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Thermogravimetry, electrical conductivity and I R spectrometry were used to study the crystal 
structure change of the metastable manganese cation deficient spinels that occur during the 
oxidation of manganese ions above 500 ~ C. The kinetic of the transformation is found to be 
governed by a nucleation growth mechanism with an activation energy varying with the 
amount of Mn 3+ ions. The nature of the inversion products depends on the manganese sub- 
stitution extent. We observe for a substitution extent x < 0.72a phase with a corundum 
structure which is a solid solution of ~-(MnFe)203 and for x > 0.72 a mixture of two phases 
~-(MnFe)203 + Mn203 of orthorhombic structure. 

1. I n t roduc t i on  
Several mixed oxides with a spinel structure contain- 
ing iron (II) and substituted by divalent cations of the 
type (M~+Fe~%xFe~+)O] - with 0 < x < 1 and M 2+ = 
Co 2+ , Zn 2+ , Mn 2+ , prepared at relatively low tem- 
perature (300 ~ C) are very finely divided and, therefore, 
highly reactive with oxygen. If the oxidation of Fe 2§ 
and Mn 2+ ions is achieved below 400~ which 
requires crystallite sizes of  less than 200 nm, the oxida- 
tion reaction is topotactic with preservation of the 
spinel structure and in such instances it leads to 
the formation of defective phases 7 [1]. Moreover, the 
oxidation process might be closely associated with the 
position of  the Fe 2§ and Mn 2§ cations on the lattice [2] 
as it has been suggested that ions in tetrahedral sites 
(e.g, Fe 2+, Mn 2§ are strongly bound by covalent 
bonds, in contrast with the ionic bonding of  octa- 
hedrally sited ions (as Fe 2§ 

The purpose of this study was to investigate the 
crystal structure change of the manganese cation 
deficient spinels by increasing the oxidation tempera- 
ture, eventually leading to a rhombohedral lattice 
(s-phase) which is stable at high temperature. The 
transformation mechanism will be more complicated 
than in the ~ -~ ~ - Fe203 + MFe204 with M = Co, 
Zn because of the presence of manganese-ions, which 
leads to oxidation-reduction phenomena [2]. It has 
also been reported that for manganese aluminates 
first, a compound ?(MnA1)203 forms with distorted 

spinel structure [3], which gradually becomes 7-A1203 
by diffusion of manganese ions out of the previous 
phase, and ~-A1203 in the final phase. 

2. Samples and experimental methods 
The conditions of the preparation of finely grained man- 
ganese substituted magnetites have already been quoted 
in [2]. The synthesized materials have the cation distri- 
bution 2+ 3+ 3+ 2+ 3+ 2- (Mn0.8x Fe1-0.Sx)a (Fel + 0.6x Fet -0.8x Mno.2x)BO4 
with Mn 2+ ions on all the tetrahedral sites (A sites) 
and a small amount of  Mn 3+ ions on octahedral sites 
(B sites). Defect phases ? of the same spinel structure 
were obtained by low temperature oxidation (~: 500 ~ C) 
at Po2 = 104 Pa of  previously initial spinels. Thermo- 
gravimetric analysis indicated [2] that below 400 ~ C, 
the weight change is due to total oxidation of Fe z+ in 
Fe 3+ ions (about 200~ Mn 3+ in Mn 4+ ions 
(about 270 ~ C) on B sites and an incomplete oxidation 
of Mn 2+ in Mn 3+ ions (about 350~ on A sites 
(Fig. 1, region I). Between 400 and 500~ a loss in 
weight occurred according to the reduction of Mn 4+ 
to Mn 3+ ions (Fig. 1, region II). For  the two regions, 
X-ray analysis should show a single phase of  spinel 
structure. The formula of  defective manganese sub- 
stituted magnetites can be structurally represented as 
follows 

[Mnsx/(9-0.32x)Fe(24-gx)/(9-0.32x)U](3 0.96x)/(9 0.32x)]042 

where [] is the vacant site. 
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Figure 1 TG curves for manganese-substituted 
magnetites heated in air at 2.5~ ~ (a x = 
0.27, b x = 0.50, c x = 0.97). 

Above 500 ~ C, we again have a weight gain (Fig. l, 
region lII) attributed to the oxidation of Mn 2+ ions 
that were not completely oxidized at lower tempera- 
ture and this reaction is accompanied by a phase 
change. The oxidation mechanism and the structural 
change occurring when the defective 7-phase under- 
goes a thermal treatment under a pressure of  104pa 
oxygen are followed using thermogravimetry, elec- 
trical conductivity and infrared spectroscopy. The 
measuring device and the operating conditions have 
already been reported [2, 4, 5]. 

3. Results and discussion 
3.1. Kinetic study 
The kinetics of  transformation were studied for 
Poz ----- 104 Pa by heating at a constant temperature 
between 500 and 600~ and observing the change in 
mass with time. Fig. 2 shows the kinetic curves during 
oxidation of two selected compositions, x = 0.50 and 
x = 0.93. These curves display a two-stage oxidation 
process. The initial pattern is a smooth parabolic 
curve, the amount oxidized (shown by an arrow in 
Fig. 2) being due to the experimental procedure. 
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Figure 2 Kinetic curves in TG showing the two steps of oxidation 
at Po 2 = 104Pa. The arrows indicate the change of kinetic law 
accompanying the transformation. ( - x  = 0.50, - - -  x = 0.93). 

Briefly, the procedure was as follows: after oxidation 
of a sample at about 500 ~ C, the gas was pumped out 
at the end of  a run, the temperature was raised to the 
transformation temperature and oxygen was admitted 
at a pressure of 104pa. Thus, samples heated in this 
cycle and brought to the reaction temperature were 
partially reduced during the pumping period. As a 
result of this thermal treatment, a certain proportion 
of the manganese ions must be reduced to a lower 
valency, i.e. to Mn z+ ions. The parabolic curves 
correspond to the rapid reoxidation of these Mn 2+ 
ions with the maintenance of  spinel structure as con- 
firmed by X-ray diffraction. 

For the second stage, corresponding to Mn 2+ ions 
that are not totally oxidized in region I, the Am against 
t plots are sigmoidal (Fig. 3) and the isotherms were 
best fitted with the equation 1-(l-c01/3 = k t  between 
0.2 < ~ < 0.85 (Fig. 4), where ~, k and t are degree 
of precipitation, temperature-dependent proportion- 
ality constant and time, respectively. Such curves are 
usually explained on the basis of rapid nucleation but 
of no uniform probability with isotropic growth [6]. 
For a nucleation growth mechanism proceeding in 
spherical particles, the Mampel model from Delmon's 
charts [7] allows to introduce the Bs(i ) parameter: 

Bs(i) = rCVoP (1) 

where r is the mean grain radius, v0 the number of 
nuclei and B~(i) a characteristic magnitude for samples 
with spherical particles (index s) and an instantaneous 
nucleation (index i). Bs(i ) is obtained by comparing 
the shape of the theoretical curves c~ = f ( t / t u 2  ) for 
various Bs(i) values where h/2 is the half-reaction, with 
experimental curves. Following this comparison, Bs (i) 
being determined for each x value, the number of  
nuclei v0 can be calculated from Equation 1. Also, in 
our case, v0 was 5.2 x 10 'z for x = 0.50 (Bs(i) = 200) 
and 7.8 x l012 for x = 0.93 (&(i) = 300). For  a 
given temperature it can be seen that v0 increases with 
x, which is to be expected since the phase change is 
accompanied by an increase in the amount of oxidized 
phase due to the manganese ions. These ions may have 
a strong influence on the number of the nuclei. 
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Figure 3 Effec t  o f  t e m p e r a t u r e  o n  t he  

r e o x i d a t i o n  p roces s .  T h e  p lo t  s h o w s  t he  

f r a c t i o n a l  t r a n s f o r m a t i o n  e a g a i n s t  t i m e  

curves .  ( - -  x = 0 .50,  - - -  x = 0.93).  

An Arrhenius plot of the constant k against recipro- 
cal temperature gives the activation energy of the 
transformation. The latter increases with x and 
exhibits onemaximum for about x = 0.50 (Fig. 5). 
Then, higher Mn 2§ concentration leads to a decrease 
of activation energy. The maximum observed is 
probably associated with the large non-stoichiometry 
for this composition comparatively to x = 0 and 
x - 0.93 substitution content as previously estab- 
lished [5]. However, the reported values for the trans- 
formation 7-Fe203 --> ~-Fe20 s (x = 0) show a wide 
spread, from a minimum of 153 kJ mol -~ to a maxi- 
mum of 360 kJ tool ~ [8, 9]. This failure to obtain 
consistent results has been attributed, among other 
factors, to the presence of impurities [9] and to the 
influence of particle size and shape [10]. 

The transformation from 7-defect phases to corun- 
dum structure can also be directly investigated by 
evaluating the behaviour of the electrical conductivity 
in region III, The kinetics of transformation were 
studied for Po2 = 104 Pa by heating at constant tem- 
perature and observing the change in conductivity 
with time. Fig. 6 shows the kinetic curves during 
oxidation against composition x. As in thermo- 
gravimetry, the curves display a two-stage oxidation 
process due to the experimental procedure. The para- 
bolic curves correspond to oxidation of Mn 2+ ions 
generate during the tlaermal treatment and the phase 
may be considered as having a spinel structure. The 

linear portion represents the phase change but this 
method is not reliable as a measure of the weight 
change because in this region the electrical conductiv- 
ity at the oxidation temperature is not related to the 
chemical composition in a single manner. It might be 
expected that the reaction rate will be firstly dependent 
of the amount of Mn 2+ ions oxidized and secondly on 
the nature of the inversion products. This is par- 
ticularly important with those samples which are not 
completely oxidized and there is a higher extent of 
manganese substitution in which the remaining Mn 2+ 
ions form a manganese-rich spinel coexisting with a 
rhombohedral phase ~-(MnFe)203, with orthorhombic 
phase Mn203. 

3.2. Structural  s t u d y  by IR s p e c t r o s c o p y  
The IR spectrum of the defective ~-phases is given in 
Fig. 7. The large number of absorption bands in the 
270-800 cm-~ region may be attributed to the occur- 
rence of a certain order in the vacancies and cation 
distribution on octahedral sites [5]. 

If these defective y-phases are heated for more than 
2 h at 700 ~ C, the spectrum differs indicating a struc- 
tural change (Fig. 8). 

For composition x < 0.72, the spectrum exhibits 
the characteristic bands of ~-Fe203 at 542, 470 and 
324cm -~ with only a slight slift with manganese 
content. This indicates that, instead of decomposing 
into the respective oxide 0~-Fe203 and Mn203, the 
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Figure 4 Plo ts  o f  1 --  (1 --  0c) 13 a g a i n s t  t ime ,  ( - -  

x = 0 . 5 0 , - - - x  = 0,93).  
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Figure 5 Varia t ion  of  ac t iva t ion  energy  wi th  compos i t ion .  

defect phase 7 is converted into the rhombohedral  
phase e-(FeMn)203. The transformation defect phase 
7 ~ rhombohedral  phase can be represented as 
follows 

7-[  M n~sx)/(9-0.32x) Fe(24-  8x)/(9 0.32x) I~(3 -0.96x)/(9- 0.32x)]O4 

+ 02 ~ e-[(12 - 4x)/(9 - 0.32x)Fe203, 

(8x)/(9 -- 0.32x)Mn203 ] 

As the substitution extent was increased (x = 0.72), 
the spectra became quite complex as a result to the 
formation of  a second phase (Fig. 8). The two other 
peaks around 670 and 560 cm ~ may be the formation 
of Mn203 with or thorhombic structure [11]. The 
formation of  these two phases can be written as 

[Mnt8x)/(9-o.32~) Fe(24-8x)/(9 0.32x) F](3-O.96x)/(9-O.32x)]04 

+ 02 ~ e-I(12 -- 4x)/(9 -- 0.32x)Fe203, Y Mn203] 

+ [(8x)/(9 - 0.32x) - Y]Mn203 
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Figure 6 Kinet ic  curves  in electr ical  conduc t iv i ty  showing  the two 

steps o f  ox ida t ion  at  Po z = 104 Pa. The a r rows  show the change  of  

k inet ic  law due to the phase  change.  T = 6 0 0 ~  (a x = 0,93, 

b x = 0.50, c x = 0.27, d x = 0.14). 
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Figure 7 Infrared spect ra  of  manganese  ca t ion  deficient spinels a t  

450~ (a x = 0.97, b x = 0.97, c x = 0.72, d x = 0.67 e x = 

0.37, f x  = 0.14). 

In addition, over the range examined, the intensity 
ratio Ix/Io of  the 324cm x band, where I0 is the inten- 
sity of  pure e-Fe203 band and !~ the intensity of  solid 
solution e-(Fe, Mn)203 band, linearly decreases as the 
extent of  substitution x increases (Fig. 9). It is then 
possible to determine the unknown substitution extent 
of  a a-phase. 
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Figure 8 Infrared spect ra  of  t r ans fo rma t ion  p roduc t s  af ter  hea t ing  

at  700~ ( a x  = 0.97, b x  = 0.97, c x  = 0.72, d x  = 0.67, e x  = 
0.37, f x  = 0.14) 
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Figure 9 Evolution of the intensity ratio I~/l o of the 324cm ~ band 
as a function of manganese-substitution extent x. 

Figs 10 and 1 ! shows the evolution of the IR spec- 
trum plotted against temperature of  the 7-phases for 
two composition x = 0.37 and x = 0.93. At tem- 
peratures below 700~ but above the oxidation tem- 
perature into 7-phase (400 ~ C), the conversion 7 --* 
occurs progressively with temperature. By fixing the 
oxidation time, it is possible to evaluate a transition 
temperature for each composition by noting the tem- 
perature T~ r at which the 470 cm ~ peak of  the s-phase 
appears. The variation of T~, with composition is 
shown in Fig. 12 and expresses an increase in the 
stability of  the 7-phases with Mn-substitution extent. 
However, because of the oxidation of  Mn 2§ to Mn -~+ 
ions and to the affinity of Mn 3§ ions for octahedral 
sites, the stabilization of these defect phases contain- 
ing cobalt or zinc (Fig. 12). In the corundum structure, 
Mn 3§ ions with the outer electronic configuration t2geg3 l 
are located in a favourable octahedral environment 
[12]. 

4 .  C o n c l u s i o n  

This study reveals that during oxidation of defective 
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Figure 10 Evolution plotted against temperature of the IR spectrum 
of the 7 phase of composition x = 0.37. 
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Figure 11 Evolution plotted against temperature of the I R spectrum 
of the y phase of composition x = 0.93. 

manganese substituted magnetites above 500 ~ a 
phase change from the spinel to the corundum struc- 
ture occur. The kinetic curves related to the phase 
change show that the transformation can be described 
by the equation 1 - ( 1  -~)~/3 = kt  indicating a 
nucleation growth mechanism with a process charac- 
terized by an activation energy depending of the com- 
position. The lower activation energy for high man- 
ganese concentration can be attributed to the larger 
amount of Mn ~+ ions created by reoxidation which 
involve instability of the spinel structure. 

Infrared investigation of  the transformation enables 
us to conclude that the decomposition of defect phases 
7 takes place in two steps. In the first step, the IR 
spectrum of oxidation products obtained for x < 0.72 
exhibits the absorption bands of the ~-Fe203 phase 
with only a slight shift suggesting the formation of  a 
rhombohedral phase ~-(FeMn)203. In the second step 
for x > 0.72, orthorhombic Mn203 is formed in 
addition to ~(FeMn)203. 
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Figure 12 Variation of transformation temperature with com- 
position for different defective spinels. 
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