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Abstract 

The thermal behaviour of coprecipitated hydroxide 
mixtures leading to the synthes& of MgAI20 4 sp&el 
powders has been investigated. The mixtures of 
hydroxides have been prepared by coprecipitation 
reaction from nitrate solutions with a molar ratio for 
Mg/Al of 1:2. The results have been related to the 
thermal behaviour of separately precipitated compo- 
nents of the hydroxide mixtures. The different steps in 
the thermal decomposition have been characterized 
via X-ray diffractometry (XRD). A mechanism for 
the spinel Jbrmation from the thermal decomposition 
of the hydroxide mixtures has been hypothesized. 

poudres de spinelles MgAI20 4. Les mklanges 
d'hydrox),des avaient btb prbparks par rkaction de 
coprbcipitation ~ partir de solutions nitrates de 
rapport molaire Mg/Al= 1:2. Les rksultats ont btk 
reliks au comportement thermique des composants des 
m~langes hydroxydes pr~cipitks s~parkment. Les 
diffbrentes btapes de la dbcomposition thermique ont 
btb caractkriskes par diffractomktrie X (XRD). On 
avance ici l'hypothkse d'un mbcanisme de .formation 
des spinelles par dkcomposition thermique des mbl- 
anges d'hydroxydes. 

1 Introduction 

Die Kalzinierung yon Hydroxidm&chungen, die durch 
Co-Fiillung aus der L6sung hergestellt wurden und zur 
Synthese yon MgAl20 4 Spinell-Pulvern dienen sollen, 
wurde untersucht. Die Hydroxidmischungen wurden 
aus Nitratl6sungen mit einem molaren Mg/AI- 
Verhiiltnis yon 1:2 durch Co-Fiillung hergestellt. Die 
Ergebnisse werden mit der Kalzinierung der durch 
getrennte Fiillung hergestellten Einzelkomponenten 
dieser Hydroxidmischungen verglichen. Die einzelnen 
Stufen der thermischen Zersetzung wurden mit Hilfe 
der Rgntgenbeugung (XRD) verfolgt. Ein m6glicher 
Reaktionsmechanismus der Spinellbildung aus der 
thermischen Zersetzung der Hydroxidmisehungen 
wird vorgesehlagen. 

On a ktudib le comportement thermique de mklanges 
d'hydroxydes coprkcipit& destinbs ~ la synthOse de 
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The use of spinel porous compacts as a sensing 
element for humidity-measurement devices ~ needs 
the microstructural design of the sintered bodies. It 
can be achieved by the production of ultrafine 
particles with a very narrow size distribution. The 
traditional preparation process of magnesium 
aluminate spinel (MgAI204) powders, consisting in 
a solid-state reaction between the corresponding 
oxides at a temperature not lower than 1400°C, 2- s 
does not allow this target to be attained. 

The addition of mineralizers, which reduce the 
spinel-formation temperature, can promote the 
attainment of a reactive spinel. 6'v Very sinteractive 
Mg-A1 spinel precursors were obtained by hydro- 
thermal treatment of commercially available 
Mg(OH) 2 and AI(OH)3 mixtures. 8 

The preparation of MgA120 4 spinel at lower 
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temperatures can be achieved by the thermal 
decomposition of precursors prepared by precipita- 
tion processes; 9-16 in particular, the thermal 
decomposition of coprecipitated mixtures of hydr- 
oxides was found to be a promising method to obtain 
particles with homogeneous and small average 
dimensions and to reduce the spinel-formation 
temperature to values as low as 400°C. ~7'1s 

In a previous paper, 19 some of the authors have 
investigated the chemical composition and the 
microstructure of Mg-A1 coprecipitated hydroxides 
as a function of the precipitation parameters. 
Preliminary results 2° of the thermal behaviour of 
coprecipitated hydroxide mixtures were related to 
those of different mechanical mixtures of 
hydroxides. 

This work aims to go deeply into investigations of 
the thermal behaviour of the coprecipitated hydro- 
xide mixtures in order to state a decomposition 
mechanism. For this purpose, the thermal behaviour 
of separately precipitated hydroxides, under the 
same conditions as the coprecipitated mixtures, was 
also thoroughly studied. 

Mcj and AI n i t r a t e s  

aqueous s o l u t  ion NH4OH 30% 

Mcj/AI = 1 : 2 

I 

NH4(]-I aqueous s o l u t  Ion 

i 

I CHARACTER I ZAT I ON 

L (AAS, DTA-TG, XRD, BET, SB~t) 

mixture of hydroxides 

l c' c''T'ON I 

2 Experimental 

2.1 Materials 
The Mg-AI hydroxide powders were obtained by 
coprecipitation from Mg and A1 nitrates by follow- 
ing the procedure described in a previous paper, 19 
briefly outlined in Fig. 1. 

The following samples were examined: 

---coprecipitate from solutions with Mg/A1 molar 
ratio 1:2, at pH = 10 and 60°C; 

--separately precipitated hydroxides, prepared 
from Mg nitrate and A1 nitrate under the same 
conditions as the coprecipitate; 

---coprecipitate from solutions with a Mg/Al 
molar ratio of 2:1. 

In order to obtain a better understanding of the 
thermal behaviour of hydroxide mixtures, the 
different samples were heated at temperatures 
corresponding to the completion of the main DTA 
effects; this was made possible by performing the 
heating with the equipment used for the thermal 
analysis, with a heating rate of 10°C/min. 

Finally, all powders were calcined at 1100°C for 4 
hours. 

2.2 Characterization 
The powders were characterized by the following 
techniques: 

u~Aa 204 

Fig. 1. Flowsheet of the spinel-preparation process. 

--simultaneous thermogravimetric (TG) and 
differential thermal analysis (DTA) (Stanton 
model 781) under the following conditions: 
static air, heating rate 10°C/min, sample mass 
about 20 rag, reference sample A1203, sensitiv- 
ity 40 #V; 

--X-ray-diffraction analysis (XRD), performed 
by means of Siemens model D500 equipment by 
using CuK~ radiation (2 = 0.1542 nm); 

---elemental chemical analysis: Mg and A1 were 
determined by atomic-absorption spectro- 
photometry (Philips model PU 2500), and C, H, 
and N by using an elemental analyzer (Carlo 
Erba Strumentazione model 1106). 

3. Results 

3.1 Coprecipitation with Mg/AI molar ratio of 1:2 
The chemical analysis gave the following results: 

Mg A1 H C N 
%wt 10"62 23.30 3-83 1-20 - -  

XRD pattern (Fig. 2(a)) showed the presence of three 
different crystalline phases: a mixed Mg-AI hydro- 
xide with a molar ratio of 2 : 1, 21 ~-AI(OH)3 (gibbsite) 
and fl-AI(OH)3 (bayerite). According to the litera- 
ture, the mixed hydroxide has a layered structure, 
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XRD patterns of the coprecipitate with Mg/A1 ratio of 1:2, heated at different temperatures: 100 C (a): 220-C (b): 230C (c): 
240°C (d); 280"C (e); 400°C (f); 1100°C (g). 

consisting of positively charged brucite-like layers, 
intercalated by layers of anions and water 
molecules. 22.23 

The DTA ~ad TG curves are shown in Fig. 3. The 
DTA curve showed two endothermic peaks, with 
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DTA and TG curves of the coprecipitate with Mg/AI 
molar ratio of 1:2. 

maxima at 220 and 265°C, and two endothermic 
effects at about 340 and 380°C. The TG curve 
showed that, after the loss of free water, the thermal 
decomposition can be divided into three steps. The 
first one, until about 250°C, is the result of the 
overlapping of more effects; from 250°C, the weight 
loss occurs at constant rate up to about 400°C. The 
last step, characterized by decreasing weight-loss 
rate, is nearly completed at 650°C. 

The precipitate was heated at temperatures 
corresponding to the completion of each DTA effect 
and analysed via XRD (Fig. 2). The following results 
were obtained: at a temperature corresponding to 
the completion of the first endothermic peak (Fig. 
2(b)), the only difference from the XRD pattern of 
unheated powder consists of a broadening of the 
mixed hydroxide peaks; at 230°C (Fig. 2(c)), a first 
variation of the XRD pattern is noticeable: the 
peaks of the mixed hydroxide disappeared, and 
those of the A1 hydroxides, mainly gibbsite, de- 
creased in intensity; moreover, three unidentified 
broad reflections at about 12.1 ~, 19.5 °, and 61"0 ° in 
20, corresponding, respectively, to d =-0"732, 0"455, 



34 G. Gusmano, P. Nunziante, E. Traversa, G. Chiozzini 

and 0-152nm, were detected. On again slightly 
increasing the temperature, at about 240°C (Fig. 
2(d)), the peaks of the A1 hydroxides nearly 
disappeared, apart from the two main ones; the three 
unknown peaks detected at 230°C increased their 
intensity, and two other unidentified broad peaks at 
about 37.5 ° and 45"3 ° in 20 were noticed; at 280°C 
(Fig. 2(e)), that is, at the completion of the second 
endothermic DTA peak, the AI hydroxide peaks are 
completely missing, but the unidentified peaks are 
still present, although decreased in intensity and 
slightly shifted. At 400°C, the XRD pattern (Fig. 
2(f)) shows only very small and broad MgAI20 4 
reflections. The XRD pattern (Fig. 2(g)) of the 
calcined powder shows the presence of MgO, besides 
that of the spinel, according to the chemical analysis, 
which shows an atomic ratio of Mg/AI = 0.513. 

3.2 Separately precipitated hydroxides 
(a) Precipitate from Mg nitrate 
The XRD analysis of the precipitate showed only 
the presence of brucite, Mg(OH)2. The DTA and TG 
curves are reported in Fig. 4; the DTA curve shows 
one endothermic peak with a maximum at 400°C; 
the decomposition begins at 330°C and ends at 
about 750°C, as evidenced by the TG curve; likely 
results were obtained by other authors for brucite 
produced in similar conditions. 24 
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DTA and TG curves of the precipitate from Mg nitrate. 

(b) Precipitate from AI nitrate 
The precipitation from A1 nitrate yielded a mixture 
of ~-AI(OH)3 (gibbsite), /~-AI(OH)3 (bayerite), and 
pseudoboehmite, a weakly crystalline gel with a 
boehmite (A1OOH) structure, 2s'26 as evidenced by 
the XRD pattern (Fig. 5(a)). 

The TG and DTA curves of AI hydroxides are 
reported in Fig. 6; the DTA curve shows one 
endothermic peak with a maximum at 260°C. The 
loss of free water is very small. The TG curve shows 
that the decomposition of Al(OH)3 occurs through a 
two-step weight loss. The first one, up to 260°C, 
corresponds to a weight loss of 22"8% of the 
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Fig. 5. XRD patterns of the precipitate from A1 nitrate, heated at different temperatures: 100°C (a); 300°C (b); 950°C (c); 1100°C (d). 
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DTA and TG curves of the precipitate from AI nitrate. 

anhydrous weight, while the second corresponds to a 
7"2% weight loss. 

The XRD pattern of the precipitate heated at 
300°C (Fig. 5(b)) shows the presence ofboehmite and 
q-Al/O 3. On increasing the temperature up to 
l l00°C (Figs 5(c) and 5(d)), AlzO 3 changed its 
crystalline structure from eta- to gamma- to theta-, 
thus conserving the transition spinel structure, as 
evidenced by XRD analysis. Corundum formation 
can occur only at temperatures above 1100°C. 

3.3 Coprecipitation with Mg/Ai molar ratio of 2:1 
In order to investigate the nature of the mixed 
hydroxide found in the coprecipitate with a Mg/A1 

ratio of 1:2, keeping in mind the results obtained by 
other authors, 23'27 - 34 coprecipitations were perfor- 
med from Mg and A1 nitrate solutions with a Mg/A1 
molar ratio of 2:1; XRD analysis (Fig. 7(a)) showed 
the presence of only one crystalline phase, similar to 
those already synthesized by other authors. 23"27- 30 

The elemental chemical analysis gave the follow- 
ing results: 

Mg A1 C H N 
%wt 2 0 " 2 5  11"43 2"62 3"88 - -  

The thermal analysis is reported in Fig. 8; in the 
DTA curve, two endothermic peaks are noticeable 
with their maxima at temperatures of 240 and 400°C, 
the second peak having a shoulder at lower 
temperature. 

After the loss of free water, the TG curve can be 
divided into three steps: the first one ends at about 
230°C; when this step is completed, a sharp decrease 
in the weight-loss rate is noticeable. The second step, 
until about 400°C, starts slowly and then becomes 
faster. The last step, characterised by a decreasing 
weight-loss rate, is nearly completed at 650°C. 

XRD analysis of the precipitates heated at various 
temperatures showed the following results: the 
pattern of the powder heated at the completion of 
the first endothermic peak (Fig. 7(b)) still showed the 
mixed-hydroxide peaks but less crystalline; at 310°C 
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XRD patterns of the coprecipitate with Mg/AI ratio of 2:1, heated at different temperatures: 100C (a); 250'C (b); 310 C (c); 
410°C (d); 1100°C (3). 
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Fig. 8. DTA and TG curves of the coprecipitate with Mg/AI 
molar ratio of 2:1. 

(Fig. 7(c)), only four broadened peaks of mixed 
hydroxide were detectable. At the completion of the 
second endothermic peak, that is, at about 410°C 
(Fig. 7(d)), the peaks of the mixed hydroxide were 
completely missing, while broad reflections of MgO 
and MgAI20 4 were detectable. On increasing the 
temperature, MgO and MgA120 4 crystallized, and 
the XRD pattern showed that the higher the 
temperature, the sharper were the peaks (Fig. 7(e)). 

4 Discussion 

4.1 Separate components of the hydroxide mixtures 
The mechanism of the Mg(OH)2 thermal de- 
composition to MgO has been deeply investigated in 
the literature, 35'36 and our results agree with it. 

For the thermal decomposition of Al hydroxides, 
many possible mechanisms have been proposed in 
the literature; 25'26'35'37 in particular, a strong 
relationship between the water-vapour pressure 
above the sample and its decomposition mechanism 
was pointed out. 38 Results previously reported by 
the authors showed that, in the experimental 
conditions described, a mixture of AI(OH) a and 
A1OOH is obtained; the thermal decomposition in 
static air of a moist sample with this composition 
occurs through a two-step dehydration process: the 
first step, to 2700C, is the AI(OH)3 decomposition to 
AIOOH, while the second one is the final decompo- 
sition to alumina. 2° 

On the other hand, if an anhydrous sample is 
taken into consideration, as in the present case, 
AI(OH)3 is directly transformed almost completely 
into alumina at 270°C. 

(ionsidcring the precipitate with a Mg/A1 ratio of 
2:1, it must be pointed out that the mixed hydroxides 
and the corresponding hydroxycarbonates have 
very similar XRD patterns, which do not allow one 
to distinguish between the hydroxide and the 
corresponding carbonated forms, a2 The presence of 
C in our precipitate confirmed that the synthesized 
product was not merely mixed hydroxide. 28'29 In 
fact, the strong ability of Mg-A1 mixed-hydroxide 
layered structure 22'39'4° to exchange anions 41-44 
can explain the presence of C, owing to the 
substitution of the hydroxyl ions of the interlayer 
sheet with carbonate ions, 45 coming from atmosph- 
eric CO 2 dissolved into the starting solutions and the 
washing water. 

Studies of the thermal decomposition of syn- 
thesized Mg-A1 mixed hydroxides with various 
Mg/A1 molar ratios 23'28'46 and of natural 4v'4s and 
synthesized corresponding carbonated forms29'31. 
32,49,5o are reported in the literature. At tempera- 
tures lower than 300°C, DTA curves of mixed 
hydroxides are always characterized by the presence 
of two endothermic peaks, whereas, in the same 
temperature range, the corresponding carbonated 
forms show only one peak. 32 According to these 
data, the DTA curve of our precipitate (Fig. 8) gives 
further confirmation to the fact that a carbonated 
form was obtained. 

As reported in the literature, 31'32 the first 
endothermic peak, at 240°C, is due to the loss of 
interlayer water. 

The peak at 400°C is at nearly the same 
temperature as the brucite-decomposition peak (Fig. 
4) and corresponds to the final decomposition step 
of the mixed hydroxide, according to the fact that 
XRD analysis showed the presence of MgO only in 
samples heated at the completion temperature of the 
second peak. 

On the hypothesis that 1 MgAI20 4 + 3 MgO are 
produced by the mixed-hydroxide decomposition, 
the weight losses corresponding to the different TG 
steps were calculated to be equivalent, respectively, 
to 2.5H20, 5.5H20, and about 1 CO 2 for one 
molecule of spinel produced. According to the 
results of chemical and thermal analyses, the 
composition of the mixed hydroxide can be assumed 
as the following: Mg4A12CO3(OH)12.2H20, whose 
theoretical weight loss (41-8%) fits with the experi- 
mental one on the anhydrous weight (41.2%). This 
composition is in accordance with the one reported 
in the literature. 32 

Keeping in mind these results, the following 
decomposition mechanism can be suggested: after 
the loss of free water, the mixed-hydroxide dehydra- 
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tion starts from the interlayer water and continues 
at a slower rate with the loss of the hydroxyl ions 
from the brucite-like layer, as shown by the sharp 
slope variation of the TG curve. It seems probable 
that the loss of the hydroxyl ions starts at the A1 
sites: in fact, the interlayer-water loss ends at 240°C, 
the temperature at which the A1 hydroxides are 
partially decomposed. 

A confirmation of this mechanism was given by 
tests performed on Mg-A1 mixed hydroxides with 
atomic ratios of 3:1 and 4:1. Morever, in these cases, 
DTA curves showed two endothermic peaks at 
slightly decreasing temperatures, increasing the 
Mg/A1 ratio, in agreement with the results of other 
authors; 23'28'31 it was observed that the higher the 
Mg/AI ratio, the larger was the area of the second 
DTA peak, thus confirming that this effect is due to 
the decomposition of Mg(OH)2 in excess with 
respect to the spinel composition. 

During the thermal decomposition, the layered 
structure is maintained up to about 400°C, when 
only the MgO in excess and MgA120,~ are detectable 
by XRD. 

4.2 Copreeipitation with Mg/A! ratio of 1:2 
Coming back again to the thermal analysis of the 
coprecipitate in an atomic ratio stoichiometric to the 
spinel formation (Fig. 3), it must be pointed out that 
the second peak of the mixed-hydroxide DTA curve 
(Fig. 8) nearly disappeared. 

This result is in agreement with the one obtained 
by Bratton 17 for likely mixtures; Yamaguchi et al., 
who synthesized similar compounds by a different 
method, also detected the disappearance in the DTA 
curve of the second peak of the mixed 
hydroxide. 16.46 

The total anhydrous weight loss was 36.4%, 
showing that, according to the results of chemical 
analyses and those previously reported, 2° the 
composition of the mixture can be assumed as the 
following: 

Mg4A12CO3(OH)t 2 .2H20 

+ 4"3Al(OH)3 + I'7A1OOH 

Considering that this mixture leads to the formation 
of 4MgA1204, the different TG steps can be 
attributed to the following: after the loss of about 
four molecules of free water, the first step corre- 
sponds to the loss of 9.5 Ha O, which is in agreement 
with the loss of the mixed-hydroxide interlayer 
water and to the A1 hydroxide dehydration to 
A1203; during the following steps, 6 H20 and 1 CO2, 
respectively, were lost. All weight losses are referred 
to four molecules of spinel. 

Bratton 17 proposed a possible reaction sequence 
leading to the spinel formation, based on the 
formation of an intermediate Mg oxide in a spinel- 
type crystal structure, reported in the past by other 
authors. 5~ The existence of this form of MgO has 
been definitely rejected, 35'36 weakening the above- 
mentioned mechanism; moreover, the results of 
XRD and thermal analyses induced us to suggest a 
different spinel-formation mechanism. Whereas the 
XRD pattern of AI(OH) a heated at 230°C already 
showed the presence of r/-A120 3 peaks, the one of the 
coprecipitate heated at the same temperature did not 
show any trace of r/-AI20 a but showed the peaks of a 
phase not yet reported in the literature and the 
contemporary reduction of the peaks corresponding 
to AI(OH)3 and to the mixed hydroxide. This trend is 
confirmed by the XRD patterns of the powder 
heated to higher temperatures. 

The peaks of the transition phase were not 
detected when the separately precipitated mixed 
hydroxide was heated. 

According to these results, the following mechan- 
ism can be proposed: 

Mg-A1 
mixed hydroxide + A1 hydroxides 100°C 

H,O 
linterlayer) H20 

intermediate 
phase ~ r/-Al20 3 "-~ 230-280°C 

H,O 

MgA120 4 > 400°C 

After the loss of interlayer water of the mixed 
hydroxide, the first reaction stage, which starts at 
about 230°C, is the decomposition of the free 
AI(OH) a to q-alumina; according to the results 
obtained for the AI(OH)3 precipitation, under the 
experimental conditions, the AI hydroxides directly 
decompose to A1203; the freshly formed t/-alumina, 
with a spinel-type crystal structure, immediately 
reacts with the mixed hydroxide to form an 
intermediate phase, evidenced by the XRD analysis 
(Fig. 2d); this transition phase, between 230 and 
400°C, is gradually transformed into MgA1204, with 
the loss of 6 H20 and 1 CO2. 

The nature of the intermediate phase is not clear; 
however, since the weight loss in this temperature 
range is continuous and occurs at a constant rate, it 
could be suggested that it is a hydrated form of the 
spinel (MgA120 4 . 1.5 H20 ). 

Considering that the mixed hydroxide (hexa- 
gonal) reacts with q-alumina (cubic) to give spinel 
(cubic), through this intermediate phase, it seems 
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reasonable that the transition phase can be cubic. A 
tentative indexing of the XRD reflections of this 
transition phase gave the result that this phase could 
be indexed as cubic, even if with scattered results; the 
scattering of the unit-cell dimensions obtained for 
the transition phase can be attributed to the presence 
of some regions with stacking faults, which cause 
shifts in the position of the XRD peaks, as evidenced 
for the peaks in the experimental patterns with 
increasing temperature. 

5 Conclusions 

The thermal decomposition of coprecipitated hy- 
droxide mixtures, made of mixed Mg-A1 hydroxy- 
carbonate with a molar ratio of 2:1, AI(OH) 3, and 
A1OOH, precursors to the MgAI20 4 synthesis, can 
be summarized as the following: the decomposition 
starts with the loss of the mixed-hydroxide interlayer 
water, completed at about 220°C; in the same 
temperature range, the A1 hydroxides begin to 
transform into ~/-alumina up to about 280°C. The r/- 
alumina reacts with the mixed hydroxide to give a 
transition phase, probably constituted by a hydrated 
spinel. This form is in turn decomposed to MgA1204 
at about 400°C. 

The spinel formation at a temperature as low as 
400°C is therefore allowed by the reaction between 
r/-A1203 and the mixed phase, through the forma- 
tion of this transition phase, which contains in itself 
Mg and A1 in an atomic ratio stoichiometric to the 
spinel formation. 
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