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As a result of the expanding directions of application of magnetic liquids, it be-
comes necessary to obtain a large amount of magnetite. The most common method 
of obtaining magnetite is its chemical condensation, both from pure components 
and from iron-containing waste of machine-building industries. Magnetite ob-
tained from waste is as high as magnetite obtained from pure components. In ad-
dition, the cost of such magnetite is much lower. The article describes an electro-
chemical method for obtaining magnetite for wastewater treatment of electroplat-
ing production from the waste of cutting sheets of steel. A solution of sodium chlo-
ride was chosen as the electrolyte. The article presents the main stages of obtaining 
electrochemical magnetite, the results of measuring the saturation magnetization 
of samples of dispersed magnetite. The measurements were carried out at room 
temperature using a vibrating magnetometer in magnetic fields up to 1 Tl. We ob-
tained the Mossbauer spectrum of an electrochemical magnetite sample. Magnet-
ite, obtained by the electrochemical method, was used for the treatment of electro-
plating production washing wastewater as an adsorbent of copper ions. The paper 
presents the process of magnetite adsorption of copper ions and the scheme of the 
purification method. Studies of adsorption treatment of electroplating wastewater 
from copper ions show the high efficiency process level up 92.0-98.4%. 

Introduction 

The most common method of producing magnetite is chemical condensation. It uses a 
mixture of trivalent and divalent iron salts as raw material and ammonium hydroxide as an 
alkalising reagent [1-13]. The disadvantages of this method are the high cost of the starting 
reagents by the classification rules "chemically pure" (CP) and "pure for analysis" (PA). 

The development and optimisation of methods for obtaining magnetite using industrial 
waste as a feedstock solves both the problem of improving the environmental safety of enter-
prises and decreasing the costs of the produced material - magnetite, suitable for use in a num-
ber of engineering and technological fields.  

In our work we obtained magnetite by electrochemical dissolution of waste material from 
cutting sheets of the most widely used steel St3 under direct current in a heated, electrically 
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conductive medium. For the production of magnetite nanoparticles by electrochemical method, 
an aqueous sodium chloride solution was chosen as the electrolyte. The reasons were its high 
electrical conductivity, low impurity content, insolubility of magnetite in the electrolyte solu-
tion, as well as relatively low cost and availability. In addition, chlorine ions activate the state of 
the electrode surface, increasing the period of operation before passivation [14-16]. The method 
includes an electrolysis in a sodium chloride (NaCl) solution preheated to a temperature 
providing the ferritisation process, while oxidising the resulting intermediate compounds (hy-
droxides) with supplied air oxygen. 

Methodology 

The synthesis of magnetite main stages: 
1. The obtaining of magnetite by electrochemical method using waste St3 (shavings and 

trimming) and sodium chloride solution (NaCl) as an electrolyte was carried out with the fol-
lowing parameters: NaCl solution concentration - 0.5%, electrode voltage - 26 V, specific air 
flow rate - 52 l/h∙l, temperature 60-90 °C.   

The following reactions occur: 
1.1. Water dissociation: H2O ↔ H+ + OH-. 
1.2. On the anode 

a) anode dissolving of St3: Fe0 – 2ē ↔ Fe2+, 
b) oxygen formation: 4OH- → 2H2O + 2O2 + ē; 

1.3. Gradual formation of 2- and 3-valent iron hydroxides and iron oxyhydroxide dur-
ing bubble aeration:  

Fe2+ + 2OH-  → airСt ,0

 Fe(OH)2 
2Fe(OH)2 + H2O + ½O2  → airСt ,0

 2Fe(OH)3 
2Fe(OH)2 + ½О2→ 2FeOOH + H2O 

1.4. Ferritization by the acidic character of trivalent iron hydroxide and the basic char-
acter of divalent iron hydroxide: 

2Fe(OH)3 + Fe(OH)2  → airСt ,0

FeO∙Fe2O3 + 4H2O 

1.5. Hydrogen is generated on the cathode, which prevents the oxidation of 2-valent iron 
to 3-valent iron: 

2H+ + 2ē  → airСt ,0

 Н2 

1.6. On the cathode, the reduction reactions of 3-valent iron hydroxide and iron oxyhy-
droxide with hydrogen also take place: 

3Fe(OH)3 + H+  → airСt ,0

 Fe3O4 + 5H2O 
3FeOOH + H.  → airСt ,0

 Fe3O4 + 2H2O 

2. Sedimentation of the magnetite suspension using permanent magnets and removal of 
the sedimented water; 

3. Drying at 100 °C for three hours. 
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According to X-ray diffractometry, this way synthesised powder is magnetite with an av-
erage particle size of ~13 nm. 

Results and discussion 

We measure the saturation of magnetisation the samples of dispersed magnetite obtained 
by the method described above. Measurements were taken at room temperature using a vibrat-
ing magnetometer in magnetic fields up to 1 Tesla. The measurement uncertainty was 4%. The 
highest saturation magnetisation Is = 282 kA/m was recorded for the sample obtained at 80 oC. 
The magnetite obtained electrochemically from waste cut sheets (shavings) of steel has a slightly 
higher magnetisation and is cheaper than dispersed magnetite obtained from industrial waste 
by chemical condensation method. The Mössbauer spectrum of the sample obtained at 80 oC 
shown in the Fig. 1. The study was conducted at room temperature. 

  
Fig. 1. Mössbauer spectrum of an electrochemical magnetite sample 

The spectra were processed using the Spectrum software, based on their configuration, 
assuming six sextets. The parameters of the magnetite sample are shown in Table 1.  

Neff  – is the fields at the iron nuclei; δ − is the isomeric shift of the Mössbauer line; ε − is 
the quadrupole shift of the spectrum components; S – is the area of the partial spectrum. 

Table 1. Mössbauer spectrum of an electrochemical magnetite sample parametres 
Non-equivalent 
positions of iron 

ions 
Neff, kE δ, mm/sec ε, mm/sec S, mm/sec 

А1 493,30±0,06 0,3184±0,0006 −0,0029±0,0005 0,643 ±0,004 
В1 456,50± 0,18 0,6407±0,0023 −0,0002±0,0016 0,2382±0,0019 
А2 458,5±1,1 0,3184±0,0006 −0,054±0,007 0,0477±0,0028 
В2 414,7±1.1 0,6407±0,0023 0,001±0,010 0,0357±0,0019 
А3 410,0±1,2 0,3184±0,0006 0,046±0,013 0,0293±0,0014 
В3 369,8±1,2 0,6407±0,0023 −0,113±0,014 0,0239±0,0013 
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The treatment results are strongly agree with theoretical and experimentally obtained 
spectrum of the electrochemical magnetite sample. By the values of the effective fields at the 
iron nuclei and the intensity of the corresponding partial spectra, the effective magnetic fields 
at the 57Fe nuclei of A1 and B1 partial spectra correspond to the iron ions belonging to the inner 
region of the particle and located in the A- and B- places of the magnetite lattice. The pairs of 
effective magnetic fields A2, B2 and A3, B3 appear to be related to iron ions in the surface layer 
of the magnetite particle. The areas corresponding to these sextets are significantly lower for 
A1, B1.   

The effective magnetic fields A3 and B3 corresponding to the lowest intensity sextets prob-
ably refer to iron ions on the particle surface itself. They differ from the nearest surface iron 
ions in the symmetry of the ligand environmentε by the corresponding values. Apparently only 
the long recording time of the described spectra, which provided large statistics, allowed these 
two types of surface iron ions to be distinguished. 

An assessment of the particle sizes based on the ratio of "surface" to "inner" sextet inten-
sities according to the method [17] showed that these sizes are within the margin of error in 
agreement with X-ray diffractometry data and are (13±2) nm. 

Magnetite produced by the electrochemical method was used as an adsorbent for copper 
ions in the galvanic industry treatment of wastewater.  

Particles of Fe2O3∙FeO magnetite in aqueous solution due to ionic-electrostatic, magnetic 
and molecular forces are in a shell consisting of hydroxyl ions and iron hydroxides, forming a 
supermicellular aggregate [18]. 

The process of adsorption treatment of galvanic wastewater from copper ions is repre-
sented by the equations: 

Fe(OH)2 → FeOH+ + OH - 
Cu(OH)2 → CuOH+ + OH - 

2FeOH+ + ½O2→ 2FeOH2+ + O2- 
FeOH+ + 2FeOH2+ + O2- → Fe3O4 + 3H+ 

CuO+ + 2FeOH2+ + O2- → CuFe2O4 + 2H+ 

The scheme of the sorption purification 
method is shown in Fig. 2. 

To determine adsorption purification pa-
rameters, five experiments were carried out in 
three replications using electrochemically pro-
duced magnetite at a ratio of copper ions to mag-
netite of 1:1; 1:3; 1:6; 1:12; 1:16 respectively. The 
wastewater and sorbent were stirred on a labora-
tory shaker for 5 minutes. The results of the ex-
periments are summarized in Table 2. 

Based on the Table 2 a histogram was con-
structed that reflects the dependence of the de-
gree of purification on the mass of the sorbent 
loading, shown in Fig. 3. 

 
Fig. 2. Diagram of a magnetite-based adsorption 
treatment of galvanic wastewater from copper 
ions 
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Table 2. Determining the best sorbent loading weight 
Initial concentration of copper ion 

in waste water, mg/dm3 
1250 

Ratio of copper ions to magnetite 1:1 1:3 1:6 1:12 1:16 
Copper ion concentration after 

treatment, mg/dm3 
800 950 220 100 100 

Degree of purification, % 24 36.4 82 92 92 

 
Fig. 3. Histogram "Degree of wastewater treatment as a function of sorbent load weight" 

By Fig. 3, maximum degree of purification is achieved at a copper ion load of 1:12. A fur-
ther increase in the charge weight is not reasonable as there is no visible increase of purification 
degree.  

As the sorbent load mass has been determined, it is necessary to find sufficient time for 
the adsorption process. To achieve this, experiments were carried out with wastewater interact-
ing with magnetite for 5, 10, 15 and 25 minutes. The results of the experiments are summarized 
in Table 3. 

Table 3. Determination of sufficient time for adsorption purification 
Time of interaction  

sorbent and wastewater, min 
5 10 15 25 

Copper ion concentration af-
ter treatment, mg/dm3 

100 20 85 93 

Degree of purification, % 92 98.4 93.2 92.6 
By Table 3, sufficient and optimum time for adsorption treatment of galvanic wastewater 

from copper ions on magnetite is 10 minutes. 
Thus, magnetite synthesised by electrochemical method from steel sheet cutting waste 

can be used as an adsorbent for treatment of electroplating wastewater from copper ions with 
an efficiency of 92–98,4%. 
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