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DETERMINATION OF OPTIMAL
PARAMETERS FOR THE PRODUCTION

OF COPPER-CONTAINING PARTICLES
DURING PLASMA-CHEMICAL
TREATMENT OF AQUEOUS SOLUTIONS

Bueueno npovyecu ompumanns Miob6MiCHUX YACMUHOK NPU 00p0OUi POUUHIE KOHMAKMHOW HEPIGHO-
BAJCHOI0 NAA3MOI0 NOHUNCEH020 MUCKY. Bcmanoesneno onmumanvui xapaxmepucmuxu npoyecy. Busna-
ueno saneicnicms npovecy 6id pH ma xonuenmpauii posuuny. /[06edeno, w0 npu nesHux napamempax
MONCHA OMPUMYBAMU UACMKU Y 3A0AHOMY 0lANA30Hi 3HAUEHD.

Kmeuesi cnosa: nepisrosaicia niasma, 600HI PO3uUNL, MIOLEMICMHI YACMUHKU MATOT POSMIPHOCTII.

1. Introduction

Interest in micro- and nanoscale copper-containing par-
ticles is due to the specific properties of both the particles
themselves and the materials modified by them [1, 2].
For example, the use of particles CuyO, CuO is common
when creating new catalysts for various industrial processes,
as a filler for varnishes and paints, Cuy0O is used in the pro-
duction of galvanic cells, and other fields of engineering [1].
In this case, the characteristics and options for their
practical application largely depend on the method of
production, which usually determines their structure, size,
physical and chemical properties, etc. [3]. In this regard,
relevant studies are devoted to finding ways to improve
the technological processes that allow to obtain particles
with specified properties.

2. The ohject of research
and its technological audit

The object of research is the process of obtaining copper-
containing particles from aqueous solutions using contact
non-equilibrium plasma of reduced pressure. One of the
most problematic places in this process
is the correct selection of parameters,
both the medium and the plasma dis-
charge, which is the main processing
tool. This is due to the fact that the
physicochemical mechanisms of the reac-
tions are rather complicated and when
they occur, synergistic effects are ob-
served, the dependencies of which are
not entirely clear.

Technological audit was conducted to
identify the characteristics of this pro-
cess from the point of view of obtaining
copper-containing powders. The aim of
technological audit is determination of
the following process parameters: pH of
the formation of copper-containing sedi-
ments in the treatment of solutions, the

value of redox potentials sufficient for the reactions and
conditions for the formation of particles with specified
parameters. The study is carried out using laboratory
equipment and software modules of the package HSC
Chemistry 5.11 (Outotec, Finland).

The technological scheme of the process is shown
in Fig. 1.

The scheme operates as follows: copper sulfate is mixed
with water in the tank 10. Then the resulting solution
is transferred to the plasma-chemical reactor 12, from
which it enters the sedimentation tank 11. After separa-
tion, the wet sediment enters the dryer 15 and then onto
the package 16.

Plasma-chemical reactor, in which the main transfor-
mations take place, in liquid media, is a device in which
a whole complex of processes is combined. The main of
them can be considered electrochemical, plasma-chemical,
chemical, processes of cavitation of gas bubbles formed
as a result of water decomposition, diffusion, heat ex-
change, etc.

The general scheme of the processes taking place in
the plasma-chemical reactor using the example of pure

water is shown in Fig. 2.
7
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Fig. 1. Technological scheme for obtaining copper-containing particles from aqueous solutions
using a contact non-equilibrium plasma of reduced pressure: 1-9 — sensors; 10 — tank with
a stirrer; 11 — sedimentation tank; 12 — plasma-chemical reactor; 14 — heat exchanger;

15 — dryer; 16 — packaging

.

TEXHOMOTTYHHIA AYAUT TA PESEPBH BHPOEHHLUTBA — Neo 4/3(36), 2017, © Sergeyeva 0., Pivovarov A.



I55N 2226-3780

CHEMICAL ENGINEERING:
CHEMICAL AND TECHNOLOGICAL SYSTEMS

— )

Anode H
Plasma-forming gas air
OH plasma
(Gas discharge ot e HIN,,
E e
- OH . OHQH,
arca g { 2 w6 H) ‘0' Hlol NO,HNO,, H,0 uy electrolysis
= %H 2 eacc OH, < ’ sputten'ng € 0, HNO.-.  eygporation H.0,
5; I[ 0 /s V } ‘ 2y 1
= gas  Interphase boundary HJOX' N OH O H
: = ——— ) - diffusion 0. HZO
(A" —Anion> | H,0 eaq,.. OH,0H,NOHNO, 0,iNO,.. 4"
‘Near-discharge ASolvation e, 205, - -
%Olllthl‘l area Enm: “31011 111 e S bulk liquid
Eﬁ : .
the discharg j Jﬂptme by an acceptor g '
e Son H'HOl.  H0,HO,H,0, 1
1O g oH " S OH water  0.NOy,NO;..
= 27 1,070 Capture b} an acceptor
H O+ L7
2 1.5
123 Overvoltagc N
1:___{,,_:_0_ s158 _I-[_z(_)_%e_—- 1/202+ T
i
0.5 ] .
i o 0.4
' ) 20H-2¢ — 1/202+Hz|0
Transport of charged particles o+ (pH=14)
. 0 1 2 3 4 5 6 7 8 o 10 11 12 13 14
with bubbles " | o
1772 6 7 8 9 10 11 12 13 14
pH=0 4 I
> °=-0.414B
W2 H, 20,0 128 “H. 208 0.5
pH=7 .
T | -0.828
Cathode Overvoltage i )

Fig. 2. Bepresentation of the processes taking place in the plasma-chemical reactor during
the treatment of pure water [4-6]

Let’s note that the main processes leading to the ap-
pearance of new components of the solution, in accordance
with Fig. 2 occur at the boundaries of the phase sections —
interphase boundary and cathode. However, when using
solutions, it is possible for chemical processes to proceed
throughout the volume of the liquid.

Thus, one of the most problematic areas of this tech-
nology is the difficulty in choosing the parameters of the
plasma-chemical treatment of the solution, leading to the
production of the desired quality.

3. The aim and ohjectives of research

The aim of research is determination of the following
parameters for the process of obtaining copper-containing
particles: calculations of pH and redox potentials suffi-
cient for the occurrence of reactions of copper-containing
sediments formation during plasma-chemical treatment
of solutions, as well as conditions for the formation of
particles with specified parameters.

To achieve this aim it is necessary:

1. To study the characteristics of the process of ob-
taining sediments and evaluate them.

2. To determine the composition and size of the ob-
tained particles and analyze the accumulated statistical
characteristics.

4. Research of existing solutions
of the prohlem

Among the methods for obtaining micro- and nanopar-
ticles [1, 2], one can single out large groups of methods
of chemical, electro-chemical, electropulse and plasma-
chemical synthesis [3—11]. These methods are based on
the reduction of metal ions in solutions under conditions
favorable for the subsequent aggregation of atoms and
ions with the formation of nanoparticles.

Let’s note that the most easily controlled methods are
based on the use of electrochemical processes of different
directions [2].

The use of contact non-equilibrium plasma for produc-
tion of new compounds [8] is the basis for the creation
of new technologies that make use of the advantages of
most of the above methods. In this case, there is a need
for additional data to determine the optimal process pa-
rameters.
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Thus, the results of the literature analysis allow to
conclude that using the technologies of plasma-chemical
treatment of liquid media to obtain compounds of ultra-
and nanoscale character, it becomes necessary to select
the parameters optimal for this process.

5. Methods or research

To find the preliminary conditions for formation of
interphase boundaries, diagrams in the coordinates of
the potential E-pH of the aqueous medium (the Purbe
diagram) are used [12]. These diagrams clearly show the
thermodynamically stable forms of the existence of ele-
ments (ions, molecules, atomic crystals and metals) in
solutions at different pH values and oxidation-reduction
potential E [13].

The choice of sulfuric solution is due to its cheapness,
simplicity, stability of composition and high current ef-
ficiency close to the theoretical one. The Purbe diagrams
for one element may differ depending on the temperature,
the solvent and the presence of ligands in the solution.
For the solution of CuSO4 in water, the main reaction
mechanism is considered to involve the interaction of ions
and compounds Cu*, Cu®*, Cu, HSO,~, HSOy4, SO4~, SO4*,
CuSOy, S,0g%7, CuO, CuyO [14],

volume, g/l; F — number of Faraday (96500 coulombs);
Z — the valence number of substance ions.

Let’s note that the crystal structure of particles is
formed not immediately, but after a certain time. It is estab-
lished that the structure of primary particles is amorphous
in mass [15]. Then a crystallization process takes place
in the volume of particles and spherical coarse particles
with a radius of about 107 m break up into many fine
particles, but already of a crystalline structure. Thus, the
size of the resulting crystalline particles is due not only
to the conditions of germination of germs and growth of
amorphous particles, but also to the conditions of their
crystallization [15].

The quality of the powder is affected by the fol-
lowing factors: current density and copper concentration,
process temperature. The rise in temperature increases
the diffusion coefficient, but requires a higher current
density to produce the powder. However, let’s take
into account that when the pressure in the reactor is
0.2 bar, the temperature of the solution does not ex-
ceed 55 °C.

pH of the solution is varied based on the calcu-
lated data, during the experiment for various concentra-
tions of Cu.

Cu-S-H20-System at 45.00 C

hydroxides and sulfides of copper, Eh(Volts)

ions of CuO, %2 and HCuO,~ [9]. 10 T
For calculations, the HSC Che- 08 |

mistry application package [13] is cu

used, including built-in reference data- 0.6 |

bases for thermodynamic, physical and
chemical properties of inorganic and
organic substances, and calculation
modules, including the E-pH diagram
calculation module. Thermographic
and radiographic methods of research
are also used.

04 L

6. Research resulis

The effect of pressure, concentra-
tions, and temperatures is considered

Cu(OH),

Cu(OH)!

ps

| H,0 limits

in the calculations. As a result, let’s -1.0 ' ;
note that .the most siggificant fac- ELEMENTS
tors affecting the stability of com- Cu
pounds and elements in solutions S

are their concentration and pH. As
an example, let’s consider the E-pH
diagram for the Cu-S-H,O system
shown in Fig. 3.

Let’s note that with decreasing Cu concentration,
the copper solubility fields increase in the form of Cu®,
Cu? ions in the acid medium, the sulfide stability fields
decrease and the Cu stability field increases.

Obtaining loose (powder) sediments occurs with a sharp
decrease in surface concentration. The current density is
determined by the expression [8]:

in=2F(D/8) C", (1)
where i, — the cathode current density, A/cm? (A/cm?);
D — the coefficient of Cu®' ion diffusion in the aqueous
solution, cm?/s; 8 — the thickness of the diffusion la-
yer (0.05-0.1 cm); C° — Cu?" ion concentration in the

4 6 8 10 12 14

Molality Pressure pH
Variable 2.000E-01
Varable 2.000E-01

Fig. 3. E-pH diagram for the Cu-5-Hp0 system at 45 °C, for Cu at a concentration
of 1, 10-%, 10-% mal/l and a pressure of 0.2 bar

Under the condition that the Cu solubility field falls
into the field, the process of sedimentation of copper and
its oxides at the electrode buried in the liquid is observed
practically from the first seconds of treatment of the low-
pressure contact non-equilibrium plasma (Fig. 4, a, b).
In this case, an increase in the current intensity of the
process, respectively, leads to an increase in the current
density, which is accompanied by an increase in both
the yield of the sediment and its density. However, at
a lower concentration of Cu with the same parameters
of the current strength, let’s obtain more loose sedi-
ments (Fig. 4, c).

Taking into account that the sediment is amorphous
for a certain time after preparation, the particle sizes can
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be corrected with stabilization. Based on the thermo- and
radiographic studies, an approximate composition of the
dry sediment is determined (Table 1).

0 min 1 min 4 min 14 min

1 min 4 min 14 min

1 min 4 min 11 min

0 min

c

Fig. 4. Growth of sediment on the cathode (solution of CuS0,4
in water) at: & — pH=23.95; current intensity of the process /=140 mA,
C(Cu)=0.156 mol/l; b — pH=3.65; current intensity of the process
=200 mA, C(Cu)=0.156 mal/l; ¢ — pH=4.35; current intensity
of the process /=200 mA, C(Cu)=0.08 mal/l

A distinction of this type of plasma-chemical treat-
ment of liquid from ordinary electrolysis is the possibility
of working with highly diluted solutions, which reduces
the risk of sediment contamination by undesirable im-
purities.

Let’s note that a decrease in the liquid layer contributes
to an increase in the yield of oxide compounds. Also, when
the thickness of the processed liquid layer is reduced, the
size of the sediment particles decreases, obviously, this is
due to an increase in the number of germs and a decrease
in concentration. The dimensional characteristics of the
particles are described in detail in [14, 15] and are in
the range of 10-100 nm.

Tahle 1

An approximate composition of the copper-containing sediment
obtained under different conditions for treating the solution
with contact non-equilibrium plasma

Pressure Initial concen- Current Thickness Approximate
bar " | tration, C(Cu), strength, A of the liquid ratio of
maol/l layer, m Cu:Cu0:Cuy0
0.1 0.0156 100 0.25 2:1:1
0.1 0.0257 100 0.2 2:1.1:1.2
0.1 0.0515 120 0.15 2:13:1.4
0.1 0.08 180 0.1 16:1.1:1.3
0.1 0.008 180 0.01 1:3:3.5
0.2 0.156 120 0.25 2.5:1:14
0.2 0.156 140 0.2 21:1.1:1.2
0.2 0.08 200 0.15 2.5:1.5:2
0.2 0.04 200 0.1 1.4:2.1:17
0.2 0.008 200 0.01 15:4:25

This allows to conclude that it is possible to improve
the technological scheme by:

1) control of the inlet pH of the solution, ensuring
the optimal yield of copper compounds;

2) use of the spent solution in the tank with the initial
solution for its acidification;

3) refinement of the reactor block for the purpose of
processing the solution in film mode or close to it, which
should lead to an increase in the yield of copper oxides
and a decrease in the particle size.

7. SWOT analysis of research resulis

Strengths. Among the strengths of this research, it is
necessary to note the obtained results for the optimum
ranges of process parameters — pH of the solution and
its concentration, as well as the thickness of the layer of
the treated solution. Using the same data with respect to
the optimal ranges of input variables allows to solve the
problem of choosing a rational control system.

The criteria for choosing this are:

1) possibility of obtaining high-quality products with
a significant reduction in specific energy inputs and reagents;

2) minimization of costs for modernization process itself,
using the means of automatic control of the technologi-
cal process.

Weaknesses. The weaknesses of this research are related
to the fact that the proposed solutions are based on the
assumption of the possibility of an accurate measurement
of input variables in real time. However, such assumption
leads to errors due to uncontrolled disturbances. As a result,
the errors in determining the input variables can lead to
incorrect operation of the system and, in some cases, to
parametric failures of the control system. Therefore, in
order to prevent this drawback, special attention should
be given to the quality of the input product, which im-
poses special obligations on the operating personnel — the
operators of the system, i.e. the role of the subjective
factor grows.

Opportunities. Additional opportunities to achieve the
aim of research are in the following likely external fac-
tors. The growth of consumption of powders of nanosized
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copper oxide compounds leads to increased competition
among producers. However, this circumstance can be
considered stimulating in the sense that when using the ap-
propriate instrumentation and control equipment allowing,
taking into account the resulted research results, to
provide an acceptable quality of process control. At the
same time, the data obtained as a result of the imple-
mentation can become the basis for further development
of the described study. In particular, the influence of
operating conditions on the magnitude of the error in
estimating input variables can be investigated to clarify
the obtained dependences.

Threats. The difficulties in implementing the research
results are related to the following factors: the first —
the risk of obtaining products of lower quality than the
predicted. This risk is justified, since the obtained scheme
of the process is based on the assumption of the pos-
sibility of precise control of input parameters, which are
considered as the most significant. The second factor is
the market of raw materials. A long-term forecast for
the invested funds may show that the use of secondary
raw materials (waste), which is a source of environmen-
tal pollution in a number of industries, may be more
appropriate.

Thus, SWOT analysis of research results allows to
identify the main directions for the successful achievement
of the research objectives. Among them: refinement of the
obtained dependencies, in order to improve the quality of
process management, increase the competitiveness of the
obtained products and reduce specific costs for production.

1. The characteristics of the process of obtaining sediments
are studied. At a concentration of C(Cu)=10"'-10"2 mol/I,
the optimum pH range lies in the range 3.5-4.5. Let’s note
that an increase in the current intensity of the process
is accompanied by an increase in both the yield of the
sediment and its density. Reducing the Cu concentration
at the same current parameters gives more loose sedi-
ments. At the same time, a decrease in the liquid layer
promotes an increase in the yield of oxide compounds.
Also, when the thickness of the processed liquid layer is
reduced, the particle size of the sediment decreases.

2. The composition and sizes of the obtained particles
are determined. With a thickness of the treated solution
layer of 0.25 m, the oxide part is 50 % and 49 % at 0.1
and 0.2 bar, respectively, and at 0.01 m — 86 %, and
87 %. The dimensional characteristics of the particles are
in the range 10-100 nm.
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ONPEAENEHME ONTHMANBHBIX MAPAMETPOB NMONYYEHKA
ME[ALCOAEPMALMX YACTHL MPH NMAASMOXHMHYECKOiH
OBPABOTKE BOAHBIX PACTBOPOB

W3ydeHbl 1pOIIeCCHl MOTyUeHIs Me/bCOIEPIKAINX YACTUI] IIPU
06paboTKe PacTBOPOB KOHTAKTHOI HEPABHOBECHOIT MIA3MOM TTOHN-
SKEHHOTO JIaBJIeHNs. YCTaHOBJIEHBI ONTHMAJIbHbIE XapaKTePUCTUKH
npouecca. Onpesesena 3aBucumocts nporecca or pH u xoHuen-
Tpanuu pactsopa. /lokazaHo, YTO TIPU ONpe/leIEHHBIX TapaMeTpax
MOJKHO TIOJTyYaTh YaCTHIIBI B 3aJaHHOM JHalla3oHe 3HAYCHUIL.

Kmoueeste cnoBa: HepaBHOBECHAS I1J1a3Ma, BOJHBIE PACTBOPBI,
Me/IbCOJIepsKalllie YacTUI[bl HU3KOH PasMEepPHOCTH.
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