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Non-isothermal and isothermal TG studies on the cation distribution in submicronic 
titanomagnetites, Fe3_xTixO , with 0<x<0.82 are reported. For x<0.61, these titanomag- 
netites could be oxidized at temperaturesbelow 500 ~ to titanium-substituted magnetites which 
have a higher vacancy content than that of ?-Fe203 . The DTA results show that the temperature 
of oxidation of Fe 2+ to Fe 3§ ions is increased, whereas the temperature of phase change is 
decreased with increasing titanium substitution. The kinetics of oxidation is found to be 
governed by the law of diffusion for variable working conditions and for different extents of the 
vacancies created at the solid-gas interface. The diffusion of iron(II) ions located at octahedral 
sites proceeds with a lower activation energy than that of iron(II) ions located at tetrahedral 
sites. Diffusion rates were discerned to be composition-dependent and the variations can be 
identified with the distribution of the iron ions in sublattices. 

Recent studies [1-2] were devoted to investigations of the low-temperature 
(<400  ~ oxidation of  fine-grained magnetites substituted by trivalent ions 
(FeZ+Fe3+_x,,.x~3+~n2-jv 4 (M 3+ = A I  3+, Cr3+; 0 < x < 2 )  and divalent ions 
(Fe 2+_xFcx^3+M2+)O 2 (M z+ = C02+, Zn2+, Mn 2+', 0 < x <  1).. The spinels whose 

crystallite sizes are less than about 200 nm could be oxidized to defect phase ? with 
the same spinel structure. The oxidations performed in a thermobalance under 
isothermal conditions indicated that the necessary temperature for oxidizing the 
Fe 2 + ions to Fe 3 § ions increases from spinel-like magnetite, where all Fe 2 § ions are 
at octahedral sites (most oxidation temperatures are in the range 150-250~ to 
spinel-like chromite or aluminate, where all Fe 2+ ions are at tetrahedral sites (most 
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oxidation temperatures are in the range 400-500~ Besides this discrepancy in 
reactivity between iron(II) ions located at octahedral (B sites) and at tethedral (A 
sites) in spinel, a discrepancy has also been shown for A1- or Cr-substituted 
magnetites whose substitution ratio x is in the composition range 0.04 < x < 1.70 
and which therefore contain Fe 2 + ions at both B and A sites [3]. 

In all cases, during low-temperature oxidations the original spinel structure is 
retained and the process may be regarded as an interdiffusion inside the oxide itself, 
the only result being a change in stoichiometry with conservation of  the oxygen 
lattice, resulting in cation-deficient spinels. In particular, the methods developed for 
the preparation of  spinets with submicronic dimensions and in the size range 10 to 
200 nm have enabled us to undertake extensive studies on their thermal 
characteristics and to correlate them with their microstructure. The behaviour of 
Fe z + ions in the spinel lattice has been the subject of  a number of  studies involving 
the oxidation of  natural and synthetic titanomagnetites [4-8], where Fe 2 + ions are 
located in the unequivalent sublattices of  the spinel structure. However, because of  
the difficulty in preparing titanomagnetites with a grain size less than 103 nm, only 
the oxidation of  Fe 2+ ions at B sites at about 250 ~ preserves the spinel structure. 
Further oxidation with retention of the spinel lattice may be impossible, as the 
higher temperatures required to increase tetrahedral Fe 2 + mobility could result in 
the decomposition of  the cation-deficient spinel and in the formation ofmult iphase 
oxidation products. 

The oxidation of  finely-grained titanium-substituted magnetites of  type 
Fe 3 _~TixO 4 should allow the production of  non-stoichiometric titanomagnetites, 
in particular at higher temperature. The purpose of  this work was to make a 
systematic study of  the process of oxidation of  finely-grained titanium-substituted 
magnetites to cation-deficient spinels, and from very precise thermogravimetric 
measurements to determine the distribution of  iron cations at  the A and B sites of  
the spinel structure. This approach is possible since titanium exists solely in the Ti 4 + 
state and only in the octahedral sublattice [9]. The kinetics of  oxidation of  Fe z+ ions 
located at octahedral and tetrahedrai sites is also studied. 

Experimental 

1 Materials 

The conditions of preparation of spinels of type (Fe 23+_2xFe12++xTl x.4+)O 42- 
(O < x < I) do not differ much from those in the previous method used to prepare 
M 3+ or M2+-substituted magnetites [10]. Coprecipitated hydroxide precursors of 
iron and titanium are subjected to adequate thermal treatment in a H 2 - - H 2 0  
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Table 1 Sample-charac ter i s t ics  

847 

Lat t ice  pa ramete r ,  Crys ta l l i te  size, 
Samples  

nm a m  

D T A  peak  t empera tu re  in ~ 

ox ida t ion  t r an s fo rma t ion  

x = 0 0.8397 60 210 - -  

x = 0.20 0.8405 t00 250 750 

x = 0.43 0.8423 49 254 685 

x = 0.61 0.8467 100 267 675 

x = 0 . 8 2  0.8497 100 292 and  401 660 

atmosphere at low temperature (<700  ~ ) to yield the solid solutions 
Fe304o _x)(Fe2TiO4)x, which are extremely divided solids and hence highly reactive. 
Five samples, with x = 0, 0.20, 0.43, 0.61 and 0.82, were selected for these studies. 

2 Initial characterization of samples by XRD, electron microscopy and DTA 

XRD analysis at room temperature on patterns obtained in vacuum with K,  
chromium monochromatized radiation shows that the samples contain only the 
spinel phase. In addition to the pure magnetite already prepared, we dealt with the 
various compositions mentioned in Table 1. The synthesized materials show an 
increase in the lattice parameter with the substitution extent x (q able 1). Although 
several models have been advanced for the distribution of  iron cations in 
titanomagnetites at various temperatures [11-14], a first structural investigation 
[15] indicates that the distribution at room temperature can be formulated as 
follows: 

F 3+  2+ 3+  2+  "4+ 2 -  
( e2~. Fel-2a)a(Fez-z~-2xFez~+xTlx )B04 

with 2 = 0.5 for 0 ~< x ~< 0.5, that excluded the presence of  Fe z + ions at A sites, and 
0 < 2 < 0 . 5  for 0 . 5 < x <  1, where the function 2 = f (x)  determined by the Poix 
method [16] had the shape of  a hyperbola. 

The morphological study of  the samples by means of electron microscopy and X- 
ray diffraction usually shows spherical crystallites with an average diameter 

between 70 and 100 nm (Table 1). The DTA of  the samples was conducted in the 
presence of air and with a temperature rise of 600 deg per hour. The diagrams 
obtained show two exothermic phenomena (Table 1) for x<0.61.  The first 
correspo1~ds to the temperature at which the oxidation of  Fe 2 + ions is maximum; 
the second is attributed to the transformation of the cation-deficient spinels to a 
variety of  inversion products, hematite, TiO2 and pseudobrookite. For  x = 0.82, 
the second peak at about 400 ~ is due to the oxidation of  tetrahedral Fe 2+ ions. 
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TG measurements 

The samples were oxidized in a Setaram MTBI0.8 microbalance under 
isothermal conditions or with the temperature increasing at a linear rate. The 
material weighed 6 mg and the powder was spread out so that it would oxidize in 
the same way as N independent particles with identical mean radius. Before every 
reaction, great care had to be taken while degassing, to ensure that the powder was 
not even partially oxidized. This necessitated a vacuum of  < 10 -4 Pa and a very 
slow temperature rise, so that no weight gain change occurred during the heating 
period. 

The phases present after oxidation were determined by X-ray powder diffraction 
measurements on samples rapidly cooled from 500 ~ in the T G  apparatus. The Fe 3 + 
contents of the samples at various levels of  oxidation were calculated from the 
gravimetric data. 

R e s u l t s  a n d  d i s c u s s i o n  

Oxidation of Ti-substituted magnetites to cation-deficient spinels 

a) Non-isothermal method--Tota l  oxidation of  Fe z+ ions 
Figure 1 shows the weight gain Am when the samples were heated in air at a 

constant rate of 2.5 deg/min from 20 to 700 ~ As can be seen from this Figure, the 
oxidation behaviour is influenced by the Ti 4§ content. Increasing weight gain with 
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Fig. I TG curves for titanium-substituted magnetites heated at 2.5 deg/min 
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composition x results in an increase in Fe 2+ content according to the substitution 
scheme 2Fe 3+ ~ F e  2§ + Ti 4§ Table 2 gives the value of the total weight gain Ame~ 
for each composition. For  comparison we also report dmtheo , calculated for the 
complete oxidation of  Fe z § ions in 6 mg of  Fe 3 _ xTixO4. The obtained value agrees 
well with the experimental data. 

For the composition x = 0.82, the weight gain reaches a stable level near 300 ~ 
then increases rapidly, and a final oxidation temperature as high as 600 ~ is achieved 
for this composition. The "p la teau"  region can be regarded as being caused by the 
differences in reactivity of  the Fe 2 § ions located in the inequivalent sublattices of  
the spinel structure, and correspond to the temperatures of  the end and beginning of  
oxidation of Fe 2 § ions at octahedral sites, respectively. It is of  interest to compare  
the present results with those obtained for x < 0.82. When Ti 4 § ions replace Fe 3 § 
ions at B sites in magnetite, no Fe 2 § ions are displaced from B sites to A sites up to 
x-~0.30, and the final oxidation temperature is achieved at 300 ~ On the other hand, 
for x = 0.41 and x = 0.60, small but increasing numbers of  Fe 2§ ions move to A 
sites and a weight change is observed above 300 ~ 

The effect o f  the Fe 2§ distribution between B and A sites on the oxidation 
characteristics was demonstrated directly by plotting dAm/dr against temperature 
(m = mass, t = time), which for convenience is usually normalized to the starting 
weight. Figure 2 shows the results of  this experiment as a function of  the extent of  
substitution x. The pure magnetite and the spinel with x = 0.20, containing all 
Fe 2+ ions at octahedral sites, exhibit only one peak, centred at about  200 ~ As x 
increases, the peak at 200 ~ increases and the curve shows the development of  a 
second peak, centred at about  400 ~ , indicating that further oxidation takes place. 

�9 The positions of  the two maxima shifted towards higher temperatures with 
increasing amount  of  Fe 2+ ions. The size of  the second peak, almost non-existent 
for x -- 0.43, increases with increase in x, which is consistent with an increasing 
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Fig. 2 DTG curves dAm~dr = f ( T )  
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number of  Fe 2+ ions at tetrahedral sites, having only a limited availability for 
oxidation in the lower temperature range. 

X-ray diffraction has shown that for x < 0.61, one phase with a spinel structure is 
present, with only a decrease in the lattice parameter.with the degree of  reaction, in 
conformity with the smaller ionic radius of  Fe a+ compared to that of  Fe z+. For 
x = 0.82, the sample also contains the spinel phase with a small amount  ofct-Fe20 3 
at temperatures higher than 430 ~ Comparison may be made with the results for Cr- 
or Al-substituted magnetites [2] and manganese-substituted magnetites [2], where 
all Fe 2+ or Mn 2+ ions are at tetrahedral sites (most oxidations occur in the range 
350-450~ and where the covalent bonding at A sites renders tetrahedrally-sited 
Fe 2 + or Mn 2 + ions more stable towards oxidation than Fe z + ions ionically bound 
at B sites. 

b) Isothermal method--Par t ia l  oxidation of  Fe 2 + ions 
In order to determine the amounts  of  Fe 2 § ions at B and A sites vs. composition 

x, the weight gain was followed in air under isothermal conditions. The oxidation of  
Fe 2§ ions at B sites is achieved at 160 ~ which requires a reaction time of  a few hours 
for magnetites slightly substituted by titanium, and of  several days for the 
composition x = 0.82. For  the second stage of  oxidation, corresponding to A Fe 2 § 
ions, the procedure was as follows: After oxidation of  the sample at 160 ~ , the gas 
was pumped out at the end of  the run, the temperature was raised to 320 ~ and 

oxygen was admitted into the thermobalance. Table 2 gives the values of  weight gain 
Am a and Am A for each site, and Fig. 3 shows the curves obtained. Thus, the cation 
distribution can be determined from thethermogravimetr ic  data if the coefficients 
1 - 2 2  = a and 2 2 + x  = d of  the lattice formula in the system Fea_xTixO4 
represented as (Fe 3 + 2 + 2 + 2 + "4 + 2 - Fea )A(Fee Fed Tly )BO4 are known. These coefficients a 
and dcan be calculated from the ratios AmB/Amo~x p, and Ama/Amoex p, where Amoexp 

represents the weight gain for pure magnetite. The distribution curve of  cations at B 
and A sites is displayed in Fig. 4. This distribution approaches that deduced via low- 
temperature extrapolations (20 ~ ) from the thermoelectric coefficient measurements 
of  Mason et al. r14]. 

Table 2 E x p e r i m e n t a l  a n d  theore t i ca l  we igh t  ga in  for  Fe  2 +- ions  o x i d a t i o n  in B a n d  A sites 

Am~xr,, Arn~h . . . .  Ara B, A m  A, B sites A sites 
Samp le s  m g  m g  m g  m g  22 + x = d 1 - 22 = a 

x = 0 0 .200 0 .204 0 .199 - -  1 0 

x = 0 .20 0 .244 0 .250 0 .243 - -  1.222 0 

x = 0 . 4 3  0 .294 0 .308 0 .270 0 .024 1.355 0 .123 

x = 0 . 6 1  0 .336 0.341 0 .276  0 .060  1.385 0.301 

x = 0 . 8 2  0 .386 0 .387 0 .224 0.161 1.126 0 .807 

J. 7herrnal Anal.  32, 1987 



ROUSSET et al.: THERMOANALYTICAL STUDIES 851 

o~ O3 l 

E B 5ires 

E 

Q.2 

o 

Fig. 3 Distribution of  Fe 2+ cations at A and B sites 
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Fig. 4 Cation distribution in z+ 3+ z+ 3+ .4+ 2- (Fea Feb )a(Fea Fee T~ I )nO4 systems, with ( A ) - -  
from this study, and (B) . . . .  after reference [14l 

results 

Kinetic study 

The purpose of  this kinetic study was to measure the activation energy and the 
chemical diffusion coefficient o f F e  2 + ions located at B sites of  titanomagnetites and 
to compare them with the activation energy and diffusion coefficient of  Fe z§ ions at 
A sites. 

For  each site, the oxidation temperature range is selected from the positions of  
two peaks of  the d A m / d t : f ( T )  curves. As shown in Fig. 5, both oxidation 
temperatures Tn and T A increased with increase in the percentage of Ti 4+ ions. 

,) Kinetics of  oxidation of  octahedral Fe 2+ ions 
The plots of  conversion rate ct~ (~t~ = MJMo~, w~tn M, as the amount of  Fe 2 + 

oxidized to Fe 3. ions at B sites in time t, and M~ the corresponding amount  after 
infinite time) vs. time (Fig. 6) for a pressure of  2 x 10 4 Pa of  oxygen and for different 
temperatures show that the reaction starts immediately with maximum rate. These 
curves can be superimposed. A master run roughly in the middle of  the series was 
chosen and a factor A (affinity ratio) was found for each run, such that 
multiplication of the time scale of  the run by A would superimpose it onto the 
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Fig. 5 Oxidation temperatures of Fe 2+ ions at B and A sites 
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Fig. 6 Superimposition of  the oxidation curves ct(t) for B sites after a transformation {ct(t) -*Act(t)}. 

Reference curves were taken at 183 ~ (x = 0.20) and 269 ~ (x = 0.82) 

master run curve, log A was found to be a linear function of 1/T. The activation 
energy increases from pure magnetite to substituted magnetite for x = 0.82 (Table 
3). As in the case of  A1- or Cr-substituted magnetite [17], the kinetics of  this 
oxidation is controlled by the diffusion of vacancies generated at the solid-gas 
interface. Under these conditions, for spherical particles, we have shown that the 
experimental curves can be described by the expression: 

n2D2  
ct B = 1 - 6 / ~  2 1 e_.2kt with k -  (1) 

n =  1 n - 2  r 2  

where /) is the chemical diffusion coefficient and r the main grain radius. For  
0.20 < ~B < 0.75 and for s constant, this may be written as 

log (1 - ~n) = log 6/r~ 2 -  kt = f ( t )  (2) 

/3 is then determined directly from the slope of  log (1 - an) = f ( t ) .  The s values 
calculated at 300 ~ are given in Table 3. 

b) Kinetics of  oxidation of tetrahedral Fe 2+ ions 
In this case, the oxidation kinetics was studied on preoxidized titanomagnetites 

with vacancies uniformly distributed throughout the grain bulk. Figure 7 shows the 
M, 

kinetic curves ~a = f ( t )  for a sample with x = 0.82, where ~a '= ~-~-, with M t the 
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Table 3 E x p e r i m e n t a l  k ine t ic  resul ts  

8 5 3  

A c t i v a t i o n  ene rgy ,  kJ  m o l -  1 Di f fus ion  coefficient ,  D c m  2 s -  x a t  300 ~  
Sample s  

B sites A sites B sites A sites 

x = 0  85 - -  3 . 5 x  10 -14 - -  

x = 0 . 2 0  88 . - -  1.1 x 10 -14 - -  

x = 0 . 4 3  127.5 - -  9.1 x 10 - l ~  - -  

X = 0 . 6 1  131 140 7.8 x I0 -1~ 3.3 x I0 -1~ 

x = 0 . 8 2  145.1 150.7 1.1 x 10 -1~ 4.3 x 10 -17 

O~A & 
1.0 - -  484 ~ 

08 ~ j . . . . - - - - - ~ 3  *c.~_._ 

0.6 

0.4 

0.2 7 X=0.82 

I I I I I I _ b  
0 40 80 120 ~60 200 

T ime,  ra in  

Fig.  7 Kine t i c  cu rves  Am = f ( t )  fo r  t e t r a h e d r a l  Fe  2§ ions  

amount of  Fe 2+ oxidized to Fe 3+ ions at A sites in time t, and Moo the 
corresponding amount  after infinite time. The reaction was characterized by an 
extremely rapid initial stage, declining regularly according to a roughly parabolic 
law, suggesting a typical diffusion-controlled process. Although a complete analogy 
with a unique theoretical curve is not observed, the experimental curves can also be 
represented by the expression (1). A plot of  log (1 - ~ )  vs.kt gives a straight line in 
the region between approximately 0t = 0.25 and 0.60. The activation energy 
calculated from a plot of log / )  vs. 1/T was 140 kJ mo1-1 for x = 0.61, and 
150.7 kJ tool -1 for x = 0.82 (Table 3). The diffusion coefficients appears to be 
lower than those found for the oxidation of  Fe 2 § ions at B sites. These results 
provide further support that B site Fe 2 § ions will be oxidized more rapidly than A 
site Fe 2+ ions. 
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Conclusions 

Ti tan ium-s ibs t i tu ted  magnet i tes  Fe3_xTixO 4 w i t h  0 < x < 0 . 8 2 ,  p r epa red  at  

relat ively low tempera tu re ,  are h ighly  react ive with oxygen and  could  be oxidized at  

< 500 ~ to defect  phases  ? with the same spinel s t ructure ,  with a h igher  vacancy  

con ten t  c o m p a r e d  to tha t  o f  7 -Fe203 .  A l t h o u g h  the ava i lab i l i ty  for  ox ida t ion  o f  

Fe  z + ions at  A sites is much  less than  tha t  at  B sites, the ox ida t ion  o f  A site Fe  2 § ions 

preserves  the or ig inal  spinel s t ructure  wi thou t  the f o r m a t i o n  o f  mul t iphase  

ox ida t ion  p roduc t s  as observed  in a n u m b e r  o f  o ther  studies.  Fu r the r ,  when the 

ca t ion  subs t i tu t ing  i ron  in F e 3 0  4 main ta ins  a fixed valence and  prefers  one 

subla t t ice  exclusively,  the t he rmograv ime t r i c  m e a s u r e m e n t  can be used to  

de te rmine  the ca t ion  d is t r ibu t ion .  This  assumes,  o f  course,  tha t  B site Fe  2 + ions are  

oxidized at  lower  t empera tu res  than  A site Fe  2 § ions. 

F o r  each site, the ox ida t ion  kinet ics  i s  found  to be governed  by the law o f  

diffusion, under  var iable  work ing  condi t ions ,  o f  the vacancies  genera ted  at  the 

sol id-gas  interface.  The  results  indicate  tha t  the diffusion rates  were compos i t i on -  

dependen t  and  tha t  the diffusion o f  i ron( I I )  ions loca ted  at  B sites p roceeds  with a 

lower  ac t iva t ion  energy than  tha t  o f  i ron( I I )  ions loca ted  at  A sites. 
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Zusammenfassung - -  Es wird fiber nicht-isotherme und isotherme TG-Untersuchungen der Ka- 

tionenverteilung in submikronen Titanomagnetiten (Fe3-xTi~O4 mit 0 < x < 0 . 8 2 )  berichtet. 

Titanomagnetite mit x < 0.61 konnten unter 500 ~ zu Titan-substituierten Magnetiten oxydiert werden, 

die eine grfBere Leerstellenkonzentration als y-Fe20 3 aufweisen. Die DTA-Ergebnisse zeigen, dab die 

zur Oxydation von Fe 2 +- zu Fe 3 § notwendige Temperatur mit zunehmender Titansubstitution 

ansteigt, die Phaseniibergangstemperatur dagegen absinkt. Die Kinetik der Oxydation ist unter 

verschiedenen Arbeitsbedingungen und bei unterschiedlichen Konzentrationen der an der Fest-Gas- 

Grenzfliiche gebildeten Fehlstellen diffusionsbestimmt. Die Aktivierungsenergie der Diffusion von an 

den oktaedrischen Stellen lokalisierten Fe(II)-Ionen ist geringer als die von tetraedrisch koordinierten 

Fe(ll)-lonen. Diffusionsgeschwindigkeiten werden als vonder  Konzentration abhfingig erkannt und die 

Variationen kfnnen mit der Verteilung der Eisenionen im Subgitter identifiziert werden. 

Pe3BoMe - -  l-lpoBe,~eHO HeH3OTepMHqeCKOe n lt3oTepMHqecKoe TF HCC.IIe.AOBaHHe pacnpeaeaenrm 

KaTHOHOB B Cy6MHKpOHHbIX THTaHOMaFHeTHTaX COCTaBa F%_~TixO, , c 0<x<0.82 .  TI4TaHOMaFHeTI4- 

Tbl COCTaBa X < 0.61 npa TeMnepaTypax HHXKe 500 ~ OKHCYDtlOTCfl ~0 THTaHO3RMeUIeHHblX MaFHeTHTOB, 

coaepa~amnx 60~lee abmorym KonuenTpatmro Barancn~ no cpaBHenmo c ),-Fe20 3 . Pe3yabTaTta ~TA 

Hcc~e~oBaHn~ noKa3a.qn, 'fTO TeMIlepaTypa oKnc21enn~ aByxBa.~enTHoro xeae3a ao TpexBa.uenTnoro 

yae~HqnBaeTcn c yBe~rPteHneM co~epxaHn~ TnTana, Tor~la Kar TeMnepaTypa qba30Boro n3MeHennz 

yMenblllaeTcg. UCTaHOBJIeHO, qTO KHHeTnKa OKIlcYleHH~I IIO]ItlI4HJleTOI 3arony jlnqb~y3Hn a ~  

IlepcMCHHblX 3KCllepnMenTa.rlbHblX yCJIOBH~ H ~l.r/g pa3Yutqnblx CTelleHe~i o6paaoBant4g BaraHcHfi Ha 

rpaHmte pa3ae~a Taepaoe Te~O - -  ra3. )~nqb~byan~ nonoB JIByxBaaeHTnoro ~KeJie3a, pacnoJIox~CHHblX B 
OKTa3jIpHqeCKHX y3~ax peIiieTKn, llpoTeKaeT c ~o.rlee HH3KOH 3neprnefi aKTHBalIHH no cpaBHeHHIO C 

HOHaMH xe.qe3a a TeTpa3~pH~eCKI, IX y3..aax pemeTrH. CKOpOCTH .anqbqby3nn 3aBnCgT OT COCTaaa 

BelRCCTB, tlTO MO~KeT 6blTb CB~3aHO C pacnpeae.rteHnCM HOHOB x~e~e3a B no.apei/aeTKaX. 
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