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Abstract—Condensed products are obtained via the partial oxidation of iron(II) cations using potassium per-
manganate, and their physicochemical properties are studied. Samples obtained at a potassium permanga-
nate-to-iron(II) molar ratio close to stoichiometric in a preparation of magnetite have the greatest relative
magnetic susceptibility. It is shown that the initial rate of formation of relative magnetic susceptibility in the
range of 30–70°C depends linearly on the inverse thermodynamic temperature. Sedimentation of the synthe-
sized products upon exposure to an external magnetic field is complete within 1–1.5 min. Diffractometry
shows that crystalline magnetite samples form at a KMnO4 : Fe(II) molar ratio of 0.08–0.18. Magnetic gran-
ulometry reveals they have superparamagnetic properties. Under conditions of static sorption, the degree of
extraction of chromate ions is 98.7%.
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INTRODUCTION

Magnetite Fe3O4 and ferrites of a number of metals
of the composition MFe2O4 are magnetically active
compounds. The continuing interest in studying them
is due to their widespread practical use. In the crystal
structure of magnetite, iron(II) cations and some
iron(III) cations are arranged in alternating crystallo-
graphic layers. Since the magnetic moments of
iron(III) cations are compensated for, the overall
magnetization is determined by the parallel ordering
of the spins of iron(II) cations. Condensation is the
main way of synthesizing magnetite-type magnetically
active compounds. A procedure based on the conden-
sation of a solution of iron(II) and iron(III) salts in a
1 : 2 ratio with an alkaline reagent is often used to syn-
thesize magnetite [1–3]. Factors that affect the char-
acteristics of synthesized magnetite are the type of iron
salt, the Fe(II)/Fe(III) ratio [4], the temperature of
the reaction [5, 6], the pH [7, 8], the type of the base,
and the rate of stirring [9], along with the presence of
modifiers [6]. Magnetite can be synthesized by means
in which only iron(II) salts are used. This approach
requires the oxidation of some iron(II) cations.

Sodium nitrite [8] and potassium chromate [10] can
be used as oxidizing agents.

The practical significance of double oxides of iron
and manganese is that the metal atoms in them can be
in oxidation states +2 and +3, and manganese atoms
can also be in oxidation state +4. Mixed iron and man-
ganese oxides serve as catalysts for the oxidation of
organic compounds [11–15], the decomposition of
ozone [16], mechanochemical reactions [17], and oxi-
dation while removing nitrogen oxides from the air
[18]. They can be used in pulsed sources of oxygen
[19], and as one of the reagents in the thermochemical
production of hydrogen [20, 21]. Mixed oxides serve
as electrodes for supercapacitors [22] and lithium-ion
batteries [23], magnetic materials [24], and sorbents
for removing arsenites and selenites from aqueous
solutions [25, 26]. They can be used as solid-phase
extractants in the electrochemical determination of
Hg(II) [27], and as adsorbents [28–30].

Mixed iron and manganese oxides can be obtained
in a number of ways. These include sintering [19, 21];
hydrothermal synthesis [16, 26]; the ultrasonic treat-
ment of solutions [31]; precipitation from solutions
1596
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Table 1. Characteristics of the redox properties of perman-
ganate ions

n is the number of electrons; Еo is the standard oxidation potential.

Redox reaction n Eo, V

 + 4H+ = MnO2 + 2H2O 3 +1.695

 + 8H+ = Mn2+ + 4H2O 5 +1.51

 + 2H2O = MnO2 + 4OH– 2 +0.60

 + 2H2O = MnO2 + 4OH– 3 +0.588

 = 1 +0.564

Mn2+ = Mn 2 –1.18

−
4MnO
−
4MnO

−2
4MnO
−
4MnO
−
4MnO −2

4MnO
[25] and microemulsions [32]; electrochemically on
the surfaces of electrodes [22]; and single-gel technol-
ogy [24], and other methods [33].

The aim of this work was to study the physico-
chemical properties of condensed products resulting
from the redox reaction between iron(II) cations and
permanganate ions, and to determine their sorption
properties with respect to highly toxic chromate
anions.

EXPERIMENTAL
Reagents

In our experiments, we used a 20% ammonia solu-
tion, a solution of iron(II) sulfate (32.0 g/L) with
0.37 mol H2SO4/1 mol Fe(II) added to suppress
hydrolysis, and a solution of potassium permanganate
with a concentration of 870 mg/L.

Synthesis
Solution of iron(II) sulfate (1 mL, 11.7 mg of

Fe(II)) and a predetermined volume of a solution of
potassium permanganate were placed into a test tube.
After stirring, 1 mL of a 20% ammonia solution was
added. The volume of the solution was adjusted to
25 mL with distilled water while stirring. Condensa-
tion was conducted at room temperature or in a Lauda
Alpha A12 thermostat at 30, 40, 50, 60, and 70°C. At
certain time intervals, we measured the volume of sed-
iment (V, mL), recorded the readings from an appara-
tus constructed on the base of an electronic analytical
balance, and calculated the relative magnetic suscepti-
bility (RMS, g/g Fe) [34].

The preparations for studying the phase composi-
tion and magnetic properties were synthesized at 20
and 100°C. The potassium permanganate/iron(II)
molar ratio was varied from 0.08 to 0.32. To begin
with, 100 mL of a solution prepared from 5 g iron(II)
sulfate heptahydrate and 1 mL of concentrated sulfuric
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
acid was mixed with 100 mL of a solution containing a
specific weighed portion of potassium permanganate.
Then 18 mL of a 20% aqueous ammonia solution were
added. The period of condensation was 30 min. The
precipitated condensation product was separated from
the solution, washed in a centrifuge, and dried in a
vacuum desiccator to a constant weight.

Magnetic Granulometry
Magnetic characteristics were measured via mag-

netic granulometry, which allowed us to study the
chemical transformations in situ [35]. Isolated solid
samples in amounts of 20 mg were loaded into the
measuring cell of a vibrating magnetometer that was a
flow-through quartz microreactor; specific magneti-
zation (σ) was measured as a function of magnetic
field strength H (field dependences) in an argon atmo-
sphere. Using special software based on field depen-
dences, the magnetic characteristics of the samples
were then determined at 20°C.

Diffractometry
The phase composition of the powders of the iso-

lated products was analyzed on a Shimadzu XRD-
7000 S X-ray diffractometer. The X-ray diffraction
pattern of each sample was recorded in a standard
holder with a rotation of 30 rpm. The optical scheme
of the goniometer (a scintillation detector with a
monochromator) was θ–θ. The parameters of X-ray
tube operation were accelerating voltage 40 kV, current
30 mA, and copper anode. The range of scanning was
2θ 10°–95°, and the speed of scanning was 1 deg/min
with a step of 0.02°.

Scanning Electron Microscopy
Micrographs of the samples were obtained on a

Sigma VP Zeiss scanning electron microscope (SEM)
(accelerating voltage 10 kV; InLens detector). An
Oxford 80 mm2 energy dispersive spectrometer (accel-
erating voltage, 20 kV) was used to determine their ele-
mental composition.

RESULTS AND DISCUSSION
To synthesize magnetite from an iron(II) salt, 2/3

of the iron(II) cations must be oxidized. Potassium
permanganate can be used as an oxidizing agent.
Depending on the initial oxidation state and the pH of
the solution, manganese ions participate in redox
transformations with the transfer of different numbers
of electrons (Table 1) [1].

If permanganate ions act as a five-electron oxidiz-
ers in an acidic medium, the consumption of potas-
sium permanganate during oxidation must be 1 mol
per 7.5 mol of iron(II) to achieve a Fe(II)/Fe(III) ratio
of 1 : 2. Chemical processes that occur under the con-
l. 94  No. 8  2020
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Fig. 1. Dynamics of RMS formation during condensation
(1) on a neodymium magnet, (2) under natural conditions,
and (3) dynamics of sedimentation. 
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Fig. 2. Dynamics of the formation of RMS at KMnO4 :
Fe(II) molar ratios of (1) 0.05, (2) 0.08, (3) 0.11, (4) 0.13,
(5) 0.16, and (6) 0.18. 
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ditions of synthesis are represented by the partial oxi-
dation of iron(II) cations proceeding in an acidic
medium:

The transfer of a single electron in an acidic
medium is represented by the scheme

When an alkaline reagent is added to the reaction
mixture, the iron hydroxide complex first precipitates:

Due to the dehydration of the complex, ferritiza-
tion then occurs with the formation of a magnetite
phase:

Under the conditions of condensation, manga-
nese(II) hydroxide is also precipitated and included in
the magnetically active compound:

We first performed experiments with a molar ratio
of permanganate ion to iron(II) equal to 0.13. In an
acidic medium, the redox reaction occurred instantly.
Condensation was conducted under natural condi-
tions and on a neodymium magnet. Condensation was
monitored by measuring RMS, and sedimentation was
determined from the value of the precipitate volume.
Figure 1 shows the results. The rate of sedimentation
slowed considerably 5 min after the onset of conden-

+
+ ++

+ =
+

4 4 2 4 2 4 3
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15FeSO 2KMnO 8H SO 5Fe SO
5FeSO 2MnSO K SO
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OO
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−2+ ++ ⎯⎯→ ⋅ ↓3 OH
2 3 2excessFe 2Fe Fe(OH) [Fe(OH) ] .

⋅ → +2 3 2 3 4 2Fe(OH) [Fe(OH) ] Fe O 4H O.

−2+ ⎯⎯→ ↓OH
2excessMn Mn(OH) .
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sation, and the RMS continued to grow over time. The
measured value of the RMS depended on two compo-
nents. On the one hand, a growing amount of the
complex’s precipitate (a concentrate) lies within the
area of the measuring unit’s permanent magnet. On
the other hand, the formation of a magnetically active
phase (a chemical process) proceeds in the solid
phase. It is difficult to separate these two processes.
After the stage of fast sedimentation, which is observed
during the first 5–8 min, the volume of the sediment
changes slowly. At this stage, the main process is the
formation of the magnetically active phase (Fig. 1).
When conducting condensation under natural condi-
tions, the reaction tube was positioned on a neodym-
ium magnet at the 31st min. This slightly lowered the
volume of sediment of the condensation product
(Fig. 1, curve 3) and considerably raised the RMS
(Fig. 1, curve 2). With condensation on a neodymium
magnet, sedimentation occurred within 1–1.5 min
(the curve is not shown in Fig. 1, since it merges with
the axes); i.e., its contribution to the measured value of
the RMS was minimal. In both cases, the tubes were
kept on a neodymium magnet for 48 h, and their
RMSs were the same.

To reduce the effect of sedimentation, subsequent
experiments were performed in such a way that the
volume of the reaction mixture was not brought to
25 mL after adding a condensing reagent, and the tube
was kept on a neodymium magnet for 1.5 min. In most
cases, rapid sedimentation occurred during this time.
The obtained dependences of the RMS on the period
of condensation are of the same type (Fig. 2). The
RMS grew rapidly within 10–15 min, after which the
rate of the process slowed considerably. Some differ-
ences were observed in the experiment with the maxi-
mum consumption of potassium permanganate. On
F PHYSICAL CHEMISTRY A  Vol. 94  No. 8  2020
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Fig. 3. Dependences of RMS and ln(RMSlim – RMSi)
(lnδ) on the duration of condensation at 50°C. RMSlim is
the RMS limit value. 
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Fig. 4. Dependence of the initial rate (V0) of RMS forma-
tion on the inverse thermodynamic temperature (103/T).
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the kinetic curve, there was a rapid increase in the
RMS after the period of induction, due probably to
sedimentation proceeding slowly on the neodymium
magnet. A gradual rise in the RMS was observed for
48 h. As a result, the maximum RMS of samples syn-
thesized at molar ratios of potassium permanganate
and iron(II) sulfate of 0.13 and 0.16 reached almost the
same value of 30.3 ± 0.9 g/g Fe.

Temperature Effect

Condensation was conducted at temperatures of
30, 40, 50, 60, and 70°C after keeping each sample on
a neodymium magnet for 1.5 min at room tempera-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Fig. 5. Diffraction patterns of the products synthesized at
KMnO4 : Fe(II) molar ratios of (1, 2) 0.08, (3) 0.13,
(4) 0.18, (5) 0.23, (6) 0.27, and (7) 0.32. Sample 1 was con-
densed at 20°C; samples 2–7, at 100°C.
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ture. The molar ratio of potassium permanganate to
iron(II) was 0.13. The RMS of the product grew at a
rate that slowed over time (Fig. 3). Kinetic equations
for the first- and second-order reactions were used to
describe the kinetics of RMS formation. The semi-
logarithmic anamorphosis of the kinetic curve at 50°C
indicates that the process cannot be described with
satisfactory accuracy by the equation of first-order
reaction kinetics, ln(RMSlim – RMSi). Similar results
were obtained using the 1/RMS dependence.

The initial rate of condensation was then calcu-
lated. It was found to grow with temperature. The
dependence of the initial rate of RMS formation on
the inverse thermodynamic temperature was a first-
degree polynomial (Fig. 4).

Magnetic Characteristics

We used magnetic granulometry to determine the
magnetic characteristics of products synthesized at a
0.08–0.18 molar ratio of potassium permanganate to
iron(II) (Table 2). It was established that they
l. 94  No. 8  2020

Fig. 6. Dependence of diffraction signal intensity (I) at
2θ = 35.6° on the KMnO4 : Fe(II) molar ratio (S).
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Table 2. Magnetic characteristics of the reaction products

Sample
KMnO4 : Fe(II) 

molar ratio
t, °C Js, emu/g Jr, emu/g Hc, Oe Proportion of superpara-

magnetic particles

1 0.08 20 130 1 0 0.985

2 0.08 100 141 0 0 1.00

3 0.13 100 81.3 1 2 0.975

4 0.18 100 38.2 1 1 0.948
belonged to superparamagnetic substances. The tem-
perature of condensation had little effect on the mag-
netic characteristics of the products of condensation,
which depend largely on the KMnO4 : Fe(II) molar
ratio.

Phase Composition

X-ray diffraction patterns of the condensation
products are shown in Fig. 5. There are clearly
defined ref lexes on the diffraction patterns of the
products synthesized at a potassium permanganate-
to-iron(II) molar ratio of 0.08–0.18, testifying to
their crystalline structure. A comparison of the
experimental diffraction patterns and those from in
the PDF-2 database (Powder Diffraction File™
PDF-2 Release 2010, International Center for Dif-
fraction Data) showed that magnetite (Fe3O4) was
present in the product samples. The products of
condensation synthesized with high consumption of
potassium permanganate had an amorphous struc-
ture. The intensity of ref lexes at 2θ = 35.6°
depended on the molar ratio and had the highest
values for the samples synthesized at a potassium
permanganate consumption close to the theoretical
value for the formation of magnetite (Fig. 6).
RUSSIAN JOURNAL O

Table 3. Elemental composition of the synthesized products

Sample
Element content, %

Fe Mn O

2 51.5 ± 2.1 5.5 ± 0.2 42.4 ± 2.3

3 52.5 ± 1.7 9.6 ± 0.4 37.4 ± 2.2

4 45.2 ± 8.5 11.4 ± 2.3 42.2 ± 10.8

5 38.1 ± 3.7 12.5 ± 1.4 43.4 ± 10.2

6 32.4 ± 4.6 13.8 ± 7.1 48 ± 2.1

7 34 ± 6.9 13.1 ± 2.5 52.6 ± 9.6
Morphology and Composition

The morphology and composition of the reaction
products were studied via scanning electron micros-
copy. The composition of the selected products is pre-
sented in Table 3. A higher content of manganese in
the condensation products corresponds to increased
consumption of potassium permanganate in the reac-
tion. The deviation of the total content of elements
from 100% is explained small amounts of other ele-
ments being detected in the composition. Their total
content did not exceed 1–1.5%.

Microphotographs of the reaction products are
shown in Fig. 7. Sample 1 consists of shapeless struc-
tures formed by nanocrystals 10–20 nm in size
(Fig. 7b). Sample 6 contains spherical structures 150–
200 nm in size, surrounded by a shapeless amorphous
mass.

Sorption

To assess the possibility of using the product syn-
thesized at a 0.08 molar ratio of potassium permanga-
nate to iron(II), the sorption of chromate ions was
conducted under static conditions. A weighed portion
of the product was mixed with a predetermined vol-
ume of potassium chromate solution at a concentra-
tion of 0.199 g/L. The resulting mixture was kept for
48 h with periodic stirring. After the experiment was
complete, the precipitate was separated magnetically.
The volume of supernatant was adjusted to 25 mL with
distilled water, and the optical density at 375 nm was
determined on an Expert 03 photometer in cuvettes
with a working layer thickness of 50 mm. The optical
density of the solution after sorption was 0.013; in a
control experiment using the initial solution, it was
1.043. The degree of extraction of chromate ions was
thus 98.7 under conditions of static sorption (coeffi-
cient of variation 0.3%; each experiment was repeated
four times).

CONCLUSIONS
We studied the physicochemical properties of con-

densed products of interaction between iron(II) cat-
ions and permanganate ions. Depending on the molar
F PHYSICAL CHEMISTRY A  Vol. 94  No. 8  2020
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Fig. 7. Microphotographs of samples 1 (a, b) and 6 (c, d). Scale bar: (a, c) 1 μm; (b, d) 100 nm. 
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ratio of iron(II) cations and permanganate ions, prod-
ucts formed that differed in crystallinity, phase com-
position, and magnetic properties. Upon the partial
oxidation of 2/3 of the iron(II) cations, a product with
superparamagnetic properties formed during conden-
sation. This product extracted chromate ions from
aqueous solutions quite well.
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