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Abstract. Due to the growth of man-caused pollution, there is a need to use modern methods of water 
purification. It is advisable to use sorption methods for the extraction of heavy metals, which are considered to 
be particularly dangerous. It is established that sorbents based on magnetite are quite effective in the extraction 
of copper ions. It is shown that the sorption capacity of magnetite-based sorbents towards copper ions depends 
on the ratio of concentrations of Fe2+ and Fe3+ ions in the reaction mixture, and increases with increasing this 
indicator from 1/2 to 2. The sorption capacity of the sorbent towards copper ions increases by 4.4 times. It is 
shown that the efficiency of copper ions removal onto magnetite increases for sorbent modified with sodium 
sulfide. The proposed scheme provides the possibility of sorption treatment of large volumes of water from 
copper ions to the norms for the discharge of wastewater into fishery reservoirs. Post-productional magnetite 
is dehydrated and supplied to metallurgical enterprises for processing. The developed technology of water 
purification from copper ions is environmentally safe and energy efficient. 

1 Introduction 
The end of the XX and the beginning of the XXI century 
were marked by both scientific and technical achievements 
and a significant deterioration of the environment as a 
result of massive pollution. The state of the hydrosphere is 
becoming more and more worrying every year.  

The problem of protection of hydro-ecosystems from 
pollution in Ukraine is especially acute, where, despite the 
decline in industrial production, the intensity of natural 
water pollution is growing [1–4]. 

The problem of pollution of water bodies with 
pollutants of various natures is now arising in many 
countries around the world. Heavy metals come to natural 
sources with effluents from various enterprises (galvanic, 
instrument-making and chemical industries, mining and 
processing plants and thermal power plants). A significant 
increase in the allowable discharges of heavy metal ions is 
observed in the discharges of nuclear power plants [5–9]. 

When discharging untreated or insufficiently treated 
galvanic effluents into rivers, lakes and other surface water 
bodies that contain a significant amount of heavy metals in 
their composition, enormous damage is caused to the 
environment: significant damage is caused to aquatic 
organisms and the ability of reservoirs to self-clean [10–
17]. Some heavy metals are incapable of decomposition 
and accumulate in food chains. 

Greening of processes for the introduction of low-
waste methods is one of the key trends in the development 

of modern technologies. They are aimed at obtaining new 
highly selective, multifunctional materials to ensure 
environmental safety. Despite the presence of a large 
number of already known methods and techniques of 
synthesis, most of them occur with the participation of 
toxic reagents and are ineffective and dangerous to the 
environment. Traditional methods allow obtaining 
materials with the limited functional properties. This 
problem is becoming more important not only for Ukraine, 
but for the whole world [18–21]. 

The latest alternative types of multifunctional materials 
include nanomaterials and composite materials based on 
them, namely sorbents for water purification from organic 
impurities and heavy metals [22, 23]. 

Therefore, the development of methods for obtaining 
highly efficient sorbents, in order to ensure the rational use 
of natural resources in the application of new technologies, 
the progressive organization of low-waste and non-waste 
industries is extremely important. 

Since heavy metals are priority contaminants, there is 
a need for modern methods that can provide high 
efficiency of purification from heavy metal ions [24–27]. 

When choosing a method of water purification, data on 
the volume of effluents, composition and content of 
impurities in them and technical and economic analysis 
were used [28, 29]. 
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2 Analysis of previous studies 
Extraction of copper ions from water with a high degree of 
purification, as well as the water purification from other 
heavy metals is quite difficult. Known methods of water 
purification from heavy metal ions are accompanied by the 
formation of toxic sludge, which is difficult to dispose of, 
or liquid waste, the processing of which requires 
significant costs. In addition, most of the known methods 
of water purification from heavy metal ions do not possess 
the necessary extraction efficiency. It is known that in 
fishery reservoirs, the maximum allowable concentration 
of copper ions reaches 1 μg/dm3. Therefore, even when 
discharging relatively clean wastewater from power 
plants, where the content of copper ions reaches ~ 50 
μg/dm3, there is a risk of exceeding the maximum 
concentration limit in such reservoirs. However, most of 
the known methods of water purification from copper ions 
do not provide the required efficiency of water 
purification. The problem is complicated by large volumes 
of wastewater containing copper ions [30, 31]. 

Electrochemical methods are characterized as effective 
and advanced water purification technologies. Installations 
are quite compact and high-performative, while control 
and operation processes are simply automated. 
Electrochemical methods allow one to extract valuable 
components from effluents with a relatively simple 
automated technological scheme of treatment, often 
without the use of chemical reagents. The main 
disadvantage of these methods is the high cost of 
electricity [32–42]. 

Among the advantages of baromembrane methods are: 
low energy consumption, simplicity of construction of 
devices and installations, as well as their small size. The 
devices are easy to operate and consumed energy is mainly 
spent on creating high pressure over the solution. 
Disadvantages include the occurrence of the phenomenon 
of concentration polarization, which leads to a 
deterioration in the characteristics of membrane devices 
and the need for preliminary preparation of solutions [43–
53]. 

Purification methods based on ion exchange using 
natural and synthetic materials are widely used. However, 
the main disadvantage of the ion exchange method is the 
need to supply to ion exchange units wastewater, pre-
treated from suspended solids, cyanides, iron ions, 
petroleum products and other organic substances [54–57]. 

Sorption methods of wastewater treatment are highly 
efficient and are among the most environmentally friendly 
methods. The main criterion when choosing a material for 
wastewater treatment is its sorption properties, porous 
structure and efficiency. Therefore, the presented work is 
aimed at developing and improving methods of sorption 
purification of water from the heavy metals [58–62]. 

3 Results of the study 
The aim of the work was to study the processes of copper 
ions extraction from water using sorbents based on 
magnetite, in order to determine the optimal conditions for 
modification of sorbents to achieve effective purification 

of water from copper ions to the maximum allowable 
concentration. 

It is known that magnetite-based sorbents provide 
efficient extraction of heavy metal ions from water. They 
are quite effective in removing heavy metal ions in the 
presence of hardness ions [63]. Typically, magnetite 
obtained at a ratio of iron (II) and iron (III) ions in the 
reaction mixture of 1 : 2 is used, although it is known that 
with increasing iron (II) content, magnetite has a more 
amorphous structure, which should affect its sorption 
capacity. Therefore, magnetite was used in this work, at a 
ratio of Fe (II) / Fe (III) 1 : 2; 1 : 1 and 2 : 1. To increase 
the sorption capacity of magnetite, sodium sulfide was 
added at a concentration of 1 and 2 %.  

When purifying water from copper ions when using 
sorbents based on magnetite, the sorption capacity of 
magnetite (K = 1 : 1) for copper is almost 10 % greater 
than when using magnetite obtained at K = 1 : 2. 

The sorption capacity of magnetite increases with 
increasing ratio K = [Fe2+] / [Fe3+] in the range 1 : 2; 1 : 1 
and 2 : 1. Thus, at K = 1 : 2 the sorption capacity of 
magnetite did not exceed 100 mg/g in the entire range of 
selected concentrations. 

At K = 1 : 1, the sorption capacity of magnetite reached 
108 mg/g for sorption from distilled water and 134 mg/g 
for sorption from tap water. 

At K = 2, the sorption capacity of magnetite in both 
distilled and tap water exceeded 200 mg/g. This suggests 
that with increasing ratio K, magnetite has more 
amorphous structure, which causes an increase in its 
sorption capacity. In addition, it is obvious from the above 
data that calcium and magnesium ions are practically not 
sorbed on magnetite and therefore do not affect the 
sorption of copper ions. This is very important because 
with such properties of the sorbent it can be used to extract 
heavy metal ions from both natural and wastewater 
containing hardness ions. When using magnetite, only 
heavy metal ions are sorbed without removing hardness 
ions. When using cation exchange resins, hardness ions 
and heavy metal ions are sorbed together, and the ratio of 
the capacity of the cation exchange resin to hardness ions 
and heavy metal ions is close to the ratio of the 
concentrations of these cations in solution. And if we take 
into account that the concentrations of hardness ions in 
water are often tens of times higher than the concentrations 
of heavy metal ions, then it becomes clear that the use of 
ion exchange resins is appropriate only with deep 
softening of water. This approach is inappropriate when it 
comes to wastewater treatment. 

To implement the method of sorption water 
purification, it is necessary to have detailed relationships 
between the main parameters of the process in optimal 
conditions. Therefore, the regression equations were 
calculated to illustrate the dependence of the sorption 
capacity of magnetite on the ratio of Fe (II) / Fe (III) and 
the equilibrium concentration of copper ions. 

The calculation was based on a complete factor plan 
(CFP) type 22. The plan-matrix CFP 22 and the results of 
the experiment of the sorption capacity of magnetite from 
the ratio of Fe (II) / Fe (III) and the equilibrium 
concentration of copper ions in distilled water are shown 
in table 1. 
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Table 1. Plan-matrix CFP 22 and the results of the study of the 
extraction of sorption extraction of copper ions from distilled 

water. 

Planning matrix Natural value of 
factors 

Value of 
parameters 

x1 x2 Сe, mg/m3 К а, mg/g 
−1 −1 2.0 0.5 34.23 
+1 −1 104.0 0.5 66.89 
−1 +1 2.0 2.0 23.98 
+1 +1 104.0 2.0 210.00 

As a result of appropriate calculations and after 
checking the conformity of the study results, assessing the 
significance of the obtained coefficients and checking the 
regression equation for adequacy, the unknown 
dependence is as follows: 

У = 83.775 + 54.670∙Х1 + 33.215∙Х2 + 38.340∙Х1∙Х2 (1) 

After replacing the code values in the obtained 
equation with natural ones,  

   Х1=(Сe – 53)/51    (2) 

   Х2=(К – 1.25)/0.75  (3) 

we obtained the following regression equation: 

Y = 38.009 – 0.181∙Сe – 8.808∙К + 1.024∙ Сe ∙ К  (4) 

The obtained dependence is presented in Fig. 1 in the 
form of a plane on which lies the solution of the given 
equation. The figure shows the dependence of the sorption 
capacity of magnetite on the ratio of Fe (II) / Fe (III) and 
the initial concentration of copper ions in distilled water. 

 
Fig. 1. Graphical representation of the results of CFP type 22 
dependence of the sorption capacity of magnetite on the ratio of 
Fe (II) / Fe (III) and the equilibrium concentration of copper ions 
in distilled water. 

The analysis of the presented graphs shows that the 
experimental points that were used in the calculation of 

the regression equation are on the constructed plane of 
solutions, which indicates the adequacy of the equation 
used. Using the data of the regression equation, it is quite 
easy to calculate the optimal ratio of Fe (II) / Fe (III) for 
effective purification of the solution from copper ions. 

If we look at Fig. 1, we can say that in this case the 
mechanism of activated adsorption takes place. The 
reason for this is that the copper ions are included in the 
crystal lattice of magnetite. At low concentrations of 
copper at K = 1: 1 and 2: 1, almost complete extraction of 
copper is observed, which can be explained by this 
mechanism of sorption. In this case, heavy metal ions are 
practically not desorbed from magnetite without acid 
treatment and destruction of the structure of the sorbent. 

Regression equations were calculated for the 
dependence of the sorption capacity of magnetite on the 
ratio of Fe (II) / Fe (III) and the equilibrium concentration 
of copper ions in tap water. 

Plan-matrix CFP 22 and the results of the experiment 
of sorption capacity of magnetite from the ratio of 
Fe (II) / Fe (III) and the equilibrium concentration of 
copper ions in tap water are shown in table 2. 

Table 2. Plan-matrix CFP 22 and the results of the study of 
sorption extraction of copper from tap water. 

Planning matrix Natural value of 
factors 

Value of 
parameters 

x1 x2 Сe, mg/m3 К а, mg/g 
−1 −1 2.0 0.5 44.1 
+1 −1 104.0 0.5 70.0 
−1 +1 2.0 2.0 36.0 
+1 +1 104.0 2.0 219.0 

As a result of appropriate calculations and after 
checking the conformity of the study results, assessing the 
significance of the obtained coefficients and checking the 
regression equation for adequacy, the unknown 
dependence is as follows: 

Y = 92,275 + 52,225∙Х1 + 35,225∙Х2 + 39,275∙Х1∙Х2  (5) 

After replacing the code values in the obtained 
equation with natural ones,  

   Х1=(Сe – 53)/51    (6) 

   Х2=(К – 1.25)/0.75   (7) 

we obtained the following regression equation: 

Y = 47.319 – 0.2595∙Сe – 7.4536∙К + 1.0268∙ Сe ∙ К   (8) 

The obtained dependence is presented in Fig. 2 in the 
form of a plane on which lies the solution of the given 
equation. The figure shows the dependence of the sorption 
capacity of magnetite on the ratio of Fe (II) / Fe (III) and 
the equilibrium concentration of copper ions in tap water. 

Increasing the sorption capacity of magnetite towards 
copper with increasing the ratio of K from 1 : 2 to 2 : 1 in 
addition to the positive value has significant 
disadvantages. First of all, magnetite obtained at K = 1 : 2 
has the highest magnetic characteristics, which simplifies 
its separation from water, has the highest sludge density 
and the highest chemical resistance, because it has a 
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crystalline structure. As the value of K increases, the 
contribution of amorphous elements to magnetite 
increases, which impairs its magnetic properties, reduces 
chemical resistance and leads to an increase in the volume 
of sediment due to a decrease in its density. Therefore, to 
increase the sorption capacity of magnetite obtained at a 
ratio of K = 1 : 2 in the process of its synthesis was 
modified with sodium sulfide. These substance, which is 
partially included in the structure of magnetite, contain 
functional groups Me = S, which are able to form complex 
bonds with heavy metal ions (with d-metals), do not 
interact with hardness ions and are able to increase the 
sorption capacity of magnetite. The results shown in Fig. 3 
confirm this assumption. Modified forms of magnetite are 
dominated by unmodified magnetite, when copper ions are 
sorbed from tap water. Similar results are observed in the 
extraction of copper from distilled water. The equilibrium 
adsorption increases during the transition from unmodified 
magnetite to magnetite modified with sodium sulfide. 
Sodium sulfide provides the value of the limiting 
adsorption at the range of 332–388 mg/g, and is also a very 
affordable and cheap reagent and quite resistant to 
hydrolysis in alkali solutions. 

 
Fig. 2. Graphical representation of the results of CFP type 22 
sorption capacity of magnetite from the ratio of Fe (II) / Fe (III) 
and the equilibrium concentration of copper ions in tap water. 

Regression equations for the dependence of the 
sorption capacity of magnetite on the equilibrium 
concentration of copper ions in tap water and the 
concentration of sodium sulfide were calculated. 

Plan-matrix CFP 22 and the results of the experiment 
of the sorption capacity of magnetite from the equilibrium 
concentration of copper ions in tap water and the 
concentration of sodium sulfide are shown in table 3. 

As a result of appropriate calculations and after 
checking the conformity of the study results, assessing the 
significance of the obtained coefficients and checking the 
regression equation for adequacy, the unknown 
dependence is as follows: 

Y = 164.5525 + 98.6475∙Х1 + 24.9475∙Х2 + 43.852∙Х1∙Х2     
(9) 

Table 3. Plan-matrix CFP 22 and the results of the study of the 
extraction of copper from tap water using magnetite modified 

with sodium sulfide. 

Planning matrix Natural value of 
factors 

Value of 
parameters 

x1 x2 Сe, mg/m3 C (Na2S) а, mg/g 
−1 −1 1.0 1.0 84.81 
+1 −1 250.0 1.0 194.4 
−1 +1 1.0 2.0 47.0 
+1 +1 250. 2.0 332.0 
 
After replacing the code values in the obtained 

equation with natural ones,  

   Х1=(Сe – 125.5)/124.5             (10) 

   Х2=(C (Na2S)– 1.5)/0.5             (11) 

we obtained the following regression equation: 

Y = 122.884 – 0.26434∙Сe – 38.5145∙C (Na2S) + 
0.70446∙ Сe ∙ C (Na2S)                          (12) 

The obtained dependence is presented in Fig. 3 in the 
form of a plane on which lies the solution of the given 
equation. The figure shows the dependence of the sorption 
capacity of magnetite on the equilibrium concentration of 
copper ions in tap water and the concentration of sodium 
sulfide used to modify the sorbent. 

 
Fig. 3. Graphical representation of the results of CFP type 22 
sorption capacity of magnetite from the equilibrium 
concentration of copper ions in tap water and the concentration 
of sodium sulfide used to modify the sorbent. 

The research was conducted to determine the 
effectiveness of the developed sorbents depending on the 
ratio of the amount of sorbent and the volume of the 
solution. It was taken into account that the main problem 
is the extraction of copper ions from dilute solutions. 
Therefore, sorption was performed at doses of magnetite 
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500–10000 mg/dm3. When sorbing copper from solutions 
with copper concentrations of 10 and 50 mg/dm3, the 
sorption capacity of the sorbent increases with increasing 
dose of adsorbent. Higher values of adsorption were 
observed for magnetite at K = 2. Sorption increases during 
the transition from unmodified magnetite to magnetite 
modified with sodium sulfide. In the case of using 
magnetite modified with sodium sulfide, the sorption 
capacity only slightly depends on the ratio of K. 

Modification of magnetite with sodium sulfide 
significantly affects the equilibrium concentrations of 
copper in purified water. When using unmodified 
magnetite at K = 1/2, the equilibrium concentrations of 
copper reach values of 2.0 – 6.7 mg/dm3 and only at a 
dose of magnetite 10 g/dm3 the equilibrium concentration 
decreased to 0.55 mg/dm3. At a ratio of K = 2 at doses of 
magnetite 2.5 – 10.0 g/dm3 at an initial copper 
concentration of 10 mg/dm3, the equilibrium 
concentrations were in the range of 0.00 – 0.75 mg/dm3. 
But at lower doses of magnetite, they still increased to 
2 – 5mg/dm3. When using magnetite modified Na2S at K 
= 1/2 equilibrium concentrations of copper at an initial 
concentration of 10 mg/dm3 decreased to 
0.08 – 0.28 mg/dm3 at all used doses of magnetite, and at 
K = 2 they were generally at the level of 0.0 – 0.1 mg/dm3. 
Even at an initial copper concentration of 50 mg/dm3 
using modified magnetite (K = 2) at doses from 1.25 to 
10 mg/dm3, the equilibrium concentrations were at the 
level of 0.00 – 0.12 mg/dm3. 

4 Economic justification 
In this case, we can say that modified with sodium sulfide 
magnetite is a fairly affordable synthetic inorganic 
sorbent with high efficiency for copper ions. 

Given the high quality requirements for water 
purification from heavy metal ions, especially when 
discharging them into fishery reservoirs or when 
preparing drinking water, it was interesting to determine 
the minimum concentrations that can be achieved when 
using magnetite-based sorbents. When using magnetite 
modified with sodium sulfide, the concentration of copper 
was reduced to 5.44 μg / dm3 at K = 1 : 2 (table 4, 5). 

Table 4. Dependence of the efficiency of extraction of copper 
ions from tap water on the ratio [Fe2+ / Fe3+] in magnetite, 

without modification with sodium sulfide. 

Fe2+/ 
Fe3+ 

C Cu2+, mg/dm3 a, 
mg/g 

Degree 
of 

extractio
n 

initial 
Equilibriu

m  

1:2 10.00 0.7500 6.3000 92.50 
1:1 10.00 0.1500 7.3888 98.50 
2:1 2.00 0.0166 1.4875 99.17 

When using sulfide-modified magnetite obtained at 
K = 2, and the copper concentration was reduced to 
1.2 μg / dm3. 

Waste should be disposed of as part of building 
materials. Dehydrated waste of spent magnetite can be 
used as a thermal additive in the manufacturing of various 
heat-resistant materials. 

Table 5. Dependence of the efficiency of extraction of copper 
ions from tap water on the ratio [Fe2+ / Fe3+] in magnetite when 

modified with sodium sulfide 

Fe2+

/ 
Fe3+ 

Na2S
, % 

C Cu2+, mg/dm3 a, 
mg/g 

Degree 
of 

extractio
n 

Initial  
Equilibri

um  

1:2 1 1.63 0.00540 1.0292 99.67 
1:2 2 1.63 0.04688 0.9960 97.12 
1:1 2 10.0 0.05600 7.4580 99.44 
2:1 2 2.0 0.00120 1.4991 99.94 

5 Conclusions 
The application of modified sorbent based on magnetite 
for water purification from copper ions is the promising 
direction of sorption technologies, which allows to 
increase the efficiency of the process. When using 
modified sorbents based on magnetite, it is possible to 
reduce the concentration of copper to μg dm3. Given the 
high capacity of the sorbent on copper ions, it will be 
possible to implement low-waste technology of water 
purification from heavy metals during its use. 

The use of modified magnetite is a cost-effective way 
to purify water from heavy metals. The spent sorbent is 
utilized at the metallurgical enterprises. 

Based on the complete factor plan, a regression 
equation is obtained, it has a linear character, which allows 
to optimize the calculation of the magnetite dose for 
efficient extraction of copper ions from aqueous solutions. 

Given the constant increase in the concentration of 
hazardous pollutants in water bodies, the next step will be 
the development and implementation of methods for 
extracting a mixture of heavy metals from water and 
developing a mathematical model of the process to find 
optimal desalination parameters. 

 
The work was supported by National Research Fund of Ukraine, 
grant № 144/01.2020 
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