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Abstract: Every year, metallurgical enterprises generate a massive amount of toxic exhausted high-
concentration etching solutions. Application of the ferritization process to recycle exhausted etching
solutions can help to prevent environmental pollution. It enables a cost-efficient use of water at
an industrial plant and allows the plant to obtain products from toxic industrial waste and utilize
it. The aim of the study was to analyze the qualitative and quantitative composition of the formed
sediment and its grain size composition. Variable study parameters were the initial pH values of
the solutions, the initial concentrations of total iron, and the duration of the aeration process of
the reaction mixture. Thermal activation and alternating magnetic fields were used to activate the
ferritization. The XRD showed that the formed sediments contained phases of γ-FeOOH, δ-FeOOH,
Fe3O4, and γ-Fe2O3. Granulometry analysis showed that these sediments were highly dispersed and
heterogeneous. Chemically stable phases of magnetite were obtained in the composition of sediments,
with an initial concentration of iron in the reaction mixture of 16.6 g/dm3, a pH of 11.5, and a process
duration of 15 min. The study results demonstrated the feasibility of further study and possible use
of such sediments with a high magnetite content for the production of materials with ferromagnetic
and sorption properties.

Keywords: ferritization; etching solutions; magnetite; total iron; phase transitions

1. Introduction

Every year, hundreds of millions of tons of toxic exhausted highly concentrated etching
solutions are formed at enterprises in the metallurgical, chemical, machine-building, and
other industries of Eastern Europe and Asia [1,2]. Steel mills in the European Union
(EU) generate 300,000 cubic meters of exhausted etching solutions (EES) annually, with
150,000 tons being stored. The etching process is crucial for achieving a high-quality steel
surface for subsequent processing [3]. To remove the scale, which contains oxides, acids
are used. Etching solutions are deemed exhausted when the acid concentration drops by
75–85%, resulting in a metal content increase of up to 150–250 g/dm3 [4]. Due to decreasing
etching efficiency with rising dissolved metal content in the bath, exhausted bath solutions
must be discarded.

Additionally, the steel etching process contributes to the formation of highly polluted
wastewater (up to 204 g/dm3 of Fe(III) and up to 110 g/dm3 of Zn(II)) [5]. Zinc leaching
and the resulting residues with high iron contamination pose another challenge. This leads
to substantial metal losses and secondary environmental contamination. The recovery of
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zinc, iron, and mineral acids is a major environmental concern due to the acidic nature of
the waste [6].

These solutions are formed during the processing of steel products, usually with a
solution of sulfuric acid in order to remove the scale and rust from their surface. Exhausted
sulfuric acid-based etching solution, depending on the composition and condition of the
processing of steel parts, contains up to 300 g/dm3 of iron sulfate FeSO4 [7,8]. Given this,
special attention is paid to the development and introduction of technologies for the neu-
tralization and integrated processing of liquid iron-containing wastes from metallurgical,
chemical, and other industries. Such measures will allow us to address two problems in
parallel: environmentally sound waste disposal and the generation of raw materials for the
production of useful products.

The current state of recycling and disposal is subject to processing small amounts of
exhausted solutions after the etching of steel surfaces, resulting in the accumulation of
these wastes. On many industrial sites, these highly concentrated solutions are not always
treated to the required level for reuse. As a result, thousands of tons of toxic iron-containing
compounds enter water bodies with insufficiently treated wastewater. Iron ions have high
migratory mobility, the ability to accumulate in living organisms, and can cause various
physiological disorders.

An analysis of research work on the processing of such acidic iron-containing wastew-
ater indicates the relevance and feasibility of research efforts in this direction [9]. Methods
of obtaining chemically stable and low-toxic substances such as magnetite Fe3O4 and
maghemite γ-Fe2O3 from such wastes are of particular interest since they have the highest
magnetic susceptibility among iron oxides. These compounds have the structure of an in-
verted spinel, but maghemite is distinguished by the presence of free vacancies distributed
in the cationic sublattice. Magnetite Fe3O4 and maghemite γ-Fe2O3 have a wide range of
applications, including the manufacture of magnetic carriers, sensors, auxiliary colloidal
substances for drugs, catalysts, and construction materials [10,11].

Another promising direction for utilization of these iron-containing, magnetic materi-
als is associated with their use as sorbents for the removal of metals and organic substances
from wastewater flows. Iron-rich natural materials such as volcanic tuff, some kaolins,
zeolites, and others that contain hematite (Fe2O3) have shown a higher adsorption capacity
for heavy metals compared to those materials that do not contain them or contain them in
very low concentrations. So, for example, the sorption capacity of Mn2+ by iron-containing
tuff is more than 8.5 mg/g, and by basalt, it is 4.3 mg/g [12,13]. In addition, in the research
study that compared the Ni2+ sorption capacity of different kaolins, it was found that with
hematite content in kaolin over 3.5%, the sorption capacity was approximately 2.5 times
higher [14].

Numerous dispersed nanoparticles possess exceptional adsorption properties and
offer several advantages over traditional adsorbents. However, some concerns arise re-
garding their potential toxicity due to their inherent structure, size, and other chemical and
physical characteristics, even at low concentrations [15]. Consequently, the development
of effective procedures and technical solutions for the separation of these nanomaterials
from water becomes imperative. In addressing this challenge, it is the utilization of mag-
netite nanoparticles or their modified forms that stands out as the most practical solution.
Magnetite nanoparticles exhibit superparamagnetic behavior, meaning they are readily
attracted to an applied magnetic field but retain no residual magnetism once the field
is removed [16]. Moreover, the ability to recover and reuse magnetite adsorbents after
desorption of adsorbed dye molecules enables their repeated application in successive
adsorption cycles. These attributes render magnetite nanoparticles attractive candidates
for facile, efficient, economical, and large-scale removal of dye molecules from aqueous
samples [17].

Analyzing the research results on the adsorption of various (cationic and anionic)
pollutants by various iron-containing adsorbents with or without magnetic properties, we
can identify their particular advantage [18–20]. It mainly consists of the fact that such
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materials are able to purify water in a wide range of pH values. This is due to the relatively
high value of pHpzc (more than 8.2) [14,21].

Currently, there are various methods for obtaining highly dispersed iron-containing
powders and composites based on them [22]. Most of the methods are based on solid-
phase interaction of oxides, hydroxides, or salts of heavy metals, which requires expensive
precursors and significant energy costs. In particular, the process of forming magnetite and
maghemite is carried out at temperatures above 400 ◦C and takes 4÷5 h [23]. Samples of
iron-containing powder obtained by this method had a dispersed structure [24]. However,
it should be noted that the production of such materials by the method of high-temperature
decomposition of iron-containing compounds, using organic solvents and surfactants to
stabilize and prevent the agglomeration of highly dispersed particles of iron oxides, is
quite effective, but resource-intensive and does not provide the ability to control their size
and shape.

The hydrophase ferritization method is an economical and easy-to-operate method for
processing liquid iron-containing waste to produce magnetic materials [25,26]. The essence
of this method is the partial oxidation of Fe2+ ions to Fe3+ by aeration with atmospheric
oxygen and their subsequent precipitation in an alkaline medium. The ferritization process
promotes the rapid formation of dispersed substances with magnetic properties. The disad-
vantages of traditional ferritization are its temperature requirements—temperatures above
75 ◦C. In research paper [27], it was shown that an alternative to thermal ferritization is
the activation of the reaction mixture with alternating magnetic fields (AMF) at ambient
temperatures. Using this activation method, in research paper [28], iron-containing ferro-
magnetic compounds of various phase compositions were obtained from liquid industrial
waste, the structure of which contains nickel, zinc, and copper ions.

The course of the ferritization process is influenced by a number of technological
factors that determine the type of primary embryonic iron-containing structures, their
formation, and further development with the formation of stable compounds with different
particle sizes and shapes. Among these factors are the initial concentration of iron ions [29],
the pH value [30], the temperature [31,32], the process duration [33], and the oxidizer
(air oxygen) consumption [34]. In addition, the above factors can affect the formation
of a certain modification of iron hydroxides and oxyhydroxides and their subsequent
transformation into other more stable oxide compounds in an alkaline medium [35].

There are situations where only dispersed materials with ferromagnetic properties
can be used for water treatment, and such sorbents need to be additionally provided.
Known methods of their synthesis are the dry process, wet chemical process, and microbial
process [18,36]. Properties and shapes of the dispersed sediments formed depend on the
conditions provided during the reaction, such as the type of salts used, the ratio of Fe3+ to
Fe2+ ions, the pH, and the ionic strength [37].

For the synthesis of Fe3O4, a chemical co-precipitation process could be used, in which
metal ions Fe3+ and Fe2+ were taken in a ratio of 2:0.5, and dodecylbenzenesulfonic acid
was used as an emulsifier together with ammonia as a precipitant, which also ensured an
alkaline medium [38].

In particular, in research paper [39], dispersed magnetite particles coated with sodium
dodecyl sulfate were used for adsorption of the cationic basic dye blue 41. The maximum
sorption capacity of this dye by this adsorbent (determined by the Langmuir model) was
2000.6 mg/g. Magnetite demonstrated itself positively as a sorbent applied to the surface of
activated carbon [40]. The dyes sunset yellow, eosin B, and methylene blue were subjected
to sorption. The short adsorption time of ~4–6 min to establish the adsorption equilibrium
supported the use of ultrasound as an effective means to accelerate the adsorption of the
corresponding dyes [18,40]. Thus, analyzing the already existing positive experience of
using iron-containing sorbents, it is possible to assume and affirm the following: the use of
dispersed iron-containing particles as a sorbent can reduce the size of the adsorber itself, in
which the water treatment process takes place [13]. This is mainly due to the short time
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required to reach adsorption equilibrium and the high values of the maximum sorption
capacity [12].

So, it is important to continue these studies on creating the conditions that would
allow one to obtain iron-containing magnetic materials of the required phase composition
and particle sizes during the processing of industrial waste—exhausted etching solutions
with minimal energy consumption. This is important for further use of these materials, in
particular, for obtaining highly dispersed materials, such as sorbents.

The aim of this study was to analyze conditions for the formation of iron-containing
compounds and their subsequent phase transformation under different conditions of the
ferritization process for processing exhausted etching solutions. This will make it possible
to determine the rational parameters for the application of energy-efficient ferritization
for the formation of promising and safe magnetic compounds for further use, including
magnetite and maghemite.

2. Materials and Methods
2.1. Experimental Set

The process of ferritization of exhausted etching solutions was studied in reactors with
a working volume of 1 dm3, both with traditional thermal activation of the reaction mixture
at a temperature of 75 ◦C and with energy-efficient alternating magnetic field (AMF)
activation on the installation shown at Figure 1 at room temperature. To carry out AMF
activation and to regulate its parameters, a controlled generator of rectangular pulses was
developed based on the ATmega328p microcontroller board (Microchip Technology Inc.,
Chandler, AZ, USA). The output voltage of the pulses at 8 digital outputs of the controller
board was 5 V, and the maximum current was 20 mA. Experimental parameters for pulse
generation were set by the UTP3305C power supply unit via the RS-232 interface (Figure 1).
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Figure 1. Laboratory ferritization installation with activation of the reaction mixture with alternating
magnetic fields: 1—computer; 2—electronic block-case; 3—power supply; 4—electromagnetic coil
with a steel core; 5—reactor with study solution.

This scheme allows one to form complex pulse packs consisting of a certain number
of pulses and pauses between them of a specified duration. It is also possible to adjust the
amplitude of individual pulses in the pack. Pack generation is provided by a program on
a personal computer. In research paper [28], rational parameters for carrying out AMF
activation were determined: the amplitude of the magnetic induction was 0.1 Tl, the pulse
frequency was 1 Hz, the period between pulses was 100 ms, and the pulse duration was
1000 ms. These parameters were used in this study.
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2.2. Study Materials

The input material for the production of iron-containing compounds by the ferritiza-
tion method was an exhausted sulfuric acid etching solution for steel surfaces, which had a
pH of 1.41 and a FeSO4 concentration of 126.5 g/dm3. Both methods for the activation of
the reaction mixture were used in the experiments. The variable factors of the ferritization
process were the pH of the solution, the duration of the aeration process, and the initial
concentrations of iron (II) ions in the reaction mixture (series of experiments A, B, and
C, respectively, in Table 1). To achieve the necessary concentrations of iron (II) ions for
ferritization, within the range of 6.6 to 36.6 g/dm3, the exhausted etching solution was
diluted with tap water. pH was adjusted with a 25% solution of sodium hydroxide to reach
a certain pH value. Aeration of the reaction mixture was carried out with air oxygen at a
rate of 0.15 m3/h.

Table 1. Conditions for obtaining samples of ferritization precipitates.

Core Sample ID pH of the
Reaction Mixture

Concentration
(Fe2+), g/dm3

The Time of the
Ferritization Process,

min

A-1 8.5 16.6 15

A-2 9.5 16.6 15

A-3 10.5 16.6 15

A-4 11.5 16.6 15

B-1 11.5 16.6 5

B-2 11.5 16.6 10

B-3 11.5 16.6 15

B-4 11.5 16.6 20

B-5 11.5 16.6 25

B-6 11.5 16.6 30

C-1 11.5 46.6 15

C-2 11.5 36.6 15

C-3 11.5 26.6 15

C-4 11.5 16.6 15

C-5 11.5 6.6 15

After ferritization, a suspension was obtained, which was separated in a CM-5 cen-
trifuge (Micromed, Poltava, Ukraine) with a separation factor of 3600 for 2 min. The
sediment was dried for 24 h at a temperature of 105 ◦C in an electric drying cabinet CHOЛ
67/350 (Ukraine) (Figure 2). A detailed description of the samples is presented in Table 1.

Phase analysis of dried powder samples of sediments was carried out by X-ray diffrac-
tion in step-by-step mode with Cu-Kα radiation on a diffractometer Ultima IV (Rigaku,
Japan). The scan was performed in the angular range of 6 to 65◦ 2θ with a scanning step
of 0.05◦ and an exposure time of 2 s per point. The diffractograms were interpreted using
the ICCD PDF2+—2003 database (The International Centre for Diffraction Data) and the
Match! V.1.9a software (Crystal Impact, Materials Park, OH, USA) [13,41].

The particle size of the precipitate samples was determined by the granulometric
method using a laser analyzer Cilas 990 (Cilas, Orléans, France) in the measurement range
from 0.2 to 500 µm. The error in determining the particle size on this device does not
exceed 3%.
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Figure 2. The sample of the obtained iron-containing sediment after ferritization of the etching solution.

The residual total concentration of iron ions in the solution after removal of the
precipitate was determined using a DR3900 spectrophotometer (Hach, Loveland, CO, USA)
with the use of Hach test kit No. 2608799. The pH value of the reaction mixture during
ferritization was determined using a PL-700AL pH meter (Wrocław, Poland).

The evaluation of the dispersion and limits of errors of the experiments for determining
the residual concentrations of iron ions after the ferritization process was carried out using
the method [42] with a confidence probability of 0.95.

3. Results
3.1. The Study of pH Influence

The study of the qualitative and quantitative composition of the ferritization precipi-
tate was carried out with variable pH values of the reaction mixture and other constant
parameters of the ferritization process. The concentration of iron ions in the reaction
mixture was 16.6 g/dm3 and the duration of the ferritization process was 15 min.

In the process of ferritization, both with thermal and AMF activation of the reaction
mixture, a dispersed black suspension was formed in the studied range of pH values, which
later crystallized to form, mainly dense iron-containing structures in the precipitate. In
the samples of precipitates, chemically stable ferromagnetic phases of magnetite Fe3O4
and maghemite γ-Fe2O3 with lattice parameters (a) of 8.36 and 8.34 Å, respectively, were
identified (Figure 3). It should be noted that, in addition to the formation of magnetite
and maghemite, the precipitate also contains other solid-phase products of the ferritization
reaction, including non-magnetic ferrihydrite δ-FeOOH, a = 2.95 Å, which is less stable in
alkaline media [43].

The structural studies of the samples (Figure 3) indicate the influence of the pH
value and the method of activation of the reaction mixture on the phase composition of
the precipitates. With an increase in the pH of the reaction mixture from 8.5 to 11.5, the
following phase transformation is observed: δ-FeOOH → Fe3O4 → γ-Fe2O3 (Figure 3).
It is noteworthy that the precipitates obtained at pH 8.5 contain a significant amount of
ferrihydrite δ-FeOOH (Table 2). The process of formation of this phase is a two-stage one: at
the first stage of the process, Fe2+ ions form an unstable hydroxide Fe(OH)2 in an oxidizing
medium, which is then transformed into δ-FeOOH by the following reaction:

2 Fe(OH)2 + 0.5 O2 = 2δ-FeOOH + H2O (1)

In the reaction mixture with pH ≥ 10, the precipitate contained predominantly the
magnetite phase Fe3O4. Its formation at high pH values, in our opinion, is due to the rapid
formation of iron hydroxide and oxyhydroxide with their subsequent transformation into
the spinel structure of magnetite [44]. The mechanism of magnetite formation is obviously
associated with the transformation of oxyhydroxides in the presence of Fe2+ hydroxide [45]
according to the following reaction:

Fe(OH)2 + δ-FeOOH → Fe3O4 + 2H2O (2)
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It should be noted that the divalent iron in magnetite is capable of further oxidation
during aeration, transitioning to the more stable phase of maghemite according to the
following reaction:

2 Fe3O4 + 0.5 O2 = 3 γ-Fe2O3 (3)

The structure of the resulting γ-Fe2O3 is identical to the structure of Fe3O4; both
compounds have the inverse spinel structure, but maghemite is characterized by the
presence of free vacancies distributed in the cation sublattice [24].
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Table 2. Phase transformation in precipitates depends on pH and the method of activation of the
reaction mixture.

Sample pH

The Content of Inorganic Phase, % w/w

Thermal Activation AMF Activation

δ-FeOOH Fe3O4 γ-Fe2O3 δ-FeOOH Fe3O4

A-1 8.5 75.4 24.6 – 61.1 38.9

A-2 9.5 35.3 64.7 – 37.8 62.2

A-3 10.5 2.7 97.3 – 9.1 90.9

A-4 11.5 – 81.1 18.9 – 100
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It should be noted that at pH 11.5, with thermal activation of the ferritization reaction
mixture, the final products in the precipitate are magnetite (81.1%) and maghemite (18.9%),
and with AMF activation, a precipitate is obtained that contains only the magnetite phase.
The results of the studies (Table 2) also show that AMF activation of the reaction mixture
in the pH range of 8.5–11.5, compared to thermal activation, slows down the process of
phase transformation in the precipitates. This may be due to the greater ability of thermal
activation to initiate reactions of iron-containing compounds in the solution.

Phase studies are in good agreement with the data of chemical analysis of solutions
obtained after the removal of ferritization precipitates. As the results of the studies showed,
phase transformations of ferritic compounds in the precipitate and their stability in an
alkaline medium have an impact on the content of residual concentrations of iron ions in
the solution. Thus, after the ferritization of the reaction mixture with pH 8.5, the solution
contains significant concentrations of iron ions (Fe2+ and Fe3+): 34 mg/dm3 with thermal
and 14 mg/dm3 with AMF activation. With an increase in the pH values of the reaction
mixture from 8.5 to 11.5, the total iron ion content of both activation methods decreases to
0.78 mg/dm3. This is obviously explained by the fact that with an increase in the pH of the
medium, the process of the transformation of unstable intermediate phases Fe(OH)2 and
δ-FeOOH into more stable Fe3O4 and γ-Fe2O3 is accelerated.

3.2. Determination of the Effect of the Duration of Ferritization of the Reaction Mixture

The results of structural studies on the samples of precipitates obtained from a reaction
mixture with a constant pH of 11.5 and different durations of aeration are presented in
Figure 4 and Table 3. The obtained data indicate the influence of the time of the ferri-
tization process on the phase composition of the precipitate. In the studied samples of
precipitates (Figure 4), the following phases were identified: γ-FeOOH, δ-FeOOH, Fe3O4,
and γ-Fe2O3.

On the X-ray pattern of the sample of the precipitate obtained with a ferritization
duration of 5 min with AMF activation, the reflexes 2T= 20.7 and 33.6 were recorded, which
correspond to the diffraction maxima with indices (101) and (001) of the lepidocrocite
phase γ-FeOOH.

It should be noted that under the conditions of the ferritization process with a pH
of 11.5, the reaction mixture ions of iron initially form Fe(OH)2 with its subsequent trans-
formation in an oxidizing medium into Fe(OH)3. The subsequent phase transformations
of Fe(OH)3 are associated with the processes of its structuring into iron oxyhydroxides
according to the reaction:

Fe(OH)3 → FeOOH + H2O (4)

It should be noted that in the process of ferritization, iron hydroxides are transformed
into oxyhydroxides of various structural modifications according to reactions (1) and (4).
In addition, with thermal activation of the reaction mixture, the course of phase transfor-
mations with the formation of the phase of iron oxyhydroxides can occur at a ferritization
duration of less than 5 min. On the X-ray diffraction pattern (Figure 3), at a ferritization
duration of 15 min with thermal activation, a reflex is observed at an angle of 2T= 57.5,
which corresponds to the diffraction maximum with indices (333) of the Fe3O4 phase. With
the further course of the ferritization process for 30 min, this reflex is absent, which suggests
the completion of the process of transforming Fe3O4 into the γ-Fe2O3 phase.

The analysis of the quantitative phase composition of precipitate samples (Table 3)
showed that with an increase in the duration of the ferritization process with both methods
of activation of the reaction mixture, there is a change in the contents of different iron-
containing compounds. It should be noted that at a process duration of 5 min with both
methods of activation, the mass fraction of the Fe3O4 phase is more than 50%. The formation
of only the magnetite phase from iron oxyhydroxides occurs during ferritization for 11 and
15 min using thermal and AMF activation, respectively. However, with further aeration
of the reaction mixture, a complete or partial phase transformation of Fe3O4 into γ-Fe2O3
is reached.
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Chemical analysis showed that the residual content of iron ions in the solution after
30 min of the ferritization process using both methods of activation of the reaction mixture
does not exceed 0.6 mg/dm3. The decrease in the residual concentrations of iron ions is
obviously due to the formation of chemically stable phases of iron oxides in the precipitate,
including magnetite and maghemite.

Water 2024, 16, x FOR PEER REVIEW  9  of  17 
 

 

The analysis of the quantitative phase composition of precipitate samples (Table 3) 

showed that with an increase in the duration of the ferritization process with both meth-

ods of activation of the reaction mixture, there is a change in the contents of different iron-

containing compounds. It should be noted that at a process duration of 5 min with both 

methods of activation,  the mass  fraction of  the Fe3O4 phase  is more  than 50%. The  for-

mation of only the magnetite phase from iron oxyhydroxides occurs during ferritization 

for 11 and 15 min using thermal and AMF activation, respectively. However, with further 

aeration of the reaction mixture, a complete or partial phase transformation of Fe3O4 into 

γ-Fe2O3 is reached. 

 
(a) 

 

 
(b) 

Figure 4. X-ray diffraction patterns of precipitates obtained at different durations of the ferritization 

process: (a) thermal activation; (b) AMF activation. 

   

                                             ‒ Fe3O4;     ‒ ɣ-Fe2O3;       ‒ δ-FeOOH;       ‒  ɣ-FeO(OН) 

Figure 4. X-ray diffraction patterns of precipitates obtained at different durations of the ferritization
process: (a) thermal activation; (b) AMF activation.



Water 2024, 16, 1085 10 of 16

Table 3. Phase transformation depends on the duration of ferritization and the method of activation
of the reaction mixture.

Sample
The Time of the

Ferritization Process,
min

The Content of Inorganic Phase, % w/w

Thermal Activation AMF Activation

δ-FeOOH Fe3O4 γ-Fe2O3 γ-FeOOH δ-FeOOH Fe3O4 γ-Fe2O3

B-1 5 16.6 83.4 – 27.7 16.6 55.7 –

B-2 10 2.9 97.1 – – 28.6 71.4 –

B-3 15 – 81.1 18.9 – – 100 –

B-4 20 – 34.6 65.4 – – 97.1 2.9

B-5 25 – 8.2 91.8 – – 89.6 10.4

B-6 30 – – 100 – – 74.6 25.4

3.3. Determination of the Effect of the Initial Concentration of Iron Ions in the Reaction Mixture

The studies were carried out at constant ferritization parameters: a pH of the reaction
mixture of 11.5 and a process duration of 15 min. The concentration of total iron varied in
the range of 6.6 to 46.6 g/dm3.

Identification of phases in the obtained samples of precipitates suggested the presence
of such compounds as δ-FeOOH, Fe3O4, and γ-Fe2O3 (Figure 5). It should be noted
that at a significant concentration of iron ions in the reaction mixture—46.6 g/dm3 and
AMF activation, the precipitate contains a significant amount of intermediate solid-phase
compounds, including non-magnetic ferrihydrite δ-FeOOH. This sample is characterized
by wide diffraction maxima of this phase, which is probably due to its low degree of
crystallinity. Such structural features are explained by the fact that at high concentrations
of iron in the reaction mixture (≥30 g/dm3), the effect of electromagnetic discharges
is insufficient for rapid initiation of the reaction in the concentrated reaction mixture
with the formation of iron oxides with dense crystalline structure. Therefore, under the
above-mentioned ferritization factors, the formation of intermediate, less chemically stable
solid-phase compounds occurs to a significant extent. In addition, in the samples of the
precipitate obtained at the initial iron concentration of 6.6 g/dm3, both methods of process
activation identified narrow diffraction maxima of iron oxides of high intensity, which is
obviously due to the high degree of crystallinity of their structure.

The results of the quantitative phase composition of the precipitate obtained at the
initial concentration of Fe2+ 46.6 g/dm3 and AMF activation of the ferritization process con-
firm our assumptions about the presence of a significant content (>50%) of the chemically
unstable phase of ferrihydrite δ-FeOOH (Table 4). The end products of the phase formation
process at the initial concentration of iron ions of 6.6 g/dm3 and thermal activation consist
exclusively of the maghemite phase and with AMF activation—magnetite (50.8%) and
maghemite (49.2%).

Table 4. Phase transformation depends on the initial concentration of iron ions in the reaction mixture
and the method of activation of the ferritization process.

Sample
Initial

Concentration
Fe(total), g/dm3

The Content of Inorganic Phase, % w/w

Thermal Activation AMF Activation

δ-FeOOH Fe3O4 γ-Fe2O3 δ-FeOOH Fe3O4 γ-Fe2O3

C-1 46.6 29.2 70.8 – 55.8 44.2 –

C-2 36.6 14.1 85.9 – 35.5 64.5 –

C-3 26.6 – 100 – 10.9 89.1 –

C-4 16.6 – 81.1 18.9 – 100 –

C-5 6.6 – – 100 – 50.8 49.2
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Chemical analysis of the solution after the precipitate was removed showed that the
residual total iron content in the solution does not exceed 0.3 mg/dm3 at their initial
concentration of 6.6 g/dm3 and use of both methods of activation of the reaction mixture.
Such a high degree of wastewater treatment is obviously due to the fact that the purified
solution is in contact with chemically stable solid phases of Fe3O4 and γ-Fe2O3.

Note that the final solid-phase product of the ferritization process is a maghemite
precipitate—γ-Fe2O3. This one is a sufficiently stable compound that can only be irre-
versibly transformed into hematite α-Fe2O3 at high temperatures (300÷500 ◦C). Therefore,
given the high chemical and thermal stability of hematite [46], it is the final stage of the
transformation of iron oxides in an oxidizing environment.
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3.4. Determination of the Average Particle Size of Precipitate Samples

The particle sizes of the single-phase samples of magnetite precipitate Fe3O4, which
were obtained by using both methods of activation of the reaction mixture, were also
studied (Table 4). The results of the determination of the particle sizes of magnetite are
shown in Table 5 and Figure 6. As can be seen from the data given in Table 5, their sizes
are in the range of 1.90 to 61.55 µm, and the average particle size is 29.62 and 27.79 µm for
thermal and AMF activation, respectively. The method of process activation and the initial
concentration of iron ions in the reaction mixture do not significantly affect the particle
sizes of magnetite. Thus, as a result of ferritization, a precipitate is formed, which consists
of aggregates of particles of a ferrospinel structure that are heterogeneous in size (Figure 6).

Table 5. Particle size of magnetite samples.

The Method of
Activation

Particle Size, µm

Average Value D10,3 D50,3 D90,3

Thermal 29.62 2.03 27.36 61.55

AMF 27.69 1.90 23.62 59.05
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To prevent the formation of aggregates and increase the dispersity of the particles,
ultrasonic treatment of the reaction mixture can be used after the completion of the aeration
process. The high dispersity of magnetite particles and their uniformity are important
factors for the further production of sorbents from these materials [47,48].

Dispersed magnetite particles with a size comparable to those obtained in this work
can be synthesized by the method of electroerosive dispersion of steel chips [49]. With
the additional use of ultrasound, the average particle size decreased to 9.1 µm, indicating
further dispersion of the magnetite samples during such a treatment. In view of this, our
next studies will be aimed at studying the effect of ultrasound, as well as of surfactants, on
the ferritization reaction mixture.

Thus, as predicted, the obtained results of experimental studies can be of particular
importance in the field of wastewater treatment. The resulting nanoparticles with ferro-
magnetic properties can be particularly effective for water purification from various dyes.
It is known that these types of pollution cause difficulties in their removal from water.

The obtained research results provide grounds for further perspective development of
the study of the obtained sediments for the possibility of their use as adsorbents without
and with chemical modification. Therefore, the first important stage of subsequent studies
of the obtained samples will be the determination of the surface adsorption potential and
the presence of various surface-active centers, which is expressed by the pH parameter, at
which the cumulative charge of the adsorbent surface is zero, that is, it is called the point
of zero charges (pHpzc) [18,50], This will make it possible to better and more reasonably
suggest the field of their application, i.e., for the treatment of which wastewaters they will
be the most effective [51,52].

4. Conclusions

Based on data from X-ray diffractometry, the processes of phase formation and reg-
ularities of transformations of oxyhydroxides γ-FeOOH and δ-FeOOH and iron oxides
Fe3O4 and γ-Fe2O3 were studied during the ferritization processing of spent pickling solu-
tions. The effect of key technological factors, namely pH values and initial concentrations
of Fe2+ in the reaction mixture as well as the duration of the ferritization process on the
qualitative and quantitative composition of the precipitates were studied. Based on the re-
sults of quantitative analysis of the precipitates, the technological factors of the ferritization
process were determined—the ones at which the formation of exclusively oxide phases of
magnetite or maghemite is achieved.

The studies indicate that the application of energy-efficient activation of the reaction
mixture by alternating magnetic fields slows down the process of formation and transfor-
mations of iron-containing phases. This activation method mainly leads to the formation of
a magnetite precipitate—Fe3O4. When using traditional thermal activation, the more stable
maghemite phase γ-Fe2O3 is mainly obtained. Data from laser granulometric analysis
indicate the formation of ultradispersed heterogeneous magnetite particles in ferritization
precipitates. The average size of these particles was determined to be 29.62 and 27.79 µm
for thermal and AMF activation, respectively. Such dispersed ferromagnetic materials can
be promising for obtaining sorbents that are easily separated from the liquid phase on
magnetic filters, but this requires careful further study.

It has been established that under conditions of the formation of stable solid phases of
magnetite or maghemite, exhausted etching solutions treated by the ferritization method
are suitable for reuse in industrial production processes since the total concentration of
residual iron in them meets the current standards.

The results of the study showed that the ferritization process is a promising method for
the treatment of exhausted etching solutions. Application of energy-efficient activation of
the reaction mixture by alternating magnetic fields leads to the formation of ultradispersed
magnetite precipitates, that can be used as sorbents.
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