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Formation of iron oxides by the oxidation of iron in
Fe-MOH-H,0 and Fe-MOH-H,0-0, systems

(M = Li, Na, K)

S. UCHIDA, H. KASHIWAGI, T. SATO*, A. OKUWAKI
Department of Molecular Chemistry and Engineering, Faculty of Engineering, Tohoku
University, Aoba, Aramaki, Aoba-ku, Sendai 980, Japan

The oxidation behaviours of iron powders, ca. 100 um in diameter, in 5-50 m NaOH, 5-40 m
KOH and 5-40 m LiOH solutions at 373-573 K were investigated in the absence and presence
of oxygen, where m is molality. The oxidation of iron proceeded noticeably above 423K to
form Fe;04, a-Fe.03, a-NaFeO,, y-Fe,0s3, LiFes- .04 and a-LiFeO, depending on the reaction
conditions. The rate of oxidation in LiOH solutions was much slower than those in NaOH and

KOH solutions.

1. Introduction

Many studies have been carried out on the hydrother-
mal oxidation of iron, primarily because it is impor-
tant to study the corrosion behaviour of steels [1-7].
Recently, it has received attention for the application
to hydrothermal synthesis of iron oxides possessing
excellent magnetic property, dielectric property, cor-
rosion resistance, etc., since it is possible to form iron
oxides without alkali consumption for neutralization.
It may be expected that various kinds of iron com-
pounds such as Fe, Oy, a-Fe, O3, y-Fe, 03, Na,FeO,,
LiFeO,, LiFesOyg, etc. are formed by the oxidation of
iron in caustic alkaline solutions. The crystalline
phases and morphologies of iron compounds signifi-
cantly depend on the reaction conditions, such as
temperature, pH, coexisting ion, etc. Hirano and
Somiya [8] reported the formation of octahedral and
dendritic crystals of magnetite by the oxidation of iron

in 10 m sodium hydroxide at 250-700 °C, where m is -

molality. On the other hand, in a previous study
[9,10] we reported the formation of micaceous iron
oxide (a-Fe,O3), magnetite (Fe;0,), and a-NaFeO,
by the oxidation of iron with oxygen in concentrated
sodium hydroxide solutions at elevated temperatures.
The details of the reactions, however, have not -yet
been clarified. In the present study, phase composi-
tions of the products formed by the oxidation of iron
powders in various alkaline solutions in the absence
and presence of oxygen were investigated.

2. Experimental procedure

The reagent grade reduced iron powder of mean par-
ticle size of about 100 pm, was used as starting mate-
rial. Sodium hydroxide, potassium hydroxide and lith-

ium hydroxide were of reagent grade and were used
without further purification. Hydrothermal oxidation
of iron powders in the presence of pressurized oxygen
was conducted in a SUS 316 type stainless steel auto-
clave of 300 cm? internal volume equipped with poly-
tetrafluoroethylene (Teflon) cup inserts of 2 mm wall
thickness and a magnet driving stirrer. The stirring
rod and blade were coated with Teflon tape to avoid
corrosion. A typical experiment proceeded as follows:
three grams of reduce iron powder, 50 g of water and
10—-150 g of sodium hydroxide, potassium hydroxide
and lithium hydroxide were placed into a Teflon cup
contained in an autoclave, and then the autoclave was
sealed. After purging with nitrogen gas, the autoclave
was heated in an electric furnace at about 6 °C min ™!
to a desired temperature under saturated vapour pres-
sure, followed by injecting oxygen gas into the auto-
clave up to 5 MPa oxygen partial pressure to start
oxidation. During the reaction period, the suspensions
were agitated at the rate of 1200 r.p.m. and the oxygen
partial pressure was kept at 5 MPa. After maintaining
the desired temperature for 2 h, the autoclave was
removed from the electric furnace and cooled quickly
in air. On the other hand, the oxidation of iron pow-
der in the absence of oxygen was conducted in
a 20 cm?® sealed stainless steel reactor equipped with
Teflon cup inserts of 1 mm wall thickness as follows.
After placing 0.2 g iron powder, 3 g distilled water and
desired amounts of sodium hydroxide, potassium hy-
droxide and lithium hydroxide into the tube reactor,
the tube was placed in a silicone oil bath set at a de-
sired temperature and maintained for the desired time,
then cooled quickly with water.

The reaction products were taken out and sepa-
rated centrifugally, rinsed with methanol and dried at

* Author to whom correspondence should be addressed. Present address: Institute for Chemical Reaction Science, Tohoku University,

2-1-1 Katahira, Aoba-ku, Sendai 980-77, Japan.

0022-2461 © 1996 Chapman & Hall

3827



105°C for 12 h. The crystalline phases of the products
were determined by X-ray powder diffraction analysis
(XRD) using Fe-filtered CoK,, radiation.

3. Results and discussion

3.1. Oxidation in sodium hydroxide
solutions

X-ray powder diffraction patterns of the precipitates

obtained by the hydrothermal oxidation of iron pow-

ders in different concentrations of sodium hydroxide

solutions at 573 K in the absence of oxygen for 2 h are

shown in Fig. 1.

Hydrothermal oxidation of iron proceeded notice-
ably above 423 K under the present reaction condi-
tions. Fe;O, was the only product in 20 and 40 m
NaOH solutions, as was shown by Hirano and
Somiya [8]. On the other hand, a-NaFeO, was for-
med in 50 m NaOH solution. This is the first report of
the formation of a-NaFeO, by the hydrothermal oxi-
dation of iron, without oxygen. No formation of
a-Fe, 03 could be observed under the present experi-
mental conditions. According to these results, and the
knowledge that divalent iron is soluble in concen-
trated sodium hydroxide solution [2] as FeO3 ", the
hydrothermal oxidation of iron in sodium hydroxide
-solution may be expressed as follows

Fe(s) + 2NaOH(aq) — Na,FeO,(aq) + Hy(g) (1)
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Figure | X-ray powder diffraction patterns of the precipitates ob-
tained by the hydrothermal oxidation of iron powders in various
concentrations of sodium hydroxide solutions at 473 K in the ab-
sence of oxygen for 2h. @ o-Fe; O Fe;04; A o-NaFeO,.
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3Na,FeO,(aq) + 4H,O() —
Fe;04(s) + 6NaOH(aq) + Hy(g)  (2)

Na,FeO,(aq) + 2H,0(l) —
NaFeO,(s) + 2NaOH(aq) + 1/2H,(g)  (3)

The oxidation rate of iron seemed to decrease with
increasing sodium hydroxide concentration, since the
peak intensity of iron used as starting materials in-
creased with increasing sodium hydroxide concentra-
tion. It may be due to the increase of the viscosity of
the solution and/or depression of Reactions 2 and 3 by
decreasing the activity of H,O.

Phase compositions of the precipitates obtained by
the oxidation of iron powders in various concentra-
tions of sodium hydroxide solutions at various tem-
peratures and (a) 0 and (b) 5 MPa oxygen for 2 h are
shown in Fig. 2(a) and (b), respectively.

Oxidation of iron became noticeable above 423 K,
both in the absence and presence of oxygen. In the
absence of oxygen, Fe;O, and «-NaFeO, were for-
med in 10-40 m NaOH above 423 K, and in 50 m
NaOH above 473 K, respectively. On the other hand,
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Figure 2 Phase composition of the precipitates obtained by the
oxidation of iron powders in various concentrations of sodium
hydroxide solutions at various temperatures and (a) 0 and
(b) 5 MPa oxygen. ® a-Fe; O Fe;O04; A a-NaFeO,; 0 a-Fe,05.



in the presence of 5 MPa oxygen, a-Fe, O3 was also
formed together with Fe;O, and o-NaFeO,. The
formation of a-Fe,O; may be expressed as

2Na2FCOZ(aq) + 1/202(g) + 2H20(1) g
Fe,05(s) + 4NaOH(aq) 4)

It is seen that the critical concentration of sodium
hydroxide above which a-NaFeQ, is formed signifi-
cantly decreased in the presence of oxygen. In a pre-
vious study [9], it was confirmed that the critical
sodium hydroxide concentrations observed in the
presence of oxygen were in good agreement with those
thermodynamically calculated for the equilibrium ex-
pressed by Reaction 5

Fe,03(s) + 2NaOH(aq) = 2NaFeO,(s)

+ H,O) ()

3.2. Oxidation in potassium hydroxide
solutions
The phase compositions of the precipitates obtained
by the oxidation of iron powder in various concentra-
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Figure 3 Phase compositions of the precipitates obtained by the
oxidation of iron powder in various concentrations of potassium
hydroxide solutions at various temperatures and (a) 0 and
(b) 5 MPa oxygen. ® a-Fe; O Fe;O4; O o-Fe,O5; A v-Fe,0;;
< unknown.

tions of potassium hydroxide solutions at various tem-
peratures and (a) 0 and (b) 5 MPa oxygen for 2 h are
shown in Fig. 3(a) and (b), respectively.

The oxidation behaviours of iron in potassium hy-
droxide solutions in the absence of oxygen was similar
to those in sodium hydroxide solutions, i.e. the oxida-
tion proceeds noticeably above 423 K, and Fe; O, was
formed in 10—-40m KOH solutions. On the other
hand, in the presence of oxygen a-Fe, O, was formed
in 5-20m potassium hydroxide solutions above
423 K, whereas y-Fe, O and an unknown compound
were formed in 25m KOH solutions above 523 K
and below 473 K, respectively. Direct formation of y-
Fe,03 in potassium hydroxide solution is new and
study of the details of the reaction is now in progress.

3.3. Oxidation in lithium hydroxide solutions
Phase compositions of the precipitates obtained by
the oxidation of iron powder in various concentra-
tions of lithium hydroxide solutions at various tem-
peratures and (a) 0 and (b) 5 MPa oxygen for 2 h are
shown in Fig. 4(a) and (b), respectively.
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Figure 4 Phase compositions of the precipitates obtained by the
oxidation of iron powder in various concentrations of LiOH solu-
tions at various temperatures and (a) 0 and (b} 5 MPa oxygen.
® o-Fe; O LiFe;. . O4 ® o-LiFeO,.
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The oxidation of iron proceeded noticeably above
423 K. Since iron used as starting material remained,
even at 573 K, it might be concluded that the oxida-
tion rate of iron in lithium hydroxide solution was
much slower than those in sodium hydroxide and
potassium hydroxide solutions. The reaction product
in the absence of oxygen was magnetite alloyed with
Li*, Li,Fe; .,O,4. On the other hand, in the presence
of oxygen, the mixtures of Li,Fe; _,0, and a-LiFeO,
were formed at low temperature, and o-LiFeO, as
single phase at high temperature. These results suggest
that Li, Fe;.., O, is oxidized to a-LiFeQ, in the pres-
ence of oxygen.

Time dependence of (a) the peak intensity ratio of
ITLi,Fe;_,04(400)]/{I[Li,Fes_,0,(400)] +
I[Fe(110)]} and (b) lattice parameter of Li,Fe; O,
for the products obtained in 2 m LiOH solutions at
523 K in the absence of oxygen is shown in Fig. 5(a)
and (b), where I[LiFe;_,0,(400)] and I[Fe(110)]
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Figure 5 Time dependence of (a) the peak intensity ratio of
ITLi,Fe;. ,04(400)]/{I[Li,Fes_,0,(400)] + I[Fe(110)]} and
(b) lattice constant of Li Fe; _ O, for the products obtained in 2 m
LiOH solutions at 523 K in the absence of oxygen.
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are the peak intensity of (400) of Li,Fe;_,O, and
(100) of u-Fe, respectively.

The peak intensity ratio increased with time and it
was seen that the oxidation of a-Fe to Li,Fe,_, 0O,
was almost completed for 50 h. The lattice constant
for 1h, a=0.8396nm, was exactly identical to
that of stoichiometric Fe;O, [11], but decreased
to 0.8373nm for 50h, indicating that Fe;O, is
alloyed with Li*. By assuming Vegard’s law for the
lattice constant of Fe;O, and a-LigsFe, sO4
{a = 0.8331 nm) [12], the precipitate for 50 h was sus-
pected to be Liy sFe, 5,04. The amount of Li*
alloyed was close to that in lithium ferrite formed by
electrochemical reaction in 4m LiOH solution at
30°C [16].

4. Conclusions
From the present experimental results the following
conclusions may be drawn.

1. Various iron compounds, Fe;O,, ao-Fe,Oj,
o-NaFeQ,, y-Fe,Oj3, LiFe;_ .0, and o-LiFeO,
were formed by the oxidation of iron powder in
5-50 m NaOH, 5-40 m KOH and 5-40 m LiOH solu-
tions in the presence and absence of oxygen.

2. The rate of oxidation in lithium hydroxide solu-
tion was much slower than those in sodium hydroxide
and potassium hydroxide solutions.
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