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The effect of electric fields on the thermal dehydration of amorphous hydrated
iron(III) oxide under oxidizing, inert and reducing atmospheres was studied by X-ray
diffractometry. In oxidizing and inert atmospheres, the transformation to «-Fe,0, was
enhanced by electric fields, especially at the negative electrode. The crystallite size of
the product was also greatest at the negative electrode. Both results are explained in
terms of the migration of protons to the negative electrode, where they subsequently
form water which acts as a nucleating agent for the crystalline phase. In reducing at-
mospheres the formation of Fe;O, and FeO at the expense of Fe,0, is facilitated by
electric fields, particularly at the negative electrode. Possible reaction mechanisms are
considered, and the role of protons in stabilizing defect-spinel intermediates and prod-
ucts is discussed.

In previous papers [1,2] it was reported that the dehydroxylation of com-
pounds such as Mg(OH), and kaolinite (Al,Si,O5(OH),) occurs at lower temper-
atures and with decreased activation energies when carried out under the influence
of d.c. electric fields. Similar effects have been observed in studies on the dehydra-
tion of pseudoboehmite (a poorly crystalline hydrous aluminium oxyhydroxide),
in which both the reaction rate and crystallite size of the product are increased
under the influence of d.c. electric fields [3]. On the other hand, electrolysis was
found to have little or no effect on the dehydroxylation of crystalline AI(OH); [2].
The question therefore arises as to whether the crystallinity of the reactant hydrox-
ide is an important factor in determining the role of applied electric fields in
dehydration and dehydroxylation reactions. A study of the effect of electrolysis
on the thermal decomposition of a fully amorphous hydrated material would
provide useful additional information on this matter.

A further interesting question which has not so far been addressed in electrolysis
studies concerns the behaviour of variable-valence compounds in the vicinity
of the electrodes, in particular, whether oxidation or reduction might be initiated
or facilitated by the electric field.

One compound whose study could provide information on both these questions
is amorphous iron III hydroxide. Previous workers [4] have reported that this
compound dehydrates progressively to form amorphous Fe,O; which exothermi-
cally crystallizes in the a-form at about 270° under reduced pressure [5], or 430°
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in air [6]. Gas evolution studies at reduced pressures [5] suggest that the step-
wise dehydration proceeds with the formation of amorphous intermediate hydrates
of definite composition. The crystallization of «-Fe,O4 occurs before dehydration
is complete, but previous workers are vague as to whether the crystallized product
is a hydrated oxide (Berg et al. [5] describe it as the hemihydrate 2 Fe,05.H,0),
or a mixture of the anhydrous oxide with an amorphous hydroxide [6] (the latter
suggestion apparently follows from the observation that a final small weight loss
occurs at about 940° in air [6]). As with all thermal studies of iron compounds,
strict atmosphere control is essential, although no previous work has been reported
on the effect of the oxygen potential of the reaction atmosphere on the products
of the dehydration. For this reason, the present studies were carried out under
oxidizing, inert and reducing conditions.

Experimental

Materials. The amorphous hydrous oxide was precipitated with ammonia
from solutions of ferric nitrate heated to 60°. Vigorous stirring and an excess
of ammonia ensured the suppression of basic salts. The product was washed well
at the filter and oven dried at 60°. X-ray examination did not reveal any crystalline
phase. Thermogravimetry in air at a heating rate of 2.5°/min showed a two-stage
weight loss, the first plateau at 400° corresponding to a 23.5% weight loss, with
a further loss of 1.7%; up to 1000°.

The theoretical weight loss for the reaction

2 Fe(OH); — Fe,05 + 3 H,0 (1)

is 25.239%, but the agreement between this and the observed total weight loss
may be merely fortuitous.

Electrolysis experiments. The electrolyses were carried out in two types of cell.
Those in air and oxygen-free-nitrogen were made in a boat-type cell described
elsewhere [7], while those in H,/N, were made in an X-ray electrolysis cell used
in conjunction with a Stone XR — 6 X-ray furnace attachment which allowed simul-
taneous X-ray examination of the products [8]. The X-ray cell is more convenient
for studies of the present nature, but the sample thickness (~2 mm) is much
smaller than in the boat-type cell (~5 mm) and in the present system, arcing occur-
red under air and nitrogen atmospheres in the thinner samples. The X-ray cell
could therefore only be used for experiments in H,/N, atmospheres, which ap-
peared to suppress arcing in the samples, possibly by changing the sample
resistance.

The experiments in nitrogen were performed by packing the cell tightly with
the sample powder, placing the platinum mesh upper electrode in position and
introducing the assembly into a tube furnace inside a fused quartz tube through
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which the flowing gas atmosphere (2.5 ml's™) had been established. The experi-
ments in air were similar except that the atmosphere was static. The electrolysis
voltage was obtained from a Brandenburg model 475R EHT power supply.
Experiments were performed at temperatures between 100 and 700° with the top
electrode at both negative and positive polarity. Control experiments were also
made without the electric field. After electrolysis, the cell was withdrawn from the
furnace, cooled under the gas atmosphere, and the layer of sample immediately
adjacent to the electrode taken for X-ray examination.

The electrolysis technique in the X-ray cell was slightly different, the sample
being rapidly heated to the required temperature under the flowing gas atmosphere,
the electrolysing voltage established, and the X-ray diffractometer set to scan
over the region of interest after the appropriate electrolysis time lapse. The sample
temperature was then raised, and the procedure repeated. The total electrolysis
time at each temperature was similar to that used in the boat-cell experiments
(0.5 h). The temperature calibration of the X-ray cell was established using the
known expansion characteristics of the MgO lattice, as previously described [8].

X-ray analytical technique. The samples taken from the boat-cell for room-
temperature X-ray examination were analyzed for Fe,O; using 10% by weight
of rutile as an internal standard. The samples were also examined for all other
possible iron-oxygen phases, but apart from very small traces of maghemite
(y-Fe,O3) at lower temperatures, no other phase was detected. The crystallite
size of the a-Fe,O; was estimated from the X-ray line width of the 104 peak
(d = 2.69 A) by the standard procedure [9].

The X-ray analytical method for the experiments in the X-ray cell was compli-
cated by the presence of at least three phases, and the nature of the experiment,
which prevented the use of an internal standard. The best compromise was to
measure the absolute intensities of the major peak of each phase, making an approx-
imate conversion to relative percentages by comparison with the intensities of
the pure phases measured under the same conditions. This conversion to phase
percentages assumes that the calibration curve for each phase is linear over the
composition range of interest, as is certainly the case with a-Fe,O3. The method
also assumes that the X-ray beam intensity and disposition of the sample in the
beam is constant for each experiment. Since only one sample is used for each set
of experiments, the results should be reasonably internally comparable, despite

slight changes in the disposition of the sample caused by shrinkage during dehy-
dration.

Results and discussion

Oxidizing and inert atmosphere
Plots of percentage a-Fe,O; are shown as a function of the reaction temperature
for oxidizing and inert atmospheres in Figs 1 and 2, respectively.

Under both atmospheres the greatest percentage of crystalline product is formed
at the negative electrode at all temperatures, consistent with the behaviour of
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of other proton-containing systems [3, 10]. The percentage of crystalline phase
at the positive electrode, although less than at the negative electrode, is greater
than in the unmelectrolyzed control, except at higher temperatures in flowing
nitrogen. The fact that the crystallization of Fe,Oj is sensitive both to electric
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Fig. 1. Development of a-Fe,0, from amorphous iron{(IIT) hydroxide as a function of tem-
perature in static air atmosphere. Field strength = 1.6x 10° V/m, Reaction time = 0.5h

fields and the nature of the atmosphere (i.e. whether flowing or static) suggests
that the crystallization process requires the removal of a certain amount of hydra-
tion water for its initiation, but also that the presence of a certain amount of resid-
ual water is beneficial (probably to assist nucleation processes in the reactant).
The unelectrolyzed reaction can be written:

Fe,053 H,0 - Fe,0;,nH,0 + 3 — n)H,O )
(amorphous) (crystalline)

Under electric fields, protons from the hydration water will migrate to the
cathode, where, under oxidizing conditions, the following electrode reaction

would be expected:
2H* +2e~ + 120, > H,0 (€))

J. Thermal Anal. 16, 1979



MACKENZIE: REACTIONS OF INORGANIC HYDROXY-COMPOUNDS 491

A competing electrode reaction involving iron can also be written:
Fe** + e~ — Fe'* “

Comparison of the standard electrode potentials for reactions (3) and (4)
indicate that the standard free energy associated with reaction (3) is — 237.2
kJ/mole, whereas that for reaction (4) is only 74.3 kJ/mole. Thus, the formation
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Fig. 2. Development of «-Fe,O,4 from amorphous iron(III) hydroxide as a function of tem-
perature in flowing oxygen-free-nitrogen (2.5 ml * s=). Field strength = 1.6X 10% V/m, Re-
action time = 0.5h

of water should be the preferred cathodic reaction under these conditions. It
should be noted that migration of protons to the cathode implies depletion of
this species from other regions of the sample, leading to enhanced dehydration
throughout the bulk. The increased water concentration in the immediate vicinity
of the cathode will, however, enhance nucleation of the crystalline phase in that
region.

The results obtained under flowing inert atmospheres (Fig. 2) require comment.
The effect of the field will again be to assist migration of protons to the cathode,
where they will be discharged as water:

H+* + OH- - H,0 )
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However, this is not an electrode reaction, and can occur anywhere within the
sample bulk; the increased concentration of protons at the cathode merely
increases the probability that reaction (5) will occur in that region. True electro-
Iytic water formation (reaction 3) depends on the availability of oxygen, and is
therefore, of limited significance under inert conditions.
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Fig. 3. X-ray crystallite size of «-Fe,O; as a function of temperature in static air atmosphere.
Field strength = 1.6X 10° V/m, Reaction time = 0.5h

The decreased degree of crystallization observed at the anode under flowing
nitrogen might be explained in terms of the depletion from that region of water
vapour required for nucleation, by the combined action of the electrolysis process
and the flowing atmosphere. At higher temperatures, both the efficiency of the
thermal processes leading to dehydration and the mobilities of the residual protons
are increased. Depletion of water vapour from the anode, reinforced by the action
of the flowing atmosphere, should interfere with the nucleation of crystalline Fe,O4
at the anode under these conditions.
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Results of the crystallite size determinations of the product are shown in Figs 3
and 4 for oxidizing and inert atmospheres respectively.
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Fig. 4. X-ray crystallite size of «-Fe,O, as a function of temperature in flowing oxygen-free-
nitrogen (2.5 ml * s~1). Field strength = 1.6x 10° V/m, Reaction time = 0.5 h

The following points emerge:

(i) In all cases the crystallite sizes increase with temperature as would be
expected.

(ii) The crystallites at the cathode are generally larger than those in the
unelectrolyzed samples.

(iii) Crystallite growth in inert flowing atmospheres is retarded by comparison
with static air atmospheres, especially at the cathode.

These results are fully consistent with a crystallite growth mechanism in which
water vapour plays an essential role, probably by proton attack on metal-oxygen
bonds. Similar observations have been made in other protonated oxides,e.g.
Mg(OH), [8].

The efficiency of the electrolysis process in promoting crystallization and grain
growth appears to be in no way reduced by the amorphous nature of the starting
material. It may be that the movements of migrating species are less hampered
where there are no rigid structural units to impose a structural “memory” on the
system, as is probably the case with crystalline AI(OH); [2].
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Reducing atmospheres

The results for reducing atmospheres are shown in Fig. 5, from which it is seen
that electrolysis under these conditions markedly influences the phase composi-
tion of the samples at various temperatures. Moreover, although the electrolyzed
results at the anode and cathode are formally similar, the temperatures at which
the various phases appear and disappear differ significantly at the two electrode
faces.

Phase,%

o]
300 400 500 600 700
Temperature ,°C

Fig. 5. Development of oxide phases from amorphous iron(ITI) hydroxide as a function of
temperature in flowing H,/N, (5%/95%) atmosphere (2.5ml * s~7). Field strength =
= 5.0% 10° V/m. Reaction time at each temperature = 0.5 h

The unelectrolyzed results (Fig. 5A) show that hematite is the first phase to be
formed, appearing at similar temperatures to the experiments in oxidizing and
inert atmospheres. At higher temperatures (750°) some reduction sets in, with
magnetite (FesO,) and wustite (FeO) being formed at the expense of hematite.
The formation of the mixed-valence oxide magnetite is more pronounced at lower
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temperatures, but at higher temperatures, further reduction results in an increase
of wustite at the expense of magnetite. These results may be summarized as
follows:

(a) 300°. Dehydration according to equation (2).
(b) 500°. 3 Fe,0O3nH,0 + 2 H, — Fe;0, + 3 FeO + (n + 2)H,0 (6)
(c) 600°. Fe;O4 + Hy, » 3FeO + H,O ™

Under electrolysis, reduction occurs at the anode simultaneously with the
crystallization of hematite, while at the cathode, the appearance of the reduced
phase precedes the formation of hematite by at least 100°. Moreover, the appearance
of the fully reduced oxide wustite occurs at the cathode at temperatures at least
100° lower than at the anode. Thus, the reduction processes occurring under
reducing atmospheres are markedly accelerated at the cathode, suggesting that
at this electrode, chemical reduction is reinforced by electroreduction (Eq. 4).
The primary crystallization appears to be preceded (or accompanied) by reduc-
tion:

3 Fe, 043 H,0 + 2e~ - 2 Fe;0,nH,0 + O*~ + (3 — n)H,0 8

The appearance of a small amount of Fe,O; at ~500° is probably due to the
increase at that temperature of the dehydration rate, which temporarily exceeds
the rate of reduction; at higher temperatures Fe;O, and/or FeO is formed at the
expense of this Fe,O4. This cathodic electroreduction should proceed irrespective
of whether the Fe,O4 formed at 500° is hydrated or not.

At the anode, the electrode reaction is in opposition to the effect of the atmos-
phere. Figure 5 shows, however, that the nett result at this electrode is very similar
to the result in the absence of the field (Fig. 5A), suggesting that electro-oxidation
is a second-order effect compared with the atmospheric reduction. It should
be noted, however, that Fe;O, is formed under anodic elecirolysis conditions at
temperatures at least 100° lower than in the unelectrolyzed control. One possible
explanation might be the effect of the field on the anion structure of the reactant
and product phases. The hematite formed initially in the unelectrolyzed control
has a hexagonal array, whereas the defect spinel phase Fe;O, formed under elec-
trolysis either preferentially (as at the cathode) or concomitantly (as at the anode)
has a cubic oxygen lattice. The energy involved in the transformation of the
oxygen lattice from the hexagonal to cubic can be estimated as follows:

At 550°, the free energy of the reaction

3 Fe,03 —» 2 Fe,04 + 120, ©
is +122.5 kJ/mole, from standard thermodynamic tables. This energy includes
the energy involved in the reduction of two moles of Fe®+ to Fe®*, the oxidation

of one mole of oxide ion to oxygen, and the difference between the lattice energies
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of the hexagonal and cubic oxide phases. The energy involved in Fe?+ reduction
(at room temperature) is, from the standard electrode potential, known to be
—148.6 kJ/mole, but the energy involved in oxide ion oxidation is harder to
estimate. An approximate idea of this value is given by the room-temperature
heat-of-formation, giving an estimate for the enthalpy of the reaction

0~ —2e~ > 120, 10)

of —949 kJ/mole [11]. The energy of the overall redox step is therefore about
~1100 kJ/mole. The difference between this energy and that of reaction (9)
approximately represents the change in lattice energy when the hexagonal-to-cubic
transition occurs. The difference in lattice energies between these two phases is
large (600 kJ/mole Fe;O,), and reflects a preference for the hexagonal phase,
in the absence of a field. From energetic considerations it therefore appears that
the effect of electrolysis on the anion structure is more likely to be due to the
reduction of the iron, which necessitates a structural change, than to the effect
of the field on the anions themselves. However, the above calculations refer to
anhydrous systems, and the situation may be rather different in the presence of
protons, which can stabilize defect spinel structures [12]. Bearing in mind that
small amounts of maghemite (a defect spinel containing only Fe®*) were found
in the lower-temperature samples reacted in air, it seems possible that even in
non-reducing situations, the reaction proceeds via spinel phases, which can be
proton stabilized at the cathode (and conversely, destabilized at the anode by
electrolysis of protons away from that region). If, under reducing conditions,
anodic destabilization of maghemite is accompanied by reduction of some Fe**
to form the more stable Fe;O,, this would explain both the lack of maghemite
and the increased Fe;O, content observed at the anode at lower temperatures
in H,/N, atmospheres.

Conclusions

1. In both oxidizing and inert atmospheres, the thermal crystallization of
amorphous hydrated iron III oxide to «-Fe,Og is enhanced by applied electric
fields, particularly at the cathode The crystallite size of the a-Fe,05 is greatest
at the cathode, under both oxidizing and inert conditions.

2. These results are consistent with the effects of electrolysis of protons to the
negative electrode, where they re-combine with hydroxyl ions to form water.
This water assists both the nucleation of the crystalline phase and the growth of
crystallites in the cathode region.

3. In reducing atmospheres, electric fields promote the formation of FezO,
and FeO at the expense of Fe,O;. The relative phase concentrations and formation
temperatures are different at the negative and positive electrodes. At the cathode,
electrolysis reinforces the effect of the atmosphere, leading to the formation of

J. Thermal Anal. 16, 1979



MACKENZIE: REACTIONS OF INORGANIC HYDROXY-COMPOUNDS 497

Fey O, during initial dehydration; whereas at the anode, electrolysis tends to
oppose atmospheric reduction.

4. Flectric fields may also influence changes in the anion lattice which accom-
pany reduction, by proton stabilization of defect spinel structures at the cathode
(or destabilization of these structures at the anode).

*

The author is indebted to P. J. Melling for assistance with the measurements in H,/N, at-
mospheres.
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RisumE — L’effet d’un champ électrique sur la déshydratation thermique de "oxyde de fer(III)
hydraté amorphe a été étudié par diffractométrie des rayons X, dans des atmospheéres oxy-
dante, inerte et réductrice. En atmosphéres oxydante et inerte, le champ électrique facilite la
transformation en a-Fe,O,, en particulier & I’électrode négative. La taille des cristaux formés
est également plus élevée & I'électrode négative ou il se forme de 1’eau qui agit comme agent de
nucléation de la phase cristalline. En atmosphére réductrice, le champ électrique facilite la
formation de Fe O, et FeO, aux dépens de Fe,Oj,, en particulier a I’électrode négative. On
considére les mécanismes de réaction possibles et on discute le role des protons sur la stabilisa-
tion des produits et des intermédiaires défauts-spinelles.

ZUSAMMENFASSUNG — Der EinfluB eines elektrischen Feldes auf die thermische Dehydrati-
sierung des amorphen hydratisierten Eisen(III)oxids in oxidierenden, inerten und reduzieren-
den Atmosphéren wurde durch Réntgendiffraktometrie untersucht. In oxidierenden und iner-
ten Atmosphdren wurde die Umwandlung zu «-Fe,O, durch elektrische Felder gefordert,
besonders an der negativen Elektrode. Die Form der Kristallite des Produkts war ebenfalls
an der negativen Elektrode am groften. Beide Ergebnisse werden durch die Proteinwanderung
zur negativen FElektrode erklirt, wo diese Wasser bilden, das fir die kristalline Phase als
Keimbildner fungiert. In reduzierenden Atmosphéren wird die Bildung von Fe;0, und FeO
auf Kosten von Fe,O; durch elektrische Felder besonders an der negativen Elektrode erleich-
tert. Mogliche Reaktionsmechanismen werden erdrtert und die Rolle der Protonen bei der
Stabilisierung defekt-spineller Zwischenstufen und Produkte besprochen.
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Pestome — C moMOmpbIo PeHTTEHO-TUMGPAKTOMETPHE U3YYEHO BIIHSHUE ITEKTPHYECKOTO IO
Ha TEPMIYECKYIO Aerunparanm:o ruapookucu xene3a(111) B oxucaIuTe sHOM, HHEPTHOH U BOCCTa~
HOBMTEJIBHOM aTMOcdepe kak cpeae. B OKMCIMTENLHOM M MHEPTHOM aTMochepax npeBpalleHue
1o «-Fe,O; yBennmquBaIIOCh 3MEKTPHYCCKUM TOTEM, OCOOSHHO Ha OTPHIATENBHOM IMEKTPOIE.
Pazmepr! kpucTaniaTOB 3TOr0 MPOaYKTa ObUIM HAMOOJBIIMMY TAKXKe HAa OTPUHATENBHOM 3IIek-
Tpoze. O6a pesynbrara Opl OOBSICHEHB! Ha OCHOBE MHIDAallMii IIPOTOHOB K OTPHIATEIBHOMY
3MEKTPOY, IIe OHH BOOCIEACTBHY 00pa3yioT BoIy, KOTOpas Ae#CTBYET KaK KpUCTAUIN3alHOH~
HOE CpelCTBO JUIs KpHCTammieckoil ¢asel. B BoccranoBmTensHOM aTMochepe obpasopaHne
Fe;0, m FeO 3a cuer Fe,O, 06eryaeTcst 3JIEKTPAYECKIM MOIEM ¥ OCOOEHHO HA OTPHIATETBHOM
anekTpose. PaccMOTpeH BO3MOXKHBIA MEXaHH3M peakuuil ¥ o6CyX/JeHa polb IPOTOHOB B CTa-
OuNU3ANHAN IPOMEKYTOIHEIX IPOAYKTOB ¢ Ae(EKTHOM NIMMHENEHOM CTPYKTYPOH, a TakxkKe KOHEY~
HBIX NPOJTYKTOB.
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