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The reaction of y-FeEOOH with the metal (Cd(II), Mg(II), or Zn(II)) and Fe(II) ions in solution gave the
metal ion-bearing ferrites without oxidation. The ferrites obtained were the stoichiometrie Mg(II)- and Zn(II)-
bearing ferrites [Mgg.7Fes.7304.00 (PH 10.6), Zng.35Fe;.6/04.00 (PH 10.5)] at pH 7.5—11.4, and the nonstoichiometric
Cd(II)-bearing ferrites [Cdy.joFe;.6304.00 (PH 10.2)] at pH 7.5—10.5 (25 °C). The Cd(II)- and Mg(1I)-ion content in
the ferrites increases with an increase in the reaction pH, but the Zn(II)-ion content is almost constant at pH
7.5—10.5. This pH dependence of the metal-ion content in the ferrites agrees with that of the fractional
adsorption of these metals on y-FeOOH. This suggests that only the adsorbed metal ions are incorporated into
the ferrites. The pH dependence of these metal-ion contents in the air-oxidation reaction is also similar to that
in the transformation reaction from y-FeOOH. This transformation reaction seems to be one process in the

air-oxidation reaction.

The formation of metal ion-bearing ferrites in
solution by the air-oxidation of a Fe(OH)2 suspension
in the presence of other metal ions at temperatures
above 60°C has previously been studied.i-1? The
reaction pH affects the amount of metal ions incor-
porated into the ferrites.5>-? Recently, we found that
v-FeOOH is transformed to Fe3O4 in the presence
of the Fe(Il) ion.12:19 This transformation reaction is
triggered by the adsorption of the Fe(II) ion on 7y-
FeOOH.®® In the presence of Fe(II) and Zn(II) ions, y-
FeOOH is transformed to Zn(II)-bearing ferrites.¥
We proposed that the Zn(II) ions were adsorbed on
v-FeOOH and subsequently incorporated to form the
Zn(Il)-bearing ferrites.14-19 It seems likely that any
ferrite would be formed from y-FeOOH in the pres-
ence of Fe(II) and other metal ions. In the present
experiment, we have investigated the formation of
Cd{II)-, Mg(II)-, and Zn(II)-bearing ferrites from -y-
FeOOH at various reaction pH’s; we will also discuss
briefly the pH effect of the metal-ion contents in the
ferrites, in relation to the adsorption of the metals on
v-FeOOH.

Experimental

Chemicals. All the chemicals used in the present work
were of an analytical grade, and the chemical solutions were
prepared by the use of distilled water. The NaOH solution
was prepared by the use of distilled water through which
nitrogen gas had been passed to remove any dissolved oxygen.
The v-FeEOOH was prepared according to a method described
previously.1®

Apparatus. The reaction vessel which had been used in
a previous paper was adopted.?

Procedure. After adding a M(II) (M=Cd, Mg, or Zn)-ion
solution (0.02dma3, 0.27 mol/dm3, pH 3.0) to the y-FeOOH
suspension (0.75dm3, pH 4.0), nitrogen gas was passed
through for 2h to remove any dissolved oxygen and carbon
dioxide. FeClgzsolution (0.02dms3, 0.54 mol/dms3. pH 3.0) was
then added to the suspension, and the pH was raised to the
desired value. When the pH became the desired value (7.5—
11.4), the reaction was initiated and the reaction pH became
lower. The reaction pH was kept constant by adding an
alkaline solution. During the reaction, nitrogen gas was
passed through the suspension to prevent any oxidation
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reaction. After the reaction has continued for 60h (25°C),
the reaction suspension was centrifuged at 4000 rpm under a
nitrogen atmosphere. The precipitate was then washed with
an acetate buffer solution (pH 4.1, 0.05 mol/dm?3) to isolate
the products by dissolving the unreacted Fe(II) and M(II) ions.
The precipitate was washed further with distilled water and
then with acetone to remove the water as completely as pos-
sible. The washing water and acetone had been deaerated
by passing nitrogen gas through to prevent oxidation. Fi-
nally, the precipitate was dried under a nitrogen atmo-
sphere (room temperature). The products thus obtained
were examined by means of X-ray diffractometry, IR spec-
troscopy, and Md&ssbauer spectroscopy.

Metal-ion Adsorption on <y-FeOOH. Into a 1.0-dm3
polyethylene beaker, 0.8dm3 of a 7y-FeOOH suspension
containing the M(II) ion (iron of y-FeOOH : 10 mmol, M(II)-
ion concentration: 5X10-5mol/dm3, NaCl concentration:
6X10-5mol/dm3) was transferred. The suspension temper-
ature was maintained at 2540.2°C, and nitrogen gas was
passed through the suspension to remove the carbon dioxide
and to stir the suspension. When the suspension pH be-
came constant after adding an alkaline solution, 0.01 dm3 of
the suspension was taken out by means of a syringe and
immediately filtered using a Millipore filter (pore size;
220nm). The M(II)-ion concentration in the filtrate was
measured by means of an atomic-absorption method (Varian
Techtron, AA 875 type).

Chemical Analysis. The Fe(II) and Fe.owi concentrations
were determined by the 2,2’-bipyridyl method.!® When the
Fea was determined, the Fe(III) ion was reduced to the Fe(II)
ion with hydroxylamine.

Results and Discussion

X-Ray Diffraction Patterns, IR and Mossbauer Spectra,
Chemical Compositions and Lattice Constants. In
the present study, the mole ratio among the Fe(II)
ion, the M(II) ion (M=Cd, Mg, or Zn), and y-FeOOH
(as Fe) in the initial suspension was fixed at 1:2:2.
This reaction was initiated by adding the Fe(II) ion.
However, the reaction rate was extremely slow at pH
values below 7, and no reaction at all occurred at pH
values below 6.5. Therefore, in the present paper, no
data will be given for pH values below 6. As has been
reported previously,!® the Fe(II) ion is adsorbed on 7y-
FeOOH at pH values above around 6.8, and the +y-
FeOOH is transformed to Fe3O4 by the adsorption of
the Fe(II) ion on y-FeOOH. These results suggest that
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Fig. 1. Ternary diagram showing the chemical com-
positions of Mg(II)-bearing ferrites(A), Cd(II)-
bearing ferrites(B), and Zn(II)-bearing ferrites(C).
The values given at the points indicate the reaction
pH. M2+ means the metal ions of Mg(II), Cd(II), or
Zn(1I).

the reaction in the present work also proseeds by means
of the adsorption of the Fe(II) ion on y-FeOOH. In the
X-ray diffraction patterns of the products, only the
peaks of the spinel-type compound appeared. In the
IR spectra, no bands of y-FeOOH or other iron (III) ox-
ides were observed, but bands of ferrites were observed.
These results indicate that the y-FEOOH was com-
pletely transformed to ferrites. All the lines of the
M@dssbauer spectra were assigned to ferrites, as will be
described below.

Figure 1 shows the chemical compositions of the
ferrites formed at various reaction pH’s. The values
given at the points for Curves A and B are the reaction
pH values. The small region denoted by C represents
the chemical compositions of the Zn(II)-bearing fer-
rites. The Zn(II) ion contents in the ferrites remain
nearly constant at various reaction pH values, and
their compositions are included in the small region.
The straight line (broken line) connecting Fe3O4 and
MFe2O4 corresponds to the stoichiometric chemical
compositions of M(II)-bearing ferrites (M —,Feg4,Os).
As can be seen from Fig. 1, the chemical compositions
of the Zn(I1)- and Mg(II)-bearing ferrites (A and C) are
nearly stoichiometric, but those of the Cd(II)-bearing
ferrites (B) deviate fairly much from stoichiometry
[Cdo.sFe2680400 (pH 10.2)]. The deviation increases
with an increase in the Cd(II)-ion content in the ferrite.
This suggests that vacant sites of the Cd(II)-bearing
ferrites increase with an increase in the Cd(II) content
in the ferrites. The nonstoichiometric Cd(II)-bearing
ferrites were also formed in the air-oxidation reaction,®
so the Cd(II)-bearing ferrites seem to be oxidized easily.
These may cause the nonstoichiometry of the Cd(II)-
bearing ferrites. The relationship between the M(II)-
ion content in the ferrites and the reaction pH will be
described later.

Figure2 gives the room-temperature Mdssbauer
spectra of the M(II)-bearing ferrites with the highest
M(II)-ion content. Spectrum a corresponds to the FezO4
formed from y-FeOOH. The spectra of the FesO4 and
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Fig. 2. Room temperature Mossbauer spectra of

magnetite formed from <vy-FeOOH(a), Mg(II)-

bearing ferrite (b), Zn(II)-bearing ferrite (c), and

Cd(1I)-bearing ferrite (d). The chemical composi-
tions of the ferrites are Fez930400 (), Mgo27Fez2.13-
Ou00 (b), ZnossFez610400 (), and CdosFez6804.00 (d)
respectively.

the Mg(Il)-bearing ferrites show two distinct hyper-
fine patterns; one is due to the tetrahedral Fe(III) ions
(A site), and the other, to the octahedral Fe(III) and
Fe(Il) ions (B site). The line intensities at the B site
for the Mg(Il)-bearing ferrites are lower than those
for the FesO4. This indicates that the Mg(II) ion is
incorporated into the B site of the ferrites. The spec-
trum of the Zn(II)-bearing ferrite (Spectrum c) shows two
broadened Zeeman patterns and a quadrupole dou-
blet. Dobson et al.}? reported that the Zn(II)-bearing
ferrite (ZnoeFe24040) formed by a solid-state reaction
had a similar pattern in its spectrum. The Zn(II)-bear-
ing ferrites from y-FeOOH seem to have the same
ionic distribution as those produced by the soild-
state reaction. The spectra of the Cd(II)-bearing ferrites
(Spectrum d) show six broadened absorption lines.
This broadening may come from the nonstoichiometry
and/or the Cd(II)-ion incorporation into the spinel
structure.

The lattice constant of the Zn(II)-bearing ferrite with
the highest Zn(II) content in Fig. 1 (Zno.ssFe26104.00) was
0.8416 nm. This higher value of the lattice constant
than that of FesO4 (0.8397 nm)!® confirms the incor-
poration of the Zn(II) ion into the lattice point by
replacing the Fe(II) ion in FesO4 with the Zn(II) ion.
The lattice constant of the Mg(II)-bearing ferrite with
the highest Mg(II)-ion content in Fig. 1 (Mgo27Fe27304.00)
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Fig. 3. Therelationship between the lattice constants
and the x values of the completely oxidized Cd(II)-
bearing ferrites. The x values represent the mole
ratio of CdFez04 to (CdFe2O4t+y-FeaOs).

was 0.8388 nm, slightly lower than that of FesO4. The
lattice constant of MgFezO4 (0.8387 nm)!? is near to that
of Fe3Qy; therefore, the lattice constant probably is not
so greatly changed by replacing the Fe(II) ion in Fe3O4
with the Mg(II) ion. The Cd(II)-bearing ferrites were
nonstoichiometric; they formed a solid solution among
FesOy, y-FeaOs,and CdFe20y4, so the lattice constant is
determined by means of these three components. To
simplify the analysis of the lattice constants, the
component number of the nonstoichiometric Cd(II)-
bearing ferrites in Fig. 1 was reduced to two (a solid
solution between vy-FesOs and CdFe204) by oxidizing
the ferrites. The Cd(II)-bearing ferrites are readily
oxidized at 150°C for 2 d, since their particle size is
small (100—200nm). Figure 3 shows the relationship
between the lattice constant and the mole fraction x
of the CdFe20O4 component in the solid solution be-
tween y-FeaO4 and CdFe204. The lattice constant of -
Fe;O3 and CdFe204 were determined by Schrader and
Biittner?® and by Roberts and Merwin2?? respectively.
The lattice constants of the oxidized Cd(II)-bearing
ferrites fall between those of 7y-Fe2Os and CdFe2Os.
This confirms the incorporation of the Cd(II) ion into
the lattice structure of the ferrites.

pH Effect of M(Il }-ion Contents in Ferrites. Figure
4 shows the relationship between the Mg(II) and Cd(II)
ion contents in the ferrites, and the reaction pH. As may
be seen in Fig. 4, the Mg(II) (Curve A)- and Cd(II)
(Curve B)-ion contents increase with an increase in the
reaction pH. The Zn(II)-ion content remained al-
most constant, as has been mentioned above. Next, we
compared this result (Fig. 4) with the adsorption of
M(II) on y-FeOOH at various pHs. Figure 5 shows
the relationship between the fractional adsorption of
M(II) and the solution pH. Curves A, B, and C are frac-
tional adsorptions of Mg(II), Cd(II), and Zn(II) re-
spectively. All of them increase from near nil to near
100% with an increase in the pH. The pH regions of the
pH-adsorption edges (the sharp rise of the curves) for
Zn(II), Cd(II), and Mg(II) increase in this order. Over
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Fig. 4. pH dependence on the metal ion contents
incorporated into Mg(II)-bearing ferrites (A) and
Cd(II)-bearing ferrites (B).
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Fig. 5. Fractional adsorption of Mg(II) (A), Cd(II) (B),
and Zn(II) (C) on y-FeOOH as a function of pH.

the pH values from pH 7 to 11, where the ferrites are
formed from +y-FeOOH, this adsorption behavior is
quite similar to the incorporation profiles against
the pH. The pH regions of the pH-adsorption edges
fit those of the pH-incorporation edges for the Cd(II)
and Mg(Il) ions (Fig.4). Measures, the adsorbed
amount and the incorporated amount of Zn(II) both
remain constant in this pH region. This strongly sug-
gests that the metals are adsorbed on y-FeOOH, and
then subsequently incorporated to form the metal ion-
bearing ferrites. The air oxidation of an Fe(OH);
suspension containing metal ions brings about the
formation of the metal ion-bearing ferrites.!-1V In
previous reports,12-19 we have suggested that the air-
oxidation reaction involves a process in which the -y-
FeOOH:-layer is formed on the FesO4 by the oxidation
of the adsorbed Fe(Il) ion. The Fe3O4 particles will
grow by the repetition of these processes during the
air oxidation. When the other metal ion is present in
the reaction suspension, the metal ion will be adsorb-
ed along with the Fe(II) ion on the y-FeOOH-layer,
and the v-FeOOH will be transformed into the.metal
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ion-bearing ferrites on the surface. For Cd(II), Mg(II),
and Zn(II) ions, the pH dependence of their contents,
as incorporated into the ferrites in the air-oxidation
reaction5=7, is very similar to the results in the present
study (Fig. 4 and 5). These results suggest the validity
of the above discussion.
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