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Monoclinic celsian has been obtained by a non-conventional way, i.e. the thermal treatment of
4A-type commercial zeolite: a stoichiometric amount of barium ions was included in the zeolite
by means of a cation-exchange treatment. A small concentration of alkali ions (either sodium or
lithium) was also present in the exchanged zeolite, since previous studies had underlined the
positive effect of these ions on the formation of monoclinic celsian. This particular synthesis
proves to be economic, due to the low-cost precursors, the low temperatures and the short
times required. However, the presence of even a small content of alkali ions and a residual
amorphous phase can negatively affect the insulating properties of the material, thus hindering
its use in electrical insulating systems. The results so far obtained show that the material keeps
good insulating properties at low temperature, but its conductivity and dielectric losses
strongly increase above 200 ◦C. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Monoclinic celsian is currently used in radomes [1], inert
substrates [2] and as a matrix for fiber-reinforced com-
posites [3]. In many of these applications, the electrical
insulating properties of the material, which also exhibits
excellent dimensional stability and resistance to oxida-
tion at high temperature, are crucial [4]. The synthesis
of celsian is particularly delicate, due to the existence of
an allotropic form (hexacelsian), which has no techno-
logical applications since it undergoes a structural trans-
fomation inducing a volume expansion at about 300 ◦C.
Previous studies showed the possibility of obtaining cel-
sian from sodium-based commercial A- and X-zeolites,
through a suitable cation-exchange process and a subse-
quent thermal treatment [5–8]. A small amount of alkali
ions (sodium or lithium) should be present in the celsian
precursor [9], in order to promote the formation of mono-
clinic celsian at the lowest temperatures and in the shortest
times.

∗Author to whom all correspondence should be addressed.

2. Materials and experimental tests
A 4A-type zeolite (formula: Na12Al12Si12O48 · 27H2O)
was subjected to a multiple cation (Ba2+) exchange pro-
cess, according to a procedure described in details else-
where [6]. At the end of the process, two materials with
the residual concentrations of sodium ions of 0.43 and
0.74 meq/g, respectively, were obtained. A third mate-
rial, with a final lithium content of 0.13 meq/g, acting
as mineralizer, was also derived from the same zeolite
precursor. The amount of sodium and lithium was cal-
culated according to the procedure described in details
elsewhere [8]. The three types of powders thus obtained
had an average size of 10–12 µm, with 90% in volume
lower than 21.5 µm and 5% in volume lower than 1 µm.
The powders were then humidified with 6 wt.% distilled
water and compacted under a pressure of 21 MPa, in order
to obtain samples in the form of disks with a diameter of
about 40 mm and a thickness ranging from 3 to 4 mm.
Subsequently, samples were dried for 5 h at 105 ◦C and
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T AB L E I . Characteristics of the investigated samples

Sample
Maximum cycle
temperature (◦C)

Alkali content,
(meq/g) Celsian (wt%)

Hexacelsian
(wt%)

Amorphous
phase (wt%)

Rietveld agreement
indices

Na1 1300 0.43 79.1(2) – 20.8(2) χ2 = 2.83 Rwp = 0.056
Rp = 0.042

Na2 1300 0.74 68.9(1) 1.0(1) 30.0(2) χ2 = 3.53 Rwp = 0.061
Rp = 0.042

Na3 1100 0.43 57.3(1) 15.0(1) 27.6(2) χ2 = 4.20 Rwp = 0.066
Rp = 0.047

Na4 1100 0.74 24.4(1) 43.7(1) 31.8(2) χ2 = 15.8 Rwp = 0.125
Rp = 0.077

Li1 1300 0.13 90.7(2) – 9.2(2) χ2 = 2.40 Rwp = 0.048
Rp = 0.036

Li2 1100 0.13 88.9(1) – 11.0(2) χ2 = 2.50 Rwp = 0.050
Rp = 0.037

subjected to the following thermal cycle: from room tem-
perature to 500 ◦C at a heating rate of 5 ◦C/min and from
500 ◦C to (i) 1100 ◦C or (ii) 1300 ◦C at 10 ◦C/min. Sam-
ples were than kept at the maximum cycle temperature
for 5 hs, cooled to 800 ◦C at a rate of 10 ◦C/min and
afterwards quenched in air to room temperature. During
the thermal treatment, the zeolite firstly collapses forming
an homogeneous amorphous material (450–550 ◦C): the
subsequent temperature increase leads to the nucleation
and growth of the crystalline phases. Table I summarizes
the alkali content and the maximum temperature of treat-
ment of all the investigated samples. In order to determine
the type and quantity of phases present after the different
thermal treatments, samples were ground and submitted to
X-ray diffraction (XRD, Philips PW3710). Samples were
quantitatively analysed by the combined Rietveld-R.I.R.
(Reference Intensity Ratio) method [10–11]. A 10 wt% of
corundum (NIST SRM 674a) has been added to all sam-
ples as internal standard. The mixtures, ground in an agate
mortar, were side loaded in an aluminum flat holder in or-
der to minimize the preferred orientation problems. Data
were recorded in the 5–140 ◦ 2θ range (step size 0.02 ◦
and 6 s counting time for each step). The phase fractions
extracted by the Rietveld-R.I.R. refinements, using GSAS
software [12], have been rescaled on the basis of the abso-
lute weight of corundum originally added to the mixtures
as an internal standard, and therefore internally renormal-
ized. It must be noted that data accuracy is affected by
the intrinsic limits of this method, which can lead to over-
value the amorphous phase content; however, this has no
practical relevance on the subsequent explanation of the
results concerning the electrical characterization.

Samples have been submitted to ac and dc electrical
characterization in nitrogen atmosphere by means of a
three-terminal cell; the electrode configuration was ob-
tained by surface gold coating under vacuum. The ac di-
electric constant and loss factor were determined over the
frequency range 10−2–106 Hz (by means of the Novo-
control Instrument WinETA 3.9) and temperature range
from 50 to 550 ◦C. The dc conductivity was measured
over the same temperature range under an electrical field
of 1 kV/cm, by the voltmeter-ammeter method (Keithley

Figure 1 SEM micrograph of the Na2 sample.

mod. 237 voltage supplier and mod. 6514 electrometer).
Discharging currents were also recorded to investigate
the ultra-low frequency (<10−2 Hz) behavior of loss fac-
tor by means of Fourier transform. Eventually, scanning

Figure 2 SEM micrograph of the Li1 sample.
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Figure 3 Dc electrical conductivity vs. the reciprocal of the absolute tem-
perature for the specimens containing 0.13 meq/g of lithium ions.
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Figure 4 Dc electrical conductivity vs. the reciprocal of the absolute tem-
perature for the specimens containing 0.43 meq/g of sodium ions.

electron microscopy observations (Philips, mod. XL 40)
were performed on samples surfaces.

3. Results and discussion
Table I reports the phases content of the samples, pro-
vided by the quantitative XRD data elaborated according
to the Rietveld-RIR method. As can be seen, lithium pro-
motes more efficiently than sodium the transformation
of the collapsed amorphous material (deriving from the
thermal treatment of the exchanged zeolite) to monoclinic
celsian. According to this observation, Li1 and Li2 sam-
ples, treated at 1300 and 1100 ◦C, respectively, exhibit
negligible differences in composition; on the contrary,
both Na3 and Na4 specimens contain a larger amount of
amorphous phase than Na1 and Na2 samples, due to the
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Figure 5 Dc electrical conductivity vs. the reciprocal of the absolute tem-
perature for the specimens containing 0.74 meq/g of sodium ions.

lower temperature of thermal treatment; moreover, both
the samples still contain a remarkable amount of hexac-
elsian. Rietveld-RIR results show that the glassy phase
content in Li samples is less than that present in Na sam-
ples; this is due to the fact that the residual content of Li
is less (0.13 meq/g) than Na content (0.43 meq/g). The
increase in sodium amount (from 0.43 to 0.74 meq/g)
does not lead to an increase in the reaction yield: indeed
the amount of monoclinic celsian is lower both in the
Na2 and Na4 samples compared to the Na1 and Na3. It
must be underlined that Na4 x-ray spectrum disclosed
the presence of further peaks in marginal amounts; al-
though in the samples studied in the present work it was
not possible to clearly identify the phase related to these
peaks, the crystalline NaAlSiO4 phase (JCPDS 33–1203)
has been clearly identified in other works on exchanged
zeolites of similar compositions [13]; moreover, in ther-
mally treated zeolites containing higher amounts of Li
ions (1.03 meq/g), the LiAlSiO4 phase was also identified
[14]. Therefore, it may be hypothesized that the peaks
refer to NaAlSiO4. The Rietveld-RIR analysis reported in
Table I is thus less reliable than that of the others com-
position as indicated by the higher Rietveld agreement
indexes. Although it was not possible to identify the same
chemical form in Na2, it can be argued that the forma-
tion of sodium alumino-silicate subtracts sodium ions to
the main reaction (i.e. monoclinic celsian formation), thus
counter-balacing and even reducing the catalytic effect of
the mineralizer. SEM observations on polished surfaces
of Na2 and Li1 samples, representative of all the investi-
gated samples, are reported in Figs 1 and 2, respectively. It
is possible to note the crystalline phase (monoclinic cel-
sian/hexacelsian) enveloped by the residual amorphous
phase, as reported in [15].

The dc electrical properties of the specimens of Ta-
ble I are shown in Figs 3–5, where conductivity (after
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Figure 6 Dielectric constant vs frequency at 50 ◦C of samples treated at 1300 ◦C.

1,00E-03

1,00E-02

1,00E-01

1,00E+00

1,00E+01

1,00E-02 1,00E-01 1,00E+00 1,00E+01 1,00E+02 1,00E+03 1,00E+04 1,00E+05

Frequency, Hz

Li1 

Na1 

Na2 

Lo
ss

 f
a

ct
or

Figure 7 Loss factor vs frequency at 50 ◦C of samples treated at 1300 ◦C.

1 h of voltage application) is plotted vs. the recipro-
cal of the absolute temperature. A strong increase with
temperature is observed; moreover, all the samples ex-
hibit good insulating properties below 200 ◦C, while at
higher temperatures conductivity increases rapidly and
approaches the semiconducting range near 500 ◦C. The
treatment temperature and the ion content do not signif-
icantly affect the conductivity of the samples contain-
ing lithium, as expected from their phase composition
(Table I). For samples containing sodium, differences in
the conductivity values are observed only below 200 ◦C:
conductivity increases as ion content increases and treat-
ment temperature decreases. This effect can be ascribed to
the higher content of amorphous phase, which enhances
the mobility of the ionic charge carriers: indeed the amor-
phous phase, even if present in small amounts, strongly
affects the overall electrical behaviour. Comparing the ef-
fect of the lithium and sodium ions on conductivity, it

can be underlined that the specimens containing lithium
show higher conductivity values (about one order of mag-
nitude) at all the investigated temperatures, despite their
lower amorphous phase and ions content; this can be ex-
plained with the higher mobility of lithium ions, due to
their smaller radius (0.076 nm for lithium and 0.102 nm
for sodium). Samples with different sodium content have
however comparable conductivity mainly at high temper-
atures: a possible explanation can again be ascribed to the
formation of sodium alumino-silicates, as previously out-
lined. In this case, the excess of charge carriers (sodium
ions) could be subtracted from the amorphous phase. The
activation energy of the conduction process was calculated
above 200 ◦C by linear regression of the experimental data
of the Figures previously described; values of 80 kJ/mol
and 70 kJ/mol were obtained for specimens containing
lithium and sodium ions, respectively. It should thus be
noted that there is no remarkable influence of ions content,
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Figure 8 Dielectric constant of the specimen Na1 as a function of frequency, at different temperatures.
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Figure 9 Loss factor of the specimen Na1 as a function of frequency, at different temperatures.

as well as of the treatment temperature on the activation
energy. The small difference between lithium and sodium
containing samples may be related to the different amount
of amorphous phase.

As to the ac properties, Figs 6 and 7 show the val-
ues the dielectric constant and loss factor, respectively,
as a function of frequency at low temperature for all the
samples treated at 1300 ◦C (samples treated at 1100 ◦C
have a similar behaviour and are not reported for the
sake of brevity). Dielectric constant values are almost
independent of frequency above 102 Hz and are close
to those exhibited by pure celsian [4] (values lay be-
tween 6.5 and 6.9). Only at low frequency a sharp in-
crease as frequency decreases is observed (Fig. 6). The
loss factor shows a continuous and remarkable increase
with decreasing frequency (Fig. 7). For both proper-

ties, the effect is higher in the specimens containing
sodium ions.

At high temperature, however, the dielectric behaviour
of all samples becomes more complex: Figs 8 and 9 re-
port the dielectric constant and loss factor of the specimen
Na1, at different temperatures, as a function of frequency;
a similar behavior is exhibited by all the specimens of
Table I and is not reported for the sake of brevity. A
flex and a broad peak are present in the dielectric con-
stant and loss factor curves, respectively, which shift to
higher frequency with increasing temperature, thus di-
closing a thermally activated relaxation process which is
however present only at temperatures higher than 150 ◦C.
The strong increase of dielectric constant and losses, ob-
served at all temperatures as frequency lowers, can be
ascribed to the mobility enhancement of the ionic charge
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Figure 10 Arrhenius plot for the dielectric relaxation process, detected in the loss factor curves of all samples.

carriers. In Fig. 10, the frequency of the loss factor max-
imum is plotted as a function of the reciprocal of the
absolute temperature for all the specimens investigated.
The activation energy of the relaxation process, provided
by the slope of the regression lines, is quite close for all
the samples (average 96 ± 9 kJ/mol). On account of the
rather high values of the frequency of the maxima (fmax
>10 Hz), the origin of the relaxation process can be as-
cribed to the motion of dipoles and particularly to the
non-bridging atoms in the network of the residual amor-
phous phase [16–18], which is still present in the materials
after the thermal treatment. It can also be observed that,
at each temperature, in the specimens containing lithium
the maximum of the relaxation peak lies at higher fre-
quency, due to the higher mobility of lithium containing
dipoles. Treatment of the discharging currents did not dis-
close relaxation processes of the Maxwell-Wagner-Sillar
type deriving from the charge carriers accumulation at
the boundaries between the different phases, even at the
lowest frequency investigated. According to the reported
results, obtaining high temperature insulating materials
requires an optimization of zeolites composition, thermal
treatment and sintering technology, which will be the task
of the future work.

4. Conclusions
The results obtained confirm the possibility of deriving
monoclinic celsian-based materials from low-cost zeolitic
precursors, by means of short treatments carried out at
comparatively low temperatures.

Lithium promotes the formation of monoclinic celsian
more efficiently than sodium; moreover, high sodium con-
tent causes a decrease of the monoclinic celsian yield due

to the presence of side-reactions leading to the formation
of sodium silicates.

The presence of a residual amorphous phase and small
content of alkali ions remarkably affects the electrical
behaviour of the materials.

Below 200 ◦C good insulating properties are found, i.e.
low values of dc conductivity and ac dielectric losses.
Above 200 ◦C, all materials show a strong increase of dc
conductivity, which approaches the semiconducting range
close to 500 ◦C, as well as of ac dielectric constant and
loss factor.

A thermally activated dielectric relaxation process is
observed over a broad frequency and temperature range;
it can be ascribed to the dipolar vibrations in of the residual
amorphous network present in the materials.
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