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INTRODUCTION

As a result of anthropogenic human activity, in-
tensive pollution of surface and underground waters 
is observed every year, which reduces the amount 

of water suitable for consumption. For example, 
today, most water bodies in Ukraine are character-
ized as polluted and dirty (III and IV quality classes) 
(Karpenko et al., 2023). In some regions of Ukraine, 
including the basins of the Dnipro, Siversky Dinets, 
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ABSTRACT
The article deals with the acute issue of intensive contamination of surface and underground waters with iron and 
chromium ions, which reduces the amount of water suitable for consumption. It was noted that because of moni-
toring the state of transboundary rivers of Ukraine within the framework of bilateral agreements, an unacceptable 
excess of the content of heavy metal ions was recorded. The main polluters of the water environment are machine-
building enterprises that discharge untreated or insufficiently treated metal-containing wastewater from the process-
es of steel etching, chrome plating, etc. Recently, the processing of these solutions to obtain a suspension of highly 
dispersed particles with magnetic properties – magnetite has been increasingly practiced. One of the directions of 
its use is the sorption of various pollutants in water environments, i.e., the application of the magnetic absorption 
method. Our study shows the advantages of using magnetite obtained from sulphate solutions in comparison with 
the traditional sulphate-chloride solution, the influence of the ratio of iron (II) and (III) ions, temperature, pH, nature 
of the precipitant, salinity on the dispersion of the obtained magnetic particles. When applying the magnetic absorp-
tion method, it was determined that hydrolyzed forms of iron (III) ions are best sorbed on magnetite, the removal 
process of which from aqueous solutions occurs quite intensively during the first two minutes. During the study of 
various samples of magnetite, it was established that in acidic solutions, with an increase in the ratio of iron (II) and 
(III) ions, the efficiency of iron ion removal decreases; in neutral and alkaline solutions, such a dependence is not 
observed. In the proposed technological scheme, purifying wastewater containing 10–100 mg/dm3 of iron ions is ad-
visable by adding 100–1000 mg/dm3 of magnetite suspension and alkali solution to a pH of 8–9. The study showed 
that during the treatment of chromate-containing waters with magnetite, in addition to the processes of reduction of 
chromate ions, oxidation of surface Fe2+ ions to Fe3+, sorption of Cr3+ ions or Cr(OH)3 hydroxides, the reduction of 
chromate anions on its surface is observed, the basis of which may be the formation chemical compounds, as well 
as the sorption mechanism. The optimal conditions for removing chromium (VI) compounds from model solutions 
are to conduct the process at an elevated temperature and use magnetite with a 20 mg per 1 mg Cr6+ consumption.
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and Azov Rivers, the water is classified as “very 
dirty” (V quality class). A significant amount of 
waste from galvanic production consists of pick-
ling solutions, which reach 0.1 m3/t of steel  (Fro-
lova 2018). Injection of sulphate In-house pick-
ling lines can produce a low salt concentration of 
100–300 g/dm3 (Ivanenko et al., 2022). According 
to statistical data (Statistical publication 2020), 
the average amount of ions released into the sur-
face water bodies of Ukraine from the storage of 
untreated and insufficiently treated wastewater is 
414 tons. When iron-containing wastewater enters 
river basins, after digestion processes, the colour 
of natural waters increases, which is especially 
typical for reservoirs of the Dnieper cascade in 
Ukraine (according to the MPC for fishery reser-
voirs 0.1 mg/dm3) (Natsionalna dopovid 2021). In 
addition, because of monitoring the state of trans-
boundary rivers within the framework of bilateral 
agreements, an unacceptable excess of the content 
of iron ions was recorded. In addition, when chro-
mium is used in passivation processes at machine-
building enterprises, a large amount of wastewater 
contaminated with chromates is generated. 

The problem of neutralizing chromates is 
complicated by the extreme toxicity of these 
compounds since they are among the most en-
vironmentally hazardous, with general toxic, cu-
mulative, allergenic, carcinogenic, and oxidative 
effects (Donchenko et al., 2018). The detrimental 
effect of chromium(VI) ions on flora and fauna 
leads to inhibition of the self-purification process-
es of water sources; its influence also worsens 
the formation of sediments in settling tanks and 
increases the formation of films on biofilters at 
a water treatment plant. Chromium(VI) accumu-
lates in plant tissues and negatively affects their 
development, so water containing even traces of 
chromium should not be used for irrigation. Ac-
cording to statistical data  (Statistical publication 
2020), the annual discharge of hexavalent chromi-
um ions into the surface water bodies of Ukraine 
in the composition of untreated and insufficiently 
treated wastewater is, on average, 1.3 tons. Of 
course, this amount of Cr(VI) ions is significantly 
less compared to the annual discharge of iron ions 
in the amount of 414 t in the composition of iron-
containing effluents; however, in the process of 
monitoring the state of water bodies in Ukraine, 
an excess of the average annual concentration of 
Cr(VI) ions (according to the MPC for fishery res-
ervoirs 0.001 mg/dm3) is observed in the pools, 
Visly, in the city of Pripyat  (Natsionalna dopovid 

2021). All these facts require the urgent applica-
tion of methods to prevent environmental pollu-
tion by cleaning iron- and chromate-containing 
wastewater. Existing reagent methods allow for 
complete wastewater purification but lead to the 
formation of contaminated oxide material, which 
is difficult to separate from poorly soluble salts  
(Trus et al., 2018). The vast majority of wash-
ing wastewater from galvanic production has a 
concentration of iron compounds above the limit 
standards for discharge into sewers, amounting to 
2.5 mg/dm3. Solutions with iron (III) compounds 
are neutralized, resulting in Fe(OH)3 precipita-
tion. Iron (II) compounds are oxidized to iron 
(III), and then the water is neutralized with alka-
line reagents. Chromium (VI) compounds are not 
hydrolyzed when the pH is adjusted and cannot be 
extracted by traditional reagent methods. To neutral-
ize chromatic wastewater, it is necessary to provide 
for chromate recovery separately. 

In most cases, this is done using chemical re-
agents and is accompanied by the salinization of 
water and the formation of a significant amount of 
highly dispersed sediments that are difficult to sepa-
rate from the water. Together with sodium bisulphite, 
hydrogen, carbon, and other substances, iron (II) 
compounds are often used for these purposes, which 
form, in addition to the Cr(OH)3 precipitate, also 
the Fe(OH)3 precipitate (Radovenchyk et al., 2020). 
Therefore, solid waste generated during cleaning 
does not find practical use. At the same time, the 
formed compounds not only cannot be used in en-
vironmental protection industries but also must be 
buried in special landfills, the construction and op-
eration of which is expensive and undesirable. In ad-
dition, when using the reagent method, unacceptable 
secondary water pollution occurs (Gomelya et al., 
2016). In addition, applying these methods requires 
the construction of high-volume structures and a sig-
nificant technological cycle time. Therefore, physi-
cal and chemical wastewater treatment methods are 
more promising, which will solve these technical dif-
ficulties and reduce the salinity of treated water and 
the cost of reagents for their treatment. One of these 
methods is the magnetic absorption method, which 
treats a liquid purified by ferromagnetic material 
(magnetite) segments to deposit substances to be ex-
tracted on their surface (Radovenchyk et al., 2020). 

The possibility of further separation of ferro-
magnetic particles in magnetic filters and separa-
tors can significantly reduce the technological cycle 
period and the volume of the resulting sludge. This 
method’s effectiveness has been proven in extracting 
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copper impurities (Khokhotva et al., 2018) and puri-
fying wastewater from engineering enterprises from 
associated oil contaminants (Vozniuk et al., 2023). 
The efficiency of water purification processes de-
pends on the properties of dispersed particles. 

These are particles’ dispersity, sorption capac-
ity, and magnetic properties for magnetic sorbents. 
Existing methods of synthesis of magnetic sorbents  
Khokhotva et al., 2018; Samchenko et al., 2022) al-
low obtaining ferrite particles of high dispersion. 
However, in each specific case, the particles’ shape 
and size can vary significantly, as they depend on 
the deposition conditions (the composition of the 
original solutions and the conditions of their neutral-
ization). It is known that the type of anions in the 
initial solutions affects the magnetic susceptibility of 
the obtained magnetite particles (Dudchenko et al., 
2011). When magnetite is obtained from sulphate-
chloride and chloride-chloride solutions, a higher 
magnetization is characterized by nano magnetite in 
sulphate anions. When magnetite is deposited from 
chloride solutions, the magnetic susceptibility is 
1.6 times lower at 40 °C than when using sulfate-
chloride solutions. The main reason for this fact is 
seen in the favourable hydration of the sulphate ion, 
as opposed to the negative hydration of the chloride 
anion, which facilitates the hydration of cations and 
provides magnetite with a more perfect, ordered 
structure (Bukliv et al., 2008). 

The optimization of obtaining magnetite par-
ticles using only sulphate-containing solutions to 
introduce magnetic absorption processing of metal-
containing effluents of machine-building enterprises 
remains quite relevant. Moreover, the issue of sorp-
tion of iron ions and chromate anions using magne-
tite formed from iron sulphates (II) and (III) has not 
been sufficiently studied. Therefore, the purpose of 
this work is to study the dispersibility of magnetite 
particles obtained from a sulphate-containing solu-
tion under different conditions, such as storage time, 
temperature, pH, (Fe2+):(Fe3+) ratio, salt content, na-
ture of the precipitant, in establishing optimal con-
ditions for water condensation of ferrite material to 
obtain magnetic particles of the required dispersion 
for better magneto sorption processes of removing 
iron compounds and chromium (VI) compounds 
from model solutions.

MATERIALS AND METHODS

In this work, magnetite particles were ob-
tained by precipitation from a mixture of so-
lutions of iron (II) and iron (III) salts, and the 

particle size distribution was determined by the 
photoelectric method (Radovenchyk et al., 2020). 
The process of the experiment involved the prep-
aration of an aqueous solution of FeSO4·7H2O і 
Fe2(SO4)3·9H2O with a concentration of iron ions 
of 5.59 and 11.17 g/dm3 (16.76 g/dm3 of iron 
ions), respectively, which corresponds to their 
stoichiometric ratio К =  (Fe2+): (Fe3+) = 0.5 in the 
composition of natural magnetite. The equation 
describes the deposition process using NaOH:

 FeSO4∙7H2O + Fe2(SO4)3· 9H2O
+ 8NaOH→ Fe3O4↓+ 4Na2SO4 + 20H2O (1)

To determine the effect of the precipitant on 
the change in particle dispersion, NН4OH and 
KOH were used, respectively, in the reactions:

 FeSO4∙7H2O + Fe2(SO4)3·9H2O
 + 8NН4OH→ Fe3O4↓+ 4(NН4)2SO4 + 20H2O (2)

 FeSO4∙7H2O + Fe2(SO4)3·9H2O
+ 8КOH→ Fe3O4↓+ 4К2SO4 + 20H2O (3)

Later, the ratio of iron ions (К) was changed 
to 0.8 (7.45 and 9. g/dm3, respectively); 1 (8.38 
and 8. g/dm3, respectively); 1.4 (9.78 and 6.98 
g/dm3, respectively); 1.8 (10.78 and 5. g/dm3), 
2.0 (11.17 and 5.59 g/dm3, respectively); 2.2 
(11.52 and 5.24 g/dm3, respectively); 2.6 (12.10 
and 4.66 g/dm3, respectively). A mixture of salts 
with a concentration ratio of  (Fe2+): (Fe3+) = 0.5 
was precipitated with an alkali solution at 20–70 
℃ to pH = 8–11. The obtained suspension was 
settled for 30 min and then washed to neutral 
pH by decantation. After washing, the magne-
tite suspension was stored in a closed container 
under distilled water, from which oxygen was 
previously removed. The precipitation was car-
ried out as follows to determine the influence of 
applying a magnetic field on the dispersion of 
magnetite particles. A specially designed glass 
container containing an aqueous solution of a 
mixture of iron salts was placed in the working 
space of the magnetization system  (Ivanenko et 
al., 2020). A magnetic field with a 0 to 76.5 kA/m 
voltage was created by supplying current to the 
solenoid in the working volume. Magnetite pre-
cipitation was carried out during mixing accord-
ing to reaction (1) at pH = 9.5. After deposition, 
the suspension was kept for about 10 minutes, 
after which the current supply was stopped, and 
magnetite was washed in a magnetic field.

The method of the magnetostriction extraction 
of iron and chromate ions experiment consisted 
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of the preparation of simulated aqueous solu-
tions of FeSO4, Fe2(SO4)3 with a concentration 
of iron(II), (III) ions of 20 mg/dm3 and K2Cr2O7 
with a concentration of chromium(VI) ions of 
20–200 mg/dm3. A dose of magnetite suspension 
obtained by reaction (1) was added to 100 ml 
of a model solution with a hydrogen index and 
temperature determined using NaOH or H2SO4. 
After stirring for a specified time, the mixture 
was filtered through an electromagnetic filter as 
a solenoid, the working volume filled with fer-
rite particles 1.5–2.0 mm in size. Using a direct 
current source, a magnetic field with a strength 
of 130 kA/m was created in the working volume 
of the filter and stirred for 10 min. When filter-
ing a magnetite suspension through such a filter, 
ferromagnetic particles of magnetite with iron 
and chromium ions sorbed on its surface were 
reliably fixed in its pores. The selected filtrate 
samples were analyzed for iron and chromate 
ions by a photometric method using sulfosali-
cylic acid and diphenyl carbazide, respectively  
(Nabivanets et al., 2007). Periodically, the fil-
ter was washed with distilled water through the 
nozzles with the power source turned off. In the 
experiments, chemical reagents of the HC quali-
fication were used. 4–6 experiments were con-
ducted in parallel, based on the processing of the 
results of which curves were constructed, and the 
main aspects of the investigated process were 
analyzed. The methods of mathematical statistics 

established satisfactory reproducibility of the 
results.The scheme of the experimental setup is 
shown in Figure 1.

RESULTS AND DISCUSSION

It is known  (Radovenchyk et al., 2020) that 
even when preserved, the structure of magnetite 
changes over time. In the deep layers of the mag-
netite particles, the crystal structure is ordered, 
while in the upper layers, loosening is observed. 
Recrystallization processes can also be observed 
in such suspensions. Accordingly, the disper-
sion of the solid phase can also change. Our tests 
showed (Fig. 2) that in the freshly deposited mag-
netite suspension, there are many particles with 
a size of less than 10 microns. The processes in 
the suspension lead to the fact that over time, the 
number of small particles decreases, and the num-
ber of hefty particles increases. Since the maxi-
mum number of particles (40–45%) have a size 
of about 10 microns, particles with a smaller size 
will be considered negligible, and larger particles 
will be considered significant. 

One of the factors that affects the dispersion 
of magnetic particles is temperature. As shown 
by our research (Fig. 3), at a temperature of 20 
℃, a suspension with a maximum content of par-
ticles with a diameter of more than 10 microns 
is formed. Thus, at a temperature of 40–70 ℃, 

Figure 1. Scheme of the experimental setup: 1 – a glass with a stirrer; 2 – pipeline for the 
supply of wastewater; 3 – inlet pipe; 4, 8 – flushing nozzles; 5 – power supply unit; 6 – 

ferromagnetic nozzle; 7 – magnetizing system; 9 – nozzle for draining the filtrate
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particles with a size of 8–10 microns prevail in 
the suspension. It should also be noted that if at 
temperatures of 20–40 ℃, a certain number of 
particles reaching 65 microns are observed in the 
solution. At a temperature of 70 ℃, the maxi-
mum particle size does not exceed 30 microns. 
The pH at which it precipitates significantly af-
fects the dispersion of magnetite particles. In 
the conducted experiments, the concentration 
of iron salts in the solution corresponded to the 
stoichiometric coefficient K = 0.5, and the depo-
sition temperature was maintained at 30 ℃. The 
process was carried out at a pH in the range of 

8–11, as seen in Figure 4; with an increase in the 
pH of the solution, the number of small particles 
in the suspension increases with a corresponding 
decrease in the share of large particles. To study 
the dependence of the dispersion of particles on 
the ratio of concentrations of iron ions (II) and 
(III) during the synthesis of magnetite, solutions 
of iron salts were prepared in the obtained sus-
pensions, considering that the total concentra-
tion of iron ions in the solution was constant and 
equal to 16.76 g/dm3. As our further studies (Fig. 
5) established, at K = 0.8 and K = 2.0, the most 
significant number of particles with a size of 10 

Figure 2. Effect of magnetite aging time at K = 0.5 on particle dispersion: 
1 – freshly prepared suspension, 2 – 1 day of aging, 3 – 2 days of aging

Figure 3. Effect of magnetite preparation temperature on particle 
dispersion: 1–20 ℃; 2–30 ℃; 3– 40℃; 4–50 ℃; 5–70 ℃
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Figure 4. Effect of magnetite deposition pH on particle dispersion: 
1 – рН = 8; 2 – рН = 9; 3 – рН = 10; 4 – рН = 11

microns (about 60%) is formed in the solution, 
while at other ratios, this value does not exceed 
40%. However, at K = 0.5 and K = 1.4, this is 
compensated by the presence of particles with a 
size of 30 and even 50 microns, while at K = 2.0, 
there are no particles larger than 35 microns at 
all.It was also established that an increase in the 
concentration of the initial solutions is accompa-
nied by an increase in the fraction of small par-
ticles and a decrease in the fraction of large par-
ticles. An artificial change in salinity by adding 
Na2SO4 showed (Fig. 6) that with an increase in 
its concentration, the particle size increases with a 

decrease in the share of small particles by almost 
two times. The studies described above were car-
ried out under the influence of such factors as tem-
perature, concentration, and ratio of components 
in the initial solutions. Considering the presence 
of magnetite particles with magnetic properties, 
it can be predicted that applying a magnetic field 
will significantly affect the dispersion of the sus-
pension. As shown in Figure 7, a suspension with 
a maximum content of particles with a diameter 
of 10 microns is formed without the influence of 
a magnetic field. When the field voltage increases, 
the particle size first increases, and after a voltage 

Figure 5. Effect of K on the dispersion of particles: 1 – К = 0.5; 2 – К = 0.8; 3 – К = 1.4; 4 – К = 2.0; 5 – К = 2.6
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Figure 6. The effect of salinity on the dispersion of particles: 1 – without 
Na2SO4, 2 – 1 г/л Na2SO4, 3 – 5 г/л Na2SO4, 4 – 50 г/л Na2SO4

of 75.5 kA/m, it begins to decrease again. Intensive 
solution mixing during deposition also allows you 
to obtain smaller particles. Testing the influence of 
the precipitant on the dispersity of the precipitat-
ing particles is shown in Figure 8. If an ammonia 
solution is used as a precipitant, the number of 
small particles increases relative to NaOH, and 
the number of hefty particles slightly decreases. 
When using caustic potash, the number of particles 
larger than 20 microns is significantly reduced in 
terms of NaOH and ammonia. To establish opti-
mal conditions for removing iron compounds from 
model solutions using highly dispersed magnetite 

particles obtained from a solution containing iron 
sulphate, the influence of the hydrogen index on 
the efficiency of removal of iron ions by magnetite 
particles was studied (Fig. 9). Since we were pri-
marily interested in the optimal technological pa-
rameters of the actual cleaning process, the model 
solutions were not isolated from air. This affected 
the results of the experiments in the case of Fe2+, 
which will be discussed below. Hydrolyzed forms 
of iron (III) ions are best absorbed. Fe3+ ions start 
and finish hydrolyzing in dilute solutions at pH 1.5 
and 4.5, respectively (Radovenchyk et al., 2020). 
For Fe2+ ions, these processes occur at pH 6.5 and 

Figure 7. Effect of magnetic field voltage on particle dispersion: 1 – 0 
kA/m; 2 – 8.5 kA/m; 3 – 25.5 kA/m; 4 – 76.5 kA/m
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Figure 9. Dependence of the removal efficiency of iron ions on pH (Cmagn = 150 mg/dm3, t = 25 ℃, τ = 
5 min): 1–  (Fe3+) = 20 mg/dm3; 2 –  (Fe2+) = 10 mg/dm3 +  (Fe3+) = 10 mg/dm3; 3 –  (Fe2+) = 20 mg/dm3

Figure 8. Influence of the nature of the precipitant on the dispersion 
of particles: 1 – NaOH; 2 – NH4OH; 3 – KOH

9.5, respectively. Thus, the extraction efficiency of 
Fe3+ ions increases with increasing pH (Fig. 9, curve 
1), and the maximum efficiency of the process cor-
responds to the pH of complete hydrolysis of Fe3+ 
ions. When Fe2+ ions are added to the model solu-
tion, the course of the curve changes (Fig. 9, curve 
2). In the pH range of 4.0–5.5, a plateau appears on 
the graph, after which the increase in the efficiency 
of removal of iron compounds continues. In our 
opinion, in the pH range of 2–4, the growth of 
the process efficiency is due to the hydrolysis of 
Fe3+, and the growth after the plateau is due to the 
hydrolysis of Fe2+. In the preparation of solutions, 
part of Fe2+ is oxidized by air oxygen dissolved in 

water. Therefore, in this case, the curve will have 
two characteristic bulges (Fig. 9, curve 3), which 
coincide with the pH of complete hydrolysis of 
Fe3+ and Fe2+, respectively. As the pH increases, 
the oxidation rate of Fe2+ also increases, which 
cannot help but affect the overall efficiency of the 
process. Synthetic magnetite particles’ sorption 
process of hydrolyzed iron (III) forms is quite in-
tensive (Fig. 10). It is completed within the first 
two minutes. The further increase in the duration 
of contact of magnetite particles with the model 
solution is not accompanied by a corresponding 
increase in the extraction efficiency of iron com-
pounds. The authors studied several samples of 
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magnetite suspension with different ratios of Fe2+ 
and Fe3+ concentrations in magnetite particles 
(K =  (Fe2+)/(Fe3+)). In the range of K = 0.2–2.2, 
magnetite particles obtained from sulphate efflu-
ents, as well as from sulphate-chloride effluents  
(Ivanenko et al., 2020), retain magnetic proper-
ties sufficient to remove them from the aqueous 
medium by a magnetic field. In this range, the 
change in K does not significantly affect the re-
quired contact time of the particles with the treat-
ed water. Obviously, for the conditions of this 
experiment, 5 minutes of mixing the mixture of 
magnetite suspension with the model solution is 
sufficient. This value must be set experimentally 
in actual production conditions since it depends 
on many factors (mixer volume, water velocity, 
magnetite suspension concentration).

During the study of various magnetite sam-
ples, it was established that iron ions’ removal ef-
ficiency decreases in acidic solutions with increas-
ing K (Fig. 11). No such dependence is observed 
in neutral and alkaline solutions. In our opinion, 
this may be due to the processes of desorption of 
excess ions and elimination of defects in the crys-
tal lattice of magnetite particles. As K increases, 
the structure’s defectivity increases, and magne-
tite dissolves at pH ≤ 3. Therefore, considering 
the maximum magnetic properties in removing 
iron ions from aqueous solutions, it is most appro-
priate to use magnetic particles with K = 0.5 since 
there is no significant increase in the efficiency of 
the process at other K. In the temperature range of 
10–70 ℃, no significant changes in the efficien-
cy of the process are observed. This statement is 
valid for samples of magnetite with K = 0.2–2.2. 

Based on the research carried out for removing 
iron compounds from aqueous solutions at con-
centrations of 10–100 mg/dm3, it is possible to 
recommend the technological scheme shown in 
Figure 12. Before starting the water purification 
process, preparing a magnetite suspension is nec-
essary. For this, spent sulfate-containing electro-
lytes from steel pickling or other sulfate-contain-
ing solutions containing a significant amount of 
iron (II) and (III) ions are used. Obtaining mag-
netite involves bringing K =  (Fe2+)/ (Fe3+) to 0.5 
in the initial solution, setting pH = 9.0–9.5 with 
alkali solutions, and washing the suspension from 
sulphates (if necessary).Wastewater containing 
10–100 mg/dm3 of iron ions is fed into the mixer, 
where 100–1000 mg/dm3 of magnetite suspen-
sion and alkali solution are added to bring the pH 
to 8–9. After stirring for 10–20 min, the mixture 
is fed to coarse and fine purification magnetic fil-
ters, where magnetite particles with sorbed iron 
compounds are separated from purified water. 
Purified water is discharged into the sewage sys-
tem or reused in the technological process. The 
separated sludge is sent to storage or for further 
processing (punching and using it as a pigment 
(Frolova 2018)). Without spent steel pickling 
solutions, the magnetite suspension can be used 
repeatedly. A solution containing Fe2+ (half of 
the total sorbed ions) is added to the reactor, and 
NaOH solution is added to pH = 9.5–10. With 
such processing, the main properties of magne-
tite particles (magnetic and sorption) are restored, 
and the suspension is fed to the magnetite prepa-
ration unit. When treating water according to the 
given scheme, the residual concentrations of iron 

Figure 10. Dependence of the removal efficiency of iron ions on the duration of contact of magnetite 
particles with the solution (pH = 8, t = 25 ℃, СFe3+ = 20 mg/dm3, Cmagn = 150 mg/dm3)
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Figure 11. Dependence of the removal efficiency of iron ions on K at different pH (t = 25 ℃, 
СFe3+ = 20 mg/dm3, Cmagn = 150 mg/dm3): 1 – pH = 3, 2 – pH = 7, 3 – pH = 10

Figure 12. Technological scheme for removing iron ions from aqueous solutions

ions do not exceed the maximum rate for dis-
charge into the sewage system. Further research 
determined the optimal conditions for removing 
chromium (VI) compounds from model solutions 
using highly dispersed magnetite particles from a 
sulphate-containing solution. As mentioned ear-
lier, the stoichiometric composition of magnetite 
is described by the formula FeO·Fe2O3, and in 
the absence of oxidation of surface Fe2+ ions by 
oxygen dissolved in water, the concentration ratio  
(Fe2+)/(Fe3+) = 0.5. In natural conditions, this ra-
tio will be even lower, and the amount of Fe2+ on 
the surface of magnetite particles will be smaller. 
The amount of Cr6+ that surface Fe2+ ions can re-
duce will also be negligible. The problem can be 
solved by increasing the concentration of Fe2+ in 
the surface layer. Earlier  (Honcharuk et al., 2003) 
proposed using magnetite particles with magnetic 
properties in the range of K = 0–3.0 to remove 

Cr6+ ions from water, and the maximum of mag-
netic characteristics corresponds to the stoichio-
metric composition (K = 0.5). When deviating 
from stoichiometry in any direction, the magnetic 
properties decrease. A corresponding increase 
in the number of surface Fe2+ ions in magnetite 
particles accompanies an increase in K from stoi-
chiometry. The removal efficiency of Cr6+ ions 
increases the most when K>1.8. At the same 
time, it is necessary to consider the correspond-
ing decrease in magnetic properties, especially in 
the application for separating spent particles from 
magnetic or electromagnetic filters. Detailed 
studies carried out in the pH = 3–11 range for 
various magnetite samples confirmed almost the 
same rate of neutralization of chromates in acidic 
and alkaline environments. A slight increase is 
observed at pH≤3, but since magnetite begins to 
dissolve at such values, this fact is not essential 



331

Journal of Ecological Engineering 2024, 25(5), 321–334

from a practical point of view. Still, it is explained 
by the simple dissolution of particles, accompa-
nied by the transition into a solution of iron ions.

Different concentrations of magnetite are re-
quired to treat wastewater with the same concen-
tration of chromates, depending on the conditions. 
It was established (Fig. 13) that at K = 2.0, it is 
sufficient to remove 100% of chromates using 20 
mg of magnetite per 1 mg of Cr6+, at K = 1.0 when 
using 50 mg of magnetite per 1 mg of Cr6+, 70% 
of the cleaning efficiency is achieved, and at K = 
0.5, even at a concentration of 50 mg of magnetite 
per 1 mg of Cr6+, the cleaning efficiency does not 
exceed 30%. Thus, the effective ratio  (magnetite)/ 

(Cr6+) when using magnetite with K = 2 is 20. The 
concentration of chromates in the initial solutions 
also significantly affects their removal efficiency. 
As can be seen from Figure 14, with an increase in 
the concentration of chromates in the solution for 
magnetite samples with constant K, their extraction 
efficiency also increases. It also increases with in-
creasing K. Previously; it was assumed that the pro-
cess of extracting chromates by magnetite particles 
is based on the reduction of Cr(VI) by surface Fe2+ 
ions and the sorption of reduced Cr3+ ions or their 
hydrolyzed forms by the surface of magnetite. How-
ever, as can be seen from the sorption isotherms (Fig. 
14), the efficiency of chromate extraction increases 

Figure 13. Dependence of chromate removal efficiency on magnetite concentration at 
СCr6+ = 20 mg/dm3, pH = 8, t = 25 ºС and different K: 1 – 2; 2 – 1; 3 – 0.5

Figure 14. Dependence of the sorption capacity of magnetite samples on the equilibrium concentration 
of chromates at pH = 8, t = 25˚С and different K: 1 – 2.6; 2 – 2.2; 3 – 1.8; 4 – 1.4; 5 – 1.0; 6 – 0.5
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Figure 15. Dependence of the sorption capacity of magnetite samples with K = 1.0 on the equilibrium 
concentration of chromates at pH=8 and different temperatures, ºС: 1 – 80, 2 – 60, 3 – 40

Figure 16. Technological scheme of water purification from chromates with magnetite

with an increase in the equilibrium concentration. 
At the same time, the amount of surface Fe2+ ions 
in magnetite particles remains constant. It is obvious 
that other mechanisms are additionally included in 
the process, and the sorption capacity must be un-
derstood as the totality of all mechanisms involved 
in chromate extraction. With excess chromates in the 
solution, all surface ions of magnetite particles 
are represented by Fe3+ ions. Various sparingly 
soluble chemical compounds can be formed in the 
Fe2O3 – CrO3 – H2O system, the most common of 
which are FeOHCrO4 and Fe2(CrO4)3 (Honcharuk 
et al., 2003). In the presence of Na+, NH4

+, K+, 
Ti3+ (Me), double chromates MeFe3(OH)6(CrO4)2, 
MeFe(CrO4)2·2H2O, MeFe(CrO4)2 and other 
compounds can crystallize. In substantiating the 
chemical concept of chromate sorption on iron 
(III) hydroxide, a linear dependence of the sorp-
tion capacity of Fe(OH)3 hydroxide on the equi-
librium concentration of chromates was noted. In 
our case, in addition to the process of reduction 
of chromates and sorption of hydroxide, the for-
mation of poorly soluble chemical compounds 

with the participation of chromates and sorption 
of chromates by surface particles of Fe(OH)3 will 
take place. We found that the sorption capacity of 
magnetite increases with increasing temperature 
(Fig. 15). This can be considered a confirmation 
of a sorption mechanism for chromate removal. 
Under normal conditions, OH- ions located on the 
surface of particles can exchange for anions. As 
the temperature increases, the kinetic energy of 
the particles increases to such an extent that the 
exchange of OH- for chromate anions becomes 
possible. However, the use of significant equi-
librium concentrations in wastewater treatment 
is unacceptable due to substantial residual con-
centrations of chromates in treated water, which 
prevents its discharge into the sewer, and poorly 
soluble chromates in sediments, which require 
additional treatment for their recovery.

Therefore, in practical technologies, it is nec-
essary to proceed from the condition of recovery 
of all chromates by magnetite particles. A variant 
of the technological scheme of such a process is 
presented in Figure 16. 
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A mixture of Fe2+ and Fe3+ ions in appro-
priate ratios or Fe2+ with subsequent oxidation 
of part of it to Fe3+ is fed into the magnetite 
preparation unit. In the presence of NaOH 
in the mixture treated in this way, magnetite 
particles are formed. The resulting suspension 
is dosed into the reactor, where wastewater con-
taining chromates is simultaneously fed. Since, in 
most cases, chromate-containing wastewaters have 
an acidic reaction, their neutralization co-occurs. 
During the contact of magnetite particles with 
wastewater, chromates are reduced, and the sur-
face of the particles sorbs the formed compounds. 
Particles of spent sorbent are separated from water 
on magnetic filters. Sludge can be used in metal-
lurgy to neutralize carbon monoxide in flue gases  
(Ivanenko et al., 2020; Ivanenko et al., 2021). 

CONCLUSIONS

Thus, summarizing the above results, we can 
conclude that the possibility of optimizing the 
conditions of magnetite deposition can be used to 
obtain particles of magnetic sorbents of different 
dispersions. At the same time, securing magne-
tite under certain conditions (pH > 9, temperature 
more than 25–30 ℃, K = 0.5–2.8, total concen-
tration of iron ions in the initial solutions more 
than one g/dm3) is not accompanied by significant 
changes in dispersion particles.

As a result of studies on the extraction of iron 
ions using highly dispersed sorbents with magnet-
ic properties, it was established that hydrolyzed 
forms of iron ions (III) are better absorbed from 
sulphate-containing solutions. At the same time, 
the extraction efficiency of Fe3+ ions increases 
with increasing pH, and the maximum efficiency 
of the process corresponds to the pH of complete 
hydrolysis of Fe3+ ions. The process of sorption of 
hydrolyzed forms of iron (III) by synthetic mag-
netite particles takes place in full if the magne-
tite particles are in contact with the solution for 
2 minutes. In acidic solutions with an increase 
in  (Fe2+):(Fe3+), the efficiency of removal of iron 
ions decreases since, with an increase in the ratio 
of iron ions, the defectiveness of the structure in-
creases. At pH≤3, magnetite begins to dissolve. 
As the studies have shown, using magnetite with  
(Fe2+): (Fe3+) = 0.5 when applying the magnetic 
absorption method is most suitable. Therefore, 
considering the established optimal conditions for 
removing iron ions, the proposed technological 

scheme of water purification from iron ions with 
the repeated use of magnetite particles ensures the 
maximum standards for the discharge of purified 
water into the sewer network. During the decon-
tamination of chromate-containing waters with 
magnetite formed from iron sulphate-containing, 
I spent steel pickling solutions, in addition to the 
processes of reduction of chromate ions, oxidation 
of surface ions Fe2+ to Fe3+, sorption of ions Cr3+ 
or hydroxides Cr(OH)3, the restoration of its par-
ticles of chromate anions, in the basis which can 
be both the formation of chemical compounds and 
the sorption mechanism. The optimal conditions 
for the removal of chromium(VI) compounds 
from model solutions with the help of highly dis-
persed magnetite particles obtained from an iron 
sulphate-containing solution with a concentration 
ratio of К =  (Fe2+):(Fe3+) = 2 are to carry out the 
process at an elevated temperature and use magne-
tite with a consumption of 20 mg per 1 mg of Cr6+. 
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