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Abstract

The effect of thermal treatment, Na content and mineralizer ion on the sintering process of Ba-exchanged zeolite A on the zeolite — celsian
thermal transformation are investigated. The powder samples containing different amounts of Na* and Li* were pressed at 30 MPa and thermally
treated at temperatures from 1000 to 1400 °C for times up to 5 h and subsequently were characterized by room temperature X-ray diffraction and by
scanning electron microscopy. Increasing the Na residual content in the Ba-zeolite A samples improves the sintering process, even if the highest Na
content appears to inhibit the zeolite — celsian transformation, since a new crystalline phase appears at the highest temperature. Moreover, the
porosity of all samples thermally treated is quite high. Finally the manufacture of pressed samples allowed lower temperatures and times to be used
to obtain the transformation zeolite Ba-A — monoclinic celsian, which suggests it is a potential method to prepare celsian low temperature
refractory materials. At last an ANOVA analysis was carried out to identify the independent parameters from a statistical point of view.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Since the discovery of the preparation of monoclinic celsian
by Ba-exchanged zeolite A thermal transformation, intensive of
studies have been conducted [1-3].

Monoclinic celsian has excellent physical properties: high
melting point, low thermal expansion coefficient up to 1000 °C,
and the absence of phase transitions up to 1590 °C, so that many
technical application have been exploited.

Interesting works concerning the study of the thermal
transformation of alkaline-earth or alkaline cation exchanged
zeolites into celsian are present in the literature [4,5]. However,
systematic investigations aiming at determining the optimal
conditions for sintering system of technological interest starting
from cation exchanged zeolites are limited [5]. In a previous
paper [6] the authors reported the thermal transformation of a
barium-exchanged zeolite A, containing a residual Na* content
of 0.20 meq/g into celsian, considering different thermal
treatments; the effect of the use of pressed sample on the
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zeolite — monoclinic celsian transformation was not consid-
ered.

In the present work powders of Ba-exchanged Na* and Li*
zeolites A containing different residual amount of Na* and Li*
were pressed at 30 MPa and sintered with different thermal
treatments. The effect of zeolite composition, temperature, time
and mineralizer on the sintering and zeolite — monoclinic
celsian transformation are the main objects of this paper.

2. Materials and experimental tests

Carlo Erba reagent grade synthetic zeolite 4A (Naj,Al;,.
Si1,045:27H,0) was subjected to various cation exchange
operations in order to obtain four samples of Ba-exchanged
zeolite A bearing different residual amounts of Na. The samples
which will be identified from this point onwards as Nal
(0.27 meq/g of Na residual), Na2 (0.43 meq/g of Na residual),
Na3 (0.58 meq/g of Na residual), Na4 (0.74 meq/g of Na
residual) and were obtained according to the same procedure
used for the authors in previous work [6]. Homoionic Li zeolite
A was obtained by the procedure reported in previous papers
and was subjected to cation exchange operation in order to
obtain one sample (Lil) of Ba-exchanged zeolite A bearing
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residual amount of Li (0.13 meq/g of Li residual) [7]. In order
to verify the efficiency of the cation exchange operations,
chemical analysis on the samples was performed according to
the following procedure. The zeolites were chemically
dissolved in a hydrofluoric and perchloric acid solution and
its Na™ concentration was determined by atomic absorption
spectrophotometry (AAS), using a Perkin-Elmer Analyst 100
apparatus. Since the sintering process is dependent on the form
and dimensions of particles, the powder particle size
distribution of zeolites was determined by using a laser
particle size analyser (Malvern Instruments, Master Sizer
Hydro 2000S, Malvern, UK).

The zeolites transformation temperatures were determined
by a Netzsch, STA 409 differential thermal analyzer (DTA) on
samples ground to an average particle size of less than 25 pm.
The DTA measurements were carried out using a 10 °C/min
heating rate up to 1200 °C.

In order to prepare the samples for sintering, 6 wt% of water
was added to the zeolite powders which were then pressed with
an axial cold-press at 30 MPa to obtain disks of 40 mm
diameter and 5 mm thickness. The disks were dried in an oven
at 105 °C for 24 h to remove the water.

The sintering and crystallization behavior of the pellets was
studied by performing thermal treatments in an electrical kiln
(Lenton, mod. EHF 17/17) with the following heating cycles:
from 20 to 500 at 5 °C/min, from 500 °C to the maximum
temperature (1000, 1100, 1200, 1300, 1400 and 1500 °C) at
10 °C/min, with 1, 2, 3, 4 and 5 h soaking times; finally, a
cooling stage from the maximum temperature to 800 °C at
20 °C/min in an oven, was conducted followed by cooling in
air. The linear shrinkage (LS%) was evaluated using the
formula:

Ly — L

g

LS% =

x 100 6]

where L, and L, are measured length of green and fired samples,
respectively, while the measurements of open porosity were
conducted by an Intrusion Mercury Porosimeter, Micromeri-
tics, mod. AutoPore 1215-11.

To detect and identify the crystalline phases formed during
the heat treatments, X-ray diffraction (XRD) was performed on
finely ground specimens. Patterns were collected using a
powder diffractometer (Philips PW3710) with Ni-filtered Cu
Ka radiation in the 10-50° 26 range, with a step size 0.02° 26
and a 3 s data collection time step. The ratio of monocelsian to
hexacelsian and the content of glassy phase in some heated
specimens were determined on the basis of the XRD intensities
and by using the Rietveld-Reference Intensity Ratio (R.I.R.)
method [8,9].

Samples were quantitatively analysed by adding 10 wt% of
corundum (NIST SRM 674a) to all samples as an internal
standard. The mixtures, ground in an agate mortar, were side
loaded in an aluminium flat holder in order to minimize the
preferred orientation problems. Data were recorded in the 5—
140° 26 range (step size 0.02° and 6 s counting time for each
step). The phase fractions extracted by the Rietveld-R.IR.
refinements, using GSAS software [10], were rescaled on the

Table 1
Chemical composition of Ba-exchanged zeolites (wt%)

Sample SlOz A1203 BaO Na20 K2O L12O HzO

Nal 26.21 22.98 30.80 1.04 0.04 0.00 13.40
Na2 27.52 24.32 28.01 1.55 0.00 0.00 12.00
Na3 25.26 24.94 26.30 1.82 0.00 0.00 16.70
Na4 27.55 27.40 25.81 2.62 0.00 0.00 10.25
Lil 32.48 27.60 39.13 0.62 0.00 0.17 d

? This analysis was performed on a dehydrated sample.

basis of the absolute weight of corundum originally added to
the mixtures as an internal standard, and therefore internally
renormalized.

Information concerning the crystallisation process and the
microstructure of the sintered materials were obtained by
scanning electron microscopy, SEM (Philips, XL 40) on surface
polished gold-coated specimens.

On experimental data of the samples containing sodium, an
ANOVA analysis was carried out to identify the independent
parameters from a statistical point of view. Subsequently, on the
basis of previous step, mathematical models were developed
using Design Expert v.7.0.1 by Stat-Ease Inc. [11].

3. Results and discussion

The particle size distribution of the studied zeolites show
that, independently of the mineralizer content, all samples have
a monomodal distribution with Dsg 10-12 pm and Dy, under
21.5 pm.

The chemical composition of the samples is reported in
Table 1.

Fig. 1 shows the DTA curves of Lil, Nal and Na4. An
endothermic peak at around 150 °C corresponds to a
dehydration reaction followed by the thermal breakdown of
the microporous zeolitic structure with the formation of an
amorphous phase. It is also evident in all samples a
sharp exothermic peak at about 1000 °C which can be
attributed to the formation of crystalline species. As reported
by Dell’Agli et al. [1] it is possible to summarize the
phenomena that occur upon heating Ba-exchanged zeolite
A as follows: zeolite at 200 °C — amorphous phase at
800 °C — hexacelsian >900 °C — monoclinic celsian. The
exothermic peak is slightly shifted towards lower temperatures
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Fig. 1. DTA curves of the samples: [1] Lil; [2] Nal; [3] Na4.
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Fig. 2. Linear shrinkage (%) of the Na sintered samples: ¢ Nal; @ Na2; ll
Na3; A Nad.

with increasing the Na content. The sequence of these
transformations occurs at different temperatures depending
on the composition considered. In fact the hexacelsian
crystallization of Na4 sample occurs at lower temperature
since the glassy phase, containing more network modifier ions,
decreases the viscosity favoring the crystallization of hex-
acelsian.

As regarding Lil curve, the exothermic peak falls at the
lowest temperature. This behavior is explained considering the
field strength (Z/az, Z valence, a ion radius) of lithium in
glasses, since the zeolite powders during heat treatment are
transformed to an amorphous phase [12]. The Z/a” of lithium in
glasses is the greatest among the alkali metals, so Li* is strongly
bound in the silicate network and shows an higher tendency for
devitrification than does Na or K. Thus, it can act as a nucleant
for a new crystalline phase [13,14].

3.1. Temperature and composition effect

In order to investigate the celsian crystallization during the
zeolite sintering process, the Ba-exchanged zeolites were
heated with different thermal treatments (temperatures and
times).

The linear shrinkage is an important parameter in order to
valuate the sintering behavior of the samples since it is related
to their open porosity. The open porosity (accurancy: £ 2%) of
the samples are: Nal: 54%, Na2: 52%, Na3: 51, Na4: 51%.
Fig. 2 reports the linear shrinkage of the studied samples. It is
possible to note that increasing the Na content, the linear
shrinkage of the samples slightly increases while the porosity
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Fig. 3. Celsian relative peak intensity ratio, /I, (%) vs. Na samples.

slightly decreases. This effect is due to the formation of a glassy
phase, that improves the sintering conditions [14,15]. In order
to understand the effect of the temperature on the transforma-
tion zeolite — monocelsian the Nal, 2, 3, 4 samples were
treated at the 1000, 1100, 1200, 1300 and 1400 °C for 5h
following the above reported heating cycle.

Table 2 reports the qualitative trend in the sample crystalline
phases calculated from the XRD experimental data. The
relative peak intensity ratio percentage I/, (%) has been taken
into account, where (Iy) is the peak intensity corresponding to
the maximum of counts in the XRD patterns. Thus, when the
monoclinic celsian was the main phase the peak was taken at
3.35 A, for hexacelsian at 3.95 A and for nepheline at 4.17 A )
is the relative peak intensity corresponding to counts for each
XRD pattern at the same reflection when the above mentioned
phases are not the main ones. The conditions for the maximum
celsian crystallization were recognized at 1300 °C for all
analysed samples; for hexacelsian, it was found at 1000 °C
except for the Na4 sample (1100 °C).

The results showed that monoclinic celsian is the main
crystalline phase at higher temperatures while hexacelsian
appears preferentially at low temperatures. Moreover, it is
possible to observe that the transformation to monoclinic
celsian occurs at lower temperature (1100 °C) in the Li sample
with respect to the Na samples.

In agreement with powdered samples thermal treatment
results [1,6,7], the monoclinic celsian percentage (Fig. 3)
increases with raising the Na residual content of Ba-exchanged
zeolite A samples. Nevertheless highest temperature samples
Na3 and Na4 show a small decrease in intensity, since a new
crystalline phase appears, NaAlSiO, (ICDD #33-1203).
Moreover, the glassy phase increases with Na content as
confirmed by RIR-Rietveld performed only on Na2 and Na4
samples treated at 1100 and 1300 °C as shown in Table 3.

Table 2

XRD results of Na and Li samples: relative peak intensity ratio, I/l (%) vs. temperature (°C)

T (°C) Nal Na2 Na3 Na4 Lil

1000 M (6%); H (100%) M (9%); H (100%) M (16%); H (100%) M (24%); H (92%) M (36%); H (100 °C)
1100 M (71%); H (34%) M (67%); H (70%) M (85%); H (16%) M (30%); H (100%) M (100%)

1200 M (93%); H (13%) M (99%); H (23%) M (77%); H (25%) M (80%); H (59%) M (100%)

1300 M (100%) M (100%) M (100%) M (100%) M (96%)

1400 M (100%) M (100%) M (92%); N (5%) M (94%); N (10%)

M, monocelsian; H, hexacelsian; N, NaAlSiO,.
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Table 3
R.ILR.-Rietveld results of some studied samples at different temperatures

F. Andreola et al./Ceramics International 34 (2008) 543-549

Sample Monocelsian (wt%) Hexacelsian (wt%) Amorphous (wt%) Rietveld agreement indices

Na2, 1100 °C 57.3 (1) 15.0 (1) 27.6 (2) x> =4.20; Ry, =0.066; R, =0.047
Na2, 1300 °C 79.1 (2) - 20.8 (2) x*=2.83; Ry, =0.056; R, =0.042
Na4, 1100 °C 24.4 (1) 43.7 (1) 31.8(2) K =158l Ry, =0.125; R, = 0.077
Na4, 1300 °C 68.9 (1) 1.0 (1) 30.0 (2) x*=3.53; Ry, =0.061; R, =0.042
Lil, 1100 °C 88.9 (1) - 11.0 (2) X =2.50; Ry, =0.050; R, =0.037
Lil, 1300 °C 90.7 (2) - 9.2 (2) X% =2.40; Ry, =0.048; R, =0.036

SEM observations on polished surfaces of sintered powder
confirm the XRD results. Fig. 4 show the microstructures of
samples Nal, Na2, Na3 and Na4 at 1300 °C. Moreover, it is
possible to note a decrease in porosity with an increase in glassy
phase from sample Na3 to sample Na4. The presence of a glassy
phase in sample Na4 is also confirmed by the XRD pattern since
an increasing base line intensity is found.

As far as the temperature effect is concerned, the results of
the Na2 sample treated at different temperatures (Fig. 5) are
reported. Increasing the temperature the crystalline phase
morphology change since a hexacelsian — celsian transforma-
tion occurs. In fact at highest temperature it is clear that there is
exaggerated grain growth in the form of white crystals in the
glass matrix.

By statistical analysis, it is possible to conclude that both
sodium percentage and temperature are influential para-
meters for monocelsian, according to a confidence level of
95%, the standard value of confidence level accepted in
scientific and technical literature. It means that the
probability to mistake in the above conclusion is only the
5%. In Fig. 6 the 3D plot monocelsian versus temperature
and sodium percentage is presented. It substantially confirms
the observations above made reducing only the effect of
sodium. Low percentages of sodium and high temperatures
permit to get the highest percentage of monocelsian. It is
quite difficult to consider between temperature and
time which is the most influential since the two parameters
show different ranges and intervals. In fact temperature is

Nad
Fig. 4. SEM observation of Na samples treated at 1300 °C for 5 h.
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1300°C

varied of 100 unit per time and the time for 1 h. Moreover,
there is not a equivalence between time and temperature so
it is not possible to compare the influence of the two

variables.
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Fig. 5. SEM images of Na2 sample treated at different temperatures for 5 h.
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On the contrary, temperature is the only important
parameter in the case of hexacelsian, as shown in the 3D
plot in Fig. 7. High temperatures decrease quickly its
percentage. That does not mean that the percentage of sodium

Hexacelsian (%)

1300
1200

2.23
1.83

Na (wt.%)

11 08.\ 1.44

1000 * 1.04

Fig. 6. 3D plot for Monocelsian (%) vs. Na concentration (wt%) and tem-
perature (°C). The circles are the experimental data.

Temp. (°C)

1400 "1.04

Fig. 7. 3D plot for Hexacelsian (%) vs. Na concentration (wt%) and tempera-
ture (°C). The circles are the experimental data.
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Fig. 8. Relative peak intensity ratio I/l (%) vs. thermal treatment time of Na2
samples.

it is not important, but it is not in the range of concentration
used in the present work.

3.2. Time effect

In order to asses the effect of time on Ba-zeolite A to
monoclinic celsian transformation some thermal treatments
were performed only on the Na2 sample; in particular the
samples were treated at 1300 °C for 1, 2, 3, 4, 5 h. In Fig. 8 we
report the relative intensity ratio (%) of monocelsian (M) and

hexacelsian (H) as a function of time treatment. It is possible to
note that increasing the time, monocelsian increases while
hexacelsian decreases. The metastable form, hexacelsian,
usually nucleated more readily than the stable form, mono-
celsian [16].

3.3. Li effect

X-ray diffraction results of Lil sample after different
thermal treatments are reported in Table 2. It is possible to note
that also in this case the temperature is the most important
variable on Ba-zeolite A to monoclinic celsian transformation.
In particular the complete transformation occurs at lower
temperature (1100 °C for 5 h) with respect to Na samples.

Fig. 9 shows the scanning electron microphotographs of the
specimens heated at different temperatures. In contrast to the
Na samples the microstructure of the Li sample does not change
with the temperature. In fact at 1100 °C it is possible to note
that the sample shows monocelsian crystals (as confirmed by
XRD results), immersed in a glassy matrix, even if the crystals
size appear qualitatively smaller than those in the Na samples.
Increasing the temperature the morphology of the samples does
not change since the hexacelsian — celsian transformation
does not occur. Rietveld results (Table 3) show that the glassy
phase content in the Li samples is less than the one present in
the Na samples; this is due to the fact that the residual content of

--- 5 um.
1000°C

1200°C

T
1300°C

Fig. 9. Li samples treated at different temperatures for 5 h.
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Li is less (0.13 meg/g) than Na content (0.43 meq/g) of Na-
Zeolite A. As already reported for Na samples, the glassy phase
promotes the sintering process of the powders even if the effect
is not so marked. Moreover, the amount of crystalline celsian in
the Lil sample is higher than in all the Na samples.

4. Conclusions

Monoclinic celsian materials have been obtained by thermal
treatment of Ba-exchanged zeolite precursor. The manufacture
of pressed samples results in lower temperatures (AT = 200 °C)
and times (5 h in contrast to the 8-20 h as reported in literature)
necessary to obtain the zeolite — celsian transformation than
un-pressed samples. It has been observed an optimum Na
content (0.43 meq/g) which permits a complete celsian
crystallization at 1300 °C for 5h. Higher amounts of Na
residual content promotes higher quantity of glassy phase and a
new-formation crystalline phase (NaAlSiOy).

As far as the Li sample is concerned, the transformation of
hexacelsian to monoclinic celsian occurs at lower temperatures
(1100 °C) than those exhibited by Na samples (1300 °C).
Moreover, the monocelsian crystals size appears smaller than
the ones showed by Na samples.

The materials obtained by sintering of Ba-exchanged zeolite
precursor show high porosity (50%) so they can be used as low
temperature refractory.

The ANOVA analysis results in agreement with the
experimental data show that both sodium percentage and
temperature are influential parameters in the formation of
monocelsian, according to a confidence level of 95%. On the
contrary, temperature is the only important parameter in the
case of hexacelsian.
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