distance x is deflected. This deflection can
be detected by a four quadrant photo-detectors and converted to
an electrical signal which is measured by a lock-in amplifier.
Through an intermediary interface between a mechanical chopper,
a Look-in amplifier and a microcomputer the amplitude and phase
of the photo-thermal signal will be measured and drawn according
to the square root modulation frequency.

The amplitude jwj and phase u of the probe beam deflection w
are given by [24]:

jwj ¼
ffiffiffi
2

p
L

nlf

dn
dTf

jT0je�
x
lf and u ¼ � x

lf
þ hþ 5p

4

5

8

ent, 2-Sample, 3-Photodetector position, 4-Fixed laser source, 5-Halogen lamp, 6-
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Fig. 7. Evolution of the thermal conductivity and thermal diffusivity of NaA/Al2O3 mixture.

Table 2
Thermal properties of the zeolithe NaA for various concentrations and compacting pressures.

Thermal properties A3 A4 A5 E3 E4 E3

Thermal conductivity (W�m�1�K�1) 1.10 1.24 1.33 0.22 0.26 0.29
Thermal diffusivity (cm2�s�1) 0.150 0.165 0.174 0.070 0.081 0.087
Heat capacity (104 J�m�3�K�1) 7.33 7.55 7.64 3.14 3.21 3.33
Mean free path (nm) 22.50 24.75 51.10 10.50 12.15 13.05
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where L is the width of the pump beam in the direction of the probe
laser beam, n, lf and Tf are respectively the refractive index, the
thermal diffusion length and the temperature of the fluid.

jT0j and h are respectively the amplitude and phase of the
surface temperature T0 given by the formula:

T0 ¼ �E½ð1� rÞð1þ bÞers ls � ð1þ rÞð1� bÞe�rs ls

þ 2ðr � bÞe�als �=½ð1þ gÞð1þ bÞers ls � ð1� gÞð1� bÞe�rsls �

With E ¼ A
a2�r2

s
¼ aI0

2Ksða2�r2
s Þ
, rs ¼ ð1þ jÞ

ffiffiffiffi
pf
Ds

q
, b ¼ Kbrb

Ksrs
, g ¼ Kf rf

Ksrs
and

r ¼ a
rs

It can be noticed that these expressions are function of the sam-
ple’s thermal properties and the modulation frequency.
The comparison of the experimental curve with its correspond-
ing theoretical study gives the thermal conductivity and diffusivity
of the sample. The experimental and theoretical variations of the
amplitude and phase of the photothermal signal for the two sets
are given in Fig. 7.

After the simulation, the obtained values are given in Table 2 for
the different samples, in which it is denoted that both thermal con-
ductivity and thermal diffusivity decrease with the compacting
pressure and the alumina percentage for the same set. From these
obtained thermal properties it is clear that the thermal conductiv-
ity decrease with the compacting pressure for the same alumina
percentage and decrease with the alumina percentage with the
same compacting pressure; which are in the same order of those
obtained by Vladimir et al. [34] who studied the effective thermal
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conductivity of dehydrated powdered 4A zeolite with the temper-
ature and they obtained values in the order of 0.14 W�m�1�K�1 at
room temperature. They are also in good agreement with the alu-
mina prepared by Pedro et al. [35] who studied the pore size effect
on the thermal conductivity of alumina foams and concluded that
the mean value of the thermal conductivity was in the order of 0.8–
1 W�m�1�K�1 at room temperature and would be more relevant for
a low porosity density. The rise of the compacting pressure will
decrease the pores volume and subsequently increase the thermal
conductivity. On another hand, these small values suggest more
general explanations. For instance, the internal vibration and ther-
mal conduction are a result of optical phonons; which generally
decrease with the grain size, and the porosity of powder materials;
which play a relevant role to enhance the phonic heat conduction
compared to the electronic one. In the application field, the mate-
rial’s low thermal conductivities values allow using it as a thermal
insulator in micro-sensors. This can be supported by the research
conducted by Fukushima et al. [36] which studied the preparation
of highly porous mullite thermal insulators by gelation freezing
route with a thermal conductivity ranging from 0.23 to 0.38
W�m�1�K�1 at room temperature.

According to the kinetic theory, the phonons mean free path is
related to the thermal diffusivity D by k ¼ 3D=m, where v is the
phonon group velocity, and can be calculated by using the deter-
mined thermal diffusivity. This mean free path is given in Table 2,
according to the dispersion calculations which prove that the aver-
age phonon velocity in Zeolite is estimated at approximately 2000
m/s at 300 K [37]. The values of this mean free path decrease from
22.50 to 51.10 nm and from 10.50 to 13.05 nm with the compact-
ing pressure respectively for the two mixtures A and E; which are
in the order of the mean grain size, as shown before by using the
XRD and SEM techniques.

In a general way, this means free path can be related to the
internal vacuum rate kv, the crystal lattice kl and the crystalline
defects kc of the sample by: 1

k ¼ 1
kv
þ 1

kl
þ 1

kc

It is important to mention the difference between the alumina
and the zeolite being in the effect of Al atoms incorporation which
are more voluminous than those of Si atoms and also have more
free electrons. These influence the internal vacuum and the inter-
atomic bonds like those of the Al-O which are more softer than
those the Si-O causing a local enhancement in the vibration
between atoms in the alumina structure compared to that of the
zeolite and, consequently, an enhancement in the velocity propa-
gation of heat inside the material; implying an increase of the ther-
mal diffusivity. The compacting pressure increases the mean free
path for the two mixtures which may be explained by the decrease
in the vacuum density, the crystal lattice and the scattering
defects; making an improvement in the heat conduction. All these
thermal properties can be explained by the fact that the manufac-
tured zeolite-alumina mixture can be used as a thermoinsultor or a
thermocondensor material.
Conclusion

This work investigates alumina-zeolite mixture, describes the
preparation method which is accurately used and studies the
effect of the alumina/zeolite ratio and compacting pressures
on the structure, PL emission and thermal properties. It is
denoted that these mixtures have thermal conductivity, thermal
diffusivity and mean free path respectively in the order of
0.22–1.33 W�m�1�K�1, 0.070–0.174 cm2.s�1 and 10.50–51.10 nm
and a PL emission centered at k ¼ 650 lm. Implying that for
the mixture, the thermal conduction is made by the phonons
vibrations, it can be used as a thermoinsultor, a thermocondensor
material or a red emitter device.
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