
Thermochimica Acta 427 (2005) 109–116

Aluminosilicate formation in various mixtures of
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aluminum nitrate (ANN)
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Abstract

Reaction between different mixtures of tetra ethyl orthosilicate and aluminum nitrate nonahydrate at varying conditions have been studied
by DTA technique. The result reveals that the two components react with the exhibition of an exotherm at∼110◦C. During isothermal
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eating at∼80◦C mixtures show rise in temperature with vigorous evolution of NO2 fumes and form gels those on heating to∼500◦C form
luminosilicate precursor phase. The composition of it may be close to the approximate composition of mullite.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In the binary Al2O3–SiO2 phase diagram, mullite of the
omposition of Al2O3:SiO2 = 3:2 exists as a stable crystalline
hase. It has been prepared out of different sources of silica
nd alumina component materials. Roy[1] first used tetra
thyl orthosilicate (TEOS) and aluminum nitrate nonahydrate
ANN) and thereafter these have been widely used till date
s an inorganic cum organic source materials for synthesis
f mullite precursor via sol–gel route. The essential factors
amely (i) amount of hydrolysis water or alcohol used as
olvent, (ii) pH of the reaction medium, (iii) gelation time,
nd (iv) temperature of the reaction condition influenced the
verall gelation process[2–14]. It is shown that all those four
eaction parameters affected the hydrolysis cum condensa-
ion processes of TEOS and hydrolysis of ANN. These pa-
ameters predict the ultimate path of mullite formation of the
recursor e.g. whether it forms directly or via an intermedi-

∗ Tel.: +91 33 24733469; fax: +91 33 24730957.

ate Al–Si spinel formation route[3–5,8,15–21]. Accordingly
phase transformation sequences of the gels or precursor
found to be different and these are briefly shown by the
lowing equations.

In acidic medium some precursor forms tetragonal mu
(t-mullite) directly and exhibits only 980◦C exotherm an
thereafter transforms to orthorhombic mullite (o-mullite)
further heating.

1st type:

Mullite precursor

980◦C−→
Exo

2Al2O3·SiO2
t-mullite

+Aluminosilicate (A)

Continued−→
heating

3Al2O3·2SiO2
o-mullite

(1)

While in most practical cases, precursors form both t-mu
and Al–Si spinel of varying ratio’s at the 980◦C and thereafte
complete o-mullite formation at the second stage of tran
E-mail address:akshoyc@hotmail.com. mations.
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2nd type:

Mullite precursor

Exo−→
980◦C

t-mullite (major)
Continued−→

heating
3Al2O3·2SiO2

o-mullite

+ Al–Si spinal phase
(minor)

+Aluminosilicate (A)

Exo−→
1250◦C

3Al2O3·2SiO2
o-mullite

(2)

3rd type:

Mullite precursor

Exo−→
980◦C

Al–Si spinel (major)

+ t-mullite (minor)+ Aluminosilicate (A) (minor)

Exo−→
1250◦C

3Al2O3·2SiO2
o-mullite

(3)

Some other precursor mostly forms Al–Si spinel at 980◦C at
the first stage and thereafter forms o-mullite at two exother-
mic reactions, respectively.

4th type:

980◦C 1245◦C

Al2O3
o-m
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Si–O· · · Al linkages as shown by IR studies[22,23]. Gener-
ally, Si O stretching vibration for pure silica gel occurred at
∼1120 cm−1 and this decreased to 1080 cm−1 in coprecip-
itated gel heated to 900◦C which indicated a considerable
effect possibly due to substitution. Formation of aluminosil-
icate compound during heating those gels was also shown
by MAS NMR studies[10,11,14,24,25]. An asymmetrical
shape of29Si resonance peak was noted in mullite precur-
sor at∼−92 ppm range. According to Irwin et al.[26,27]
and Yasumori et al.[28], 29Si resonances are assigned to
four aluminum atoms via oxygens{Q0 (4Al) sites}and to
Q4 (0Al) sites. While with heating of mullite precursor,29Si
resonance shifted to more negative value∼−100 ppm. This
phenomenon was explained with the increase in number of

Si O (Si, Al) bridges i.e. Q4 (1Al) environment which
corresponds to an increasing degree of condensation of the

Si O (Si, Al) network. Still some researchers thought that
mullite precursors is an amorphous mixture of silica and alu-
mina phases[16]. Firstly, the detail reaction course regarding
the possibility of any chemical reaction between two com-
ponents at low temperature range in the aqueous or alcoholic
stage is not fully explored. In the present study, DTA run of the
two pure components and their mixtures prepared at different
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Mullite precursor−→
1st Exo

Al–Si Spinel −→
2nd Exo

3Al2O3·2SiO2
o-mullite

Path I

Aluminosilicate phase (A)
1150◦C−→
3rd Exo

3

Path II

n case of spray pyrolyzed precursor, complete mullite
ation occurs at the 980◦C exotherm[21].
5th type:

pray dried or spray pyrolyzed precursor

1st Exo−→
980◦C

t-mullite
Continued−→

heating
3Al2O3·2SiO2

o-mullite
(5)

iphasic gel obtained in basic condition of gelation
NN/TEOS or by using boehmite sol in acidic condit
ith TEOS shows that phase transformation process i

irely different from above cases of monophasic gels. It d
ot exhibit 980◦C exotherm but forms Al–Si spinel in th

emperature range 1100–1300◦C. It finally transforms to o
ullite at∼1300◦C exotherm:
6th type:

ullite precursor
Diphasic gel

1st Exo−→
1100–1300◦C

Al–Si spinel phase

+ Aluminosilicate (A)
2nd Exo−→

1270−1320◦C
3Al2O3·2SiO2

o-mullite
(6)

uring the gelation process, TEOS is first hydroly
nd developed silicic acid gel which physically adsor
l3+ ion from aluminum nitrate solution in its netwo
l3+ also substituted Si4+ in the gel structure and forme
·2SiO2
ullite

(4)

eaction conditions have been made sequentially. Seco
he changes in temperature of these mixtures have been
t definite time interval during an isothermal heating proc
esults indicate that these components react with the ex

ion of an exotherm and form an amorphous aluminosili
hase.

. Experimental

.1. DTA study

To detect the temperature of occurrence of the reacti
he two components, a series of DTA run were performed
hese are chronologically stated below:

(i) Components e.g., pure TEOS, ANN, concentrated
minum nitrate solution.

(ii) Mixtures e.g., (a) ANN–TEOS paste. It was prepare
follows. Pure aluminum nitrate of 10 g and 2 ml TE
were mixed and ground in an agate mortar for 10
when a paste like mass was obtained. (b) Alcoholic m
ture of ANN–TEOS. This was prepared by mixing 10
alcohol to the above paste.

iii) Isothermal heating of TEOS–Al(NO3)3·9H2O mixture.
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Table 1
Batch composition of ANN and TEOS

Batch mark Approximate wt.%
ratio of Al2O3 to
SiO2 in the powder

Amount of
TEOS taken
(ml)

Amount of
ANN taken
(g)

ISG24 76/24 4 2.5
ISG40 60/40 4 5
ISG56 56.25/43.75 4 10
ISG66 66.66/33.33 4 15
ISG72 72/28 4 20
ISG76 76.27/23.72 4 25
ISG80 79.41/20.58 4 30

A constant temperature water bath was taken in this study.
Its temperature was maintained constant at 80± 2◦C. TEOS
of 4 ml was taken in a round-bottomed flask and it was placed
into the water bath until it attained the temperature of the bath.
To the fixed amount of TEOS, different amounts of ANN were
added to make different batches as shown inTable 1. Weighed
amount of aluminum nitrate crystals were taken in a separate
beaker and its temperature was raised gradually up to∼80◦C
when solid melted first into a solution and then it concentrated
on continued heating. After attainment of constant tempera-
ture, the concentrated aluminum nitrate solution was added
into the flask containing TEOS at the same temperature of
∼80◦C. The temperature of the mixed solution was found
to rise slowly at the beginning and then it rose rapidly just
after swirling the flask with simultaneous effervescence of
brown fumes of NO2. During this heat evolution process, the
temperature of the solution was noted at regular interval of
time using a thermometer from the beginning of the exper-
iment to the end of it. In case of the batch marked ISG72,
the temperature of the reaction mixture was finally increased

to maximum of 101◦C. Thereafter, it decreased slowly with
time until temperature subsided to∼80◦C. Gelation of the re-
action mixtures started in this period. On continued heating,
the gel gradually dehydrated and deprepitation took place
in side the flask. The product was collected and stored for
X-ray analysis. The experiment was repeated for successive
batches. The evolved exothermic energy as a measure of rise
in the temperature of reaction batches versus time periods
are plotted. All these dried gels were studied for DTA to note
the occurrence of endothermic–exothermic heat effects dur-
ing their transformations on heating. These gels were also
heat-treated to different temperatures and analyzed for XRD
to note the changes occurring during the heating process.

3. Results

3.1. DTA study of pure components

(i) Pure TEOS exhibits an exothermic peak at 275◦C
(Fig. 1A) due to the decomposition of ethoxy groups.

(ii) Pure Al(NO3)3·9H2O exhibits two endotherms
(Fig. 1B). First endotherm of small magnitude occurs
at∼95◦C may be due to elimination of physical mois-
ture; the other at∼170◦C relatively broad and large in

and

( on-
ith

du-
ither
erate

) ANN
Fig. 1. DTA pattern of (A) TEOS, (B
magnitude and is due to its water of crystallization
decomposition of nitrate.

iii) It is observed that during heating aluminum nitrate n
ahydrate crystals on boiling water bath, it first melts w
its own water of crystallization, and then it is gra
ally concentrated. But the concentrated solution ne
evaporated to dryness nor even decomposed to lib

and (C) concentrated aluminum nitrate.
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Fig. 2. DTA pattern of TEOS–ANN paste.

NO2 fumes even on continued heating for long dura-
tion of time. pH of this solution is shown to be acidic.
DTA run of such concentrated mass is shown inFig. 1C.
It shows a small endotherm at 48◦C, and a large en-
dotherm at 170◦C, respectively. The second endotherm
is found to be less intense in comparison to the same
effect noted inFig. 1B.

3.2. DTA study of TEOS–Al(NO3)·9H2O mixture

(i) DTA analysis of ANN–TEOS paste shows a completely
different picture (Fig. 2) other than that noted inFig. 1A.
Contrary to the exhibition of a sharp exotherm at 275◦C
vide Fig. 1A, it exhibits a broad exotherm between 260
and 435◦C. Secondly, it also shows two endotherms, one
at 85◦C and the other at 137◦C, respectively. Signifi-
cantly, the large endotherm which was noted at∼170◦C
in case of DTA run of pure ANN now becomes reduce.
Moreover, a sharp exotherm newly appears at∼110◦C.
The results indicate that although both the components
decompose independently, a partial interaction between
them may occur and it leads to the exhibition of an
exotherm at∼110◦C.

(ii) Alcoholic mixture of ANN–TEOS when analyzed for
DTA shows two endotherms as usual. First one occurs
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Fig. 3. DTA pattern of alcoholic solution of TEOS–ANN paste.

and vigorous evolution of fumes as observed in isothermal
heating studies is equivalent to the exhibition of an exother-
mic reaction at∼110◦C during heating of the two reactants
(Figs. 2 and 3). This study also shows that the tempera-
ture of the reaction bath increases first with the increase of
Al2O3/SiO2 ratio of the batch mixture of the components up
to ISG72 and then decreases (Fig. 4).

3.4. DTA studies of isothermal heat-treated gels

DTA study of two representative samples marked ISG40
and ISG72 are shown in (Fig. 5). DTA run of both the gels ex-
hibit the 1st exotherm at∼976◦C. ISG72 gel further exhibits
2nd exotherm at∼1250◦C. The other gel marked ISG80
shows a small 1st exotherm peak only (not shown).

3.5. Phase identification of heated gels

The phase transformation of these gels when stud-
ied by XRD shows the following results (Fig. 6A–C).

F at
∼

at 78 C and the other at 160C, respectively. The se
ond endotherm increases to a large extent which ma
related to the addition of alcohol (Fig. 3). Exotherm
decomposition of TEOS still persists, however, the
ture of the peak is broad. Exotherm at 110◦C within the
two endotherms becomes more predominant.

.3. Isothermal heating of TEOS–Al(NO3)3·9H2O
ixture

During heating TEOS and ANN at constant temperatu
80◦C in water bath, it is shown that the temperature o

eaction medium increases as well as fumes of NO2 emerge
ut. The two phenomenon e.g., sudden rise of temper
ig. 4. Time–temperature plot of various mixtures of TEOS–ANN
80◦C.
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Fig. 5. DTA traces of batches mark ISG40 and ISG72.

Raw ISG40 and ISG72 Amorphous in nature

At ∼800◦C Both are amorphous

At ∼1000◦C Both form a mixture of Al– s are
found to coexist at 1100◦C o

At ∼1200◦C Both the gel form a mixture ount
of Al–Si spinel phase. Th at this
temperature of heating

At ∼1250◦C Residual Al–Si spinel phas litting
of peaks begin to take plac

Contrary to the above phase changes, ISG80 forms spinel
phase as early as at∼800◦C. It starts mullite formation at
∼1000◦C and contains a large proportion of spinel phase.
At ∼1100◦C, significant amount of mullite forms along
with some residual amount of spinel phase. At∼1200◦C,
o-mullite forms usually in addition to formation of small
quantity of corundum.

4. Discussions

4

ution
o un-
d ating
o ding
t

4.2. Phase transformation of gels

XRD analysis of ISG40 and ISG72 heated around 1000◦C
show the formation of both Al–Si spinel phase and t-mullite.
Peak intensity of residual Al–Si spinel decreases on fur-
ther heating with consequent increase of mullite phase.
At ∼1250◦C, complete transformation of it occurs to or-
thorhombic mullite. By corroborating DTA and XRD results
the phase transformation of gel ISG72 (equivalent to the com-
position of mullite) is given below:

Mullite gel
1st Exo−→
∼977◦C

Al–Si spinel+ t-mullite

2nd Exo−→
∼1250◦C

3Al2O3 · 2SiO2
o-mulite

(7)

Thus transformation of ISG72 is analogous to that in case of
second case of mullite gel as stated in the review section.

This phase transformation behavior is more or less alike
to that of other batches except formation of two individual
component oxides excess to that of 3:2 mullite. For exam-
ple, when the alumina content in gel is in excess to that of
3:2 mullite, the gel ISG80 partially crystallizes to�-Al2O3
in addition to usual mullitization process (Fig. 6C). Further,
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m heat
.1. Heat evolution behavior of gels

Isothermal heating of the components shows the evol
f heat/rise of temperature in all cases of reaction mixture
er study (Fig. 4). Question is: what happens during he
f two components? To understand it, DTA run of gels lea

o mullitization is first of all presented.
Si spinel and t-mullite (tetragonal mullite). These phase
f heat treatment

of major quantity of orthorhombic mullite and minor am
e intensity peaks of mullite increase to more extent

e transforms and complete mullite formation occurs, sp
e at this temperature

hen the silica content in the gel is higher to that of 3:2 m
ite, the gel ISG40 shows an amorphous band at∼22◦2θ due
o free glassy silica in addition to usual mullite (Fig. 6
ullite is the absolute phase when there is no free alum
r free silica in gels other than 3:2 composition of mullit

.3. Explanation of ANN–TEOS reaction

DTA studies of different runs of TEOS–ANN mi
ures prepared at various conditions exhibit an exother
110◦C (Figs. 2 and 3) in comparison to the traces of indi
al components (Fig. 1A–C). The exhibition of this exoth
ould be explained as due to the reaction between to
onents during dynamic heating process. The result fu
hows that the reaction is accelerated in the presence o
ol used as a medium of hydrolysis of TEOS, and it is e
ore favorable when ANN is concentrated expecting
oles of its water of crystallization is removed. In isoth
al heating condition, the reaction shows evolution of
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Fig. 6. (A–C) XRD pattern of heat-treated gels mark ISG40, ISG72 and ISG80.

over a long period of time and the reaction temperature drops
to 80◦C from the same effect occurs at 110◦C in DTA (Fig. 4)

Before drawing any conclusion regarding the interac-
tion between TEOS and ANN, we should discuss hydrol-
ysis process of TEOS. TEOS is first hydrolyzed to develop
silanol groups. These groups thereafter polymerize to develop
Si O Si bonds. Polymerization and condensation rate is de-
pendent on the pH and quantity of water[30–32]. When pH
is fixed between 3 and 4.5 and excess water is used, a three-
dimensional chain of SiO Si cluster may possibly develop

[12]. However, in absence of use of free moisture, when water
of crystallization of ANN is the only source of water, hydrol-
ysis of TEOS is restricted and a two-dimensional chain of
Si O Si may form[13]. When aluminum nitrate solution is
added to TEOS solution as in the later case, substitution of
Al3+ in Si O Si network might have occurred. The result-
ing gel is termed as slow hydrolysis gel (SH gel) by Okada
and Otsuka[3]. Question is: to what extent Al3+ replaces
Si4+ in tetrahedral position. The usual rule is that Al2O3 to
the extent of 30–50 wt.% of SiO2 may be substituted in the
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network and form aluminosilicate[32,33]. It would be pre-
sumed that residual alumina is present in free state and is
mixed uniformly with aluminosilicate hydrate phase. Vari-
ous researchers called this state of mixture as homogeneous
mixing of two oxides components. There is a possibility that
amorphous Al2O3 might diffuse into the hydrated aluminosil-
icate network during continued heating and form amorphous
aluminosilicate phase.

When 9 mol of water of crystallization of ANN is mostly
eliminated by repeated evaporation technique, it is expected
that silanol group is not formed. The resultant mullite gel
directly forms t-mullite as in first case of transformation and
in case of spray pyrolysis precursor.

The reaction condition followed in the present study is
somewhat different. For example, temperature of hydrolysis
is increased form 60◦C in usual case to 80◦C and secondly
the water used for hydrolysis is reduced by concentrating
ANN solution. In consequence, TEOS is not allowed to hy-
drolyze fully and the possibility of hydrolysis of ANN to
develop [Al(H2O)6]3+ is reduced when warm concentrated
solution of ANN is added to TEOS at the same temperature at
∼80◦C. Under these circumstances, it is assumed that silanol
groups may form to partial extent. Therefore, in absence of
silica network substitution phenomenon may not occur at
higher temperature of 80◦C. Considering a large heat evo-
l und
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Thus, in the changed condition of gelation process, es-
pecially when the temperature is increased from 60◦C as
maintained in synthesis of SH gel to 80◦C, interaction be-
tween components is predominant. The entire process of
batch mark ISG72 is explained in the following ways. TEOS
first hydrolyses to develop silanol group. The newly formed
(OR)3Si(OH) may react vigorously with Al(NO3)3 or a di-
rect reaction between the free components may take place in
partially acidic medium as follows:

1st step:

Si(OET)4
Restricted−→
hydrolysis

Si(OET)3(OH)

2nd step:

is
d sili-
c sults
[
A il-
i ous
(

ring
g d be
t also
s ,
t uring
h
c and
t ase
o the
c . The
b with
h po-
s al
s g ex-
p udies
o EOS
w in
c nd-
i tion
o OS
ution started just after mixing of the two reactants aro
0◦C, it may be conceived that nitrate radicals of conc

rated aluminum nitrate solution oxidizes ethoxy group
etra ethyl orthosilicate and itself reduces to NO2 groups and
ith generation of Si and Al linkages via oxygen atoms. H
f reaction of this TEOS–ANN interaction may claim for r
f the temperature of the reaction bath. This event is re

o the exhibition of an exotherm at∼110◦C in DTA analysis
Figs. 2 and 3).

The process of hydrolysis of TEOS is also exother
ons and Fischbach[34] noted that no reaction was appar
hen a mixture of water and TEOS was kept for several h
hen it was acidified with HNO3, the reaction started, a

howed an exothermic reaction. But it lasted only for a
5 s and thereafter the solution became clear. The exo
icity is depending upon the effects of water to TEOS ra
nd HNO3 to TEOS ratio used in the reaction condition

he present study, external water and HNO3 are not used
oreover, the heat evolution continues for∼10 min. The
ost striking observation is that during the reaction cour
EOS–ANN reaction vigorous evolution of NO2 fumes take
lace.

Thus, it is conjectured that interaction between two c
onents occurs definitely during evolution of brown nitr

umes and exothermic heat energy evolved during isothe
eating process may be considered as the heats of re
f the batch taken under study. The dried precursor is a
hous to X-ray and it is an aluminosilicate other than
xide mixture as assumed earlier[1,4]. Yamada and Kimur

22] believed that during gelation Al3+ and Si4+ were bonde
hrough oxygen and formed alumina gel of silicic acid.
Thus, the final reaction product of Eq. (8) which
esignated as mullite precursor may be an alumino
ate. This hypothesis concurres with previous NMR re
10,11,14, 29–33]. The DTA exotherm at∼110◦C shown by
NN–TEOS mixture would be an indication of aluminos

cate formation. XRD shows aluminosilicate is amorph
Fig. 6B).

Isothermal heating study shows rise of temperature du
elation process (Fig. 4). Now question is: what shoul

he composition of aluminosilicate? The above figure
hows that with increase of wt.% of Al2O3 in the batch
he apparent area under the time–temperature curve d
eat evolution in the temperature range 80–90◦C first in-
reases slowly in the batch number ISG40 to ISG56
hen attains rapidly in the batch ISG72. Even with incre
f wt.% of Al2O3 the said area decreases slowly as in
ase of batch ISG76 and then to the last batch ISG80
atch ISG72 shows only mullite when heat-treated. Gels
igher or lower composition of silica beyond 3:2 com
ition of mullite form not only mullite but form addition
ilica or corundum phases. Thus both isothermal heatin
eriments of components and phase transformation st
f the resultant gels indicate that interaction between T
ith melted aluminum nitrate crystals shows maximum
ase of ANN/TEOS mixture for the composition correspo
ng to 3:2 mullite approximately. Therefore, the composi
f aluminosilicate (A) phase which is formed out of TE
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and ANN reaction is likely to the composition close to 3:2
mullite.

5. Conclusions

Interaction between TEOS and ANN has been studied by
DTA technique and by isothermal heating process. The fol-
lowing conclusions are arrived. TEOS reacts vigorously at
∼80◦C with evolution of heat/exothermic energy. During the
said exothermic reaction nitrous fumes are rapidly emerged
out. The resultant mullite precursor is an amorphous alumi-
nosilicate. The composition of it may be near to the compo-
sition of 3:2 mullite.
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