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The structural evolution from amorphous to crystalline mullite, for different 3AI203 �9 2SiQ 
mono- and diphasic precursors, has been investigated by 29Si and 27AI magic angle spinning 
nuclear magnetic resonance (MAS NMR) spectroscopy. The crystallization has also been 
studied by X-ray diffraction (XRD) and differential scanning calorimetry (DSC). The chemical 
composition in the aluminosilicate network of the diphasic precursors and in the crystallized 
phases has been determined from the 29Si NMR spectra. A close agreement is found with the 
composition deduced from the lattice parameters measured by XRD. For monophasic 
precursors the amount of hexa-coordinated aluminium atoms decreases when the 
temperature increases while AI(IV) and AI(V) increase. AI(Vl) practically completely 
disappears just before the crystallization at 980 ~ An alumina-rich mullite 2AI203" SiO2 (2:1 
mullite) is then formed through a strong exotherm. An enthalpy of 75 kJ per mol is 
determined for the crystallization of the 2:1 mullite. At higher temperatures the segregated 
silica is progressively reincorporated into the mullite lattice. For diphasic precursors the 29Si 
NMR spectroscopy shows the segregation of silica. The aluminosilicate network is then 
richer in alumina and the amount of remaining AIQe octahedra before the crystallization at 
980 ~ is higher. Spinel crystallizes and continues to become richer in alumina until it reacts 
with silica to form the stoichiometric 3:2 mullite at 1260-1275~ The nature of the 
crystallization is related to the local composition of the amorphous alumino-silicate network 
and to the amount of AlOe octahedra on approaching 980 ~ 

1. Int roduct ion 
Mullite is the only high temperature stable crystalline 
phase in the alumino-silicate system (A1203-SIO2) 
under normal pressure. It has been the subject of 
considerable interest in recent years, due to its excel- 
lent properties, such as high temperature strength and 
creep resistance, good thermal and chemical stability, 
low thermal expansion coefficient, good dielectric 
properties and infrared transparency [1]. The syn- 
thesis of mullite (3A1203 - 2SIO2) using a large n'umber 
of chemical precursor combinations and processes has 
been reported [2]. The precursors obtained by wet 
chemical processes have been classified either as single 
phase and diphasic [3], or as type I, type II or type III 
[-4]. When the chemical homogeneity is at the molecu- 
lar level, for monophasic or type I precursors such as 
polymeric gels, mullite rapidly crystallizes through 
a strong exotherm at about 980 ~ On the other hand, 
when the chemical homogeneity is at the nanometre 
scale, with diphasic or type III precursors, mullite 
formation is usually preceded by the weak crystalliza- 

0022-2461 �9 1996 Chapman & Hall 

tion of transient alumina phases, such as cubic A1-Si 
spinel or 7-A1203, and occurs only at higher temper- 
atures through a second exothermic reaction at about 
1250 ~ 

Progress in the synthesis of chemically homogene- 
ous multicomponent oxides is particularly indebted to 
sol gel science [5, 6] essentially because of a better 
knowledge of metal alkoxides chemistry. However it is 
well known that the hydrolysis and polycondensation 
of silicon alkoxides are very low compared to those of 
aluminium, and so great care has to be taken to 
achieve a homogeneous co-polymerization. This may 
be reached by very slow hydrolysis [7, 8], by prehyd- 
rolysis, at least partially, of the silicon alkoxide [8] or 
by modifying the aluminium alkoxide by a chelating 
group (for example, acetylacetone) to reduce its reac- 
tivity [9 11]. In all cases the experimental conditions 
have to be strictly controlled: slow hydrolysis, quanti- 
ty of added water for hydrolysis, pH of catalysis, 
solvent and temperature. The formation of mullite at 
980 ~ has been more easily achieved from mixtures of 
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one chloride and one alkoxide [12] or when the more 
reactive of the alkoxides is replaced by a hydrated salt, 
aluminium nitrate nonahydrate, in combination with 
tetraethoxysilane in absolute ethanol [3,13 17]. 
However, it is still important to avoid rapid hydrolysis 
since additional water, basic conditions or insufficient 
time for co-hydrolysis will result in a heterogeneity 
that produces spinel nucleation [16]. 

In the present work, five different mullite precursor 
powders, obtained by different aqueous routes, have 
been studied. For each preparation a silicon alkoxide 
has been rapidly hydrolysed in a dilute aqueous solu- 
tion of an aluminium salt. For three of these powders 
complete crystallization of mullite is obtained at a low 
temperature ( < 1000 ~ whilst, for the other two the 
formation of mullite is retarded to higher temper- 
atures. The structural evolution with temperature has 
been studied by differential scanning calorimetry 
(DSC), X-ray diffraction (XRD) and 27A1 and 29Si 
magic angle spinning nuclear magnetic resonance 
(MAS-NMR) spectroscopy. 

2. Experimental procedure 
2.1. Sample preparation 
Two mullite precursor powders were prepared by an 
organic gel-assisted process [18, 19]. For the first 
sample, powder A, aluminium nitrate (Al(NO3)3" 
9H20) was dissolved in water. The aluminium cations 
were then chelated by citric acid (one citric acid 
per nitrate ion), and ammonia was added to adjust the 
pH to ~ 2  as for the nitrate solution. Silicon was 
introduced as 3-triethoxysilyl-propylamine (C2H50)3 
Si(CH2)3NH2 (TESPA) under strong stirring. This 
alkoxide was rapidly hydrolysed and a clear solution 
was obtained. This solution was easily gelled by in situ 

formation of a polyacrylamide network. For this, the 
organic monomers, acrylamide and N, N'-methylene 
diacrylamide, were dissolved and co-polymerized by 
adding a, <t'-azoisobutyronitrile as a radical polym- 
erization initiator at 80 ~ The aqueous gel was trans- 
formed into a meringue in a microwave oven and 
calcined to 750 ~ (4 h) at a heating rate of 2 ~ per 
rain in a ventilated furnace. 

For the second sample, powder B, tetraethoxysilane 
Si(C2HsO)4 (TEOS) was hydrolysed under strong stir- 
ring in a 0.6 M aqueous solution of aluminium nitrate. 
Urea was introduced (10 urea moles per A1 nitrate 
mole) and the solution was gelled by polyacrylamide. 
The gel was stored at 95 ~ for 15 h and then calcined 
to 750 ~ 

Two other powders were obtained by spray-drying 
aqueous solutions [20]. TEOS was hydrolysed 
in a solution of aluminium nitrate. The freshly pre- 
pared clear solution was spray dried using a laborat- 
ory  apparatus (Biichi, Flawil, Switzerland, 190 mini 
spray-drier equipped with a 0.5 mm nozzle) with com- 
pressed air preheated to 200 ~ The resulting powder 
was then heat-treated to  various temperatures (pow- 
der C). For powder D ,  the diluted aqueous precursor 
solution was aged at 100~ for 3 days, becoming 
opalescent, before being spray dried and heat-treated 

' i  
like powder C. 
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The precursor E was obtained by homogeneous 
precipitation [21]. For this, urea (1.8 mole per mole of 
aluminium nitrate) was added to a freshly prepared 
solution of aluminium nitrate and silicic acid. This 
solution was stored at 90 ~ transforming into a gel, 
then slowly into a clear colloidal sol and finally into 
a second gel. This gel was filtered, washed with de- 
ionized water and dried at 100 ~ before being heat- 
treated. 

2.2. Characterization 
High resolution solid state 27A1 and 298i MAS-NMR 
spectra were obtained on a Bruker MSL-300 spec-  
trometer (Bruker, Karlsruhe, Germany), operating at 
a magnetic field strength of 7.04 T, and spinning the 
samples at the magic angle (54~ The Larmor fre- 
quencies corresponding to 27A1 and 29Si were respec- 
tively 78.2 and 59.6 MHz. The samples were contained 
in zirconia rotors of 7 mm diameter for the silicon and 
4 mm for the aluminium. 

The 27A1 NMR experiments were recorded using 
a pulse length of 1 gs, with a recycle time of 1 s. The 
spectral width used (SW) was 1 MHz, with a spectral 
size (SI) of 8 K and a time domain (TD) or number of 
acquired points of 4 K. About 2000 accumulated scans 
were necessary to obtain a good signal to noise ratio 
for amorphous samples, but only 200 for crystallized 
samples. The spectra were obtained at room temper- 
ature with a spinning rate of 15 kHz, using a Bruker 
MAS probe. AI(NO3)3/HNO3 was used as an external 
reference. The isotropic chemical shift positions and 
the estimated minimum quadrupolar frequencies were 
measured using central and satellite transitions as 
proposed by J~iger [22] and by Massiot et al. [23]. 

For the 29Si NMR spectra 2 gs were used as a pulse 
length, with recycle time of 10 s; this relatively short 
time was permitted by an enrichment in gadolinium 
(0.04wt% Gd203). The spectral width used 
was 0.5 MHz, with a spectral size and a time domain 
of 2 K. About 5500 scans were necessary to obtain 
a correct signal. The spinning rate used was 4 kHz 
and the chemical shifts are referenced to tetramethyl- 
silane. 

The differential scanning calorimetry (DSC) experi- 
ments (Setaram, Lyon, France) have been carried out 
at 5 ~ per rain, under an oxygen atmosphere up to 
1300 ~ using alumina powder as a standard. X-ray 
powder diffraction (Philips PW1729 diffractometer, 
Eindhoven, The Netherlands), patterns using CuK~ 
radiation, were taken to characterize the crystallinity 
of the powders heated to different temperatures. 

3. Results and discussion 
3.1. Powder preparations 
All the powders are obtained from relatively dilute 
aqueous solutions. The silicon alkoxides are hydro- 
lysed in solutions of aluminium salts without added 
alcohol. The molar ratio water: alkoxide is ~ 250: 1, 
so there is no problem concerning the pH, the quanti- 
ty and the rate of water addition for the hydrolysis. 



The precursor powders A and B are prepared with 
the aid of an organic network of polyacrylamide gel 
[24]. For powder A, aluminium is chelated by citric 
acid whilst the silicon alkoxide, TESPA, is broken 
into 3-trihydroxysilyl-propylamine (HO)3Si(CH2)3 
NH2 which will further condense by the silanol 
groups, the carbon-silicon bond being hydrolysed 
only by heat treatment. The aqueous gel contains 
much water and organic species. The powder obtained 
after burning off all the organic residues is white, 
aggregated into thin platelets, with a high specific 
surface area (280 m 2 g- 1). 

For powder B, TEOS is hydrolysed into silicic acid 
Si(OH)4 in an aqueous acidic solution of aluminium 
nitrate. The precursor powder results here from an 
homogeneous precipitation reaction [25-27] within 
the pores of the organic gel. By storing at 95 ~ each 
mole of urea is hydrolysed into one mole of carbon 
dioxide and two moles of ammonia [28]. Globally this 
results in a slow and homogeneous addition of ammo- 
nia. Aluminium is precipitated as hydroxide while the 
raising of the pH to neutrality accelerates the conden- 
sation of silicic acid into silica gel [29]. After calcina- 
tion to 750 ~ the powder is white and also has a large 
specific surface area (270 m 2 g- 1). 

Precursor E is also obtained by homogeneous pre- 
cipitation, but without an organic gel, and more slow- 
ly, the amount of added urea as the base generator 
being smaller. A detailed study of the reaction by 
chemical analysis, dynamic light scattering and 298i 

and 27A1 NMR spectroscopy [30] has shown that, 
while the pH remains practically unchanged, a silica 
gel is rapidly formed at the beginning of the reaction. 
This gel is then slowly digested by partially hydrolysed 
aluminium species which break the Si-O-Si bonds 
and link to the gel by Si-O A1 bonds. Progressively 
a clear colloidal sol is obtained. When the hydrolysis 
of aluminum is nearly complete, a final gel precursor 
of mullite is obtained. This gel may be filtered and 
washed to eliminate the ammonium nitrate formed. 
This is not possible for the powder B preparation 
where the gel is made within the pores of an organic 
network. The dried gel is chemically very homogene- 
ous, with a protoimogolite-like local structure and 
a single environment for the silicon atoms character- 
ized by a NMR band at - 78 ppm [31]. The specific 
surface area is high (220 m 2 g- 1). 

Powders C and D are obtained by spray-drying 
aqueous solutions or sols also made by hydrolysing 
TEOS in a solution of aluminium nitrate. Powder 
C results from the transformation of the freshly pre- 
pared solution while for powder D the solution has 
been aged for 3 days at 100 ~ becoming opalescent, 
before being sprayed. The aluminium nitrate being 
only partially decomposed by just spray drying, the 
powders are hygroscopic and have to be calcined to 
completely decompose the salt. They are made of 
inhomogeneously sized spherical and hollow particles 
[20], with a mean size of 2-10 gm typical of powders 
prepared by such a technique. The specific surface 
areas are very low compared to those of powders 
A and B 1.5-3 m 2 g- i for the as-spray dried powders 
or fired to 500 ~ 
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Figure 1 DSC curves of (a) monophasic (A,C and E) and (b) 
diphasic (B and D) precursors; heating rate: 10 ~ per min. 

3.2. Structural evolution 
The crystallization of the amorphous powders has 
been studied by DSC at a heating rate of 5 ~ per min, 
and the resulting crystalline phases identified by X-ray 
diffraction. 

The DSC traces are shown on Fig. 1 (a and b). They 
are classified into two groups. For the first one (sam- 
ples A, C and E) there is a single and strong exotherm 
at 980~ and the enthalpy of the reaction is high 
(240-310 j g-1) compared to the limited data in the 
literature (85 jg -1  estimated from DTA [33). These 
precursors completely crystallize into mullite through 
the exothermic reaction. However the compositions of 
the resulting mullites are richer in alumina than the 
amorphous precursors. Mullite exists as a solid solu- 
tion with the general formula A14+2xSi2_zxOlo_ x 
where X represents the number of oxygen vacancies 
per unit cell, ranging generally from ~ 0.2 to 0.6 [32]. 
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Recently a mullite with a 0.825 value for x has been 
described [33]. Cameron [32] and more recently Klug 
et  al. [34] and Ban and Okada [35] have studied the 
variations of the unit cell dimensions in the solid 
solution range, and reported that a- and c-parameters 
of the orthorhombic cell increase with the x value, i.e., 
with the A120~ content while the b-parameter, slightly 
higher than a, decreases. It has been reported that the 
direct crystallization of amorphous 3A1203-2SIO2 
powders yields mullites richer in alumina than the 
stoichiometric 3:2 mullite. These mullites have often 
been called tetragonal or pseudo-tetragonal mullites, 
due to the lack of splitting for the (120) and (210) XRD 
doublet reflection [36]. The cell parameters have been 
determined for the samples A, C and E, heated to 
1000~ and the compositions, deduced from 
Cameron's relation, are respectively 67.0, 67.2 and 66.6 
tool%. These compositions are very close to that of 
2:1 mullite (66.7 mol% A1203). The 2:1 mullite is also 
the compound which usually crystallizes from the 
melt. There is a similarity in the crystallization from 
the melt and from homogeneous amorphous precur- 
sors. Since it is the 2:1 mullite which crystallizes 
at 980~ an enthalpy of crystallization of 
~75 kJmol - t  is found for the 2:1 mullite. The cry- 
stallized phase, having a higher alumina content, co- 
exists with some amorphous silica expelled from the 
network during the reaction. This free silica is pro- 
gressively re-incorporated into the mullite network by 
further heating. At ~ 1300 ~ the 3:2 composition is 
obtained. 

The DSC curves of the two other precursors, B and 
D (Fig. 1) are different. For powder B there is also 
a strong exotherm at 980 ~ however of lower inten- 
sity (146 j g-t)  and a second exotherm at 1260~ 
(64 j g-l). The sample is amorphous until the first 
exotherm. After this point an XRD pattern displays 
only weakly crystallized aluminosilicate spinel peaks. 
The second exotherm corresponds to the transforma- 
tion of this spinel phase into orthorhombic mullite. 
For powder D, prepared from a sol aged for 3 days at 
100~ before being spray-dried, there are two low 
temperature exotherms at 924~ and 975~ 
(170 J g- t  for the two peaks) and a third weaker one, 
at 1275 ~ After the first one there is only a weakly 
crystallized phase, A1.Si spinel or y-A1203. After the 
second peak at approximately the same temperature 
as for the other powders, the XRD diagram is not very 
different. It is still characteristic of a transient alumina 
phase with however a trace of mullite (20 = 26.3 ~ 
The third peak at 1275 ~ corresponds to the crystalli- 
zation of the orthorhombic mullite. 

The powders studied in this work present different 
structural evolutions. Precursors A, C and E are very 
homogeneous and crystallize completely into an 
alumina-rich mullite (2:1 mullite) at low temperature, 
with a high enthalpy reaction. For the powder B there 
is also a sharp and rather strong exotherm. Thus this 
powder presents a good level of homogeneity al- 
though the scale of heterogeneity must be just too high 
for a direct crystallization into mullite. This sample is 
obtained by homogeneous precipitation, as for the 
xerogel E, but entrapped in a network of polyacrylam- 
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ide gel. The difference in the crystallization behaviour 
of the two precursors is due to the presence of a high 
amount of ammonium nitrate, not eliminated in the 
case of the preparation with the organic gel. This has 
been confirmed by other experiments [21]. 

Powder C has the same behaviour as the mullite 
precursor powder spray-pyrolysed at 650~ by 
Kanzaki et al. [37] from a solution made by dissolving 
aluminium nitrate and TEOS in a mixture of meth- 
anol and water. By ageing the precursor solution (D) 
there is no reaction between the aluminated and sili- 
cated species but only a polycondensation of silicic 
acid. The ageing of the precursor solution may thus be 
a convenient way to control the chemical heterogen- 
eity in the spray-dried powders. 

3.3. 29Si and 27AI MAS NMR spectroscopy 
The structural evaluations for the different precursors, 
from the amorphous state to the well crystallized 
orthorhombic mullite, has been followed by inves- 
tigating the local environments around Si and A1 
nuclei by MAS NMR spectroscopy (Fig. 2(a-j)) 

Aluminium has a quadrupolar nucleus (spin 5/2) 
and thus quadrupolar interactions, generating a num- 
ber of inherent complexities [38]. Firstly, the chemical 
shift is affected by the second-order terms of the quad- 
rupolar interaction. The observed chemical shift is not 
the true shift in the absence of quadrupolar effects, and 
depends on the operating magnetic field [39, 40]. Sec- 
ondly, the resonance bands may be considerably 
broadened by the quadrupolar interaction and may 
even disappear in the background noise of the spectra 
for the most distorted sites. Thus it is difficult to 
obtain reliable information on the relative amounts of 
A1 in the various oxygen polyhedra. For these reasons 
much care is required in the interpretation of the 
NMR spectra of quadrupolar nuclei. The situation is 
completely different for 29Si (spin 1/2); there are no 
quadrupolar interactions, the observed chemical shifts 
are the isotropic ones and in some cases the different 
SiO4 tetrahedra may be quantified if a correct simula- 
tion of the spectra is made and providing long enough 
recycle times are used. 

3.3. 1. Single phase precursors 
The evolution of the NMR spectra of the precursor 
A with treatment temperature is reported on Fig. 2(a 
and b) This single phase precursor crystallizes into 
mullite at 980 ~ The 27A1 spectra show that at 750 ~ 
aluminium is tetra-, penta- and hexa-coordinated. The 
isotropic chemical shifts, corrected for quadrupolar 
interactions, are respectively at 67, 37 and 6 ppm while 
their apparent maximum intensities are at 55, 24 and 
0 ppm. In the amorphous state the relative intensities 
of the Al(IV) and AI(V) sites increase with temperature 
to the detriment of AI(VI) and they are at their max- 
imum before the crystallization. The decrease of the 
amount of AI(VI) is apparent from 750-970~ The 
spectra have been simulated with quadrupolar lines 
[22, 23] (see example on Fig. 3). Considering that all 
the aluminium atoms are observed, and with caution 



inherent to the quadrupolar nucleus, the powder cal- 
cined to 750 ~ is estimated to contain ~ 10% AI(VI), 
while this ratio falls to ~ 3 %  at 970~ that is just 
before the crystallization. The band of each site is 
broadened on its high field side, so the apparent inten- 
sity of AI(VI) includes the trailing contributions of 
AI(V) and AI(IV). At 1000 ~ the powder is crystallized 
in an alumina-rich mullite (A1: Si = 4: 1 by XRD) and 
we note the presence of three A1 sites according to the 
crystallographic data: one octahedral site at - 3 ppm 
(apparent chemical shift) and two tetrahedral sites 
denoted T and T* [41, 42] with their respective chem- 
ical shifts at 60 and 44 ppm. After simulation of the 
central and satellite transitions, the corrected isotropic 
positions are at 8, 70 and 50 ppm. From 1000 ~ (AI: 
Si = 4 : 1  from XRD) and 1300~ (AI:Si = 3:2) we 
note an apparent increase of the AI(IV):AI(VI) ratio, 
which is contrary to what is expected from the vari- 
ation of the chemical composition within the mullite 
solid solution. The formula of mullite being 
AlVI(A12+2xSi2_zx) lVo10_ ~, as the silica increases, 
the ratio AI(IV):AI(VI) should decrease. This illus- 
trates the difficulty in accurately determining the oc- 
cupancies of the different sites. A more extended study 
carried out at two contrasting principal magnetic 
fields would give further information about this point. 

The 29Si spectra of the sample show, at 750~ 
a broad resonance centred at - 8 9  ppm, traducing 
a quasi-random distribution of Si and A1 atoms in the 
lattice. This resonance is shifted to high fields by 
increasing the temperature ( - 96 ppm at 900 ~ At 
1000 ~ the spectrum shows two resonance bands, one 
relative to mullite centred at - 89 ppm, and the other, 
at - 109 ppm, relative to free silica. The NMR spec- 
troscopy clearly shows the segregation of silica during 
the crystallization at 980 ~ Considering that all the 
silicon atoms are observable by NMR, by simulation 
of the spectrum with Gaussian profiles one can deduce 
the chemical composition of the crystallized mullite. 
The resonance relative to the free silica represents 
30% of the total amount  of the silicon atoms in the 
analysed sample. Thus for mullite, at this temperature, 
the calculated atomic ratio A1 : Si = 4: 3 is close to that 
(A1 : Si = 4: 1) determined from the X-ray diffraction. 
At 1300 ~ (1/2 h), the spectrum is characteristic of 3 : 2 
mullite [41~43], with an apparent main resonance at 
-86.6ppm, relative to sillimanite-type SiO4 tet- 

rahedra, and other peaks or shoulders at - 80, - 90 
and - 94 ppm. However some free silica still remains 
(6% of the total Si). The sample is thus slightly richer 
in alumina than the 3A1203'2SIO2 mullite. The same 
ratio A1 : Si = 3 : 2 is found by NMR and XRD. There 
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Figure 2 (a) 27A1 and (b) 29Si MAS-NMR spectra for monophasic sample A, (c) 2VA1 and (d) 29Si MAS-NMR spectra for diphasic sample B, 
(e) 27AI and (f) 29Si MAS-NMR spectra for monophasic sample C, (g) 27A1 and (h) 29Si MAS-NMR spectra for diphasic sample D and (i) 27A1 
and (j) 29Si MAS-NMR spectra of monophasic sample E. The data were acquired at room temperature after heat treatments at the given 
temperatures. 
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Figure 2 Continued. 
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is a good agreement between the two techniques in the 
determination of the chemical composition. 

The structural evolutions are very similar for the 
single phase precursors C, spray-dried powder Fig. 2(e 
and f) and E, precipitated gel Fig. 2(i and j). In sample 
C, just spray-dried, A1 is present as AI(VI). At this 
stage, aluminium nitrate is not yet decomposed. By 
heating the precursor, the bands corresponding to 
AI(IV) and AI(V) increase while AI(VI) decreases. For 
sample E, dried at 100 ~ the local structure is that of 
protoimogolite allophane [31], with a single environ- 
ment at - 78 ppm for the silicon atoms and practic- 
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ally all the aluminium atoms being hexacoordinated. 
Each silicon is linked to three AI(VI) by bridging 
oxygens and to one hydroxyl group. At 300~ this 
structure is completely lost and the evolution is that of 
usually single phase precursors. 

3.3.2. Diphasic precursors 
The evolution of the environments for A1 and Si atoms 
in the diphasic precursors B(Fig. 2(c and d)) D(Fig. 2(g 
and h)) is different. Sample B crystallizes into spinel at 
980~ and mullite at 1260~ As for single phase 
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Figure 3 Example of 27A1 NMR spectrum simulated by quadrupo- 
lar bands. 

precursors, 27A1 spectra show, in the amorphous state, 
an increase of the tetra- and pentrahedral sites to the 
detriment of AI(VI). However the main difference is in 
the amount of residual hexa-coordinated aluminium 
atoms before the crystallization. For  the sample B at 
930 ~ this is estimated as 18% while for A it falls to 
a very low level (3%). The situation is then closer to 
that in pure amorphous alumina precursors. In two 
alumina precursors, obtained by spray-drying a solu- 
tion of aluminium nitrate and by homogeneous pre- 
cipitation (not reported here), AI(VI), largely predomi- 
nant at  low temperatures, decreases to ~ 2 4 %  at 
400-500 ~ and increases again to ~ 31% before crys- 
tallizing into y-A1203 at respectively 865~ and 
820~ A similar evolution has been reported by 
Wood et  al. [27]. The ZTA1 spectra at 1000~ and 
1200~ are similar to that of y-A1203. When the 
treatment temperature increases the AI(IV) : AI(VI) ra- 
tio increases in the spinel phase. At 1300 ~ the spec- 
trum is characteristic of mullite [44, 45] 

The 29Si spectra of this sample (Fig. 2d) are different 
from those of homogeneous precursors. At 750 ~ the 
resonance is broad and asymmetric. It can be resolved 
into two bands, one centred on - 89 ppm relative to 
an aluminosilicate network and the other, at 
- 105 ppm, relative to silica. The NMR spectrosopy 

shows a segregation in this sample. The respective 
atomic populations are 82% and 18%. At 1000~ 
only spinel is crystallized. The 29Si spectrum may be 
decomposed into two lines, centred on - 95 ppm for 
the crystalline spinel, and on - 108 ppm for the free 
silica, with respectively 60% and 40% of the silicon 
atoms. The chemical composition of the spinel phase 
may thus be estimated to be 71.4 mol% A1203 and 
28.6% SiO2, with an atomic ratio AI:Si = 5:1 At 
1200~ the spectrum is similar, but the respective 
amounts of silicon atoms in spinel and silica are now 
30 and 70%, corresponding to an atomic ratio 
Al: Si = 10:1 or a composition of 83 mol% A1203/ 
17 mol% SiO2. Therefore, between 1000-1200 ~ silica 
continues to be segregated and the spinel phase be- 
comes richer in alumina. At 1400 ~ the spectrum is 
that of orthorhombic mullite. 
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Figure 4 Variation of the estimated occupancies of ( I )  A104, (D) 
A1Os and (41,) A106 polyhedra in monophasic (E) precursor and 
variation of the estimated occupancies of (A) A10+, (~) A105 and 
(~) A106 in a diphasic (B) precursor with the heat treatment 
temperature. 

Precursor D has been obtained by spray-drying 
a suspension of colloidal silica in a solution of alumi- 
nium nitrate. It crystallizes into spinel and a small 
amount of mullite at low temperature. Mullite is com- 
pletely crystallized at 1275 ~ The 29Si NMR reson- 
ance at 500 ~ (Fig. 2h) is broad and asymmetric like 
for B, and may be simulated by two bands centred 
at - 93 and - 108 ppm. The latter, relative to free 
silica, increases regularly from the amorphous to 
spinel, representing 50, 52, 54 and 60% of the silicon 
atoms from 500-1000~ At 1200 ~ the amorphous 
silica still contains 62% of the Si atoms and mullite is 
clearly identified. At 1300 and 1400 ~ after the trans- 
formation of spinel into mullite, a small amount of free 
silica is still present in the sample. 

3.3.3. Mul l i te  or spinel? 
For amorphous diphasic precursors, the segregation 
of silica is evidenced by a 29Si NMR contribution at 

- 1 1 0  ppm, while this is absent for single phase 
precursors. For  the former, the chemical composition 
of the aluminosilicate phase is thus richer in alumina 
and a crystallization into spinel will result. The other 
difference, denoted by 27A1 NMR spectroscopy, lies in 
the occupancies of the different polyhedra by the alu- 
minium atoms. Fig. 4 shows the evolutions of these 
occupancies with the temperature for a single phase 
(E) and a diphasic (B) precursors. The values are 
estimated due to the difficulties of handling a quadru- 
polar nucleus. All the spectra were simulated with the 
same parameters and thus the most important feature 
is the comparative evolutions. For  a chemically 
homogeneous sample AI(IV) is predominant at tem- 
peratures higher than 300~ AI(V) is also present 
while AI(VI) decreases to a very low value at high 
temperatures. For  the diphasic precursor B, AI(IV) is 
also the major form before the crystallization while 
AI(VI) remains at a higher level. The NMR spectro- 
scopy shows that the crystallization scheme is related 

4 5 8 7  



to the structural short-range order in the non-crystal- 
line precursors. 

A general trend in aluminosilicates is the increase of 
AI(VI) when the alumina content increases 
[30, 46- 48]. The effect of temperature is contrary. For 
a 3A1203" 2SiOz single phase precursor, with a chem- 
ical homogeneity at the atomic level, when the temper- 
ature approaches 980 ~ AI(IV) is maximum, AI(VI) is 
at a low level and mullite crystallizes. For a diphasic 
precursor of the same global composition, silica is 
segregated, thus the local composition in the 
aluminosilicate phase is richer in alumina, the short- 
range order is closer to that of pure A1203 precursor 
with a higher content in AI(VI) and spinel crystallizes. 
This is consistent with the results of Okada and 
Otsuka [13] who studied the crystallization for mono- 
phasic and diphasic gels of different compositions in 
the alumina-silica system. 

Huling and Messing [16] have clearly shown the 
enhancement of spinel nucleation in aluminosilicate 
gels. Even a few wt % segregated alumina are suffi- 
cient for spinel to dominate crystallization at 

1000 ~ In the absence of evidence of segregated 
alumina, but when free silica is observed by NMR 
spectroscopy, the aluminosilicate regions are richer in 
alumina and the modified short-range order is more 
favourable for spinel nucleation and crystallization. 

4. Conclusion 
29Si and 27A1 MAS NMR spectroscopy has been used 
to investigate the short-range structural evolution of 
the different precursors from the amorphous state to 
mullite. Complementary information about crystalli- 
zation has been obtained from XRD and DSC ana- 
lyses. Good agreement is found in the determination 
of the chemical composition of non-stoichiometric 
3:2 mullites by two different techniques: XRD and 
29Si NMR spectroscopy. 

Single phase precursors, with the 3AlzO3'2SiOz 
composition, crystallize into an alunaina-rich mullite 
2AlzO3SiO2 at 980 ~ through a strong exothermic 
reaction. An enthalpy of crystallization of ~ 75 kJ per 
mol is determined for the 2:1 mullite. By further 
heating the silica expelled during the crystallization 
progressively re-enters the mullite lattice, and the 
stoichiometric composition of the 3:2 mullite is reach- 
ed at ~ 1 3 0 0 ~  

For diphasic (or type III) precursors, the N M R  
spectroscopy shows the segregation of silica in the 
non-crystalline state. These precursors crystallize into 
spinel at ~980~ through a weaker exotherm. The 
crystallized phase is also richer in alumina than the 
parent amorphous phase since the amount of free 
silica increases. The alumina content increases on in- 
creasing the temperature in the spinel phase until 
a second exotherm at 1260-1275 ~ when spinel re- 
acts with silica to yield the 3 : 2 mullite. 

The nature of the crystallization depends on the 
short-range order around the aluminium atoms. In 
single phase precursors the hexacoordinated atoms 
practically completely disappear before 980~ and 
mutlite crystallizes. In diphasic precursors the 
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aluminosilicate phase has a higher content in A106 
octahedra, resulting in the crystallization of spinel. 
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