
Citation: Agafonov, A.; Evdokimova,

A.; Larionov, A.; Sirotkin, N.; Titov, V.;

Khlyustova, A. Sorption and

Photocatalytic Characteristics of

Composites Based on Cu–Fe Oxides.

Physchem 2022, 2, 305–320. https://

doi.org/10.3390/physchem2040022

Academic Editor: Michael EG

Lyons

Received: 28 July 2022

Accepted: 9 October 2022

Published: 11 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Sorption and Photocatalytic Characteristics of Composites
Based on Cu–Fe Oxides
Alexander Agafonov 1, Anastasia Evdokimova 1 , Andrey Larionov 2, Nikolay Sirotkin 1 , Valerii Titov 1

and Anna Khlyustova 1,*

1 G. A. Krestov Institute of Solution Chemistry of RAS, Academicheskaja Str., 1, 153045 Ivanovo, Russia
2 Department of Inorganic Chemistry, Ivanovo State University of Chemistry and Technology,

Sheremetevsky pr., 7, 153000 Ivanovo, Russia
* Correspondence: kav@isc-ras.ru

Abstract: Plasma ignition in the volume of liquid solution/water initiates the chemical activation of
the liquid phase (formation of chemically active particles) and the sputtering of electrode materials,
which leads to the formation of nanostructured materials. In this work, the synthesis of structures
was carried out by means of underwater plasma excited in water between electrodes composed of
different materials. The polarity of the Fe and Cu electrodes was varied at two plasma currents of 0.25
and 0.8 A. The kinetics of the sorption and photocatalysis of three dyes (Rhodamine B, Reactive Red
6C, and Methylene Blue) were studied. According to the results obtained, the polarity of the electrode
material has a greater effect on the phase composition than the plasma current. The sorption process
can be limiting depending on the type of dye and phase composition. The sorption kinetics can be
described by various models at different stages of the process. Photocatalytic studies have shown
that the complete decomposition of the three dyes can be achieved in 15–30 min of irradiation.

Keywords: photocatalytic activity; iron; copper; plasma; combustion

1. Introduction

To date, sorption methods for removing organic and inorganic contaminants from
wastewater from industrial enterprises are the cheapest [1]. Despite this, new, promising
composites have recently been developed that can be used as multifunctional materials,
for example, sorbents and catalysts. Among such materials, materials with high sorption
capacity and photocatalytic properties are of great interest. This simultaneously allows
both removing the pollutants and decomposing them into harmless compounds.

There is a wide variety of methods for obtaining photocatalysts (physical, chemical,
biological) [2,3]. The best-known photocatalyst is titanium dioxide, which works excellently
by irradiating UV light. Its efficiency is reduced when irradiated with visible light. To
increase its effectiveness, titanium dioxide is doped [4]. The best-known photocatalyst is
titanium dioxide. However, for it to work effectively in visible light, it is doped [4]. In
addition, it has low porosity. Iron oxides have a high porosity [5–7]. In several studies,
it was found that iron oxides are considered as the photocatalysts for the various classes
of dye removal [8–11]. Copper oxides are regarded as potential photocatalysts due to the
narrow band gap [12]. It is possible to increase sorption or photocatalytic characteristics
using binary oxide or ternary systems [13–17].

Synthesis methods can play a main role in the formation of the surface proper-
ties and structure of the obtained materials. Cu–Fe binary oxides are synthesized by
co-precipitation [18], hydrothermal [19], sol-gel [20], and various variations of the combus-
tion method [21–23]. The chemical solution combustion method makes it possible to obtain
structures with the desired shape and with a large specific surface area [24,25]. Previous
studies have shown that the underwater plasma method allows for obtaining pure oxides,
doped oxides, and binary systems [26–28]. In this paper, we compare the characteristics of
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materials obtained by chemical combustion and underwater plasma and also study their
sorption and photocatalytic properties. The novelty of the presented work is the use of less
refractory metals as electrodes in the plasma system for creating binary oxide systems and
also studying the possibility of using the obtained materials as sorbents.

2. Materials and Methods
2.1. Methods of Synthesis

The synthesis of oxide was carried out in the glass cell using underwater plasma
(Figure 1a) [29]. Copper and iron rods (99.9 % purity, Cvetmetsplav, PJSC, Russia) with a
diameter of 0.9 mm were used as electrodes in the experiments. These rods were placed in
a ceramic tube. The non-isolating length of the electrodes was 3 mm. The electrodes were
immersed in distilled water. Direct current (DC) underwater plasma was ignited between
electrodes in water using the homemade DC power supply with an output voltage of up
to 5 kV and a 5 kOhm ballast resistor. The experiments were carried out at two plasma
currents. The polarity of the electrode materials was changed. The time of treatment was
5 min. Formed suspensions were centrifuged, and precipitates were dried at 100 ◦C for 3 h.
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Figure 1. Scheme for the synthesis of metal oxides by the underwater plasma (a) method and the
combustion method (b).

Additionally, for comparison, the synthesis of binary oxide structures was carried out
by the combustion method (Figure 1b). Copper and iron nitrates (99.9%, Sigma-Aldrich
(St. Louis, MO, USA)) were dissolved simultaneously in deionized water. Then, citric
acid (99.9%, Sigma-Aldrich (St. Louis, MO, USA)) was added to the solution as fuel. The
solution was kept in an oven at 350 ◦C. Initially, the solution boils and loses water. Next,
the dehydrated mixture decomposes with the release of nitrogen and carbon dioxide. After
reaching the point of the spontaneous combustion of the solution, loss of water, and release
of gases, a black powder is formed.
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2.2. Characterization

The average size of the formed particles and their zeta potential values were mea-
sured by the Dynamic Light Scattering method (Malvern Zetasizer Nano, Malvern, UK).
The phase composition was studied by X-ray diffraction (XRD, X-ray diffractometer D2
PHASER). A chemical composition and surface morphology were investigated using scan-
ning electron microscopy (SEM) (ThermoFisher, Czech Republic). The thermal analysis of
the samples was performed by using the thermomicrobalances TG 209 F1 Iris (Netzsch,
Germany) under a continuous nitrogen flow (30 mL/min) and heating from 25 ◦C to 900 ◦C
at a rate of 10 ◦C min−1.

2.3. Photocatalytic Activity

The photocatalytic performance of the synthesized structures was estimated by the
rate of destruction of the dyes under UV light irradiation. The detailed procedure was
described elsewhere [29]. The water-cooled quartz jacket was immersed in the cylindrical
vessel with a dye solution. The source of irradiation was placed in the middle of the quartz
jacket. The high-pressure 250 W mercury lamp was used as the source of light irradiation.
The light intensity of the mercury lamp in the spectral region of 280–400 nm was 75 W/m2.
The effective mixing of a dye solution and powder was provided by a magnetic stirrer.
Air was bubbled through a solution to provide a constant concentration of dissolved
oxygen. In total, 0.03 g of powder was dispersed in 500 mL of dye-aqueous solution
with a concentration of 1.2 mg/L. The mixing suspension was carried out by a magnetic
stirrer. The methylene blue (MB) (λmax = 667 nm), rhodamine B (RhB) (λmax = 554 nm), and
reactive red 6C (RR6C) (λmax = 544 nm) were used as the model dyes. The choice of dyes
for photocatalysis was determined by the fact that we chose representatives of different
classes of dyes. Rhodamine B is a fluorone dye that exists in solution as a zwitterion. Active
Red 6C is a monoazo dye, which is an anion in solution. Methylene blue is a thiazine dye.
It presents in solution as a cation. The concentration of dyes was monitored by UV-vis
spectrophotometer (SF-56) by measuring absorbance intensity at λmax.

2.4. Dye Adsorption

The adsorption of dyes on synthesized composites was studied at room temperature
in the experimental setup for photocatalytic tests in the dark. The concentration of dyes was
determined by measuring absorbance changes at a maximum of dye adsorption. According
to work [30], the adsorption capacity at time (mg/g) was calculated by using Equation (1):

qt =
(C0 − Ct) · V0

mc
, (1)

Here, C0 and Ct are the initial and at the time of irradiation concentrations of a dye
(mg/L), V0 is the volume of the solution of the dye (L), and mc is the mass of the catalyst (g).

The amount of equilibrium adsorption capacity (mg/g) was calculated by the next:

qe =
(C0 − Ce) · V0

mc
, (2)

where Ce is the equilibrium concentration of dye after adsorption.
To analyze the adsorption processes of the dyes, we used Lagergren kinetic models for

the catalytic chemical reaction:
The pseudo-first-order model:

ln(qe − qt) = ln qe − k1t, (3)

The pseudo-second-order model:

t
qt

=
1

k2qe
+

t
qe

, (4)
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where qe and qt are the quantity of adsorbed dyes in the equilibrium state and at time t; t is
the time of contact; k1 and k2 are the pseudo-first- and pseudo-second-rate constants.

Additionally, the intraparticle diffusion model was described. The linear form equation
is the next.

qt = Kid · t1/2 + C, (5)

Here, Kid is the diffusion coefficient, and C is the intraparticle diffusion constant which
is directly proportional to the thickness of the boundary layer.

3. Results and Discussion
3.1. Evidence of Electrode’s Sputtering

The process of electrode sputtering during plasma exposure is confirmed by changes
in the electrode masses (Table 1) and plasma emission spectra (Figure 2). The experimental
results of changes in the masses of the electrodes during plasma exposure are presented in
Table 1. The data showed that the plasma current does not significantly affect the sputtering
rate of the iron electrode at any polarity, while for a copper cathode, the current growth
leads to a 20-fold increase in the change in the mass of the electrode. In this case, there is a
significant deviation from Faraday’s classical law of electrolysis. The small difference in
the sputtering rates of the iron anode and cathode can be explained by the passivation of
the surface of the iron anode (the formation of a thin oxide film on the surface under the
action of hydroxyl ions from the solution).

Table 1. Mass change of electrodes.

Sample Cathode Anode

Fe–Cu 0.25 A 0.0015 (Fe) 0.0043 (Cu)
Fe–Cu 0.8 A 0.0019 (Fe) 0.0113 (Cu)

Cu–Fe 0.25 A 0.001 (Cu) 0.0019 (Fe)
Cu–Fe 0.8 A 0.0203 (Cu) 0.0033 (Fe)
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Figure 2. Emission spectra of the underwater plasma with Fe anode and Cu cathode (a) and Cu
anode and Fe cathode (b).

This section may be divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

Figure 2 shows the emission spectra of the underwater plasma. The plasma current
does not affect the qualitative picture of the spectrum. However, the polarity of the iron
electrode affects the shape of the emission spectrum. In experiments with an Fe anode,
the spectrum contains more lines of atomic iron, including bands of metastable FeO [31].
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Copper is represented in the spectrum only by resonance lines and does not depend
on polarity.

3.2. Characterization of Obtained Materials

An analysis of particle sizes in liquid suspension showed that an increase in the
plasma current leads to the formation of larger particles (Table 2). The larger size of the
hydrodynamic radius for particles obtained by chemical combustion (S5) can be explained
by the presence of citric acid (fuel/stabilizer) affecting the viscosity of the solution.

Table 2. Data of DLS analysis.

Sample Dav, nm ζ, mV

Fe–Cu 0.25 A (S1) 114 ± 12 31.0
Fe–Cu 0.8 A (S2) 169 ± 17 15.6

Cu–Fe 0.25 A (S3) 151 ± 15 −19.5
Cu–Fe 0.8 A (S4) 251 ± 24 29.5

Fe/Cu oxides (S5) 317 ± 17 17.4

Figure 3 presents the X-ray patterns of the synthesized powders. In experiments with
underwater plasma with a copper anode, the plasma current does not affect the phase
composition (samples S3 and S4). In the case of an iron anode, at a low plasma current,
conditions are created for the formation of layered structures of Cu–Fe layered double
hydroxides with an admixture of copper oxide (sample S1). As the plasma current increases,
a mixture of iron and copper oxides is formed (Cu2O3 + α-Fe2O3 + FeO) (sample S2). The
powder obtained by chemical combustion (sample S5) contained α-Fe2O3 + Fe3O4 and
copper oxides (Cu2O3 + Cu2O + CuO). The presence of copper ions with different oxidation
states can be caused by the use of only one fuel in chemical combustion [25].
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Particle size was estimated using the ImageJ software. SEM images of the synthesized
powders are presented in Figure 4. The particles are generally round in shape. The
exceptions are samples S3, where rhombic-shaped particles predominate, and S4, in which
particles of both round and rhombic shapes are present. The estimates of particle sizes are
presented in Table 3. As can be seen, the largest particles are present in samples S4 and S5.
It is known that the dynamic light scattering method shows the hydrodynamic particle size.
In this case, the particle size also includes the hydration shell around it. Thus, the particle
size values obtained from the DLS method can be significantly larger than the particle sizes
obtained from the results of SEM.
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Table 3. The size of particles (nm).

S1 S2 S3 S4 S5

50–70 65–90 110–140 130–180 120–150

Thermogravimetric curves are plotted in Figure 5. It can be seen that sample S2 loses
the most mass (25.59%), and sample S5 loses the least (4.63%). For samples S2 and S5,
two stages of weight loss were recorded. In this case, for S5, the stages were observed
at higher temperatures. For this sample, there are no stages of weight loss due to the
removal of sorbed water. This is due primarily to the method of synthesis. For samples
S1, S2, S3, and S4, there are stages of removal of physically sorbed water (25–100 ◦C) and
chemically sorbed water (removal of interlayer water for S1) (200–300 ◦C). The stage at
300–400 ◦C corresponds to the decomposition of Cu2O3 and Fe3O4. Small changes in the
mass of the samples in the range of 400–900 ◦C may indicate the formation of copper ferrite
CuFe2O4 [32].
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3.3. Kinetics of Dye’s Absorption

Studies of photocatalysis were carried out with the dark phase to determine the role
of the sorption stage in the process of photocatalysis. The kinetic curves for the three dyes
are shown in Figure 6. The sorption kinetics of the three dyes on the synthesized samples
(dark phase of photocatalysis) are shown in Figure 7. The calculated values of the kinetic
parameters are presented in Tables 4–6. As can be seen, the S1 sample has the highest
sorption capacity with respect to the dye Rhodamine B. The active red dye is more sorbed
on samples S2, S3, and S5. In the case of methylene blue, sample S4 has the highest sorption
capacity. This correlates with BET analysis data, which showed specific surface areas of
62.39, 66.51, 74.19, 76.49, and 10.5 m2/cm3 for samples S1, S2, S3, S4, and S5, respectively.

Table 4. Kinetics parameters of Rhodamine B dye sorption onto the obtained samples (Qexp is the
amount of adsorbed dyes obtained from experimental data).

Parameter S1 S2 S3 S4 S5

Qexp, mg/g 7.35 6.15 4.84 3.67 2.45

Pseudo-first-order

Qe, mg/g 6.79 6.46 4.47 4.19 2.42
K1, 0.13 0.05 0.09 0.18 0.07
R2 0.97 0.79 0.97 0.97 0.95

Pseudo-second-order

Qe, mg/g 9.11 8.08 43.38 14.07 6.64
K2, 0.03 0.06 0.03 0.04 0.04
R2 0.62 0.98 0.36 0.3 0.26

Intraparticle diffusion

Kd, 1.37 1.12 0.91 0.79 0.47
C 0.34 −0.96 0.09 −0.16 −0.22
R2 0.96 0.82 0.98 0.86 0.96
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Table 5. Kinetics parameters of Reactive Red 6C dye sorption onto the synthesized samples.

Parameter S1 S2 S3 S4 S5

Qexp, mg/g 5.79 8.19 8.21 5.33 8.13

Pseudo-first-order

Qe, mg/g 5.72 7.56 4.35 2.56 7.23
K1, 0.08 0.08 0.21 0.18 0.16
R2 0.88 0.96 0.88 0.82 0.94

Pseudo-second-order

Qe, mg/g 7.13 83.75 55.2 46.08 23.96
K2, 0.04 0.08 0.01 0.01 0.04
R2 0.1 0.68 0.38 0.61 0.27

Intraparticle diffusion

Kd, 1.16 1.51 1.28 0.79 1.65
C −0.48 0.09 2.89 2.02 0.51
R2 0.91 0.97 0.6 0.55 0.83
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ordinates (Figure 8). This shows that the adsorption processes of these dyes are affected 
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Figure 7. Kinetic curves of RhB (a), RR6C (b), and MB (c) absorption on synthesized samples at
room temperature.

In experiments with Rhodamine B, the closeness of the values of Qexp (experimental
sorption capacity) and Qe obtained by the pseudo-first-order approximation may mean
that the sorption kinetics are described precisely by this model. However, for S2, the values
of the R2 coefficients are closer to 1 for the pseudo-second-order model. The same trend
with correlation coefficients can be traced for the S1, S2, and S5 samples with the RR6C
and MB dyes (see Tables 5 and 6). This may mean that sorption processes are described by
models of different orders at different stages. An analysis of the sorption data showed that
for S3 and S4, the sorption kinetics of RR6C and MB dyes is poorly described by standard
models. However, these two dyes exhibit multi-linearity in the qt vs. t1/2 coordinates
(Figure 8). This shows that the adsorption processes of these dyes are affected by more
than one process. The first step is the stage of external surface sorption or instantaneous
diffusion, during which most of the dyes are sorbed on the external surface. The second
stage is the slow phase. It is associated with the intraparticle diffusion of the dye molecules
in the pores of the sorbent. Moreover, for both samples and two dyes, the lines pass through
the center of the coordinates, which indicates that the sorption process can be controlled by
intraparticle diffusion.
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Table 6. Kinetics parameters of Methylene Blue dye sorption onto obtained samples.

Parameter S1 S2 S3 S4 S5

Qexp, mg/g 4.04 6.38 10.61 12.09 5.79

Pseudo-first-order

Qe, mg/g 2.99 5.91 6.24 6.69 5.49
K1, 0.09 0.04 0.19 0.15 0.19
R2 0.85 0.94 0.72 0.71 0.94

Pseudo-second-order

Qe, mg/g 94.97 32.69 171.23 41.32 9.99
K2, 0.02 0.03 0.03 0.01 0.25
R2 0.66 0.62 0.1 0.16 0.31

Intraparticle diffusion

Kd, 0.67 0.72 1.96 2.02 1.41
C 0.63 0.02 2.38 3.32 0.29
R2 0.90 0.99 0.65 0.68 0.97
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Parameter S1 S2 S3 S4 S5 
Qexp, mg/g 5.79 8.19 8.21 5.33 8.13 
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Pseudo-second-order 
Qe, mg/g 7.13 83.75 55.2 46.08 23.96 

K2,  0.04 0.08 0.01 0.01 0.04 
R2 0.1 0.68 0.38 0.61 0.27 

Intraparticle diffusion 
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R2 0.91 0.97 0.6 0.55 0.83 

Table 6. Kinetics parameters of Methylene Blue dye sorption onto obtained samples. 

Parameter S1 S2 S3 S4 S5 
Qexp, mg/g 4.04 6.38 10.61 12.09 5.79 

Figure 8. Plots of absorption capacity as function of t1/2 for S3 (a) and S4 (b).

3.4. Photocatalytic Activity

The experimental results of photocatalysis kinetics showed that the sorption process
can be predominant in the case of methylene blue dye on samples S3 and S4, as well as in
the case of reactive red dye on samples S2, S3, and S5 (Figure 6). In other cases, the sorption
process is not limiting. The removal efficiency of all three dyes on sample S2 is 100%. The
time to achieve complete removal varies from 15 to 30 min of light exposure, depending
on the type of dye. When using sample S1, it is also possible to achieve 100% removal
efficiency of the MB dye and 99.7% of the RB dye but for a longer exposure time (50 and
60 min, respectively). Despite the large contribution of the sorption process for samples S3
and S4, for methylene blue, the degrees of photodecomposition are low and amount to 26
and 13%, respectively. The high photocatalytic activity of S2 can be explained by the phase
composition, namely, the presence of only one copper oxide.

According to the presented data, only samples S1 and S2 can be considered as potential
photocatalysts for the different types and classes of dyes. Samples S3 and S4 can be
considered as promising sorbents.
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3.5. Kinetic Studies of the Photocatalytic Destruction of Dyes

The kinetic curves of the photocatalytic decomposition of dyes are shown in Figure 9.
Dependences ln(C/C0) = f(t) were described by the pseudo-first-order of the reaction under
the conditions of simplifying the description of the kinetics of heterogeneous processes [33].
As can be seen, the rate constants of decomposition reactions are different depending on
the synthesis conditions and the nature of the dye (Table 7). The previously published data
on studies of photocatalytic decomposition of methylene blue and Rhodamine B dyes using
Cu–Fe binary oxide systems obtained by various methods are presented in Table 8. The
comparison of the kinetic data of the decomposition of other dyes when using catalysts with
a different composition (for example, based on TiO2) will be incorrect since the processes of
the destruction of the different classes of dyes proceed differently with the participation
of different catalysts. According to the presented data, the photocatalysts S1 and S2 show
excellent photocatalytic activity.

Table 7. Kinetic parameters of photocatalytic destruction of dyes.

Parameter S1 S2 S3 S4 S5

Rhodamine B

K, min−1 0.0069 0.0637 0.1564 0.0108 0.0049
R2 0.90 0.98 0.93 0.92 0.91

Reactive Red 6C

K, min−1 0.0187 0.1165 0.0059 0.0095 0.0125
R2 0.90 0.90 0.92 0.94 0.95

Methylene Blue

K, min−1 0.0878 0.1129 0.0068 0.0048 0.0138
R2 0.98 0.90 0.97 0.93 0.98

Table 8. Summary of some previously published data in the photocatalytic activity of Cu–Fe
binary oxides.

Photocatalyst Synthesis Method Degradation
Efficiency/Time K, min−1 Ref.

Methylene Blue

Cu–Fe oxides One-step sparking 75% [34]
α-Fe2O3/Cu2O
heterostructures Hydrothermal precipitation 55.5–81%/45 min 0.025 [35]

CuFe2O4 Hydrothermal 80–96%/60 min [36]
Fe(ox)-FeO/CuO Chemical precipitation 95%/100 min [37]

S1
S2 Underwater plasma 100%/50 min

100%/20 min
0.0878
0.1129 This work

Rhodamine B

Fe2O3/Cu2O Hydrothermal + sonication 90%/120 min 0.726 [38]
CuFe2O4 Sol-gel auto-combustion 5%/30 min 0.0006 [39]
CuFe2O4 Hydrothermal 50%/140 min [40]

CPF/CuFe2O4 Coprecipitation 98.2%/80 min 0.0235 [41]
S1
S2 Underwater plasma 99.7%/60 min

100%/15 min
0.0069
0.0637 This work



Physchem 2022, 2 316

We consider the mechanism of photocatalysis for sample S2 showing excellent photo-
catalytic activity towards all dyes. According to the data in Figure 3, the phase composition
of the sample is a mixture. The photocatalytic mechanism is based on the generation
of an electron-hole pair. The EVB of Cu2O3, α-Fe2O3, and FeO are +1.87, +2.88, and
+2.13 eV/NHE. Additionally, the ECB of Cu2O3, α-Fe2O3, and FeO are +0.31, +0.08, and
−0.09 eV/NHE which can be calculated by a formula presented elsewhere [42]. The
probable mechanism starts with photo-generated e−/h+ pairs from Cu2O3 (Figure 10).
Photo-generated electrons in Fe2O3 and FeO are injected into the CB of Cu2O3. At the
same time, photo-excited holes will move towards the surface of the iron. It can improve
charge separation and inhibits electron-hole recombination. It is a key factor in high photo-
catalytic activity. For other samples, Cu2O, CuO, and Fe3O4 will be added to the energy
level diagram.

After the photocatalysis procedure, the catalyst was easily removed from the solution
using a magnet. The solid phase was dried at 200 ◦C for 1 h. The weight loss was 3–5%. A
series of experiments were carried out on the reuse of catalysts in the photocatalysis process
(including the dark phase). The efficiency of the photodegradation of the dye Rhodamine
B at three cycles of use for 1.5 h is shown in Figure 11. It was noted that the time for full
decomposition of the dye increases by 1.5–2.5 times for S1 and S2 samples. The efficiency
of photodecomposition decreases by 15–20% due to a decrease in the sorption capacity.
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4. Conclusions 
A comparison of two methods for the synthesis of chemical combustion and un-

derwater plasma showed that both routes do not allow for obtaining Cu–Fe binary ox-
ides. Due to the mobility of the plasma zone and the use of one type of fuel during 
combustion, systems of the mixtures of copper and iron oxides with different degrees of 
oxidation were obtained. The obtained materials showed high sorption and photocata-
lytic activity for different classes of dyes. The reuse of structures showed that the de-
crease in efficiency occurs due to a decrease in sorption capacity. 
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4. Conclusions

A comparison of two methods for the synthesis of chemical combustion and under-
water plasma showed that both routes do not allow for obtaining Cu–Fe binary oxides.
Due to the mobility of the plasma zone and the use of one type of fuel during combustion,
systems of the mixtures of copper and iron oxides with different degrees of oxidation were
obtained. The obtained materials showed high sorption and photocatalytic activity for
different classes of dyes. The reuse of structures showed that the decrease in efficiency
occurs due to a decrease in sorption capacity.
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24. Ianoş, R.; Păcurariu, C.; Muntean, S.G.; Muntean, E.; Nistor, M.A.; Nižňanský, D. Combustion synthesis of iron oxide/carbon
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