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Abstract 

The kinetics of reduction at relatively low temperatures with hydrogen of pure and doped me- 
tastable non-stoiehiometrie magnetite with 1 at% Mn, Co, Ni and Cu and also with 5 at% Ni and 
Cu have been investigated by using isothermal thermogravimetry in the temperature range 
300-400~ With increase in the concentration of the dopant (5 at% Ni and Cu), the reactivity 
increases. The activation energies for pure magnetite varies from 7 to 9 keal/mole with the pre- 
paration temperature of precursors Fe203 (250--400~ being the lowest for those prepared at the 
lowest temperatures. The corresponding activation energies for the reduction of doped samples 
(Fe, M)3-zO4, it depends, apart from their porosity and surface areas, on the nature of the solute 
atom, amount of disorder, whether it occupies the tetrahedral (A) or oetahedral (B) sites in the 
non-stoiehiometrie spinel and possibly on hydrogen 'Spill over' effects. 
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Introduction 

The hydrogen reduction of bulk metal oxides have attracted considerable at- 
tention in the past since such reductions form the basis of some metallurgical 
processes. If conducted at lower temperatures, it may be of use in preparation 
of some metallic and oxide catalysts. In addition, such reductions play a role in 
the operation of metal oxide gas sensors [1]. The kinetics of reduction of iron 
oxides are affected by the methods of preparation and presence of various addi- 
tives in the precursor. The influence of preparation history of Fe203 on its reac- 
tivity for hydrogen reduction was studied by Shimokawabe et al. [2]. The oxides 
prepared at lower temperature had higher reactivity. They have attributed the 

3 +  2 +  2 +  2 +  2 +  accelerating effect of the dopants A1 , Mg , Co , Ni , Cu and Li + to the 
formation of solid solutions or of ferrites. 

It was shown earlier by other workers that at higher temperatures [3, 4], the 
gas-phase reductions of bulk oxides usually proceed in three stages: 
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i) metallic nuclei are generated, 
ii) the nuclei then grow until coalition occurs to produce metallic shells en- 

casing cores of unreached oxide, 
iii) the reaction then proceeds at the metal/metal oxide interfaces until all the 

oxide in the cores is reduced. 

An initial study on the low temperature reduction between 250-500~ by hy- 
drogen of pure Fe203 and doped (Fe, M)203 (M = 1 at% Mn, Co, Ni and Cu) 
was investigated earlier [5] using dynamic TG in hydrogen. It was found that the 
reactivity of Fe203 and the spinels derived from it in hydrogen increases with 
the decrease in preparation temperature of FeaO3 from 400 to 250~ In case of 
1 at% doped samples the reactivity is in the following order: 

Mn < Co < Ni < Cu 

with Mn retarding the reaction, Co slightly affecting the reaction and Ni and Cu 
accelerating the reaction for the reduction of spinel solid solutions. The spinels 
containing 5 at% Ni and Cu were reduced at about 700C lower temperature than 
the pure oxide prepared at the same temperature. The reduction of mixed oxides 
at low temperature (< 500~ obtained from homogeneous precursors gave 
nanosized alloy particles [6]. 

In order to understand the effect of preparation conditions and dopants de- 
tailed isothermal studies were carried out on the pure and doped metastable 
non-stoichiometric magnetite (obtained from pure and doped Fe203 respec- 
tively) by hydrogen reduction in the temperature range of 300-400~ 

E x p e r i m e n t a l  

Pure iron oxide and doped iron oxide precursors were prepared by thermal 
decomposition of ferric nitrate and of mixture of nitrates of iron and dopants in 
air. They were characterized by X-ray powder diffraction (XRD) and Moss- 
bauer spectroscopic (MS) studies which indicated them to be pure oxide and its 
solid solutions with dopants as reported earlier [5]. The lattice parameters and 
crystallite sizes of Fe203 and its solid solutions varies between 13.7-14.06 A 
and 130 -250 A respectively. These samples were subjected to isothermal ther- 
mogravimetric (TG) studies in a hydrogen flow of 2.7 l/h at various tempera- 
tures in the range of 300 to 400~ Isothermal boat experiments were also 
carried out to prepare larger quantities of the material by isothermal reduction 
for predetermined time intervals. Both methods are described in detail in our 
earlier work [7, 81. 

The reduced samples obtained from boat experiments were characterized by 
XRD and MS. XRD studies were done on a Philips powder diffractometer using 
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CoI~ radiation (X = 1.79021 A). A scanning rate of 2~ was used. The 
broadening of the XRD peaks were used to calculate the apparent crystallite size 
of the spinels using the Scherrer formula. For the purpose of these calculations, 
it is assumed that the broadening of the diffraction peaks is only due to the vari- 
ation in crystallite size, although additional contribution to line broadening is 
possible. The lattice parameters were calculated by least square methods and 
the error is -+0.002 A. Mossbauer studies were carried out in the constant ac- 
celeration mode using 57Co source in rhodium matrix and the details are given 
elsewhere [9]. 

Results 

The isothermal TG of pure oxides and its solid solutions show two stages as 
the dynamic TG experiments reported earlier [5]. The results are given in Ta- 
ble 1. The first stage is the formation of pure magnetite (spinel) or its solid so- 
lutions from their precursors and the second stage is the subsequent reduction 
of these compounds to the metallic state. The to.5 is the time required for 50% 
(at ct = 0.5) and t0.75 (at c~ = 0.75) is the time for 75% of the reduction of mag- 
netite or its solid solution to be achieved at 340~ 

Table I Isothermal reduction (TG) of pure magnetite and doped spinels at 340~ in hydrogen 
atmosphere 

Sample Starting sample Spinel 

No. precursor 

Value of t / min 

at ~t=0.5 at c~=0.75 

I Fe203 prepared at 

250~ Fe3--zO4 

300~ Fe3-zO4 

400~ Fe3-zO4 

II Doped FeaO3 samples prepared at 300~ 

152 220 

170/- 252 

209 310 

1 atom % Mn (Fe, Mn)3-zO4 200 316 

1 atom % Co (Fe, Co)3-zO4 215 324 

1 atom % Ni (Fe, Ni)3-zO4 168 244 

1 atom % Cu (Fe, Cu)3-zO4 142 210 

5 atom % Ni (Fe, Ni)s-zO4 134 188 

5 atom % Cu (Fe, Cu)3-zO4 130 180 

The fraction reacted, o~, from isothermal TG was plotted vs .  time t. The 
value of ot was obtained by normalizing the measured weight at the end of the 
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first stage as 100% and corresponding to that weight, ct was taken as zero. The 
time t was calculated by taking t = 0 when ~t = O. The o~ vs.  t curves are given 
in Fig. 1. Various equations such as Jander equation for diffusion controlled 
mechanism: 
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Fig. 1 Plots of fraction re.acted c~ vs .  time t, derived from isothermal reduction in hydrogen 
at various temperatures; (a) Pure magnetite Fv3-zO4 obtained from Fe~O3 prepared at 
300~ and w.duced at different temperatures; (b) Pure magnetite and spinel solid solu- 
tions with 1 at% Mn and Co reduced at 340~ (c) Pure magnetite and spinel solid so- 
lutions with 1 at% Ni and Co reduced at 340~ (d) Pure magnetite and spinel solid 
solutions (Fc, M)-~-zO4 with 5 at% Ni and Cu reduced at 340~ 
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1 - ( 1  - c t )  1/2 = k t  

1 - ( 1  - i x )  1/3 = kt 

Prout-Tompkins equation: 

Avrami-Erofeev equation for nucleation and growth: 

-In(1 - (z) l~ = kt 

three dimensional phase boundary mechanism equations: 

(contracting area), 

(contracting volume), 

I G~ 

and other equations were used to fit the experimental kinetic data and to calcu- 
late the activation energies (E,) for the hydrogen reduction of pure magnetite 
and its solid solutions to Fe/Fe--M alloys. But the best fit was obtained for the 
contracting area equation. This equation assumes that there is a rapid and dense 
nucleation, or initial rapid surface growth followed by advance of interface from 
the surface into bulk of crystallites. This type of behaviour can occur when the 
free activation energy for nucleus formation is comparable with that or sub- 
sequent growth (AGN ~ AG~). 

The Arrhenius plots used to calculate the activation energies for the reduc- 
tion of Fe3-zO4 and (Fe, M)3-zO4 by hydrogen using this equation are given in 
Fig. 2 and the E,s at various stages (a) are given in Table 2. 

The XRD of the precursors subjected to isothermal reduction studies at 
300~ for 1 h in hydrogen indicate the presence of magnetite (Fig. 3) and a very 
small quantity of Fe as shown in Table 3. The Mossbauer studies also indicate 
non-stoichiometric magnetite and its disordered solid solutions are formed and 
the details of this study are reported elsewhere [9]. Representative spectra of the 
same are given in Fig. 4. 

Discuss ion  

Pure oxides 

The activation energy for the reduction of Fe3-zO4 derived from Fe203 pre- 
cursor prepared at lower temperatures (250~ is lower (7.5 kcal/mole at 
o~=0.2) than that prepared at higher temperatures as shown in Table 2 and this 
trend is continuous throughout the reduction process. The broadening of XRD 
peaks both in the starting Fe203 [5] and the intermediate Fes-zO4 formed from 

J. Thermal Anal., 42, 1994 



942 DRAKSHAYANI, MALLYA: METASTABLE SPINELS 

~ '  ~ c o "- 

o o 

§ ~ 0 

l . I I I I 
I,Z'l ~ 0 

N Ul-  

v 

~, ~ d d d d o d  

I 
0 

I I 

0 

>I u-l- 

I 
0 

o 

\ 
o o o o d c ~  

I I I 

u l -  

I I 

. -2  

0 

~ x  ,...: 
A 
I,.-- 

0 

X 

.,.,2 

~-) 

m 

0 

~x  

..2" 

n~ 

e~ 

~y 

J. Thernug An~.,  42, 1994 



DRAKSHAYANI, MALLYA: MErASTABLE SPINELS 943 

.7 
e t  

�9 o 

O ~ O  

g d d  

N 

6 6 ~  

d ~ N d d  

~ 4 N ~ N N  

~ 0 ~ 0 0  

N ~ N N H  

~ V V V V ~  

+ + + + + +  

~ 2 2 2 2 2  

0 

J. Thermal Anal., 42, 1994 



944 DRAKSHAYANI, MALLYA: METASTABLE SPINELS 

it as compared to the samples prepared at higher temperatures indicate that 
these oxides are highly defective. The XRD studies indicate that the lattice pa- 
rameter of magnetite varies with preparation temperature of the precursor and 
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F~. 3 X-ray diffractograms of magnetite and spinel solid solution obtained aRer I h by iso- 
thermal reduction in hydrogen at 300~ from the precursors pure FcaO3 and doped 
Fc~3 samples respectively 
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the magnetite obtained is more disordered as the preparation temperature of the 
precursor decreases. The Mossbauer parameters indicate that non-stoichiomet- 
ric magnetite is formed and the cation vacancies increase with the decrease in 
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Fig. 4 Mossbauer spectra of spinels obtained from (Fe, M)203 precursors al~er 1 h in hydro- 
gen atmosphere; (a) Spinel solid solution (Fe, M)3-=O4 with 1 at% Cu indicating the 
spectrum of A and B sites and some amount of, metallic Fe; (b) Spinel solid solution 
with 1 at% Mn with A and B site spectrum 
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the preparation temperature of the precursor [9]. This could be ascribed to 
lower crystalline sizes and larger surface areas for Fe203 prepared at 250~ and 
also higher defect concentration. 

Doped oxides 

The spinels derived from doped Fe203 samples show considerable differ- 
ences in the activation energies calculated at different stages (values of o~) of re- 
duction. In all cases it increases with the increase in or. The case of spinel solid 
solution containing Mn is different from the rest in that the final product is a 
lower oxide of Mn and not metallic alloy of Fe-Mn at these temperatures. The 
low Eas in this system is for a different reaction leading to the formation of 
lower oxide of Mn and metallic Fe. 

The Co spinel samples indicate the highest activation energies for the H2 re- 
duction varying from 10.3 to 15.3 kcal/mole at o~ = 0.1 and at o~ -- 0.7 respec- 
tively which reflects the difficulty of reduction of this spinel as compared to the 
pure magnetite prepared under similar conditions. 

The 1 at% Ni spinel on the other hand clearly indicates low Ea for the re- 
duction of doped spinel to metallic state with the E, varying from 6.2 to 
8.6 kcal/mole in the range of ct from 0.1 to 0.7. The corresponding values for 
the undoped spinel vary from 7.4 to 10.3 kcal/mole. The E, are therefore lower 
by 1.2 to 1.7 kcal/mole in the 1 at% Ni spinel solid solution. The acceloration 
of the reduction reaction is therefore understandable. 

The 5 at% Ni spinel sample however reflects an overall activation energy ob- 
tained from kinetic data which are anomalously high ranging from 12 to 
13 kcal/mole (ct = 0.1 to 0.7). One might have expected a much lower E, than 
for 1 at% Ni sample. This needs to be explained. 

The 1 at% Cu spinel sample also similarly indicates anomalously high E, 
varying from 10.7 to 12.3 kcal/mole in the range of o~ = 0.1 to 0.7. Whereas 
the 5 at% Cu spinel sample does so only to a smaller extent especially at low 
ot values (0.1 or 0.2). These need to be adequately explained. In case of 1 at% 
and 5 at% Cu spinel samples and also in case of 5 at% Ni case, it is possible 
that a significant part of the reduction of spinel is already over at the presumed 
start of the reaction when cz is taken equal to zero and therefore the kinetic pa- 
rameters calculated could be for a later stage of the reduction reaction closer to 
the decay period. In these cases the initial reaction is very fast probably due to 
the formation of metallic Cu or Ni which could enable a hydrogen 'Spill over' 
over large distances making larger area of the reactant interface participate in 
the reaction with the activated hydrogen atoms. The role of metal additives in 
promoting bulk oxide reductions has been interpreted earlier in two ways. It has 
been postulated that the foreign metal forms sites for adsorption of hydrogen. 
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This leads to enhanced concentrations of surface hydrogen through a 'Spill over 
mechanism' [10]. Alternatively, or additively, it is thought [11] that the foreign 
metal atom may be responsible for the formation of extra nucleation sites by vir- 
tue of lattice or surface deformations. This fast progress of the reaction inter- 
face causes probably a porous layer to be formed which impedes the reaction 
and hence may be a cause to give high activation energies in the later stages of 
the reaction. 

While there is clear evidence from the value of t~=0.5 and from analysis of 
1 h reduced samples that Ni and Cu accelerate the reduction reactions, the con- 
tracting area model suggests that such features are indicative that the details re- 
garding the kinetics are more complicated and two or more mechanisms may be 
involved during the reduction reactions. 

The Mossbaner studies [9] indicate that the site occupancy in the metastable 
spinels obtained vary depending on the nature and concentration of dopant. Ex- 
cept in case of Mn which occupies predominantly A site, the site occupancy is 
mostly B site for all other dopants. In all cases there are cation vacancies and 
are increasing in the order: 

Mn < N i  < Co < Cu 

However careful analysis of Mossbauer parameters indicate that in the me- 
tastable spinels formed there is considerable disorder in the site occupancy of 
solute atoms. As a consequence there should be anion vacancies for charge neu- 
trality in case of Ni and Cu metastable spinels and it increases with the increase 
in concentration. It is likely that these factors are responsible for the discrepan- 
cies in the activation energies. Thus the nature of the low temperature H2 reduc- 
tion of the solid doped oxides are more complicated and vary with the system. 
Further work is required in order to clarify several possibilities based on the na- 
ture of the intermediate metastable spinels formed during the course of these re- 
duction reactions. 

C o n c l u s i o n s  

The kinetics of low temperature (300-400~ hydrogen reduction of magnet- 
ite obtained from Fe203 prepared at 250, 300 and 400~ has been measured. 
The experimental data give a good fit with the equation 1-(1--~) 1/2 = kt, for 
contracting area model for solid-gas reactions. The activation energies for the 
reduction of pure Fe3-zO4 are in the range of 7-12 kcal/mole for early stages 
and is the least for the magnetite derived from Fe~O3 prepared at the lowest tem- 
perature. This is ascribed to the lower crystallite sizes, higher surface areas and 
extent of disorder in the sample. 
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In case of doped spinels (Fe, M)3-~O4, despite a good fit of experimental data 
to the contracting area model, the variation in activation energies indicate there 
are more complicated factors governing the kinetics of reduction. The spinel 
solid solution with Mn has a low E, but follows a different reduction mechanism 
where Fe and lower oxide of Mn are obtained as products. In all other cases, 
(Fe, M)3-zO4 is reduced to give Fe-M alloy as the final product. The spinel with 
Co has high E, of 10-15 kcal/mole and retards the reaction. 

In the case of spinel solid solutions containing Ni and Cu the reduction re- 
action is initially accelerated but the calculated//as vary. The larger apparent ac- 
tivation energies may correspond to a later stage in the reduction process. It is 
likely that in samples containing Ni and Cu, the site disorder in their occupan- 
cies result in substantial vacancies in the oxygen sublattice decreasing the real 
activation energies for migration of cations. Possibly hydrogen 'Spill over' ef- 
fects are responsible for the enhanced reduction. It is possible that more than 
one mechanism is contributing to the reduction reaction. 

The authors thank Mr. A. V. Narayan and D. Molliah for their assistance with the figures. 
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Z u s a m m e n f a s s u n g -  Mittels isothermer Thermogravimetrie wurde ira Temperaturbereieh 
300-400~ die Kinetik der Rednktion von reinem and versetztem (1% Mn, Co, Ni, Cu sowie 5% 
Ni, Cu) metastabilem niehtst6ehiometrischem Magnetit mit Wasserstoff bei relativ niedrigen 
Temperaturen untersueht. Durch ein Anhaben der Konzentration des zugesetzten Materiales (5 % 
Ni und Cu) wird die Reaktivitat erh6ht. Die Aktivierungsenergie f/ir reines Magnetit liegt je 
nach der Herstellungstemperatur des Pr~kursors Fe203 (250-400~ zwischen 7 und 9 kcal/mol, 
wobei der niedrigste Wert der niedrigsten Herstellungstemperatur entspricht. Die entsprechenden 
Aktivierungsenergien ffir die Reduktion versetzter Proben der Formel (Fe, M)3.~O4 (die wahr- 
scheinlich mit Art und Konzentration des Zusatzstoffes variieren) hangen abgesehen von deren 
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Por6sit~t und Obcrfl~chcngr61~c vondcr Art des gcl6stcn Atomcs, vom Grad dcr Ungeordncthcit, 
cgal ob cs im nichtstSchiometrischcn Spincll die tctraedrischcn (A) odcr die oktaedrischcn (B) 
Stcllcn bcse, tzt, sowic weitcrhin yon Wasscrstoff 'Spill over' Effcktvn. 
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