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560 012, India 

Fine-particle metal aluminates, MAI204 where M = Mg, Ca, Sr, Ba, Mn, Co, Ni, Cu and Zn as 
well as 3CaO �9 AI203 (C3A), 0aAI120~9 (CAe) and MgCeAI~O~9 have been prepared by the 
combustion of mixtures of the respective metal nitrates (oxidizers) and urea or carbohydrazide 
(fuels) at 500 or 350 ~ respectively, over a time of 5min. The solid combustion products 
were identified by their characteristic X-ray powder diffraction patterns. The fine-particle nature 
of these metal aluminates was investigated using SEM, TEM, particle size analysis and surface 
area measurements. The surface areas of the as-prepared metal aluminates using carbohydrazide 
fuel were higher (45 to 85m2g -1 ) compared with urea (1 to 20m2g -1 ). 

1. Introduction 
Metal aluminates are of interest due to their tech- 
nological applications as refractories (MgA1204) [1], 
high alumina cement (CaA1204, Ca3A1206) [2], pig- 
ments and glazes (COA1204) [3, 41, catalysts (ZnA1204, 
CuAI204) [5, 6], TV phosphors and in fluorescent 
lamps (CaAl12019:Ce3 +, CeMgAlI1019 ) [7, 8]. The 
preparation of these metal aluminates usually involves 
the solid-state reaction of the corresponding metal 
oxides with A1203 at high temperatures, e.g. MgO- 
A1203 (1560~ [91, ZnO-AI203 (1400~ [10] and 
NiO-A1203 (1050 ~ C) [11]. Preparation of fine-particle 
metal aluminates can be achieved by the decomposition 
of co-precipitated oxalates [12], sulphates [13], nitrates 
[14] or by sol-gel [15] and spray decomposition [16] 
processes. However, most of these methods are 
involved, requiring high temperatures and long 
periods. We describe here the preparation of fine- 
particle metal aluminates by a low-temperature 
initiated combustion process [17] developed earlier for 
the preparation of e-alumina, ruby and related oxide 
materials. The process makes use of the heat energy 
liberated by the redox exothermic reaction at 500 or 
350~ between metal nitrates (oxidizers) and urea or 
carbohydrazide (fuels), respectively. The process is 
safe, instantaneous and energy-saving. 

2. Experimental procedure 
Stoichiometric compositions of the metal nitrates 
(oxidizers) and urea or carbohydrazide (fuels) were 
calculated using the total oxidizing and reducing 
valencies of the components which serve as numerical 
coefficients for stoichiometric balance, so that the 
equivalent ratio ~be is unity and the energy released by 
the combustion is at a maximum [18]. 

2.1. Synthesis of metal aluminates using 
metal nitrate-aluminium nitrate-urea 
mixtures 

In a typical experiment, AI(NO3) 3 .gH~O (20g) 
and Sr(NO3)2 "4H20 (7.56 g) were dissolved in a mini- 
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mum quantity of water along with urea (10.7g) in 
a cylindrical Pyrex dish (100ram diameter x 50ram 
height) of approximately 300ml capacity. The dish 
containing the solution was introduced into a muffle 
furnace (l = 28 cm, b = 17 cm and h = 9 cm) main- 
tained at 500 _4- 10 ~ C. Initially, the solution boils and 
undergoes dehydration followed by decomposition 
with the evolution of large amounts of gases (oxides of 
nitrogen and ammonia). The mixture then froths and 
swells, forming a foam which ruptures with a flame 
and glows to incandescence. During incandescence the 
foam further swells to the capacity of the container. 
The flame temperature as measured by an optical 
pyrometer is around 1600 _+ 20~ The product of 
combustion is a voluminous and foamy SrA1204 
(weight 5.48g, 100% yield) with a foam density of 
0.01 gcm -~ (Fig. 1). The whole process is over in less 
than 5 rain. 

The compositions of the mixtures used for the com- 
bustion synthesis of other metal aluminates, MAI204 
where M = Mg, Ca, Ba and Zn, and tricalcium alu- 
minate, calcium hexa-aluminate and magnesium 
cerium aluminate, are given in Table I. Note that 
BaAl204 was prepared using a ground mixture of 
Ba(NO3)2, Al(NO3)3 �9 9H20 and urea owing to the 
low solubility of Ba(NO3)2 in water. 

2.2. Synthesis of metal aluminates using 
metal nitrate-aluminium nitrate- 
carbohydrazide mixtures 

The fuel carbohydrazide (NH2-NH-CO-NH-NH2) 
was prepared by refluxing diethyl carbonate with 
N2H 4 -H20 in the mole ratio 1:2 for 3 h [19]. The 
crystalline product (m.p. 154 ~ was isolated after 
reducing the mother liquor to half of its volume by 
distillation and cooling. 

In a typical experiment, Ni(NO3) 2 �9 6H_~O (3.87g) 
and AI(NO3) 3 �9 9H20 (10g) were dissolved in a mini- 
mum quantity of water along with carbohydrazide 
(4.5 g) in a cylindrical Pyrex dish (150 mm diameter x 
75mm height). The dish containing the solution 

1305 



technique. The macrostructure and morphology of the 
metal aluminates were studied using a Cambridge 
Stereoscan model S-150 scanning electron microscope 
(SEM) and a Philips EM 301 transmission electron 
microscope (TEM) operated at 100 kV. The excitation 
and emission spectra of Cr 3+- and Ce3+-doped metal 
aluminates were recorded using a Hitachi 650-60 
fluorescence spectrophotometer. The diffuse reflectance 
UV-visible spectrum of NiA1204 was recorded using a 
Shimadzu spectrophotometer model UV-240 with 
BaSO4 as standard. 

Figure 1 (a) SrAI204 foam as formed (weight 5.48g, volume 
300cm 3) (urea process), (b) NiA1204 as formed (weight 2.35g, 
volume 1200 cm 3) (carbohydrazide process). 

was heated on a hotplate (350 ~ C). Initially, the solution 
boils and undergoes dehydration followed by decom- 
position, generating traces of NO2 and other combust- 
ible such as NH3 and N2H 4. The mixture then ignites, 
leading to smooth deflagration with enormous swell- 
ing, producing a light blue coloured foam. The 
product of combustion is a voluminous and foamy 
NiA1204 (weight 2.35g, 100% yield) with a foam 
density of 1.96 x 10-3gcm -3 (Fig. 1). The com- 
positions of the mixtures used for the combustion 
synthesis of other metal aluminates, MA1204 where 
M = Mn, Co and Cu, are given in table II. 

2.3. Physical measurements  
X-ray powder diffraction patterns of the combustion 
products were recorded using a Philips X-ray dif- 
fractometer model PW 1050/70 using a CuKc~ radiation 
with a nickel filter. The powder densities of all the 
oxide materials were measured employing a pycno- 
meter and xylene medium. The BET surface area 
measurements were made by nitrogen adsorption 
employing a Micromeritics AccuSorb 2100E instru- 
ment. Particle size analysis was done using a Micron 
Photo Sizer model SKC 2000, based on the light 
scattering principle and employing a sedimentation 

3. Results and discussion 
3.1. Preparation and characterization of fine- 

particle metal aluminates 
The combustion process [17] developed earlier for 
the preparation of high-temperature ceramic oxides 
like ~-A1203, ruby and LaA103 has now been extended 
to the preparation of fine-particle metal aluminates, 
MA1204 where M = Mg, Ca, Ba, Sr and Zn, 
Ca3A1206, CaA112O19 and MgCeA1HO19. These metal 
aluminates were obtained by the combustion of 
corresponding metal nitrate-aluminium nitrate-urea 
mixtures as described in Section 2.1. The ~ formation 
of single-phase products was confirmed by their 
characteristic X-ray powder diffraction patterns. 
Typical X-ray diffraction (XRD) patterns of the as- 
prepared CaAI204, Ca3A1206 and ZnA1204 are shown 
in Fig. 2. The lattice constants calculated from the 
XRD patterns are in good agreement with the literature 
[20], e.g. for ZnAI204 a = 0.80682nm and for 
MgA1204 a = 0.81153 nm. It may be noted that metal 
aluminates with different structures such as CaA1204, 
Ca3A1206, CaAlj2Ot9 and MgCeAlllO19 could be 
prepared by just changing the metal nitrate-aluminium 
nitrate ratio in the combustion mixture. 

Although the combustion process using urea as 
a fuel was successful in the preparation of these 
refractory metal aluminates, it could not be employed 
for the preparation of certain other transition metal 
aluminates, MA1204 where M = Mn, Co, Ni and Cu, 
due to their low thermal stability. For example, 
CuA1204 is known [21] to decompose above 1000 ~ C to 
CuA102. Therefore an alternate redox mixture with 

T A B L E I Compositions of  the combustion mixtures and the properties of  their combustion products 

No. Composition of  the combustion mixtures* Productt  Powder Surface area Particle size 50% average 
density (BET) (from surface agglomerate size 
(g cm-  3) (m 2 g-  ~ ) area) (from sedimentation) 

(#m) (~m) 

1. Mg(NO3) 2 �9 6H20 (6.83g) + A 
2. Ca(NO3) 2 �9 4H20 (6.29g) + A 
3. Sr(NO3) 2 �9 4H20 (7.56g) + A 
4. Ba(NO3) 2 (6.96g) + A 
5 .  Zn(NO3) ? �9 6H20 (7.93g) + A 
6. Ca(NO3)2 �9 4H20 (18.88g) + B 

+ urea (16.01 g) 
7. Ca(NO3) 2 �9 4H20 (1.05 g) + B 

+ urea (8.45 g) 
8. Mg(NO3) 2 �9 6H20 (1.24g) + B 

+ Ce(N03)3 �9 6H20 (2.1 g) 
+ urea~ (9.22 g) 

MgAI204 3.00 21.80 0. l0 5.2 
CaA1204 (CA) 2.48 1.25 1.92 4.1 
SrAI204 2.88 2,41 0.86 5.7 
BaA1204 3.20 2,01 0.93 5.8 
ZnAl204 3.60 8.70 0,19 5.4 
Ca3AI206 (C3A) 2.50 1.40 1,71 6.2 

CaAII2OI9 2.85 8.34 0.25 4.1 
(CA6) 
MgCeA1HOL9 3.71 20.20 0.08 3.2 

*A = Al(NO3)3" 9H20 (20g) + urea (10.7g); B = AI(NO3) 3 �9 9H20 (20g). 
*Obtained at 500~ under normal atmospheric pressure. 
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Figure 2 X-ray powder diffraction patterns of (a) CAA1204, 
(b) Ca3A]206 and (c) ZnA]204. 

low exothermicity (<  1000 ~ C) was required. During 
the course of our search for such a redox mixture, we 
have come across a derivative of urea (Ntl2-CO-NH2), 
namely carbohydrazide (NHz-NH-CO-NH-NH2)  
which is reported [22] to be formed by the reaction of 

urea with hydrazine (NH2-NH2). This fuel, being 
richer in nitrogen than urea, decomposes at lower 
temperatures (300 ~ C) to yield large amounts of cold 
gaseous products like N2, I - I20  , and NH3 and thereby 
it could reduce the exothermicity of the combustion 
process. It was gratifying that the combustion of metal 
nitrate-aluminium nitrate-carbohydrazide mixtures 
yielded foamy and voluminous metal aluminates, 
MA1204 where M = Mn, Co, Ni and Cu. These 
transition metal aluminates were prepared as described 
in Section 2.2. 

A typical XRD pattern of the as-prepared NiA1204 
is shown in Fig. 3. It can be seen from the XRD 
pattern that the peaks are quite broad and indicate the 
fine nature of the product. The crystallite sizes of these 
metal aluminates calculated from the XRD line- 
broadening using Scherrer's equation [23] are in the 
range 10 to 15rim (Table II). The lattice constants 
(Table II) calculated from the XRD patterns of these 
metal aluminates are in good agreement with the 
literature [20]. The electronic spectrum of the blue- 
coloured NiAI204 is shown in Fig. 4. The absorption 
maxima at 378, 600 and 638nm correspond to the 
transitions 3A2g--~3Tzg , 3A2g----~3Tlg (F) and 3Azg---*3Tig 
(P), respectively [24]. 

The properties like density, particle size and sur- 
face area of all the combustion-synthesized metal 
aluminates are summarized in Table I and II. It can 
be seen that the surface areas of the metal aluminates 
obtained from the combustion of metal nitrate- 
aluminium nitrate-urea mixtures are low (1 to 
20m 2g-~), whereas those of the metal aluminates 
prepared from the carbohydrazide process are quite 
high (45 to 85 m 2 g-X). A possible explanation for this 
wide variation in the surface area values could be 
attributed to the higher exothermic combustion 
reaction of metal nitrate-urea mixtures (flame tem- 
perature of ~ 1600 ~ C) compared to the metal nitrate- 

carbohydrazide mixtures (flame temperature of 
-,~ 1000~ This fact is also reflected in the foam 
volumes (Fig. 1) and densities as well as the particle 
size distributions of the different metal aluminates 
(Tables I and II). The particle size distributions of 
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Figure 4 UV-visible reflectance spectrum of NiA1204. 
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cess). 

ZnA1204 (urea process) and NiA1204 (carbohydrazide 
process) are given in Figs 5 and 6, respectively, for 
comparison. Average agglomerate sizes of the metal 
aluminates from urea and carbohydrazide processes 
are in the range 3 to 6/~m and 1 to 2.5 #m, respectively. 
It should be emphasized that the particle size distri- 
butions of metal aluminates obtained by the carbo- 
hydrazide process have a narrow range which does not 
exceed 10#m (Fig. 6). The values of the powder 
densities of these metal aluminates (Tables I and III) 
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correspond nearly to 60 to 80% of the theoretical 
density. The tap densities of these aluminates are low, 
e.g. 0.10gcm +3 for SrA1204 (urea process) and 
0.02 g cm -3 for NiA1204 (carbohydrazide process) and 
they reflect the fluffy and fine nature of these products. 

SEM micrographs of MgAl+O4 (urea process) and 
NiAl204 (carbohydrazide process) foams are shown in 
Fig. 7. The foamy macrostructure of the aluminates 
reflects the inherent nature of the combustion process. 
The surfaces of the foams show a lot of cracks and 
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Figure 7 SEM micrographs: (a) MgA1204 foam (urea process), (b) surface of the MgAI204 foam, (c) NiA1204 foam (carbohydrazide process), 
(d) surface of NiA1204 foam. 

Figure 8 TEM micrographs: (a) CaAI204 particle, (b) electron diffraction of CaAlzO 4, (c) fibrous NiA1204 matrix, (d) polycrystalline electron 
diffraction of NiA1204. 
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Figure 8 continued 

pores formed by the escaping gases during combustion. 
It can be seen that the NiAI204 foam (Fig. 7d) has 
a more fibrous structure compared to MgA1204 
(Fig. 7b). The TEM micrographs of CaA1204 (Fig. 8a) 
and NiA1204 (Fig. 8c) particles show their morphology. 
The electron diffraction patterns of CaA1204 and 
NiAI204 (Figs 8b and d) show their difference in crys- 
tallinity. The particle sizes of the aluminates calculated 
from the TEM observations are in the range 0.1 to 
0.8/xm. These low values compared to the values 
obtained from the particle size analysis could be 
attributed to the strong tendency of these fine particles 
to cluster into weakly bound agglomerates through a 
small degree of ceramic bonding [25]. 

3.2. Preparation and characterization of 
fluorescent metal aluminates 

It was thought worth while to prepare Cr3+-doped 
spinel, MgAI204, similar to the preparation of 
ruby (Cr3+-doped ~-A1203) powder by the combus- 
tion process [17]. The reaction mixture contain- 
ing Cr(NO3) 3 �9 6H20 (0.0286g) (equivalent to 
0.2wt % Cr203 in A1203) , Mg(NO3)z �9 6H20 (6.83 g), 
Al(NO3)3 �9 9H20 (20 g) and urea (10.7 g), when heated 
at 500~ gave a pale pink foamy material after com- 
bustion. It was identified as Cr3+-doped MgA1204 by 
its characteristic fluorescence spectra [26] (Figs 9 and 
10). It may be noted that the emission at 687 nm is due 
to the Cfl + substituted in O h sites of AI 3+ ions in 
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Figure 9 Excitation spectra of the lumines- 
cence in (- - -) 0.05 wt % Cr 3+/MgAI204, 
( - - - )  CaAll2Olg:0.14Ce 3+ and ( - - )  
MgCeAII ioi9. 
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the MgA1204 lattice. Thus, the combustion process 
not only yields a homogeneous and stoichiometric 
product but also helps in substituting Cr 3+ ions for 
A13+ ions due to the high in situ temperatures. 

It has also been possible to obtain Ce3+-doped 
CaAll20 m and CeMgAlllOl9 by this process. The 
characteristic fluorescence spectra of the as-prepared 
CaAl12Olg:0.14Ce 3+ and CeMgAlllO19 , are shown 
in Figs 9 and 10. The excitation wavelengths of 
CaAl~2Olg:0.14Ce 3+ and CeMgAllIOi9 are seen at 265 
and 281 nm, respectively. The characteristic emission 
wavelengths of CaAl12Om:0.14Ce 3+ and CeMgAll~O~9 
are observed at 325 and 370 nm, respectively. These 
results of the fluorescence spectral studies are in good 
agreement with the literature [7, 27]. 

4. C o n c l u s i o n s  
Low-temperature initiated gas-producing exothermic 
reactions involving metal nitrate-urea/carbohydrazide 
redox mixtures have been successfully employed in 
the preparation of fine-particle metal atuminates. 
Formation of the different metal aluminates appears 
to be controlled by the exothermicity of the redox 
reaction, which in turn is dependent on the fuel- 
oxidizer combination. This combustion process is also 
useful in the preparation of metal aluminates with 
desired impurities for applications as lasers and 
phosphors. 
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