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by 
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SUMMARY OF RESULTS 

Factors affecting the oxidation of magnetite to maghemite 

and hematite were studied. These in.cluded particle size and 

the presence of water vapour. Infra-red absorption peaks were 

assign.ed for the three synthetic minerals, and an unsuccessful 

attempt was made to calculate the activation energies of the 

magnetite-to-rnaghemite and the maghemite-to-hematite 

reactions. Magnetite appears to oxidize to rnaghemite via a 

short-lived "hydroxo" intermediate. Neither the . oxidation of 

magnetite to maghemite nor the crystallographic conversion 

of maghernite to hematite appear to be simple first- or second- 

. order reactions. 

*Chemist, Mineral Sciences Division, Mines Branch, Department of 

Energy, Mines and Resources, Ottawa, Canada. 
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INTRODUCTION 

Magnetite or ferrosoferric oxide, Fe3 04 , and its metastable oxida-

tion product, maghemite or y-Fe 2 03 , are crystallographically isomorphous, 

both having the cubic, inverse- spinel type of crystal structure. Upo.n heat-

ing, y-Fe2 03  undergoes an irreversible transition in structure to hexagonal 

a-Fe
2
03' or hematite, thus completing the process of transformation among 

the three iron oxides. • 

The characteristic spinel structure has a cation:anion, metal:oxygen 

ratio 0. 75:1,00, whereas the ratio for the y-oxide is con.siderably smaller, 

0.67:1,00. The generally accepted structure of y-Fe 2 03 , proposed independent-

ly by Hggg( 1 ) an.d.Verwey(2 ), is thus a defect structure in which the unit cell 

con.sists of Fe21.33 A2.67032.00, Jai which the 2.67 cation vacancies A are 

distributed statistically over the 24 possible cation positions. The filling of 

the cation vacancies by H 2 0 has been postulated by several workers. Braun( 3 ) 

has postulated ordering of the y-Fe 2 03  spinel structure through the incorpora-

tion of water molecules to the limiting hydrogen ferrite spinel of formula 

H4Fe
20

0
32 

(com.bination) or by combining the accepted oxide Fe 21. 

with H2 0(4) . The necessity for water in the formation of y-Fe2 03 is shown 

from the work of David and Welch( 5)  and of Sinha and Sinha( 6 ), who assumed 

that hydrogen is incorporated as an anion, i.e. , as (OH)-  replacing  O. 

The method of infra-red absorption analysis, in conjunction with 	, 

differential thermal analysis (DTA), thermogravimetric analysis (TGA), and 

X-ray diffraction (XRD) theoretically appeared to be excellent for determining 

the exact role of water in the magn.etite-to-hem.atite transformation and for 

evaluating .  the semi-quantitative activation energies of the reactin.g species. 

This paper is the result of such an investigation as well as a coin.cident 

examination of the effects of variables such as grain size and method of 

preparation of the starting material, m.agnetite. 

33 A2. 670
32 



EXPERIMENTAL PROCEDURES 

1. General Considerations 

The oxidation of Fe304 to y-Fe2 03  and thence to a-Fe
2
0

3 
involves 

2 distinct reaction processes( 7 ); 

(a) Fe 0 	v-Fe
2
0

3
: This is a topotatic process in which accord be- 

3 4 	• 	 A 
tween the initial and resultant lattices in three dimensions occurs. Both 

magnetite and maghemite have the cubic close-packed oxygen sublattices 

with the inverse spinel structure. 

(h) y-Fe
2
0

3 
a-Fe2 03 : This is an epitaxial process in which accord 

between the initial and resultant lattices occurs in two dimensions. a-Fe 2 0
3 

has a hexagonal close-packed oxygen sublattice with ferric ions filling 2/3 

of the octahedral positions between successive oxygen layers. The ordering 

of layers shifts from abcabc in maghemite to ababab in hematite. 

Feitknecht( 8 ) has extensively investigated the wddation processes in 

magnetite. He found .that Fe 3 04  particles with specific surface areas less 

than 4 m2 /g (approx.), oxidize by a "nucleation mechanism", in which a 

concentration gradient of iron ions occurs in an outward direction. Nuclei 

of a-Fe
2
0

3 
are formed in a mixed phase which decomposes into a-Fe 2 0

3 

and 
Fe304' 

The remaining 
Fe304 

is oxidized directly to a-Fe
2
0

3
, and the 

, 

rate-controlling step is the diffusion of iron  ions through the oxygen sub-

lattice, The last remnants of 
Fe304 

are oxidized only at temperatures 

exceeding 400°C. 

However, 
Fe304 

with a specific surface greater than 4m2/ g 

was found to react quite differently. In this case, the oxidation occurs as a 

continuous, one-phase reaction for which the following mechanism has  been 

 proposed: the oxygen molecules absorbed on the surface of the Fe3 04  

2- 
particles are con.verted to O. ions by take-up of electrons in the conversion 



of ferrous to ferric ions; the 02- ions attach themselves to the outside of 

the lattice, and this is presumably the rate determining process; the cation 

vacancies between the 02  ions are filled by an immediate and even re- 

distribution of iron ions within the lattice. Such an oxidation process takes 

place between 150 and 400°C. 

The y- a-Fe2 0
3 

conversion occurs as does the 
Fe304 

-■ a-Fe
2
0

3 

transformation; that is, it is epita3dal in nature, involving only the shifting 

of oxygen layers from the abcabc ordering of the cubic close-pa-cked 

maghemite oxygen layers to the ababab ordering of hexagonally close-packed 

hematite oxygen layers. 

In summary, the reaction mechanism by which Fe 3 04  is oxidized is 

strongly determined by particle size and appears to be influenced to a great 

extent by factors such as water and im.purity content and crystal perfection. 

Water appears to play a part in tran.sferring the iron ions to new lattice sites, 

and the presence of internal strain and its partial relief by dislocations 

appears essential to the initiation of topotactic changes which proceed through 

the transformation of domains. 

2. Sample Preparation 

e, Magnetite was synthesized by three methods to determine qualitatively 

the fects of particle size and/or m.oisture content. 

(a) High-Temperature Reduction of Hematite 

Rea' gent-grade Baker and Adamson a-ferric oxide of 99. 00% minimum, 

 pu.rity was pelletized at 20,000 lb/in2 . Principle impurities were: Si 0.10%, 

Mn 0.06%, Al 0.05%, Mg 0.04%, Ni 0.04%, and Cu and Ti 0.01%, as 

determined by semi-quantitative spectrochemical analysis. The pellets in 

zirconium oxide (Zr0
2
), fu.rnace boats, were placed at the centre of a 

horizontal electric cylinder-type furnace. During furnace warm-up, argon 

was passed throu.gh the fUrnace cylinder over the pellets. The furnace was 

heated to 1100°C in an argon flow during the warm-up period. The tempera-

ture was maintained at  1100°C for 18 hr, during which time the reducing gas 



were: 

H
2 

+ CO
z 

= CO + H
2
0 ... (Eq. 1) 

consisting of a 9:1 volume ratio of CO2 :H2  was passed through the furnace 

at approximately 300 cc/min. The furnace was turned off and the reduced 

hematite was immediately vacuum-desiccated over anhydrous magnesium 

perchlorate (Mg(C104) 2 ) in. order to  retard  decomposition and/or oxidation 

during cooling. 

The reactions occurring durin.g the reduction process at 1100°C 

CO + 3Fe
2
0

3 
2Fe

3
0

4 
+ CO

2 	
. (Eq. 2) 

The magnetite was wddized in both anhydrous and water-vapour 

sa.turated air to temperatures of 350, 415, 650, 1050, 1120, and 1200°C, 

and the oxidation-products were analyzed by X-ray diffraction (XRD). The 

surface areas of the magnetite and .the starting material, hematite, were 

measured by the Brunauer - Emmett-Teller (BET) N2  absorption method. 

(b) Precipitation from Amrnoniated Ferrous Chloride Solution 

"Baker-Analyzed" hydrated ferrous chloride, FeC1 2 . 4H2 0, was 

dissolved in distilled water and the pH's of the different solutions were 

brought to 8.5, 11.0, and 12.8 in successive experiments by adding NH4OH 

to the sealed reaction flasks. After reaching the desired pH, air was 

bubbled through a gas dispersion tube into the solution which was agitated 

by magnetic stirring. For successive runs, the air flow was varied from 

1 to 50 ml/ min and the flow time from  0.5 =to.5.. 0 hr in 0. 5-hr 

increments. After completion of the reaction, the solvent was decanted, 

the precipitate was washed thoroughly in air-free 1:1 acetone:water solution 

and filtered to a paste. The precipitate was then dried under vacuum over 

Mg(C104) 2 . The entire preparation and separation procedure was performed 

in a nitrogen atmosphere to avoid extraneous o3ddation reactions. 

The reactions were: 



5

2NH4OH + FeC12 = 2NH4C1 + Fe(OH)2

3Fe(OH)2 + 2 O2 = Fe304 + 3H20

The specific surface of the precipitate was derived from the BET

method.

(c) Reduction of a Magnetite-Goethite Mixture

A sample batch of synthetic precipitated magnetite called "Mapico

Black", of quoted 99. 0% minimum purity, was obtained from the Columbian

Carbon Company, New York, N. Y. Subsequent semi- quantitative spectro-

chemical analysis revealed the following impurities: Mg 0. 176, Mn 0. 0976,

Ti 0. 007%, and Co 0. 0276. However, a determination of ferrous iron, Fe2+

$howed only 16,276 Fe2+, whereas stoichiometric Fe304 or (FeO- Fe2O3)

should contain 24. 1% Fe?-+. -.A preliminary XRD analysis of Mapico Black in-

tliçated goethite, (ci-Fe203 • H20) a8 a minor impurity. It was the "refore decided

to reduce the Mapico Black and bring its Fe2+ content to the stoichiometric level.

Five samples of Mapico Black were reduced at moderate tempera-

tures in a CO:CO2 atmosphere; ~The redfixcing-gasfl^w ^a^°israi^ 4^'^

throughout an 18-hr cooling period. The reduced samples (RIvIB-Y=9^^ir-

conditions of reduction are listed in Table I. Ferrous iron determinations

were made by titration with ceric ammonium nitrate`açcQrding to

Donaldson(9), whereas total iron (ferrous and ferric) was found by a modified

Zimmermann-Reinhardt process, titrating with potassium dichromate

(K2Cr207). Surface determinations were made on the Mapico Black and of

RMB 1, 2, 4, and 5 by use of a. Perkin-Elmer Sorptometer 212-D and the

Brunauer-Emmett-Teller method. The surface areas are also presented

in Table I.

After the reduction reactions and the cooling of the oven, the samples

were then vacuum-desiccated over Mg(C1O4)2, and RMB #5 was chosen,

from the surface area and XRD measurements, as the best product for

further experimentation.



TABLE 1 

Reduction Parameters for Mapico Black 

Mapico 
Black 
(MB) 	 RMB #1 	RMB #2 	RMB #3 	RMB #4 	RMB #5  

Reduction. Temp. (°C) 	- 	 800 	 800 	 800 • 	. 	800 • 	400 

Reducin.g Gas 
(CO/CO2 ) (V%) 	 - 	 9.2/90.8 	9.2/90.8 	9.2/90.8 	10/6/89.4 	10.6/89.4 

Flow Rate (1 /min.) 	- 	 0.5 	 0.75 	0.50 	1.0 	 2.0 

Reduction Time (hr) 	- 	 6 	 8 	 12 	 8 	 3 

Sample Wt (g) 	 12.8413 	• 13,7673 	15.8884 	12.5599 	28.3745 

Reduction. Wt  (g) 	 - 	 12.5164 	13.3298 	15.4361 	12.1578 . 	27.6353 

Wt Loss (%) 	 - 	 2.53+0.28 	3.18:1- 0.10 	2.841'0.33 	3.29+0.11 	2.62±0.31 

Specific Surface 
(m2  /g) 	 10,3 	 5.2 	 0. 9 	 - 	 0.7 	 6.2 

Fe Total (%) 	 67.29±0.06 	71.16±0.06 	- 	 - 	71.371- 0.05 	71.49±0.08 

Fe2+  (%) 	 16.22±0.03 	22.63+0.04 	- 	 - 	22,95±0.03 	22.97±0.04 

Fe3+  (%) 	 51.07±0.09 	48.53±0.10 	- 	 - 	48.42±0.08 	48.52+0.12 

Stoichiometric Fe2+ 

( %) 	 24.12 	 24.12 	 24.12 	24.12 	24.12 	24.12 

Stoichiometric Fe 34:  

(%) 	 48.24 	 48.24 	 48.24 	48.24 	48.24 	48.24 
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3. Sample Testin.g and Analyses  

Prior to further experimentation, RMB #5 which had been prepared 

in two 15-g batches was dried for 24 hr in a vacuum oven between 105 and 

110°C. The portion not immediately used was stored under vacuum over 

Mg(C104) 2  to prevent the adsorption of atmospheric water and the œddation 

of the material. 

Differential thermal analyses (DTA) were carried out on RMB #5 

un.der constant conditions. Samples, weighing between 0.6 and 0.7 g were 

analyzed in flowing argon, in wet air produced by bubbling air through an 

80°C water bath, .and in dry air produced by passing air through_ calcium 

chloride (CaC1 2 ) and copper sulphate (Cu504) prior to passage over the 

sample. The argon was dried in a like manner before admission to the 

sample chamber. 

In each analysis, a palladium sample holder was employed with 

a-alumina (a-Al2 03 ) as the reference standard. A temperature in.crease 

of 3°C/mmn. was maintained throughout the analyses, as measured by a 

platinum-rhodium thermocouple around whose junction the sample was lightly 

tamped. The gas flow-rate was kept as constant as possible between 

individual analyses. 

Following the preliminary DTA smaller samples, weighing between 

0.2 and 0.25 g were again subjected to DTA under the above conditions but 

at different shut-off temperatures. Wet oxidation was achieved at tempera- 

tures between 275 and 650°C, and dry œddation was achieved at temperatures 

between 234 and 7 6 0 ° C . Upon reaching the desired temperature maxima, 

the DTA oven was shut off and the samples were air-quenched to room 

temperature. The XRD patterns of the samples were recorded by mean.s 

of a 57.3-mm Debye-Scherrer camera using cobalt radiation and iron filters. 

Exposure time was apprœdmately 4 hours. DTA products obtained below 

400°C were vacuum-desiccated prior to diffraction analysis. 



- 8 - 

Before recording the infra-red spectra of RMB #5 and its oxidation 

products, the samples, which had agglomerated because of their fineness 

and heat treatment, were reduced to finer than 5 microns by grin.din.g in an 

agate mortar under aceton.e. Particle size was-checked by micr.oscopic 

examination during the grinding process. 

In order. to minimize light scattering withi n  the mineral-matrix 

disks from which the infra-red spectra were recorded, it Was n.ecessary 

that the refractive indices of the mineral and the matrix be as identical as 

possible. For this reason thallous bromide (T1Br) was chosen as the matrix 

because its refractive index is between 2.4 and 2.8, whereas that of magnetite 

is 2.42. A second advantage of T1Br was its non-hygroscopic nature which 

minimized adsorption of extran.eous atmospheric moisture during prepara-

tion and spectral recording. 

Sample disks were composed of 0.25 wt per cent mi3aeral in T1Br 

to a total disk wt of 250 mg. The matrix-mi3aeral combination was vigorously 

mixed by vibration on a "Wig-l-bug" for 5 minutes, and the 250-mg mixture 

was then pressed into 0.5-inrdiameter circular disks at 25,000 psig for . 

5 minutes under vacuum. 

The infra-red absorption spectra of the disks were recorded against 

a 250-mg T1Br referen.ce under the following conditions: 

spectrophotometer - Beckman IR-12 Infra-red; 

Nernst glower durrent 0. 60 ampere; 

• scanning speed - 40 cm-1 /min; 

gain 3%; 

period - 8 sec; 

•single beam/double beam ratio - 1:1; 

ordinate scale - 0 to 1 absorbance; 

frequency range - 200 to 4,000 cm-1 ; and 

slit -width -•variable. 

The resultant spectral absorption frequencies and the maximum DTA 

oxidation temperature s .  to which the samples were subjected are listed in 



Tables II and III for the dry and wet œddation respectively, and the corres-

ponding spectra are featured in Figures II and III. 

In order to separate quantitatively the spectral absorption peaks 

from the n.eighbouring peaks, a Dupont Peak Resolver 310 was used. Each 

oscilloscope pattern of the resolver channels was matched with a standard 

Lorentzian-type absorption curve. Then, by adjustment of the position, 

height, and width of the individual oscilloscope pattern to the position, height, 

and width of the consecutive infra...red peaks, the composition of overlapping 

peaks and shoulders was resolved, and the pattern of each channel was 

separately recorded on the spectral curve immediately below the "real" 

curve. An example of such a resolved spectrum is given in Figure V. 

The peak heights (intensities) of the resolved spectra, combin.ed with 

their respéctive wddation temperatures, were used as input data for the un-

successful attempt at calculation  of the activation energies of the magnetite-

to-maghemite and maghemite-to-hematite reaction.s. The activation energn 

is the minimum energy that a molecule must acquire before undergoin.g a 

reaction.. The arbitrarily ch.osen baseline was to be the spectral intensity at 

800 cm-1 , and the precision of the computations was to depend on how closely - 

the minerals obeyed_the Beer-Lambert-Bouguer Law which states: 

• 
A =-1n 	- b 	ancn' where I o  

n=1 

A = absorbance or absorption stren.gth, 

Io = incident intensity, 

I .---. transmitted intensity, 

a = absorptivity, 

b = path length, 

c = concentration, and 

N = component n.umber of the system. 
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If one can assume that the reactants have absorption frequencies 

d›.\(--  that are completely d stinct from those of the products, then the course 

of a reaction may be followed by carefully recording the decrease in intensity 

or peak height of the fundamental absorption for one particular reactant. If 

the path length "b" is constant from sample to sample for that particular 

frequen.cy, measurement of the peak height or intensity will be a direct 

m.easure of the concentration of that particular reactant. The rate of dis-

appearance of that reactant can  be determined by followin.g the changes in 

peak height as a function of time. 

However, such a simple system was not found in the present study, 

and lack of knowledge of the 'absorption coefficients of the minerals involved 

was an important reason why a determination of the activation energies for 

the foregoing reactions could not be made. A detailed description of the'relevant 

activation energy equations and the problems associated with their solution 

will be presented in the Discussion. 	 • 

RESULTS AND DISCUSSION 

1. Methods of Preparation 

(a) High-Temperature Reduction of a-Fe 2 03  

The reduced preparation proved to be pure magnetite by XRD analysis. 

However, subsequent oxidation of the Fe 3 04  at temperatures between 200 

and 1200°C produced no discernible y-Fe 2 03  by XRD. The only product of 

oxidation to 1050°C was a two-phase mixture of a-Fe 2 03  and Fe 3 04 . The 

proportion hematite:magnetite increased with rising temperature. Above 

1050°C, arFe
2
0

3 
existed as a pure phase. 

Surface determinations of the Fe3  04 
 and the starting hematitic 

material revealed area' s of 0.4 and 11.8 m2 /g, respectively. The Fe3 04 



by Reaction 1. Comparison of the behaviour of completely anhydrous 	î 

Fe3 04  was therefore impossible., 1\"0 	 (*) 

('( 
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surface thus qualitatively confirms Feitknecht's (8)  particle size reaction 

m.echanism relationships. The effect of water content could not be confirm-

ed because of the ready availability of water produced during the reduction 

(b) Precipitation. from Ammoniated Ferrous Chloride Solution 

Two difficulties in the use of this method were that 

(i) the Fe304 was precipitated from an ammoniated aqueous 

solution from which it was impossible to obtain completely anhydrous 

magnetite by dehydration at moderate temperatures, and 

(ii) as with most precipitation methods, the product had a very 

large specific surface, about 70 m2 /g. Such an area made the magnetite 

extremely susceptible to oxidation while un.der near-vacuum conditions at 

room temperature. A discernible colour change from the jet black of 

magnetite to the reddish brown of maghemite-hematite was n.oticed after 

exposure,for only a few minutes, of the magnetite to air at room tempera-

ture. In all attempts at precipitation, traces of lepidocrocite (Fe0(OH)) 

goethite, (a-F.e 2 03 . H2 0) and FeCl 2  were detected by XRD analysis, inhibit-

ing further investigation of the precipitates. 

(c) Reduction of a Magn.etite-Goethite Mixture 

As.the Mapico Black used for reduction had been prepared by pre-

cipitatio3a, it was expected that it would still contain traces of water of 

precipitatio n  even after reduction at 400°C. To test this, a thermogravi-

metric analysis (TGA) was made on RMB #5 to 800°C in a flowin.g helium 

atm.osphere -. A weight loss of 0.47% occurred over this temperature range 

and this loss was definitely established as water loss by subsequent chroma-

tographic analysis of the.conden.sed liquid. A marked water loss was 

observed at between 100 and 105°C, after which the loss became barely 

discernible by TGA. This dehydration effect implies weak hydration of the 
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mediate y-Fe 0
3 . 

The specific surface of the 
Fe304 

was 0.7 m.
2

/g. 

The XRD analysis of RMB #5 showed it to be single-phase magnetite 

with a cell edge of 8.389L  Subsequent DT, TG, and XRD analyses indicated 

its conversion to hematite via the maghemite intermediate. The specific 

surface of RMB #5 was found to be 6.2 m 2 /g. 

The DT analysis of RMB #5 in flowing argon is shown in Figure 1. 

The only peak developed wa's the endotherm at 576°C resulting from the Curie 

point transition of magnetite from ferrimagnetism to paramagnetism. This 

suited from back-reflection. Subsequent DTA and XRD showed a conversibn' . 

directly from Fe304 to a-Fe 2 03 
without formation of the  meta  stable  inter- 

_ 
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magnetite and very little, if any, bonding of hydroxyl groups within the 

magnetite lattice. In other words, the hydration appears to be in the 

nature of physical adsorption rather than chemical bonding. 

XRD analysis of RMB #1 revealed a magnetite pattern with a unit-

crystal cell edge of 8.393Â, in close agreement with the accepted value of 

0(10) 8.394A 	However, four unidentifiable reflections of weak in.tensity 

were observed at d = 4.47, 2.33, 1.92, and 1.37A,  These extra reflections 

were possibly due to back-reflection. DTA treatment at a temperature 

elevation of 6°C/min in wet and dry air yielded X-ray powder patterns of 

y-Fe2 03  with traces of a-Fe2 03 . The specific surface of RMB #1 was 

5.2 m2 /g. 

The XRD pattern of RMB #2 was that of single-phase magnetite, 

but DT.A to 330°C and 350°C in wet and dry air produced only a two-phase 

mixture of hematite and magnetite with no trace of maghernite. DTA to 

800°C still revealed mi.nor magnetite in hematite. The specific surface of 

magnetite was measured at 0.9 m 2 /g. According to Feitkn.echt (8) magnetite 

of such an area oxidizes to hematite only. 

RMB #3 consisted of two distinct layers, a black upper phase and 

a brown lower phase. The low cylinder pressure of CO/CO 2  during the 

reduction made maintenance of a constant flow of gas very difficult. No 

• attempts at analysis were made. 

The XRD pattern of RMB #4 was that of single-phase Fe304 but 

with two extra reflections at d = 2.34 and 1.92 .A. which again may have re- 



O 
-iod 

260°C 

()cc- 

-50 
- 400 
- 300 
- 200 
- 100 

-700°C 
-600 

500- 
-400 

EXOTHERM 
ENDOTHERM 

FLOW I N G 
ARGON  

7O 0° C 
600- 

-500 
400- 

-300 
■2- 00 

6°C 

-700°C 
64252:rao4L.  

-400 
-300 
-200 
-100 100- 

234°C 

322°CJ \ FLOW I N G 491 ° C 
285°C 	.N.W ET  AIR 

 -700(  

	

600- 	 -600 

	

-500 	 -500 
4 	 -400 

	

-300 	 300- 
-200 
-100 

470°C 345°C  
310°C 	73°C FLOWING 

DRY AIR 

FED 

Figure 1. DTA of RMB #5 in Flowi.ng Argon, Wet Air, and Dry Air. 



- 14 - 

transition temperature is in agreement with that found by Mackenzie( 11 ) for 

synthetic magnetite, the difference in tem.perature of the endotherm probably 

being a result of the fine grain size of the magnetite used in the present study. 

2. Difficulties Encountered in Assigni.ng Infra-Red Absorptions 

Before proceeding to an analysis of the observed infra-red spectra 

of RMB #5 and its associated wddation products, a few of the difficulties 

encountered in making absorption peak assignments will be outlined. 

Difficulties such as chemical changes within the sample and chemical 

reactions between the sample and the medium have been minimized by care-

ful sample preparation, desication of the sample to avoid adsorption and 

oxidation, and by use of T1Br as the medium to avoid sample-medium reaction. 

However, crystallographic changes within the sample could have occurred 

during grinding and/or pelletizing. Such changes would generally tend to 

produce a more disordered structure of higher symmetry, and thereby decreases 

the number of infra-red absorption peaks observed. The presen.ce of dis- 

oriented, fractionated crystals within the infra-red pellets tends to scatter __— 

the infra-red radiation so that certain peaks observed may actually be 'due to 

refraction rather than absorption. 	 "Fk.e3-e  

If one considers the rhombohedra_sl primitive unit cell of the ferrite 

spinels, MIIFe 2 04 , to which both magnetite and maghemite belong, every 

oxygen anion is bonded to 3 octahedral cations, C o , and 1 tetrahedral cation, 

CT . The three octahedral bonds are mutually perpen.dicular and provide an 

isotropic force field in which the oxygen would be free to oscillate in the 

three directions in the absence of the tetrahedral bond. The tetrahedral 

cation C T then introduces a supplementary-restoring force along the CT 50 

bond, thereby appearing as a stretching vibration of the tetrahedral group. 

Thus the highest restoring force is directed along the tetrahedral bond and 

the stretching vibration of the high-frequency absorption peak must thereby 

be assign.ed to this bond. 

! 
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However, in the case of  inverse 	spin.els such as magnetite, 

such an assignm.ent neglects two important factors: 

firstly, the effect of strong vibrational interaction betwee n  tetrahedral 

and octahedral subgroups is ignored; provided that such interactions are 

of sufficient stren.gth to produce either pseudo-octahedral or pseudo - 

tetrahedral groups, then the vibrations cannot be assign.ed to either definite 

subgroup, but instead are related to complex vibrations of the entire spin.el 

1attice (12) • 

secon.dly, even if such interactions are ignored, the proposed assignment 

will be true only if the C T-0 bond is stronger than. the C 0-0 bond because the 

stren.gth of the bond for a given co-ordination number is most strongly 

dependent on the valen.cy of the cation forming that bond. In the case of 

magnetite, ferrous ions, Fe2+ , occupy only octahedral sites while ferric 

ions, Fe3 +, occupy both octahedral and tetrahedral sites. Therefore, in 

the case  of the inverse spinel on the basa of valency distribution alone, the 

bond strengths and the consequent vibrational assignments of the octahedral 

and tetrahedral groups cannot be as clearly defin.ed as in the normal spinel. 

From the foregoing discussion, frequency assignments associated 

with magnetite and maghemite should n.ot be related to specific co-ordination 

groups, but to complex vibfations of larger groups such as the entire spinel 

unit cell. Excellent discussions of the interpretations of spine' vibrations 

are given in papers by Preudhomrne and Tarte (12) and Tarte and Preudhomme (13) . 

In general, infra-red vibrational spectra assignments should not  be  

made ou the basis of powder data alone. Most workers feel that oriented 

single-crystal absorption and reflection dataalso necessary in order to 

make unqualified assignments. However, because of the effect of crystal-

size on the magnetite-maghemite conversion, it was not possible in the 

present study to perform single-crystal investigations. Oriented single 

crystals minimize the effects of light scattering and lattice distortion out-

lined earlier. 
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Before proceeding to a detailed discussion of the infra-red absorp-

tion spectra of RMB #5 and its oxidation products in dry and wet air, as 

shown in Figures 2' and 3 and Tables 2 and 3, respectively, some general 

observations may be made. 

The spectra of both dry- and wet-oxidation products, after heating 

to apprœdmately 500°C, are rather diffuse and the peaks are a/i -ymmetrical. 

This characteristic is a function of several variables among which are the 

variation in scatter of the infra-red beam by the small range of particle 

sizes, the nurnerous orientations of the crystal fragments within the infra-

red pellet, and the differences in refractive index between the mineral 

compon.ent and the matrix material. The latter is kn.own as the 

Christiansen effect, and occurs because the refractive index of a material 

is a function of frequency and has a discontinuity in each frequency region 

of a strong absorption peak, resulting in a distortion of peak shape if there 

are many large particles. This is the main reason  for grindin.g of the 

sample and medium to a fin.er size than the wavelength region of absorption. 

However, as discussed earlier, the grinding leads to lattice distortion which, 

in turn, produ.ces weak peaks that may occur in the frequency region of a 

fundamental and cause further distortion of that peak. 

Referring now to Tables 2 and 3 for the dry and wet oxidation of 

RMB #5, respectively, maghemite exists in solid solution, to varying 

degrees, with magnetite and/or forms a two-phase mixture with hematite. 

Under •such conditions, it becomes difficult to make definite infra-red vibra- 

tional assignments since rnaghemite is not the sole phase present and the 

other two phases have similar frequency ranges of absorption. However, 

by car -eful discrimination of peak heights variations and XRD analyses, one 

can formulate tentative assignments. Such assignments will be attempted 

after a careful analysis of the infra-red spectral peaks for the dry and wet 

oxidation products has been made. 
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Figure L. 1nfr.-Red Absorption Spectra of R1MB il5 and its Dry Air

Oxidatiur Products at Selected Temperatures.
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Vigure 3. Infra .-6.vd Absorption Spcctra of 13MI3 115 and its Wet Air 

Oxidation Products at Selected Temperatures. 
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TABLE 2 

Infra-Red Spectra of Reduced  Mapico  Black (RMB) #5 and its Products Formed at  3°C/min Temperature Elevation in 11.ovving Dry Air 

(Figures in Frequency Columns Denote Peak Height from Baseline) 
(sh = shoulder) 

Absorption Frequencies (cm -1 ) 	 XRD Analysis 	  

Sample 	320 	345 	400 	420 	450 	480 	570 	590 	630 	700 	1450 	(a = unit cell edge) 

RMB #5 	 26 	 51 	sh18 	 Magnetite only (a = 8.389A) 
234°C 	 28 	 sh24 	 54 	sh20 	3 	Magnetite + minor maghemite 	 . 
300°C 	sh18 	33 	34 	35 	sh27 	57 	57 	58 	32 	3 	Maghernite + minor magnetite 

305°C 	24 	44 	43 	44 	sh32 	67 	sh64 	68 	38 	3 	Maghemite (a = 8.333A.) + very small trace (hematite and 
magnetite) 

310°C 	27 	48 	47 	47 	sh35 	67 	67 	70 	40 	4 	Maghernite (a = 8.337A) + very small trace (hematite and 
magnetite) 

315°C 	27 	47 	46 	46 	sh35 	73 	70 	71 	40 	4 	Maghemite (a = 8.331A) + very small trace (hematite and 
magnetite) 

320`C 	27 	55 	53 	53 	sh42 	78 	76 	79 	43 	4 	Maghemite (a = 8.349 A) + small minor hernatite ' 
325°C 	23 	36 	35 	35 	sh27 	53 	55 	53 	31 	3 	Maghemite (a = 8.352 A) + small minor hematite 

350°C 	28 	43 	39 	40 	sh30 	64 	63 	61 	33 	2 	Maghernite (a = 8.343 A) + small minor hematite 

375°C 	28 	44 	41 	43 	sh32 	64 	65 	66 	38 	2 	Maghemite (a = 8, 339A) + small minor hematite 

400°C 	30 	42 	41 	43 	sh34 	69 	sh65 	65 	36 	3 	Maghernite (a = 8.351A) + small minor hematite 

425°C 	29 	36 	34 	37 	sh31 	59 	 56 	30 	1 	Maghemite + small minor hematite 

450°C 	32 	37 	sh34 	37 	sh34 	62 	 55 	30 	2 	Maghemite + minor hematite 

515°C 	 36 	 38 	66 	 15 	 Hematite + minor maghemite 
550°C 	 60 	. 	 51 	85 	 sh12 	 Hematite + minor maghemite 
600°C 	 72 	 69 	100 	 shl 1 	 Hematite + large trace maghernite 
650°C 	 61 	 58 	87 	 sh 9 	 Hematite only (ahex  = 5. 031 .A.) 
760°C 	 56 	 60 	85 	 sh 9 	 Hematite only (ah ex  = 5. 031A) 



TABLE 3 

Infra-Red Spectra of Reduc'ed Mapico Black (RMB) #5 and its Products Formed at 3°C/min Temperature Elevation. in Flowing Wet Air 

(Figures in Frequency Columns Denote Peak Heights from Baseline) 
(sh = shoulder) 

• 	 Absorption Frequencies (cm -1 )  
Sample 	320 	345 	400 	420 	450 	480 	570 	590 	630 	700 	1450 	 XRD Analysis  

RMB #5 	 26 	 51 	sh18 	 Magnetite only (a = 8.389A) 
275°C 	sh16 	 34 	sh30 	27 	sh19 	50 	sh49 	42 	23 	. 2 	Maghernite + minor magnetite 
300°C 	sh18 	 35 	sh31 	30 	sh20 	53 	sh48 	43 	24 	2 	Maghemite + minor magnetite 
325°C 	sh19 	 29 	sh25 	29 	sh22 	49 	sh48 	42 	20 	6 	Maghemite + minor hematite + small trace magnetite 
350°C 	sh26 	 34 	sh29 	33 	sh26 	55 	55 	47 	22 	6 	Maghernite (a = 8.321A) + minor hematite' 
375°C 	sh24 	 31 	sh27 	33 	sh26 	54 	54 	47 	21 	6 	Maghernite + minor hematite 
400°C 	sh25 	 38 	sh35 	42 	sh36 	68 	sh66 	62 	27 	3 	Approximately equal maghemite + hematite 
425°C 	sh28 	 36 	sh32 	42 	sh37 	69 	sh64 	58 	23 	4 	Approximately equal rnaghemite + hematite 
450°C 	sh30 	35 	34 	 40 	sh38 	68 	sh64 	54 	21 	 Approximately equal maghemite + hematite 
475°C 	 45 	sh35 	 49 	78 	sh56 	21 	 Hematite + minor rnaghemite 
500°C 	 48 	 50 	75 	sh54 	15 	 Hematite + minor maghemite 

• 550°C 	 57 	 60 	83 	 shll 	 Hematite + small minor rnaghemite 
600°C 	 62 	 63 	86 	 sh10 	 Hematite + trace maghemite 
650°C 	 60 	 62 	84 	 sh 1 0 	 Hematite only 
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3. Analysis of Observed Infra-Red Spectra  

From Figure 2, the absorption peak at 320 cm-1  appears as a 

shoulder at 300°C and as a definite but relatively low-intensity peak  from  

305 to 450°C in dry air. (The general trend is to gradually increasing 

intensity with temperature to a maximum at 450°C) For oxidation of 

RMB #5 by wet *air, (Figure 3), the 320-cm-1  peak first appears as a slight 

shoulder at 275°C, and remains a shoulder to 450°C, again with a maximum 

inten.sity at 450°C. 

The absorption at 345 cm-1  first occurs at 515°C during the dry 

oxidation and at 450°C during wet oxidation. The peak attains a maximum 

height at 600°C during dry °xi'  dation and gradually decreases with higher 

temperatures. However, durin.g wet oxidation, the maximum was reached 

at 600°C, with a slight decrease at 650°C. 

-1 The 400-cm peak occurred in RMB #5 and its oxidation products 

at 450°C in dry air and 475°C in wet air, with intensity maxima at 320 and 

400°C, respectively. The peak intensities varied little in the temperature 

ranges of the maxima. 

The same general pattern occurred with the peaks at 420 cm  -1. Again 

the maxima wére at 320 and 400°C for the dry and wet oxidations, respective-

ly, but the peaks first appeared at 300 and 275°C, and disappeared at 450 

and 425°C, respectively. The peak resulting from wet oxidation appeared 

only as a shoulder. 

Absorption at 450 cm-1  occurred during dry oxidation. between 234 

and 340°C, with  maximum peak height at 320°C. The absorption from wet 

oxidation occurred between 275 and 450°C with the maximum peak height 

between 400 and 450°C. 

The relative intensities of the absorption at 400, 420, and 450 cm-1 

 varied irregularly following oxidation of RMB #5 with dry air. Figure 2 

shows 'the-appropriate sriectra. At 300, 425, and 450°C, the height of 

the 450-cm-1  peak was definitely greater than that of the 400-cm-1  absorp-

tion but at 305 and 310°C the relative intensities of the two peaks were 
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nearly equal. The 400-cm-1  peak definitely predominated in RMB #5 and in 

its o]ddation product at 234°C and between 310 and 400°C. The 420-cm-1  

peak was gen.erally minor compared to the 400 and 450-cm-1  absorptions. 

Its relative intensity was n.early equal to that of the 400-and 450-cm-1  

absorptions at 305 and 310°C. 

Quite different variations in the three absorptions occurred during 

wet oxidation.. In all cases the 420-cm-1  peak occurred as a shoulder of 

relatively low intensity, whereas the 400-cm
-1 absorption which predominated 

at temperatures below 350°C, gradually became relatively less inten.se,from 

375 to 450°C, than the 450-cm-1  peak. 

The absorption at 480 cm  -1  was characterized by shouldering from 

300 to 450°C, and the appearance of a definite peak from 515 to 760°C for the 

dry œddation. Maximum peak intensity occurred ai 600°C, although inten-

sities of similar magnitude were observed at 650 and 760 cm.-1 . For the 

wet wddation (Figure 3), shouldering occurred from 275 to 450°C, and 

definite peaking from 475 to 650•C. Maximum intensity was again observed 

at 600±50°C. 

As may be observed in Figures 2 and 3, quite dissimilar variations 

occurred in the relative inten.sities of the absorption peaks observed at 345 

and 480 cm  -1  resulting from dry and wet oxidation., respectively. For dry 

oxidation, the 480-cm-1  peak was relatively more intense than the 345-cm-1  

peak at 760 and 515°C, while the 345-cm-1  absorption was more intense 

from 550 to 650°C. For wet oxidation., the 485-cm
-1 absorption was moderate-

ly more intense throughou.t the temperature range from 475 to 650°C. 

For both the dry and wet oxidation products, one of the most intense 

peaks occurred at 570 cm-1 . It was the most intense peak observed at dry 

oxidation temperatures from 375 to 760°C, and was a major peak to a temp-

erature as low as 300°C. The absorption maximum occurred. at 600°C. The 
-1 570-cm absorption peak from wet oxidation was the predominant peak from 

275 to 650°C, and again  had maximum  intensity at 600°C. 
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Absorption at 590 cm-1  was observed in RMB #5 and the dry oxidation 

products from 234 to 400°C and in the wet wddation products from 275 to 450°C. 

The maxima occurred at 320 and 400°C,  respectively. The temperature of 

the absorption maxima for the 590-cm-1  peak was influenced by the strong 

absorption peak at 570 cm -1 . This was particularly true in the case of wet 

wddation where the 590-cm-1  peak at temperatures from 275to 325°C and 

400 to 425°C appeared as a mere shoulder on the intense 570-cm-1  peak. 

Infra- red absorption at 630 cm-1  was observed in the dry oxidation 

products from 300 to 515°C with maximum peak height occurrin.g at 320°C. 

The wet oxidation products had similar absorption characteristics at 

temperatures between 275 and 500°C with the absorption maximum occurring 

at 400°C . 

A comparison of the relative intensities of the absorption peaks at 

570, 590, and 630 cm-1  for the dry oxidation, Figure 2 and Table 2, 

shows that the 570-cm-1  absorption was clearly the most intense at temp-

eratures exceeding 375°C. However, at temperatures between 305 and 

320°C, the 630-cm-1  peak was the most intense, while at 325°C the 590-cm-1 

 absorption predominated. The inten.sities of the three peaks were about equal 

at 300°C. Except at 325°C, the intensity of the 590-cm-1  peak was generally' 

weaker than the other two absorptions. The 570-cm -1  peak was not observed 

at temperatures less than . 300°C. 

For wet oxidation, quite a different situation occurred. In this case, 

the 570-cm-1  absorption first occurred at 275°C,„ In the temperature range 

from 275 to 500°C, the relative peak heights were 570 cm-1  ) 590 cm-1  ) 

630 cm-1 . The 590-cm-1  absorption was generally only a shoulder over its 

temperature range of observation, room temperature to 450°C. The 590-cm-1  

shoulder occ -u.rred at temperatures 50°C higher than dry wddation. 

The similarities and differences between the spectra of the wet and 

dry oxidation products can best be observed by reference to Figure 4, in 

which the spectral region. from 300 to 1600 cm-1  is shown. The solid-line 

spectra at the top of the diagrams represent the infra-red absorption result-

ing from wet oiddation, while the hatched-line spectra immediately below 
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Figure 4. Comparison of Spectral Features at Various Temperatures in 
the Wet and Dry Oxidation of RMB 45. 
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represent dry oxidation. Oxidation temperatures of 300, 350, 400, 450, 

550, and 650°C were chosen for comparison. 

Again referring to Figures and Tables 2 and 3, a relatively low-

intensity absorption existed at 700  cm " 1  through the entire temperature 

range of dry and wet oxidation. Indeed, a weak shoulder was observed at 

this frequency in RMB #5 itself, so it did not appear to result solely from 

œddation. The highest intensity of the peak was observed at 320 and 400°C 

in the dry and wet oxidation products, respectively. 

The highest-frequen.cy peak observed in the spectra was at 1450 cm -1 . 

It occurred in the temperature ranges from 234 to 450°C and from 275 to 425°C 

durin.g the dry and wet oxidation.s, respectively. The peak was broad and 

weak at all temperatures. In fact, if it had occurred in the absorption region 

of a strong peak, it would likely have been  undetected. 

In summary, the spectra of the dry and wet wddation products were 

generally very similar. The number and frequencies of absorption peaks 

were identical in the same temperature ranges of ox.idation; ten peaks at low 

and medium temperatures and four peaks at high temperature. The 570 cm" 1 

 absorption was generally the major peak at all temperatures in both the wet 

and dry components. At temperatures over 450°C, the 345- and 480-cm ." 1 

 absorptions were quite intense, though considerably less than the 570-cm-1  

peak. 

Closer examination of the wet and dry spectral analyses permits • 

observation of definite differences between the two resultant spectral groups. 

During wet oxidation, maximum peak heights were generally attain.ed at 

equal or greater temperatures than for dry oxidation. Also, the relative 

variations in peak height between subgroups of spectral peaks, such as 

those at 400, 420, and 450 cm',  those at 345 and 480 cm, and those 

at 570 , 590, and 630 cm-1 , were markedly different in the 'dry- and wet-

oxidation spectra. As earlier stated, these differences are more readily 

observed by examination of Figure 4, 
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4. Assignment of Observed Infra-Red Absorptions 

In discussing the infra-red absorption spectra of magnetite and its 

oxidation products, one is confined to considerations of two basic vibra-

tional modes. One is the stretching vibration, v, of the Fe-0 bonds in the 

mineral lattices, and the other is the bending, or deformation, 8, of the 

angle between 3 atoms 0-Fe-0, or, equivalen.tly, Fe-O-Fe, where Fe and 

0 are the "anchor atoms", respectively, around which the bond angle will 

irary during the vibration. The bond-bending vibrations may be in-plane or 

out-of-plane of the three atoms involved, and are generally of much less 

intensity than  bond- stretching fundamentals. In fact, the intensity of 8 

vibrations'is approximately equivalent to that of overton.e and/or combina-

tion peaks which will be assurned absent in the present study. 

In reference to Tables and Figures 2 and 3, RMB #5 exhibited two 

broad absorptions at 590 and 400 cm-1  which may be assigned to the stretch-

ing vibrations of the Fe-0 bonds in magnetite. These may be compared to 

the peaks found by Waldron( 14) at 570, and 370 to 380 cm-1 and Hafn.er (15) at 

595, and 368 to 397 cm
-1

, and assigned to the tetrahedral and octahedral sub-

lattices, respectively. Liese (16) observed two peaks at 570 ± 5 cm -1  and 

360 cm-1 , while Maekawa and Terada( 17)  observed one peak only at 566 to 

588 cm-1  in s'y-nthetic magnetite. Of the foregoing peaks, only those of 

Liese( 16)  were observed in natural magnetite. A variation of 30 to 40 cm-1 

occurred between the peak frequencies of individual samples. This varia-

tion may have been due to differences in preparative procedures or varia- 

tions in lattice parameters or impurities. 

The shoulder existing at 700 cm-1  was probably due to a o vibration. 

'One can observe from the spectra in Tables 2 and 3 that the vibra-

tional peaks of RMB #5 are much broader and more poorly defined than 

those of its oxidation products. In fact, they are Gaussian rather than 

Lorentzian in nature. This effect may arise from two factors: the relative-

ly poor crystallinity of the magnetite compared to its oxidatio.n products; 

and, that magnetite contains both ferrous and ferric ions in octahedral sites 
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and ferric ions in tetrahedral sites so that, if one assumes lattice vibrations 

• 	predominating over specific co-ordination vibrations, the net vibrational 

effect is one of averaging the Fe-0 stretching vibrations for both types of . 	. 

sites and ions. The same reasoning will hold for the bending vibrations 8 

which are probably superimposed at some frequency within  the two main 

absorption peaks. 

XRD analysis of RMB #5 confirmed the existence of pure magnetite 

with a unit cell edge of 8. 389Â. 

In the temperature ranges of 300 to 450°C and 275 to 450°C, for the dry 

and wet oxidation products, respectively, ten infra- red  absorption peaks 

were observed at 320, 400; 420, 450, 480, 570, 630, 700, and 

1450 cm-1 . Of these, the peaks at 400, 570, 590, and 630 cm-1  were 

the most intense and will be assumed due to the stretching vibrations of 

the Fe-0 bonds. The assignment of the 400- and 590-cm-1  peaks to the Fe-0 

stretch is consistent with their assigment for pure magnetite, since in this 

temperature range the peaks were intense and a major component was fou_nd 

by XRD analysis to be maghemite which has an inverse spinel crystal 

structure like magnetite. Based solely on intensity considerations, the 

570 and 630 cm-1  absorptions should also be those of y Fe-0. 

The relatively weak intensity of the peaks at 320, 420, 450, 700, 

and 1450 cm-1 shall be assumed due to the bending vibrations 8 of the 0-Fe-0 

bonds. The differentiation between stretching and bending vibrations is 

rather difficult because of the interspersion, particularly of the hematite 
4 

peaks, on the spectral patterns within these temperature ranges, resulting 

in shouldering of spectral features. Some of the frequencies could possibly 

be due to the stretching vibrations of the maghemite lattice because of the 

lower symmetry resulting from ordered vacancies. 

Absorption at 480 cm-1  was likely due to a stretching vibration in 

hematite. 

The only previously reported infra-red vibrational investigation of 

maghemite in the spectral region of this study was recorded by Maekawa 
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and Terada
(17) 

who reported absorptions at 448 and 578 cm-1  which they 

did not attempt to assign. 

The DTA curves for dry and wet oxidation of RMB #5 are shown in 

Figure 1, and the corresponding XRD analyses are listed in Tables 2 and 

3, respectively. 

In gen.eral, the conversion temperatures are much lower tha.n those 

normally found for magn.etite oxidation. The DTA exotherms peaking at 

234 and 260°C for the wet and dry mddations, respectively, result from 

the 
Fe304 

y-Fe2 03 conversion, as confirmed by XRD analysis. 

Mac kenzie (U) found such an exotherm between 275-375°C for 

synthetic magnetite, while Gheith( 18)  found a similar exotherm peaking at 

210°C in synthetic mag.netite. Both authors attribute these temperature 

differences to variations in particle size and to the catalytic effect of ad-

sorbed water. The lower temperature of conversion of magnetite to 

maghemite in the present study confirms the catalytic effect of water, since 

both the wet and dry oxidations were performed on magnetite of the same 

grain size. However, the infra-red analysis neither confirms n.or denies 

such a catalytic effect, because water was not found by this method. A more 

complete discussion of the detection of water by  infra- red  absorption 

analysis will be made later. 

Again referring to Figure 1 and Tables 2 and 3, the exotherms peak-

ing at 322 and 345°C in the wet and dry oxidation.s, respectively, are a 

result of the conversion of maghemite to hematite. At these temperatures, 

XRD analysis showed y-Fe203' minor  a-Fe203' and a small trace of 

Fe
3
0

4 
in the wet product, and y-Fe

2
0

3 
and min.or a-Fe

2
0

3 
in the dry pro-

duct. These may be compared to the conversion temperatures of 590- 

650°c as determined by Mackenzie( 11 ) and Gheith (18)  for synthetic magnetite, 

and 600 to 1000°C for natural magnetite. These temperature. differences are 

again probably due to effects of grain size and/or water content. 

Two rather broad, flat exotherms were present in the wet mddation 

at 285 and 491°C, and in the dry oxidation at 310 and 470°C. These were 

probably due to recrystallization processes resulting . in energy release and 
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increased stability. In the tempe-rature range of the low-temperature 

exotherms, the XRD patterns were that of maghemite plus minor magnetite, 

so that the exotherm was likely due to recrystallization of the remnant 

Fe
3
0

4' 
From. Tables 2 and 3, the XRD patterns for the high-temperature 

exotherms were that of hematite plus minor magnemite so that the exo-

therm appears to be due to recrystallization of y-Fe
2
0

3
. 

From the XRD analyses listed in Tables 2 and 3, it can be seen that 

the main component of the maghemite-hematite two-phase mixture was 

hematite at temperatures exceeding 515 and 475°C during dry and wet 

oxidation., respectively. 

At these and higher temperatures the infra-red spectra were charact-

erized by three relatively intense absorptions at 345 , 480 , and 570 cm-1 . 

Of these, the 570-cm-1  peak may definitely be assigned to the vFe-0 mode, 

because it had the greatest intensity. 

'However, som.e doubt exists regarding the assignm.ent of the peaks 

at 345 and 480 cm  -1. Since the hexagonal unit cell of hematite contains 
91 ) 

two distinctly different Fe-0 bond distances of 1.941 and 2.119A (  , one 

should therefore expect to observe at least two distinct Fe-0 stretching 

frequencies related to these bonds. If one assumes great interaction between 

mutually bonded and mutually unbonded atoms, then more than  two stretch-

ing frequencies may be observed, and either or both of the 345 and 480 cm  -1 

 peaks may be due to \.) Fe-OS Both are of sufficient strength to be a result of 

stretching vibrations. 
4 

The weak peak appearing at 700 cm -1  was observed only as a slight 

shoulder and as a result of its low intensity may be assigned to the deforma- 

tion vibration 8 0-Fe-0 -  
Again referring to Figure 1 and Tables 2 and 3, hematite was initial-

ly formed at 322 and 345°C in wet and dry air, respectively. • As the temp-

erature was increased, a greater proportion of the maghemite-hematite 

two-phase mixture was converted to hematite, until at temperatures of 475 

and 515°C, XRD analysis revealed mainly hematite. At a temperature of 
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650°C, XRD analysis show.  ed hematite only, and the length of the unit cell edge 

of the wet oxidation product was 5.031 . °A, in excellent agreement with that of 

5.035 A found by Blake et al (19) . As the temperature was increased to 475 and 

515°C for wet and dry oxidation., respectively, the infra-red spectra re-

vealed disappearan.ce of the absorption peaks assigned to maghemite and a 

corresponding preponderance of the absorptions assigned to hematite. This 

was in very good agreement with the fin.dings of DT and XRD analyses; 

indeed, agreement was excellent throughout the entire temperature range of 

study. 

Several infra-red investigations have bee.n made on both natural and 

synthetic hematite in the spectral region of the present study. 

Natural a-Fe
2
0

3 
from Cumberland, England, and Minnesota, and 

from an unknown origin have been analysed by infra-red absorption by 

Liese
(16) , Hunt et al (20) , and Mitsuishi et al( 21 ), respectively. Liese( 16 ) 

found absorptions at 532, 449, 391, and 312 cm-1 , Hunt et al( 20)  at 1418, 

980, 813, and 752 cm-1 , and Mitsuishi et al(21 ) at 571, 476, 444, 385, 323, 

and 235 cm-1 . None of these workers attempted to assign the observed peaks. 

Again, the wide variance in spectral regio.ns of absorption was likely a result 

of impurities, matrix interference, or inadequate grinding. 

Rao and Rao(n)  have examined synthetic hematite by infra-red ab-

sorption. They observed absorptions at 560 and 452 cm-1 , which they 

assigned to 
 FeO' 

and less intense peaks at 

and 287 cm  -1  which they tentatively assigned to  60-Fe-0 
4 	k 

In summary, the observed absorption peaks and their assignments 

are enumerated in Table 5. Also listed in Table 5 are the spectral observa-

tions of both natural and synthetic samples of magnetite, maghemite, and 

hematite and their proposed assignments as postulated by other workers. 

Because the absorption frequencies of the Fe-0 bonds .are directly 

associated with the bond lengths, bond-scan analyses were made of magnetite, 

maghemite and hematite. The . lattice constants and atomic co-ordinates so 

employed were those of Tombs and Rooksby( 10 ) for magnetite, Ueda and 
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Hasegawa (23) for maghemite, and. Wyckoff
(24) 

for hematite. The computed 

bond lengths and associated valence and co-ordination groups are listed in 

Table 4. 

From the bond-length data of the foregoing Table, one can assume 

that the 570-cm -1  absorption common to both maghemite and hematite 

results from the stretching vibration Fe-0 of the respective 2.080 and 

2.084A bonds. These bonds are octahedral in maghemite and tetrahedral 

in hematite. In other words, as stated earlier, vibrational frequencies 

cannot be assig.ned to specific co-ordination groups for these minerals. 

On the basis of bond-length considerations alone, and noting the 

close resemblance of the 2.098 Â. bond in magnetite to the 2.080 and 2.084A 

bonds in m.aghemite and hematite, respectively, one may co.nclude that the 

590- cm.-1  -peak in magnetite is due to the vibration of the 2.098.K bond. 

The spectral absorption patterns of magnetite and hematite were 

relatively simple, with only three and four respective absorption peaks 

observed. However, in the mid-temperature region of oxidation, from 

roughly 300 to 450°C, the spectra became quite complex as a result of ad-

mixture in various proportions of at least two of the three phasesmagnetite, 

maghemite, and hematite. At no temperature was there clear evidence of 

water absorption nor undeniable evidence, based on infra-red analyses alone, 

for the catalytic effect of water in the conversion pfoce s se s. In general, 

the spectral features of the wet and dry oxidation products were very similar 

save for the relative intensities of certain aforem.entioned absorption peaks. 

The only real discrepancy between the XRD, DT,and infra-red 

methods of analysis was in regard to water. The DTA indicated evidence 

of the catalytic effect of water in the magnetite-to-maghemite conversion, 

but no trace of water was determined by  infra- red  analysis. A possible 

explanation of this apparently conflicting data will be presented in the 

followin.g section. 



TABLE 4 

Computed Bond-Scan Data for Magnetite, Maghemite, and Hematite 

Lattice Constant *( A.) 	Octahedral 	Co-Ordination 	Tetrahedral 	Co-Ordination  
Mineral 	 Present 	Fe-0 Bond 	Iron. Valence 	Fe-0 Bond 	Iron. Valence 

1 	 Ref. 	Study 	 (A) 	 (A)  

Magnetite (Fe 3 04) 	8.394 	10 	8.389 	 2.098 	Fe2+ = Fe3+ 	1.817 	 Fe3+  

Maghemite (y-Fe2 03 ) 	8.320 	23 	8.331-8.352 	2.080 	Fe3+ 	 1.801 	 Fe3+  

Hematite  (o.-Fe2 03 ) 	5.035 	24 	5.031 	 1.956 	 Fe
3+ 

Hematite (OE-Fe 2 03 ) . 	5.035 	24 	5.031 	 2.084 	 Fe3+ 	. 
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5. Infra-Red Determination. of Water 

From Figure 1, the endotherm between 110 and 200°C associated with 

. the release of adsorbed water was absent in the present investigation as a 

result of pre-drying the RMB #5 at 105°C before the oxidation analyses. 

The water associated with the conversion dynamics of the wet oxidatio.n 

should therefore have been provided only by the water-vapour saturated 

air duri.ng the process, although residual adsorbed water was likely present 

during both the wet and dry analyses. 

Water in crystalline species may be classified as either lattice or 

co-ordinated, with no definite borderline between the two. Lattice water 

refers to water molecules trapped in the crystal interstices and held by 

weak hydrogen bonds to the anion or the metal, while co-ordinated water 

refers to water molecules partially covalent-bonded to the metal. 

Lattice water absorbs in the infra-red between 3600 and3200 crn
-1 , due to 

OH stretches, 1630 to
V 

 1600 cm-1 , due to HOH bonds, and possibly somewhat 

below 600 cm  -1  due to*rational modes resultin.g from rotational oscilla- 

tions of the water molecules and restricted by  interactions  with neighbouring 

atoms. 

In addition to the three fundamental modes of lattice water, three 

additional modes will become infra-red-active if the metal-oxygen  bond is 

sufficiently covalent. These are the rocldng or in-plane bending vibration, 

the wagging or out-of-plane bending vibration, and the metal-oxygen stretch-

ing vibration of the covalent bond between the cation and the oxygen of the 	, 

water. In gen.eral, such absorptions should all appear below 1000 cm -1  and 

the relative intensities of the stretching and bending vibrations may vary to 

a great extent depending on the nature of the covalent bond. The greater the 

covalency, the larger the stretching inten.sity compared to the bending 

intensity. 

The possibility of forming hydroxo, (OH), complexes must also be 

considered in the present study. The hydroxo group can readily be dis-

tinguished from the co-ordinated-water group because, although each exhibits 
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the OH stretch between 3600 and 3200 cm
-1 , the hydroxo complex lacks the I-10H bend-

ing mode near 1600 cm-1 . However, the hydroxo group exhibits the metal-OH 

bendin.g mode below  1200 cm, and can in fact produce a vibration below 700to 

800 cm-1  due to hydroxyl bridging. Such bridgin.g has been investigated by 

Ferraro et a1(25) in chromium.(III) and iron(III) complexes. 

It is clear from the foregoing discussion of the infra-red-absorption 

features of water and its associated hydroxo groupings that there was neglig-

ible water or OH content in the oxi.dation products un.der discussion. The lack 
-1 of absorption features from 3600 to 3200 cm due to OH stretches, and the similar 

lack of structure from 1630 to 1600 cm-1 , characteristic of HOH bendin.g vibrations, 

precludes the possibility of the presence of either water or hydroxo groupings. 

However, the low-temperature DTA exotherm at 322°C, Figure 1, in the wet 

air oxidation indicates at least a catalytic effect, if not actual adsorption or 

bonding, resulting from the presence of water. If such a catalytic effect 

occurs, it must do so either via a s. hort-lived intermediate structure or by a 

transport mechanism in which water carries oxygen atoms to the reaction 

 sites in the magnetite but does not itself associate  with  the magnetite lattice. 

A possible reaction mechanism for the intermediate type of structure 

would be: 

2 Fe2+
(Fe2 04) =  +H20 + -102  

2 [Fe3:1- (OH) - (Fe2 04 )-  1-43 y-Fe 2 03  + H2 0 (A) 

in which the intermediate is represented by the square bracket. It must 

instantaneously dissociate to maghemite because a moderately long-lived 

intermediate would exhibit the normal hydroxo vibrations upon infra-red 

analysis. The hydroxyl ions in the intermediate would fill the vacancies 

in the octahedral and tetrahedral interstices of the magnetite lattice. Such 

a proposed intermediate is in excellent agreement with the postulations of 
(5) David and Welch' and Sinha and S1nha( 6)  regarding the filling of cation 

vacancies by (OH) -  anions with the simultaneous oxidation of ferrous iron 

to the ferric state. 
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Such a process would likely be a surface phenomenon because the 

intermediate is apparently short-lived. Such a surface phenom.enon would 

result in the formation of a ,mixed phase consisting of surface-oxidized 

magnetite (maghemite) and unoxidized Magnetite. Such a mixed phase occurs 

during wet oxidation at temperatures of 275 and 300°C, Table 3, and during 

dry ox.idation at temperatures of 234 and 300°C, Table 2. However, as 

stated earlier, residual water was likely present during the dry oxidation, 

although it was n.ot detected by either DTA or infra-red observations, and 

this was possibly sufficient to act as a catalyst for the magnetite-to-

maghemite conversion, even though no direct evidence existed for the 

necessity o'f water in the conversion process. 

6. Unsuccessful Attempt to Estimate Activation Energies 

As briefly mentioned in Experimental Procedures, Subsection. 3, the 

activation en.ergies for the maghemite-to-hematite and magnetite-to-

maghemite reactio.ns, ideally first- and second-order in terms of mineral 

concentrations, were impossible to compute prin.cipally because of lack 

of knowledge of the absorption coefficients of the relevant min.erals. A 

brief summary of these reactions and their related activation energy 

equations will be presented here. 

(a) First-Order Reaction 

A first-order reaction is one in which the reaction rate is directly 

proportional to the concentration of the reacting species. In the present 

study, such a reaction could be the conversion of maghemite to hematite: 

.y-Fe
2
0

3 
= -faFe 0 

. 2 .3 

for such a reaction  at a given time t, 

1 dc k = - where k = rate constant 
cdt 

c = concentration of reactant 

t = time. 



again, putting 

k 	
dc  

c 2 dt 

dT 
dt -- 

3 
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However, in the present investigation, the heating rate during the 

DT analyses was set at 3°C/min, so that 

3t = T 298, where T = temperatu.re in 
dT 	. 

and dt - 
3 

so that k = - —3dc 
cdT 

From the Arrhenius Equation.: 

• -E /RT 
k = Pe a 

Combining (1) and (2) and integrating: 

ln 
 (

1\ 

C 2) 

1 

in c 1 - ln c 2 = 
T.:2-Ea /RT 

dT 

K 

... (1) 

(2) 

where 	P, P' = constants 

Ea 	= activation energy, first-order reaction, 

in cal/mole 

= gas constant = 1.99 cal/deg mol 

c2' c
1 = concentrations of reactant at temperatures 

T2 , T 1 , respectively 

(b) Seccind-Order Reactions  

If the reaction rate is proportional to the concentration of two 

reactants, the reaction is of second order. Such a reaction  in the present 

• study could be: 	 • 

2Fe
3
0

4 
+ 102  = 3Fe

2 03 (y-and/or a-) 

provided that the oxygen was maintained in excess as in the present study. 

For such a reaction., 

, 

and employing the Arrhenius Equation, 
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c 2 2 	/RT 
rdc _ Q s e  

2 	
dT, where Q = constant 

c T1 	 Ea 
1 	 • 

T
2 E /RT 

	

1 	1 	 a 	dT or, -- — = Q 

	

c 2 	c 

As previously stated, the peak heights of the absorption frequencies 

of the reactants, as shown in Table 5, were to be assumed directly pro-

portional to the initial and final concentrations  c 1  and c
2' 

respectively, of 

the reactants. The peak heights and their corresponding temperatures 

were then to be incorporated in the activation energy equations previously 

developed. FiguTe 5 is an example of a resolved wet oxidation product 

spectrum. 

However, such an assumption regarding the direct proportionality 

of the peak heights to the concentrations would be true if the reactant under 

observation was the only one at that specific temperature to vibrate at that 

specific frequency. In the present study, such was not the case. Rather, 

the 400 , and 590-cm-1  peaks.  which have been assigned to the fundamental 

stretching frequencies, v, of magnetite, are likewise present as fundamentals 

in maghemite, the oxidation product. Likewise, the 570-cm-1  absorption in 

maghemite, also absorbs stron.gly in hematite. Therefore, in order to 

em.ploy the resolved absorption peak-heights or intensities as reactant 	, 

concentration parameters, the portion due to the reaction products must be 

deducted from the total peak intensity. This cannot be done because the ab-

sorption coefficients for the minerals are unknown. 

Possibly the best choice of frequencies for the activation energy 

calculation for the maghemite-to-hematite reaction was that at 630 cm-1 . 

This peak was relatively intense within the maghemite temperature region 

and was observed only with the presence of maghemite. However, this 

frequency was in close proximity to, and in fact appeared as a shoulder on, 

= activation energy, second-

order reaction, in cal /mole 

T 1  
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TABLE 5 

Infra-Red Absorption Peak Observations and Assignments for the Products of RMB #5 Oxidized  in Dry and Wet Air 

Oxidation 	Prese t Study 	 Reference Investigations 
Product 	 Ref 14 	Ref 15* 	Ref 16 	Ref 17* 	Ref 20* 	Ref 21* 	Ref  2-2  

(from Tables 	Peak 	 Peak 	 Peak 	 Peak 	Peak 	Peak 	Peak 	Peak 
2 and 3) 	(cm 1) 	Assign 	(cm 1) 	Assign 	(cm 1 ) Assign 	(cm l) 	(cm 	1) 	(cm 	1) 	(cm  -1 ) 	(cn-i -1 ) 	Assign 

RMB #5 	5 9 0 ( 5 , 13 ) 	vFe_o 	570 	vTet Fe-0 	595 	vTet F.-.-0 	570 	588-566 
(Magnetite 	400(m,b) 	 370-380 	v

Oct  Fe -0 	
368-397 	vOct Fe-0 	

360(w) 	(s,b) 	 . 
re3 04 ) 	?00(1i) 	60-re-0. 

Maghemite 	400(m) 	

}vFe-0 	

578(s,b) 
(-Fe2 O3 ) 	570(s) 

590(s) ' 	 . 	 . 

630(s) 
320(w) 
420(m) 
450(m) 	80- Fe -0 	 448(m,b) 
700(w) 

1450(v. w.  

Hematite 	570(s) 	

}Fe 

	 532 	588-556 	1418(w) 	571 	560(s,b) 	iv — e-0 
(a-re

2
0

3
) 	480(m) 	v-0 	 449 	476-455 	980(s) 	476 	452(s,b) 

345(m) 	 391 	333 	813(w) 	444(sh) 	396(w,sp) 	

.E. 

700(w) 	80- Fe -0 	• 	 312 	 752(m) 	385(sh) 	383(w,sp) 
323 	373(w,sp) 

8 0-re-0 235 	345(m,b) 
315(m,b) 
287(w,b) 

Legend  

. wavelength in p. (microns) converted to frequency in wavenu_mbers (cm-1 ), 
v = stretching vibration, 5 = bending or deformation vibration, 

Oct = octahedral sublattice, Tet = tetrahedral sublattice, s = strong, m = medium, 
w = weak, v. w. = very wea.k, b = broad, sp = sharp, sh = shoulder. 
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Figure 5. Resolved Spectrum of the 325°C Wet Oxidation Product of RMB#5. 
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the broad, intense 570 and 590-cm  -1  peaks, and resolution of the peaks was 

at best approximate. Further difficulties arose because of the overlapping 

temperature ranges of stability of the minerals; the simultaneous production 

of maghemite and enhancement of the 630-cm-1  peak was counteracted by 

the diminution of the 630-cm-1  peak because of the production of hematite 

which does not absorb in this spectral region. At no temperature was 

maghemite the sole phase present so that such interference was probable 

at all frequencies of absorption. 

A major weakness in the computation of activation energies by the 

preceding method is in the assumption of pure first- and second-order 

reaction.s. In.stead, probably several reaction.s are occurring simultan.eously. 

Under the conditions used, competing processes are likely consecutive 

and/or simultaneous reactions: 

k 	 k9  
Consecutive: 2Fe

3  04 
 + -•=0 1  3-Fe

2  03 	
3a-Fe 2 03 2  2 	

v 
•  

Sim.ultaneous 2Fe 0 + 1-0 k3 3y-Fe 0 
3 4 	2 	 2 3 

k, 

	

2Fe304  + -à-0 2 	3a-Fe 2 03  

The occurrence of these competing processes is eviden.ced by the 

occurrence of the three minerals in widely overlapping temperature ranges. 

Parameters such as the rate of diffusion of iron ions into the 

magnetite lattice through surface product layers and the possible, but not 

proven., catalytic effect of water, should be included in the complete ex- 4  

pression of the reaction kinetics. No direct quantitative evidence for such 

effects was possible in this investigation. 

Other problems in the computation of activation energies were 

physical in nature. Although the infra-red pellets for analysis were very 

carefully prepared with regard to mineral concentration, the author had 

great difficulty in obtaining a completely uniform matrix-mineral mixture, 

so that,in some pellets, opaque aggregations of mineral occurred, to cause 

increased infra-red absorption. 



- 41 - 

Considerable difficulty was experie.nced in resolving the spectra with 

the Dupont Peak Resolver 310. Theoretically, each change of slope occurring 

on the shoulders or sides of a peak should be resolved into individual com-

pon.ents whose sum equals the unresolved peak. However, in this investiga-

tion, the peaks were closely grouped with, at times, considerable shoulder-

ing, so that it became impossible to resolve the spectra completely. This 

was particularly true in the middle temperattire range of analysis, where 

hematite co-existed as a separate phase with magn.etite and maghemite. 

In summary, the conversion reactions magn.etite maghemite 

hematite do not appear to occur by simple pure first- or second-order 

processes, but likely involve side reactions and possibly intermediate for-

mation with water to form a hydroxo complex. 

CONCLUSIONS 

From the foregoing discussion, the following conclusions can be 

drawn: 

1. the temperature of ,  .conversion of magnetite to maghemite and hematite 

appears to be strongly dependent on the magnetite particle size and the 

presence of water. Maghemite will form if the specific surface of 

magn.etite is 5.2 m2 /g but not if it is 0.9 m2
/g. 

2. Maghemite did not appear to form a single phase -by itself but was 

always found in combination with either magnetite or hematite or both. 

It seems to occur as a surface-layer by-product of oxidation. 

3. Oxidation of magnetite to maghemite and conversion of maghemite to 

hematite occurs at a temperature about 25°C lower in a wet atmosphere 

than in an anhydrous atmosphere. An hydroxo intermediate may be 

postulated to explain the reduced temperature of formation of maghe-

mite and its subsequent conversion to hematite. 

4 
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4. No trace of water or hydroxide was found by  infra-  red  analyses of the 

mixed maghemite phases, so the proposed hydroxo complex could be 

a short-lived interm.ediate. 

5. An attempt was made to assign the observed infra-red absorption 

vibrations of magnetite, maghemite, and hematite to either the 

stretching or bending modes. Magnetite appeared to have two stretch-

ing and one bending mode; maghemite, four stretching and five ben.ding 

modes; and hematite, three stretching and one bending mode. 

6. It was n.ot possible to determine the activation e.nergies for the 

rnagnetite-maghemite and maghemite-hematite reaction.s using 

fundamental absorption peak inten.sities because the respective 

absorption coefficients are not known and because of spectral inter-

ference. It appears that the reactions are com.plex in nature and are 

neither pure first- n.or pure second-order reaction.s; this supports the 

supposition of either hydroxo intermediate formation or the occurrence of 

simultaneous reactions. 
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