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a  b  s  t  r  a  c  t

A  novel  method  was  proposed  for the  preparation  of  aluminosilicate-based  ceramic  materials  by tem-
perature  induced  transformation  of  amorphous  aluminosilicates  (zeolite  precursors)  as  an  alternative  to
conventional  methods  based  on  the thermal  treatment  of kaolin,  feldspar  and  other  silicate,  aluminosil-
icate  and/or  oxide  mixtures,  or by  sol–gel  method.

Amorphous  aluminosilicate  gels  that  are  usually  used  as  precursors  for  the  crystallization  of  zeolites
eywords:
eramics
ullite

luminosilicates
anomaterials
hermal treatment

after  exchanging  their  host’s  cations  (sodium)  with  ammonium  cations  from  solution  were  thermally
treated  (at  1263  K for 3  h)  and  yielded  a  mixture  of  mullite  and  amorphous  silica.  Further  chemical  treat-
ment  of the  mixture  with  sodium  hydroxide  solution  yielded  a pure  mullite  phase  having  particle  size
below  100  nm.

© 2011 Elsevier B.V. All rights reserved.
issolution

. Introduction

High temperature inorganic materials with specific properties
nd stable chemical and physical characteristics and good mechan-
cal properties, even at high temperature, are required as advanced

aterials in science and technology. Such demand leads to the need
or new synthetic routes for preparation of a range of high purity
ynthetic (ceramic) inorganic compounds.

Mullite, 3Al2O3·2SiO2 is one of the most important high tem-
erature inorganic oxides. It is rarely found in nature because of its
igh temperature and low-pressure formation conditions [1].  The
ccurrence of mullite is a result of post-caledonian volcanic activi-
ies in which high temperature mullite phases are deposited when
lay minerals are heated through contact with magma  [2].  Mullite
elongs to aluminum silicate family with an orthorhombic struc-
ure. The mullite crystal structure consists of a three-dimensional
ramework of alternate corner sharing of the AlO6 octahedra and
iO4 (or AlO4) tetrahedra. The aluminum silicate crystal structure
an be modified into various ortorhombic structures ranging from
illimanite Al2O3·SiO2 to 4Al2O3·SiO2, achieved by substituting Si4+

ons with Al3+ ions in the tetrahedral sites of the alternating alu-
inum and silicon columns and the introduction of ordered oxygen

acancies [3].

Synthetic preparation of mullite is until now obtained using con-

entional methods based on the thermal treatment of kaolinite,
eldspar and other silicate, aluminosilicate and/or oxide mixtures,

∗ Corresponding author. Tel.: +385 1 4680 236; fax: +385 1 4680 098.
E-mail address: Cleo@irb.hr (C. Kosanović).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.099
or by sol–gel method [4–8]. The type of precursors used for the
synthesis and processing of mullite plays a key role on the shape-
forming characteristics, sinterability and the final properties of the
product. While particulate or macromolecular colloids are pre-
ferred in fiber processing, powders are the most common form
used in the fabrication of bulk objects. Production of mullite from
clays, and in particular kaolinite (Al2O3·2SiO2·2H2O), showed them
as very advantageous minerals for mullite synthesis, due to their
low cost [9].  In order to use cheap precursors for the synthesis of
mullite, we  proposed zeolites as starting materials.

According to our previous findings [10–15],  high temperature
treatment of zeolites results in, either, (a) transformation of zeo-
lite into X-ray amorphous phase and (b) nucleation and crystal
growth of the secondary crystalline aluminosilicate ceramic phase;
the particle size and morphology of thus formed phase do not
change during the entire process (pseudomorphism). This implies
that not only zeolites, but also amorphous gel precursors can be
transformed into the secondary crystalline phases, which gives an
additional importance to the study of the micro-structural stud-
ies of the gel precursors, relevant for the transformation pathways.
In contrast to the impracticability of the study of the particulate
properties during the high temperature transformation of zeolites
caused by pseudomorphism, the high temperature transformations
of the amorphous gel precursors enable to study the changes of both
the structural and particulate properties during transformations.

Synthesis of mullite from zeolite precursor was obtained

using ammonium-exchanged zeolite A [16]. Controlled heating of
ammonium-exchanged zeolite A resulted in the formation of an
amorphous aluminosilicate, followed by desorption of water and
ammonia. Except of bulginess formed on the particle surfaces,

dx.doi.org/10.1016/j.jallcom.2011.05.099
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Cleo@irb.hr
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hat is a result of the internal pressure of gaseous NH3 devel-
ped during the thermal decomposition of NH4

+ ions inside zeolite
 micro-crystals, the resulting particles of the amorphous alumi-
osilicate kept the size and shape of the precursor micro-crystals
NH4-exchanged zeolite A). A prolonged heating of the amorphous
luminosilicate resulted in its transformation into a mixture of mul-
ite (63.4 wt. %), amorphous SiO2 (33.9 wt. %) and Na2SiO3 (2.7 wt.
). Resulting particles have the same size and shape as the par-
icles of the starting amorphous aluminosilicate. The observed
reservation of the particulate properties during the transforma-
ion processes led to the conclusion that each zeolite micro-crystal
cted as a “closed” micro-reactor with a stable shell and all rele-
ant processes (crystal to amorphous transformation, nucleation
nd crystal growth of mullite from the amorphous aluminosili-
ate) occurred inside each single particle (crystal). This additionally
mplied that mullite, SiO2 and Na2SiO3 did not appear as separate
articulate systems, but they existed as physical mixture inside
ach single particle (micro-reactor).

By bear in mind that chemical composition of the crystalline
roduct (zeolite A) is identical to the composition of initially
sed gel, as well as that the hosts cations (sodium) can be easily
xchanged with other cations from a solution, the ammonium-
xchanged gel is used in this work as a precursor for preparation
f mullite type ceramics that contains exclusively constituent ions,
ilicon, aluminum and oxygen.

The intention of this study is to establish a novel method for
reparation of aluminosilicate-based ceramic materials by tem-
erature induced transformations of amorphous aluminosilicates
zeolite precursors) as an alternative to conventional used methods.

. Experimental

Two  Na2O–Al2O3–SiO2–H2O amorphous gels having different Al/Si ratio were
repared by mixing the appropriate Na2SiO3 solution with NaAlO2 solution at room
emperature, followed by separation of the precipitated amorphous solid phase and
ubsequently washed and dried. The Na+ ions from the starting gel precursors were
xchanged with NH4

+ from solution is as follows:
10 g of powdered gel was  placed in a stainless-steel reaction vessel contain-

ng 250 ml  of 0.5 mol dm−3 NH4Cl solution preheated at 70 ◦C. The suspension was
tirred for 1 h at 70 ◦C and thereafter the solid phase was  separated from the solution
y  filtration. The residue was redispersed in a fresh 250 ml  portion of 0.5 mol  dm−3
olution of ammonium chloride and stirred again for 1 h at 70 ◦C. The exchange
nd separation procedure was carried out three times in all. After final solid/liquid
eparation, the residue on the filter paper was rinsed with distilled water until the
eaction of filtrate with AgNO3 yielded a negative result and dried at 105 ◦C for 24 h.
he  exchanged gels were kept in a desiccator with saturated NaCl solution for 24 h
efore analyses.

The resulting gels having composition:

I:  (NH4)2O·Al2O3·3.2SiO2·1.94H2O and
I: (NH4)2O·Al2O3·2.6SiO2·2.3H2O (as determined by means of the chemical and TG

analyses) were heated isothermally at 1263 K for 3 h, in a controlled-temperature
chamber furnace (ELPH-2, Elektrosanitarij) in order to transform into a mixture
of  mullite and amorphous SiO2.

The transition temperatures were determined by differential scanning calorime-
ry.

.1. Dissolution procedure

Two  grams of powdered material (mullite + amorphous SiO2 obtained by ther-
al treatment of NH4-gel) dried at 105 ◦C for 24 h were poured into a stainless-steel

eaction vessel that contains 100 ml  of 2 M NaOH solution preheated at 70 ◦C (mass
oncentration of the suspension was  20 g/dm3). The reaction vessel was provided
ith a thermostated jacket and fitted with a water-cooled reflux condenser and a

hermometer. The reaction mixture (suspension of the powdered material in 2 M
aOH solution) was  stirred with a Teflon coated magnetic bar (L = 5 cm, Ø = 0.95 cm)

riven by a magnetic stirrer at the speed of 510 rpm. At various time intervals, td,
fter the commencement of the dissolution process, aliquots of the suspension were
rawn off to prepare samples for analyses. The moment when the powdered mate-
ial  was poured to the preheated NaOH solution was  taken as the zero time (td = 0)
f  the dissolution process.
mpounds 509 (2011) 8256– 8261 8257

The starting gels and the obtained ceramic material were characterized using
the following methods.

2.2. Thermal analysis

Thermogravimetric and differential thermogravimetric analyses (TG/DTG) of
gels  were performed on the SDT 2960 thermal analysis system (TA Instruments, Inc.).
The measurements were carried out in nitrogen flow at heating rate of 10 ◦C/min.

2.3. X-ray powder diffraction (XRD)

The X-ray diffraction patterns of the samples were taken by an ItalStructures
APD diffractometer with GD 2000 goniometer and Cu K� graphite radiation. The
scan step was 0.02 and the sampling time was 1 s per step.

The weight fractions, fa(I), of the amorphous phase obtained from gel(I) and
fa(II), of the amorphous phase obtained from gel(II) and fmul(I) and fmul(II) of
mullite were calculated by Hermans–Weidinger method [17].

2.4. BET surface area

External specific surface area of selected powdered samples was  determined
by  multiple BET method (Gemini 2360 Surface Area Analyzer, Micromeritics) using
nitrogen as adsorbate at the temperature of liquid nitrogen (−195.6 ◦C). The relative
pressure range was 0.05–0.3P/Po.

2.5. Fourier transform infrared spectroscopy (FTIR)

Infrared transmission spectra of the samples were made by the KBr wafer
technique. The spectra were recorded on FTIR Spectrometer System 2000 FT-IR
(PerkinElmer).

2.6. Chemical composition

The chemical composition of the gel (contents of Na, Al, Si) was  determined
using EDXS and thermal analysis (H2O content). Energy dispersive X-ray analyser:
FE-SEM linked to EDS/INCA 350 manufactured by Oxford Instruments Ltd. was used.

2.7. Scanning electron microscopy (SEM)

The scanning electron micrographs of the samples were taken by Philips XL 30
scanning electron microscope.

3. Results and discussion

There are several reasons why amorphous aluminosilicate gels
were chosen to be the starting materials for the synthesis of mul-
lite. First reason is their convenient chemical composition that
is consisting of Na, Al and Si atoms. The sodium cation could
be successfully removed by ion exchanging method introducing
ammonium ion that could be easily disappeared in the form of NH3
gas during the further temperature induced transformation. Second
reason is their structural composition. The presence of “structure-
forming” Na+ ions in the reaction mixture was needed to enhance
the formation of zeolite nuclei in the gel matrix [18–20]. Once
the nuclei were formed it was  possible to remove sodium without
destroying the nuclei.

The structure of such gels was  examined by several methods [21]
and especially AFM microscopy showed that they are consisting of
three different types of nano-sized entities: (A) near-spheroidal-
shaped particles (B) “transition”, probably partially crystalline,
features (particles of “quasi-crystalline” phase and (C) “pyramidal-
shape” features which look like fully crystalline material. These
“pyramidal” shape features are the formed nuclei that depending
of the surrounding concentration of Al and Si transform to mullite
and SiO2.

FT-IR spectra of the prepared gels (Fig. 1) show the character-
istic spectra for amorphous aluminosilicate gels with a slight band
at about 581 cm−1 characteristic for zeolites structure that is an

indication of the presence of long-range ordered aluminosilicate
(partially or “quasi-crystalline”) phase in the gel matrix. Prolonged
heating of the gels at elevated temperatures resulted to the forma-
tion of mullite and SiO2.
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ig. 1. FT-IR spectra of the precipitated amorphous sodium aluminosilicate precur-
ors having SiO2/Al2O3 ratio 3.2 (I-gel) (a) and 2.6 (II-gel) (b).

The processes that occurred during heating of the two gels may
e presented as follows:

I-gel:

NH4-exchanged gel
[(NH4)2O · Al2O3 · 3.2SiO2 · 1.94H2O]

heat−→
amorphous aluminosilicate

3Al2O3 · 9.6SiO2 + 6NH3 + 8.82H2O

heat−→
mullite and amorphous silicon oxide

3Al2O3 · 2SiO2 + 7.6SiO2

and II-gel:

NH4-exchanged gel
[(NH4)2O · Al2O3 · 2.6SiO2 · 2.3H2O]

heat−→
amorphous aluminosilicate

3Al2O3 · 7.8SiO2 + 6NH3 + 9.92H2O

heat−→
mullite and amorphous silicon oxide

3Al2O3 · 2SiO2 + 5.8SiO2

The prepared NH4-exchanged aluminosilicate gels contain more
iO2 than it is necessary for the mullite composition. SiO2 appears
n the end product after thermal treatment as amorphous sili-
on oxide. The amount of produced mullite is directly related to
he amount of Al present in the reaction mixture, as well as it is
elated to the calcining temperature. However, the question is if it
s possible to produce mullite by following the same experimen-
al procedure, but using exactly the stoichiometrical proportions
f reactants: 2SiO2 (introduced as Na2SiO3 solution) and 3Al2O3
introduced as NaAlO2). In order to find the answer, the gel was
recipitated by using the respective amounts of the mentioned
olutions. Unfortunately, the ion-exchange of the sodium cation
ith ammonium cation was not completely successful because of

he structural nature of the formed gel. Namely, such prepared gel
oes not have the ability to exchange the cations, like the gels that
re precursors for zeolite synthesis, as it was detected by EDXS
nalysis. Further thermal treatment of this gel resulted with a very
mall yield of mullite in a mixture with, predominantly, amorphous

ilicon oxide and carnegeite. The appearance of carnegeite was con-
equence of the presence of sodium cation remained in the gel.

The temperature of transformation from one phase to another
an be estimate by differential scanning calorimetry and is pre-
Fig. 2. DSC curves of the precipitated amorphous aluminosilicate precursors having
SiO2/Al2O3 ratio 3.2 (I-gel) and 2.6 (II-gel).

sented by the exothermic peak on the curve. For both the gels was
found to lay about 1263 K (990 ◦C) (Fig. 2).

The similarity in IR-spectra of the gels (Fig. 1), identical tem-
peratures of transformation, as well as the similar values of the
measured external surfaces (BET for I-gel 50 m2/g and 52 m2/g for
II-gel) indicate that the both gels followed the same mechanism of
crystallization. The only difference was the content of the obtained
mullite and SiO2, as a consequence of the different Al/Si ratio in
the starting gels composition. The proposed procedure of the pure
mullite preparation is schematically shown in Fig. 3.

However, in order to obtain the mullite as pure as possible,
the additional process for amorphous SiO2 removal was necessary.
Thus, the dissolution and removal of SiO2 was performed by using
sodium hydroxide solution. Fig. 4 shows the XRD diffractograms of
the samples obtained by calcination and subsequent dissolution of
I-gel (Fig. 4Ab) and II-gel (Fig. 4Bb): the presence of only mullite’s
diffraction peaks, as well as a distinct amorphous “hump” indicates
that the formed silicon dioxide is amorphous [17]. The calculated
composition of the calcined samples shows approximately 50% of
mullite and 50% of amorphous SiO2, which complies with the chem-
ical composition of the used precursors. Theoretically, temperature
induced transformation of I-gel yields to a mixture of 48.27% mul-

lite and 51.73% amorphous SiO2, while the treatment of II-gel yields
to a mixture of 55.01% mullite and 44.99% amorphous SiO2 that is
in a good agreement with the findings of X-ray diffraction analyses.
Further on, the diffraction pattern c, Fig. 4(Ac and Bc) recorded for
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Fig. 3. Schema of the whole production process for the preparation

he sample obtained after the dissolution of the amorphous SiO2 in
 M NaOH solution, at 343 K, in a period of 3 h, is showing according
o database [23] the pattern of pure mullite.

FTIR spectroscopy was also used to study the mullite formation
rom gel precursors.

The IR spectra of the starting amorphous sodium aluminosili-
ate gels were presented in Fig. 1. Both gels, in sodium form, show

he characteristic bands of amorphous aluminosilicate gels: a band
t 430 cm−1 is assigned to TO (T = Al, Si) [22,24] bending mode, the
eak broad band in the frequency range between 510 cm−1 and

50 cm−1 with a minimum at 581 cm−1 is ascribed to the symmet-
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ig. 4. X-ray diffraction patterns of the precipitated amorphous aluminosilicate pre-
ursors (Aa and Ba) and of the solids (Ab and Bb) obtained by isothermal heating
f the precursors at 1263 K and (Ac and Bc) obtained after their dissolution in 2 M
aOH solution at 343 K for t = 3 h, respectively.
e mullite using amorphous aluminosilicate gel as starting material.

ric stretching modes of OTO (T = Al, Si) [22,25] while the band at
830 cm−1 is assigned to the asymmetric stretching of Al–O mode
[25]. The bands in the region between 1000 and 1100 cm−1 are
identified as Si–O–Si and Si–O–Al stretching frequencies [22,26].
The cation exchange of the sodium cation with ammonium cation
does not cause changes in the gel structure as it is found by our
previous studies [27]. The extra band that appears at 1400 cm−1 in

the spectra obtained for the ion-exchanged gel with ammonium
ion (Fig. 5Aa) and Ba) is assigned to the valence and deforma-
tion vibrations of the NH4

+ ion [28]. The next synthesis step was
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Fig. 5. FT-IR spectra of the ammonium aluminosilicate I-gel (Aa) and II-gel (Ba), of
the  solid obtained by isothermal heating of the precursors at 1263 K I-gel (Ab) and
II-gel (Bb) and of the solid residue obtained after dissolution in 2 M NaOH solution
at  343 K for t = 3 h of the calcined samples of I-gel (Ac) and II-gel (Bc).
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Fig. 6. Scanning electron micrograph of the samples obtained by isothermal heat-
ing of precipitated amorphous aluminosilicate precursors I-gel (A) and II-gel (B) at
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Fig. 7. Scanning electron micrograph of the samples obtained after alkaline treat-
263 K for 3 h.

he thermally induced transformation of the ammonium-exchange
luminosilicate gels.

The recorded IR spectra of the samples show the characteristic
ands for mullite form as well of the formed silicon dioxide (Fig. 5Ab
nd Bb). The band that belongs to Si–O bending at about 800 cm−1

s common for both the products (mullite and silicon oxide) but the
i–O–Si stretching at about 1083–1089 cm−1 by the shape and the
osition of the band is assigned to a stoichiometric silicon dioxide
tructure. This band disappears from the spectra of the samples
btained after dissolution of amorphous SiO2 in NaOH solution
Fig. 5Ac and Bc). The recorded spectra contain only the character-
stic bands of mullite (Fig. 5Ac and Bc). These bands are identified
s Si–O stretching frequencies in the region of 1125–1165 cm−1

s well in the region of 950–988 cm−1. The band in the region of
30–909 cm−1 is identified as a tetrahedral Al–O stretch, the band at
30 cm−1 as a tetrahedral (Al or Si) stretch, the band at 550 cm−1 as
n octahedral Al–O stretch and the band at 430 cm−1 as Si–O stretch
hus confirming that the obtained mineral form is mullite. The band
hat appears at about 1630 cm−1 at some spectra is assigned to C–O
ending.
Scanning electron micrographs of the obtained products of
ullite and amorphous SiO2 are presented in Fig. 6. The linear

imension of the particles does not exceed the 100 nm,  but they
ment (3 h, 70 ◦C 2 N NaOH solution) of the samples obtained by isothermal heating of
precipitated amorphous aluminosilicate precursors I-gel (A) and II-gel (B) at 1263 K
for  3 h.

form agglomerates as a consequence of the high temperature at
which the samples were isothermally heated.

BET surface area analysis of the samples obtained after thermal
treatment of I-gel and II-gel showed that they are slightly porous,
having BET surface areas of 11 m2g−1 and 24 m2g−1, respectively.
After the dissolution of amorphous SiO2 BET surface analysis of both
samples showed an increase of the surface area to s = 51 m2g−1 and
s = 47 m2g−1, respectively that indicate the nano sized nature of the
primary particles. This is additionally evidenced by scanning elec-
tron micrographs, recorded for the final products and presented in
Fig. 7. The presence of Al, Si and O in the samples was determined by
the EDXS analysis, thus confirming their mineralogical composition
(mullite), obtained by X-ray diffraction (Fig. 4c).

The proposed procedure enables the preparation of nano sized
mullite, using two  different gel precursors as starting materials.
Depending on the initial Al2O3 content, the coefficient of utilization
was  found to proportionally increase.

4. Conclusion
Isothermal heating of precipitated amorphous aluminosilicates
having Si/Al ratio 3.2 (I-gel) and 2.6 (II-gel) at 1263 K (990 ◦C) for
3 h, results in a gradual transformation of the initially formed gels
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nto a mixture of approximately 50% of mullite and 50% of amor-
hous SiO2 which complies with the chemical composition of the
recursors.

Since the solubility of amorphous SiO2 in 2 M NaOH solution, at
43 K (70 ◦C), is considerably higher than the solubility of mullite
nder given conditions, the respective treatment of the samples
btained after isothermal treatment resulted in formation of nano-
ized mullite.

The use of amorphous aluminosilicate gels, instead of crystalline
eolites or other materials regularly used for mullite preparation
kaoline, clays) reduced the number of process steps, lower the
emperature and shortened the time of thermal treatment.
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