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98166 Messina, Italy

Received 23 March 2003; received in revised form 15 September 2003; accepted 20 September 2003
Abstract

In this investigation samples of exhaustively Ba-exchanged zeolites Ba–A, Ba–X, and Ba–LSX were subjected to thermal treat-

ments in the temperature range 200–1550 �C for times up to 40 h. Their thermal transformations were comparatively studied by
room temperature X-ray diffraction. Upon heating, the three zeolites undergo the following sequence of transformations: zeoli-
te!amorphous phase!hexacelsian!monoclinic celsian in strongly different ways. In particular it was found that: (1) The crys-

tallisation of nuclei of monoclinic celsian dispersed in the amorphous phase arising from the thermal collapse of the structure of
zeolite Ba–A, recorded above 500 �C in a previous work, did not occur for zeolites Ba–X and Ba–LSX. (2) Zeolite Ba–A exhibited a
far greater reactivity than zeolites Ba–X and Ba–LSX; actually, the conversion of hexacelsian into monoclinic celsian attained

completion at 1300 �C, starting from zeolite Ba–A, whereas did not attain completion in the most severe experimental conditions
experienced (1550 �C, 24 h), starting from zeolites Ba–X and Ba–LSX. Such different thermal behaviours could be reasonably
ascribed to the different middle-range order occurring in the amorphous phases arising from the thermal collapse of the micro-
porous structures of zeolites Ba–A, Ba–X, and Ba–LSX.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The scientific and technological community exhibits
great interest towards the monoclinic polymorph of
barium feldspar celsian (BaAl2Si2O8) owing to its
remarkable thermal and electrical properties.1

The essential literature concerning the synthesis of
celsian, which was reviewed in previous papers,2,3

reports that the occurrence of several drawbacks makes
it quite difficult and expensive. Among these drawbacks
the high temperatures and/or long reaction times of
thermal treatments,2,3 the use of alkoxides4 or the set up
of complex reacting systems,5 may be cited. Moreover
most of the reported procedures of synthesis of celsian
lead to the crystallisation of the hexagonal polymorph
of celsian (hexacelsian). Actually it is the first poly-
morph to nucleate on account of the simpler crystal
structure of the high-symmetry modification presenting
a lower kinetic barrier to nucleation,6 even though it is
stable at temperatures higher than 1590 �C.7

A long term study2,3,8,9 concerning the thermal trans-
formation of Ba-exchanged zeolites into monoclinic
celsian was undertaken. This study started from the
work of Subramanian and coworkers10�13 who crystal-
lised alkaline-earth and alkaline framework aluminosi-
licates, which belong to the class of the feldspars, by
thermal treatment of cation exchanged zeolites at tem-
peratures slightly higher than 1000 �C for some hours.
Very interesting results were obtained in this study. In
particular it was found that, upon a thermal treatment
at temperatures higher than 1000 �C, Ba-exchanged zeolite
A, which after dehydration exactly reproduces the stoi-
chiometric composition of celsian, gave rise to the follow-
ing sequence of transformations: zeolite!amorphous
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phase!hexacelsian!monoclinic celsian. Moreover it
was found that 6 h at 1100 �C or 22 h at 1300 �C were
sufficient to transform samples of Ba-exchanged zeolite
A, containing 0.58 and 0.20 meq/g Na residual amount,
respectively, into fully monoclinic celsian.2,3 Never-
theless the reactivity of the system appears strongly
affected even by parameters other than Na residual
amount.2,3 Actually Ba-exchanged zeolite X was found
to totally convert into monoclinic celsian by thermal
treatment at 1550 �C for 24 h. This result was reported
by Hoghooghi and coworkers,14 and in ref. 2 for Ba-
exchanged zeolite X samples bearing 0.61 and 0.26 meq/g
Na residual amount, respectively.
These considerations promoted the present work in

which samples of commercial A, commercial X and
laboratory synthesised LSX zeolites were previously
subjected to exhaustive Ba-exchange. These zeolites
were chosen inasmuch as commercial A and laboratory
synthesised LSX zeolites exhibit about the same chemi-
cal composition and Si/Al ratio (1.00 and 1.02, respec-
tively) but different structures (Fig. 1),15 whereas
commercial X and laboratory synthesised LSX zeolites
exhibit the same structure15 but different Si/Al ratios
(1.23 and 1.02, respectively). Subsequently the phenom-
ena occurring thermally treating these zeolites at tem-
peratures ranging from 200 to 1550 �C for times up to
40 h are investigated. The comparative study of the
thermal transformations of these zeolites should allow a
better comprehension of the mechanisms of the
reactions leading to monoclinic celsian.
2. Experimental

Carlo Erba reagent-grade synthetic zeolites 4A
(Na12Al12Si12O48

. 27H2O) and 13X (Na86Al86-
Si106O384

. 264H2O) were used. Zeolite LSX was synthe-
sised in laboratory starting from a synthesis batch of the
following composition: 5.5Na2O:1.65K2O:2.2SiO2:1Al2O3:
122H2O. This batch was obtained according to the fol-
lowing procedure: (1) Reagent grade Riedel-de-Haen
hydrate alumina (Al2O3 65%) was dissolved in a NaOH
solution prepared by dissolving Reagent grade Carlo
Erba NaOH in bidistilled water. (2) Reagent grade
Carlo Erba KOH was added to this solution. (3)
Reagent grade BHD sodium silicate aqueous solution
(SiO2: 27.5%, Na2O 8.0%) was added to this solution.
This batch was kept at 70 �C for 3 h and then at 95 �C
for 2 h under autogeneous pressure and continuous
stirring. The final product was recovered by vacuum fil-
tration, abundantly washed with bidistilled water, dried
at 75 �C for 24 h and stored for at least 3 days in an
environment having about 50% relative humidity to
allow water saturation. The chemical formula of the
synthesized LSX zeolite, determined through the che-
mical analysis, turned out: Na73K22Al95-
Si97O384

. 212H2O. These three materials will be identified
from this point onward as zeolites Na–A, Na–X and
(Na, K)–LSX, respectively.
These zeolites were subjected to exhaustive Ba-

exchange. Exchange operations, which were terminated
when their iteration did not give rise to a sensible
decrease of the alkaline cations residual amount, were
performed as follows.
Zeolite Na–A was contacted with a warm (60–70 �C)

Ba2+=0.2 N solution with a weight solid/liquid ratio
(S/L)=1/25. The solution was prepared using bidistilled
water and Carlo Erba reagent-grade Ba(NO3)2 (purity
99.5%). The solid was separated from the liquid
through filtration and again contacted with the
exchange solution for a total of four times. Then a fifth
exchange was performed at a weight S/L=1/50, all
other conditions being equal to previous ones. The
remaining exchange operations were performed con-
tacting the zeolite with barium solutions prepared using
extremely pure BaCl2 (purity >99.999%), provided by
Aldrich. In particular a sixth exchange was performed
at a weight S/L=1/20 and Ba2+=0.5 g/dm3, a seventh
at a weight S/L=1/30 and Ba2+=7.5 g/dm3, and an
eighth at a weight S/L=1/40 and Ba2+=7.5 g/dm3, all
other conditions being equal to the previous ones.
Zeolite Na–X was contacted with a warm (60–70 �C)

Ba2+=0.5 N solution with a weight solid/liquid ratio
(S/L)=1/25. The solution was prepared using bidistilled
water and Carlo Erba reagent-grade Ba(NO3)2 (purity
99.5%). The solid was separated from the liquid
through filtration and again contacted with the
exchange solution for a total of four times. Then a fifth
exchange was performed using a Ba2+=0.2 N solution,
all other conditions being equal to previous ones.
Zeolite (Na, K)–LSX was contacted with a warm (60–

70 �C) Ba2+=0.2 N solution with a weight solid/liquid
ratio (S/L)=1/25. The solution was prepared using
bidistilled water and Carlo Erba reagent-grade
Ba(NO3)2 (purity 99.5%). The solid was separated from
the liquid through filtration and again contacted with
the exchange solution for a total of seven times.
The duration time of each exchange ranged between

12 and 18 h and the initial pH of Ba2+ solutions used
for the exchanges is about 5.8. The three materials
Fig. 1. Structures of zeolites A, X and LSX.
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obtained according to these procedures will be identified
from this point onward as zeolites Ba–A, Ba–X and Ba–
LSX, respectively.
The residual Na content of zeolites Ba–A, Ba–X and

Ba–LSX and residual K content of zeolite Ba–LSX were
determined according to the following procedure. The
zeolite was chemically dissolved in a hydrofluoric and
perchloric acid solution and its Na+ and K+ (in the
case of zeolite Ba–LSX) concentration was determined
by atomic absorption spectrophotometry (AAS), using
a Perkin-Elmer Analyst 100 apparatus. The consistency
of concentration measurements related to cation
exchange operations was checked by determining Ba2+

concentration by titration with EDTA using erio T as
the indicator and a NH3 and NH4

+ solution at pH 10 as
buffer.16

The resulting powders were washed with bidistilled
water, dried for about 1 day at 80 �C and stored for at
least 3 days in an environment having about 50% rela-
tive humidity to allow water saturation of zeolites.
Zeolites Ba–A, Ba–X and Ba–LSX were subjected to
various thermal treatments in a Lenton furnace, which
ensures stable temperature to within �2 �C, using
Al2O3 crucibles. The thermal treatments, which are
summarised in Table 1, were performed as follows. In
some cases, the samples were heated at a rate of 10 �C/
min up to the fixed temperature and subsequently
quenched in air. In the other cases, the samples were
heated at a rate of 10 �C/min up to the fixed tempera-
ture, kept in this conditions for the fixed time, and
subsequently quenched in air.
These products were characterised by X-ray diffrac-

tion at room temperature using a Philips X’PERT dif-
fractometer, Cu Ka radiation, collection of data between
20 and 40� 2� with a step width of 0.02� 2� and 1 s data
collection per step.
Zeolites Ba–A, Ba–X and Ba–LSX were also char-

acterised by simultaneous differential thermal analysis
(DTA) and thermogravimetric analysis (TGA), using a
Netzsch thermoanalyser model STA 409, a-Al2O3 as
reference, and a 10 �C/min heating rate.
In addition to the thermal treatments summarized in

Table 1, zeolites Ba–A, Ba–X, and Ba–LSX were ther-
mally treated at 950 �C for 2 h in order to obtain the
thermal collapse of the microporous zeolite structure
and its irreversible dehydration. These thermally treated
samples were chemically dissolved in the same previous
acid solution and its Na+ and K+ (in the case of zeolite
Ba–LSX) concentration were measured according to the
procedure previously described in order to determine
the Na and K (in the case of zeolite Ba–LSX) content of
the final product of the thermal treatments.
3. Results

3.1. Cation exchange

The equivalent fraction of Ba in zeolites Ba–A, Ba–X
and Ba–LSX is 0.96, 0.98 and 0.98, respectively. More-
over their Na residual amount, which appears very hard
to be further reduced, is 0.20, 0.10, and 0.09 meq/g,
respectively, whereas K residual amount of zeolite Ba–
LSX is 0.01 meq/g. These Na residual amounts result in
a Na2O content of 0.62, 0.52, and 0.37 wt.% in the final
products of the thermal treatment of Ba-exchanged
zeolites, respectively, whereas the residual K content of
zeolite Ba–LSX results in a K2O content of 0.07% in the
final product of thermal treatments of zeolite Ba–LSX.
Such values appear, from the point of view of ceramic
materials, quite low. Nevertheless it is noteworthy that
zeolite Ba–A exhibits a far higher (about double) alka-
line cations residual content than zeolites Ba–X and Ba–
LSX. This finding could be easily explained if one bears
in mind that in a previous paper3 it was shown that the
sample of zeolite A used in this work occluded some
Table 1

Thermal treatments to which the various Ba-exchanged zeolite

samples were subjected and figures where the corresponding XRD

patterns are reported
Temp (�C) T
hermal treatmenta
Zeolite A
200 Q
, 2 h (Fig. 2)
300 Q
400 Q
500 Q
 (Fig. 2)
600 Q
700 Q
, 1 h, 4 h, 28 h
800 Q
, 1 h, 4 h, 28 h (Fig. 2)
900 Q
, 1 h, 4 h (Fig. 3), 28 h
1000 Q
 (Fig. 3), 1 h, 4 h, 28 h
1100 Q
, 1 h, 4 h (Fig. 4), 28 h (Fig. 4)
1200 Q
, 1 h, 4 h (Fig. 4), 28 h (Fig. 4)
1300 Q
, 4 h, 10 h (Fig. 5), 22 h (Fig. 5), 28 h, 40 h
1400 Q
, 4 h, 10 h, 15 h (Fig. 5), 22 h
1500 Q
, 1 h, 4 h, 10 h (Fig. 6), 15 h, 22 h (Fig. 6), 28 h
Zeolites X and LSX
200 Q
300 Q
400 Q
 (Fig. 2), 4 h (Fig. 2)
800 2
 h (Fig. 2)
900 4
 h (Fig. 3)
1000 Q
 (Fig. 3)
1100 4
 h (Fig. 4), 28 h (Fig. 4)
1200 4
 h (Fig. 4), 28 h (Fig. 4)
1300 1
0 h (Fig. 5), 40 h (Fig. 5)
1400 1
5 h (Fig. 5)
1500 1
0 h (Fig. 6), 22 h (Fig. 6)
1550 2
4 h (Fig. 6)
a Q means that the sample was heated at a rate of 10 �C/min up to

the fixed temperature and subsequently quenched in air. In the other

cases, the samples were heated at a rate of 10 �C/min up to the

reported temperature, kept in this conditions for the reported time,

and subsequently quenched in air.
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NaAlO2 within its b-cages, similar to feldspathoid
behaviour.17 Moreover in the same paper3 the amount
of Na, whose presence could be reasonably ascribed to
occluded NaAlO2, was evaluated to be 0.12 meq/g. If
one considers that such amount of Na cannot be prac-
tically removed from zeolite A framework, it is evident
that the residual exchangeable Na content still present
at the end of the exchange procedure (0.08 meq/g) is
practically equal to the Na residual amount of zeolites
Ba–X and Ba–LSX, within the limit of experimental
error.

3.2. X-ray diffraction

Fig. 2 shows that Ba-exchange results in a reduction
of the crystallinity of the structure of the three different
zeolites. Such reduction appears dramatic for zeolite A,
sensible for zeolite LSX and hardly detectable for zeo-
lite X.
Fig. 3 shows that, when zeolite Ba–A is thermally

treated at 200 �C for 2 h, the total thermal collapse of
the microporous zeolite structure occurs, thus giving
rise to a completely amorphous product (Fig. 3a). When
zeolite Ba–A is heated up to 500 �C, monoclinic celsian
nuclei, whose size was estimated to range between 19.4
and 27.3 nm,9 may be found to crystallise in the amor-
phous matrix arising from the thermal collapse of the
zeolite structure (Fig. 3b). Raising the temperature of
the thermal treatment up to 800 �C does not result in an
increase of the amount of crystallised monoclinic cel-
sian, as it can be seen in the XRD pattern of zeolite Ba–
A thermally treated at 800 �C for 28 h (Fig. 3c). In such
XRD pattern no sensible increase of intensity of dif-
fraction peaks that can be ascribed to monoclinic cel-
sian with respect to the XRD pattern of zeolite Ba–A
heated at 500 �C and then quenched in air may be
detected, whereas the appearance of diffraction peaks
that can be ascribed to hexacelsian may be recorded.
Zeolite Ba–X and Ba–LSX undergo thermal collapse at
temperatures far higher than zeolite Ba–A, thus exhi-
biting a far higher thermal stability. In particular the
diffraction peaks that can be ascribed to the zeolitic
structure are still present in the XRD patterns of sam-
ples heated at 800 �C and then quenched in air (Fig. 3d
and g). Such peaks disappear only after a 2 h thermal
treatment at 850 �C which gives rise to completely
amorphous products, as it can be recorded in the XRD
patterns reported in Fig. 3f and i. It must be said that
an almost completely amorphous product occurs by
thermally treating zeolite Ba–X at 800 �C for 4 h,
whereas, subjecting zeolite Ba–LSX to this same ther-
mal treatment, a product which still exhibits a residual
Fig. 2. XRD patterns of zeolites Na–A, Ba–A, Na–X, Ba–X, (Na, K)-LSX, and Ba–LSX.
Fig. 3. XRD patterns of zeolite Ba–A thermally treated at 200 �C for 2 h (a), zeolite Ba–A heated at 500 �C and then quenched in air (b), zeolite Ba–

A thermally treated at 800 �C for 28 h (c), zeolite Ba–X and Ba–LSX heated at 800 �C and then quenched in air (d and g, respectively), zeolite Ba–X

and Ba–LSX thermally treated at 800 �C for 4 h (e and h, respectively), and zeolite Ba–X and Ba–LSX thermally treated at 850 for 2 h (f and i,

respectively).
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crystallinity is obtained. In Fig. 3 and in the following
ones, the main diffraction peaks of monoclinic celsian,
hexacelsian and zeolites are denoted with M, H, and Z,
respectively.
In the XRD pattern of zeolite Ba–A thermally treated

at 900 �C for 4 h (Fig. 4a) the same broad diffraction
peaks ascribed to monoclinic celsian, which appeared in
the XRD pattern of zeolite Ba–A heated at 500 �C and
then quenched in air (Fig. 3b) and in the XRD pattern
of zeolite Ba–A thermally treated at 800 �C for 28 h
(Fig. 3c), appear together with the diffraction peaks of
hexacelsian. It is noteworthy that, unlike the diffraction
peaks of monoclinic celsian, whose intensity does not
appear to increase with increasing temperature and time
of thermal treatment in the temperature range 900–
1000 �C, the intensity of diffraction peaks of hexacelsian
is higher than the intensity of diffraction peaks of hexa-
celsian present in the XRD pattern of zeolite Ba–A
thermally treated at 800 �C for 28 h (Fig. 3c). These
same considerations may be repeated even for the XRD
pattern of zeolite Ba–A heated at 1000 �C and then
quenched in air (Fig. 4b). In the XRD pattern of zeo-
lites Ba–X and Ba–LSX thermally treated at 900 �C for
4 h and heated at 1000 �C and then quenched in air no
early crystallisation of nuclei of monoclinic celsian
occurs in the amorphous phase arising from the thermal
collapse of the microporous zeolitic structure. Actually
in such XRD patterns only the diffraction peaks of
hexacelsian may be recorded. It must also be noticed
that the intensity of diffraction peaks of hexacelsian,
which, of course, increases with increasing temperature,
is higher in the XRD patterns of zeolite Ba–X than in
the XRD patterns of zeolite Ba–LSX, ceteris paribus.
Thermal treatments of zeolite Ba–A at 1100 or

1200 �C (Fig. 5) give rise to an early crystallisation of
hexacelsian followed by the conversion of hexacelsian
into monoclinic celsian after prolonged heating (28 h).
At 1200 �C the extent to which this conversion occurs is
far greater than at 1100 �C, ceteris paribus. Even during
the early stages of crystallisation of hexacelsian at 1100
or 1200 �C (the relevant XRD patterns are not repor-
ted), the presence of diffraction peaks of monoclinic
celsian, similar to those reported in Figs. 3b and c, 4a
and b, is recorded. Even thermal treatments of zeolites
Ba–X and Ba–LSX at 1100 or 1200 �C give rise to an early
crystallisation of hexacelsian followed by the conversion
of hexacelsian into monoclinic celsian after prolonged
heating (28 h). Nevertheless these phenomena strongly
differ from those occurring after having performed the
same thermal treatment on zeolite Ba–A. In particular
the absence of nuclei of monoclinic celsian during the
early stages of crystallisation of hexacelsian, typical of
Fig. 4. XRD pattern of zeolites Ba–A, Ba–X and Ba–LSX thermally treated at 900 �C for 4 h (a, c, e, respectively) and heated at 1000 �C and then

quenched in air (b, d, and f, respectively).
Fig. 5. XRD pattern of the following samples: zeolites Ba–A, Ba–X and Ba–LSX thermally treated at 1100 �C for 4 h (a, e, and i, respectively) and

28 h (b, f, l, respectively) and 1200 �C for 4 h (c, g, and m, respectively) and 28 h (d, h, and n, respectively).
S. Esposito et al. / Journal of the European Ceramic Society 24 (2004) 2689–2697 2693



zeolite Ba–A, is confirmed and the extent to which the
conversion of hexacelsian to monoclinic celsian occurs
is far lower thermally treating at 1100 or 1200 �C zeo-
lites Ba–X and Ba–LSX rather than zeolite Ba–A,
ceteris paribus.
Thermal treatments of zeolite Ba–A in the tempera-

ture range 1300–1400 �C (Fig. 6) give raise to the same
sequence of transformations previously reported. It is
noteworthy that the conversion of hexacelsian to
monoclinic celsian attains completion at 1300 and
1400 �C at 22 and 15 h, respectively. Fig. 6 reports even
the XRD pattern of zeolites Ba–X and Ba–LSX ther-
mally treated at 1300 �C for 10 and 40 h and at 1400 �C
for 15 h. The inspection of these XRD patterns reveals
that the conversion of hexacelsian to monoclinic celsian
starting from zeolites Ba–X and Ba–LSX is far slower
than starting from zeolite Ba–A. In particular the fol-
lowing findings appear evident: (1) If the XRD patterns
of zeolites Ba–A, Ba–X and Ba–LSX thermally treated
at 1300 �C for 10 h are compared, the conversion of
hexacelsian to monoclinic celsian appears almost com-
pleted starting from zeolite Ba–A, while its beginning
can hardly be detected in the XRD patterns of zeolites
Ba–X and Ba–LSX. (2) Starting from these zeolites, the
completion of the conversion of hexacelsian to mono-
clinic celsian appears far from being attained in times
equal (15 h at 1400 �C) or even far longer (40 h at
1300 �C) than the times necessary for the transforma-
tion of zeolite Ba–A into fully monoclinic celsian (15 h
at 1400 �C, 22 h at 1300 �C).
The inspection of the XRD patterns of samples ther-

mally treated at the highest temperatures (1500–1550 �C)
of the investigated temperature range (Fig. 7) confirms
the previous findings. In particular the full conversion
of hexacelsian to monoclinic celsian (Fig. 7a and b) is
attained thermally treating zeolite Ba–A at 1500 �C for
22 h. As far as zeolites Ba–X and Ba–LSX are con-
cerned, the conversion of hexacelsian to monoclinic cel-
sian is so slow that its completion is not attained even at
temperatures (1550 �C) and times (24 h) higher than
those necessary for the conversion of zeolite Ba–A into
fully monoclinic celsian (22 h at 1500 �C).

3.3. Thermal analysis

In Fig. 8 the DTA and TGA curves of zeolites Ba–A,
Ba–X and Ba–LSX are reported. In the three DTA
curves a large low temperature endothermic effect and a
sharp high temperature exothermic effect are evident.
The low temperature endothermic effect can be ascribed
to the progressive dehydration of zeolites. It must be
said that the total water loss of zeolites Ba–X (21.0%)
Fig. 6. XRD pattern of zeolite Ba–A thermally treated at 1300 �C for 10 (a) and 22 h (b) and at 1400 �C for 15 h (c), and zeolites Ba–X and Ba–LSX

thermally treated at 1300 �C for 10 (d and g, respectively) and 40 h (e and h, respectively) and at 1400 �C for 15 h (f and i, respectively).
Fig. 7. XRD pattern of zeolite Ba–A thermally treated at 1500 �C for 10 (a) and 22 h (b), and zeolites Ba–X and Ba–LSX thermally treated at

1500 �C for 10 (c and f, respectively) and 22 h (d and g, respectively), and at 1550 �C for 24 h (e and h, respectively).
2694 S. Esposito et al. / Journal of the European Ceramic Society 24 (2004) 2689–2697



and Ba–LSX (20.2%) is far higher than the one of zeo-
lite Ba–A (13.5%). This finding could be reasonably
ascribed to the fact that more void space is available for
water molecules in Ba–X and Ba–LSX zeolites (frame-
work density=13.3�1021 T cm�3, T=Si, Al atoms
exhibiting tetrahedral coordination)15 than in zeolite
Ba–A (framework density=14.2�1021 T cm�3).15 The
sharp high temperature exothermic effect is related to
the crystallisation of hexacelsian from the amorphous
phase.
The temperatures at which the sharp exothermic effect

is recorded (1022, 1035, and 1050 �C, for zeolites Ba–A,
Ba–X and Ba–LSX, respectively) appear to be con-
sistent with the XRD data. Actually, the presence of
hexacelsian begins to be hardly detected after 1 h of
thermal treatment at 900 �C starting from zeolite Ba–A
(the XRD pattern is not reported), and after 4 h of
thermal treatment at 900 �C starting from zeolites Ba–X
and Ba–LSX. The difference between these tempera-
tures is sufficiently accounted for by the fact that the
former values were recorded in dynamic conditions
whereas the latter value in static conditions.
Then in the DTA curves of zeolites Ba–X and Ba–

LSX a small, broad exothermic effect is recorded at 837
and 864 �C, respectively. No evidence of the sluggish
hexacelsian!monoclinic celsian transition is noted in
the DTA curve of the three zeolite samples.
4. Discussion

On Ba exchange, zeolite A undergoes a framework
distortion and a subsequent loss of crystallinity to a
larger extent than zeolites X and LSX. This fact reflects
also into their different thermal stability. Actually Ba
exchange, which was found to give rise to a disrupting
action even on other zeolite frameworks,18�20 seems to
make the framework of zeolite A far more prone to
thermal collapse than zeolites X and LSX. In particular
thermal collapse of the microporous zeolite structure
was found to occur after a 2 h thermal treatment at
200 �C for zeolite A, after a 4 h thermal treatment at
800 �C for zeolite Ba–X, and after a 2 h thermal treat-
ment at 850 �C for zeolite Ba–LSX. Evidence of the
thermal breakdown of the structure of zeolites Ba–X
and Ba–LSX could be found in their DTA curves.
Actually it appears reasonable to relate the small, broad
exothermic effect recorded at 837 and 864 �C, for zeolite
Ba–X and Ba–LSX, respectively, to the final breakdown
of their almost completely dehydrated microporous
zeolitic structure with the consequent formation of more
compact, amorphous phases. The difference between the
temperatures recorded (800 �C in static conditions and
837 �C in dynamic conditions for zeolite Ba–X, 850 �C
in static conditions and 864 �C in dynamic conditions
for zeolite Ba–LSX) is sufficiently accounted for by the
different conditions in which they were recorded. This
interpretation is in agreement with Weidenthaler and
Schmidt,21 Trigueiro and coworkers,22 and Chan-
drasekhar and Pramada.23,24 These authors recorded a
similar exothermic effect in the DTA curves of many
different cation forms of zeolites A, X and Y and ascri-
bed it to the thermal breakdown of their microporous
structure.
Also the amorphous phase arising from the thermal

collapse of the microporous structure of zeolite Ba–A
exhibits a thermal behaviour which strongly differs from
the thermal behaviour of the amorphous phase arising
from the thermal collapse of zeolites Ba–X and Ba–
LSX. The crucial point in which such thermal beha-
viours differ from each other is the fact that, starting
from 500 �C, the presence of nuclei of monoclinic cel-
sian dispersed in the amorphous matrix arising from the
thermal collapse of the microporous structure of zeolite
Ba–A is recorded prior to the crystallisation of hexa-
celsian. This phenomenon was explained as follows. The
framework of the various zeolites is made up of basic
TO4 (T=Si, Al) tetrahedra, which are the primary
building units in every aluminosilicate. These basic TO4
(T=Si, Al) tetrahedra may be thought to be assembled
in zeolites in such a way to form slightly more complex
units, called secondary building units (SBU).15 When
Fig. 8. DTA and TGA curves of zeolites Ba–A, Ba–X, and Ba–LSX.
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the thermal breakdown occurs, the long range order of
the microporous zeolite structure is destroyed, thus
giving rise to an amorphous phase. Nevertheless the
association of some of the basic TO4 tetrahedra in
SBUs, which was reported either in glass25,26 or
melts,27,28 was detected even in the amorphous phase
arising from the thermal collapse of the microporous
structure of zeolite Ba–A.8 In particular the use of the
FTIR spectroscopy allowed to reveal the presence of the
secondary building units of zeolite A in such amorphous
phase and that thermal treatments in the temperature
range 200–400 �C resulted in a middle-range order
which favoured the crystallization of nuclei of mono-
clinic celsian at 500 �C.8 The further evolution of the
amorphous phase in the 500–800 �C range of thermal
treatment instead of promoting the crystalline growth of
monoclinic celsian, created a middle-range order
favourable to the crystallisation of hexacelsian starting
from 900 �C. Nevertheless the presence of the nuclei of
monoclinic celsian previously formed appears of crucial
importance as they were found to favour the conversion
of hexacelsian into monoclinic celsian at temperatures
far lower than those reported in the literature.2

Unlike the amorphous phase arising from the thermal
collapse of the microporous structure of zeolite Ba–A,
the amorphous phase arising from the thermal collapse
of microporous structure of zeolite Ba–X and Ba–LSX
does not give rise to the crystallisation of nuclei of
monoclinic celsian prior to the crystallisation of hexa-
celsian. A possible explanation of this finding could be
related to the higher thermal stability of zeolites Ba–X
and Ba–LSX. Actually the crystallization of nuclei of
monoclinic celsian at 500 �C in the amorphous phase
arising from the thermal collapse of zeolite Ba–A is
favoured by the middle-range order resulting from the
thermal treatments in the temperature range 200–
400 �C.8 These phenomena are very unlikely to occur
for zeolites Ba–X and Ba–LSX on account of the fol-
lowing reasons: (1) Zeolites Ba–X and Ba–LSX exhibits
good thermal stability in the temperature range 200–
500 �C; (2) At the temperatures at which the thermal
collapse of zeolites Ba–X and Ba–LSX occurs (about
800–850 �C) a middle-range order favourable to the
crystallisation of hexacelsian is created.8 The immediate
consequence of the fact that the thermal collapse of the
microporous structure of zeolites Ba–X and Ba–LSX
does not give rise to the crystallisation of small nuclei of
monoclinic celsian prior to the crystallisation of hexa-
celsian is that the transformation of hexacelsian to
monoclinic celsian, starting from zeolites Ba–X and Ba–
LSX, occurs at temperatures far higher and/or times far
longer than starting from zeolite Ba–A. Such high tem-
peratures and long times appear very similar to those
reported in ref. 2 where the literature concerning the
synthesis of celsian was reviewed. In particular in this
study it was found that, starting from the samples of
zeolite Ba–X and Ba–LSX of this work, the conversion
of hexacelsian into monoclinic celsian does not attain
completion even in the most severe experimental condi-
tions experienced (1550 �C, 24 h). This last finding does
not appear, at a first glance, in agreement with the
results of refs. 2 and 14. Nevertheless this discrepancy
may be easily explained considering that the higher
reactivity of samples of zeolite Ba–X of refs. 2 and 14
than samples of zeolites Ba–X and Ba–LSX of this work
appears related to their different residual Na content
(zeolite Ba–X of refs. 2 and 14: 0.26 and 0.61 meq/g,
respectively; zeolites Ba–X and Ba–LSX of this work:
0.10 and 0.09 meq/g, respectively). Thus the role played
by Na, whose presence was found to result in lower
temperatures and times of crystallisation of monoclinic
celsian starting from zeolite Ba–A, ceteris paribus,3 is
confirmed even for zeolite Ba–X.
5. Conclusions

This investigations supplied new insight into the ther-
mal transformation of Ba-exchanged zeolites into cel-
sian. First of all the mineralising role played by Na
residual content, which was revealed in the thermal
transformation of zeolite Ba–A into celsian,3 was con-
firmed even for zeolites Ba–X and Ba–LSX.
Then an other point which appears worth to be stres-

sed is the far greater reactivity of zeolite Ba–A than
zeolites Ba–X and Ba–LSX precursors. This finding
appears very interesting inasmuch as the amorphous
phases arising from the thermal collapse of the micro-
porous structures of zeolites Ba–A and Ba–LSX exhibit
a chemical composition extremely close to each other
and, in particular, exhibit about the same Si/Al ratio.
Moreover the amorphous phases arising from the ther-
mal collapse of the microporous structure of zeolites
Ba–X and Ba–LSX, despite the different chemical com-
position, behave in very similar ways as far as their
subsequent thermal transformations are concerned.
These considerations evidence the fact that the middle-
range order of the amorphous phase arising from the
thermal collapse of the microporous zeolitic structure
greatly affects the reactivity of the system, unlike its Si/
Al ratio. Such middle-range order could be affected by
the structure of the zeolite from which the amorphous
phase originated and by the thermal stability of the
zeolitic structure itself. Actually the former could affect
the middle-range order of the amorphous phase as dif-
ferent zeolites, when they undergo thermal breakdown,
could give rise to amorphous phases in which different
amounts of the various SBUs are dispersed.25�28 The
latter could play an equivalent role as an high thermal
stability of the zeolitic structure may inhibit the occur-
rence of the low temperature (200–400 �C) transforma-
tions in the amorphous phase.8
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