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ACHIEVING ENVIRONMENTAL SECURITY WITH ECONOMIC IMPACT

Dumping and storing spent pickling solutions on the territory of enterprises leads to environmental pollution, requires signifi-
cant costs for their neutralization at the enterprise and at treatment facilities at the production sites.

Purpose. To clarify the previously known, but insufficiently studied processes of wastewater treatment and to present the results
of research and tests conducted to obtain copper from wastewater and create environmentally friendly equipment.

Methodology. The paper studies individual processes of regeneration of copper-ammonia etching solutions using electro-
chemical technology to obtain dense copper deposits, whose release sharply reduces the formation and storage of sludge on the
territory of enterprises.

Findings. It is noted that the chemical correction of etching solutions leads to the formation of a significant amount of waste-
water, sludge which contains heavy metals that adversely affect soils, groundwater, the plant world and humans as the top of the
food chain. To avoid the accumulation of sludge on the territory of enterprises, it is proposed to use the technology of regeneration
of spent etching solutions, in which sludge is not formed, and the isolated metal is reused as a secondary raw material for copper
production. In this case, the regenerated etching solution is reused for etching printed circuit boards. The creation of equipment
for the regeneration of used solutions with the release of metal in a form suitable for melting becomes an important element in
preserving the environment and obtaining raw materials for non-ferrous metallurgy in Ukraine.

Originality. For the first time, comprehensive studies have been carried out which made it possible to create promising waste-
water treatment equipment based on them. The research-based etching line for printed circuit boards provides for the reuse of
rinsing waters in the technological process after its regeneration. At the same time, the use the line rinsing water is available to
replenish the withdrawn pickling solution.

Practical value. The use of the process with the separation of copper by dense deposits makes it easier to remove metal by

simple mechanical operations and to avoid a complex structure for removing copper in the form of metal powders.
Keywords: regeneration, sludge, pickling solution, copper, cathode, rinsing water

Introduction. In Ukraine, there is an urgent need for cop-
per, which is used widely in the electrical industry and other
industries. At the same time, there are no known deposits of
copper ores in Ukraine. Prospective and predicted resources
of copper ores have been estimated: in the Volyn region, in the
Donbas and in the Dnipro and Donetsk hollow within the
Ukrainian shield in the Middle Dnipro and Volyn regions. The
total ore resources of the Volyn region with an average copper
content of 1.0 % are estimated at 28 million tons of metal. All
of the above indicates a lack of copper ore deposits in Ukraine.
Ukraine’s annual demand for this metal is approximately 120—
140 thousand tons, twenty percent of which is provided by its
own copper scrap. The rest of the demand in the form of blister
copper has to be imported from neighboring Russia and Po-
land.

In Ukraine, the mineral resource base of non-ferrous met-
allurgy is insufficient, and many enterprises in this industry
work on imported raw materials or melt non-ferrous scrap
metal. At the same time, according to some estimations, the
total costs of copper production from secondary raw materials
are 35—40 % lower than from primary ones.

When locating these enterprises, consumer, transport and
environmental factors are also taken into account. Non-fer-
rous metallurgy is an environmental pollutant and the main
source of heavy metals.

The specificity of solid production wastes is that in small
quantities they do not have a noticeable effect on the environ-
ment, and in large concentrations they become an ecological
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disaster. The problem of utilization of industrial and domestic
waste is now becoming more and more acute due to the fact
that the volume of waste generation is constantly increasing,
while the rate of their processing is incomparably low. As a
result, hundreds of millions of tons of various solid wastes (in-
cluding those with heavy metals) have been accumulated by
now, which must be processed and neutralized.

According to the results of the X-ray fluorescence analysis
of the ammonium acetate extract of the investigated sludge
with pH 4.5, carried out by the ElvaX Light SDD spectrome-
ter, chromium, iron, nickel, copper and zinc were found
among the mobile forms of heavy metals. An S115-M1 atomic
absorption spectrophotometer was used to determine the
quantitative content of these compounds in the slime of board
production and electroplating.

The environmental hazard of heavy metals lies in the fact
that they are actively absorbed by Phytoplankton, and then get
to humans through the food chain.

At the same time, industrial enterprises, as a rule, are sig-
nificant consumers of water from water bodies. Wastewater
generated at enterprises after treatment is used in water circu-
lation cycles (if possible) or after preliminary treatment at en-
terprises and reaching the maximum permissible concentra-
tions of pollutants, it is discharged into the municipal sewage
system.

In the world practice, considerable experience has been
accumulated in preventing the adverse impact of waste on the
environment. Such activities include their burial at specially
prepared landfills, as well as their use as secondary raw materi-
als in the national economy. Burial of certain types of waste at
landfills is unprofitable due to pollution of the lithosphere (oc-
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cupation of arable and other lands), as well as the construction
of special landfills.

Due to the increasing load on wastewater treatment plants
and the creation of new ones, Ukraine allocates significant
capital costs for environmental protection (Table 1).

The impact of industrial wastewater on the deterioration of
the environmental situation in Ukraine is increasing. This is
due to the ineffective functioning of most treatment facilities,
the lack of modern equipment and technologies for the treat-
ment of industrial wastewater. So, over the past 19 years
(1990—-2019), the volume of water consumption in Ukraine
has decreased from 35 615 million m?/year to 11 296 million
m?/year, and the amount of specific pollutants discharged has
increased [1].

Galvanic production is one of the most dangerous sources
of environmental pollution, mainly of surface and under-
ground water bodies, through the formation of a large volume
of wastewater, as well as a large amount of solid waste, espe-
cially from the reagent method for neutralizing wastewater [1].
Compounds of metals, which are carried away by wastewater
from galvanic production, have a rather harmful effect on the
ecosystem of soil-plant-animal world-man [2]. This necessi-
tates the creation of such a system of environmental protection
which would exclude the possibility of copper connections
getting outside the enterprise. In other words, the organization
of production should be built in such a way that all solutions
are used for a long time, and the water is circulating [3].

Literature review. Analysis of the patent and technical lit-
erature has shown that the solution to the problem of waste
solutions is the transition to a production process based on a
closed cycle in a single technological operation.

At the same time, waste water from enterprises has not
been properly investigated; reliable designs and technologies
have not been developed. They could provide special treat-
ment to remove heavy metals [4].

Taking into account the current situation, we carried out
several studies, which should serve as a basis for obtaining raw
materials for copper smelting and improving environmental
safety. Some of these tests and suggestions are outlined below.

Unsolved aspects of the problem. The etching characteristics
of solutions, including copper-rolling ones, decrease as etched
copper accumulates in them, which leads to a deterioration in
the characteristics of the manufactured printed circuit boards
(in this work, printed circuit boards are considered in which
copper covering the base is widely used). At a high concentra-
tion of etched copper, the etching rate becomes so low that the
subsequent use of this solution becomes impossible [4].

Discharge of ‘depleted’ pickling solutions serves as a
source of environmental pollution; there is a need to spend

Table 1
Capital investments for environmental protection
(thousand of UAH)
Including
Year Total cleansing of waste protection
return water | management | of soil, water
2014 | 7959853 1122 149 783 965 359925
2015 7675597 848 881 737 498 388259
2016 | 13390477 1160 029 2208 676 419 988
2017 | 11025535 1276 530 2470 969 1284502
2018 10 074 279 1692 640 1182045 1444 291

! Data for 2014—2018 are given without taking into account the
temporarily occupied territories of the Autonomous Republic of
Crimea, the city of Sevastopol and part of the temporarily occupied
territories in Donetsk and Luhansk regions

quite large funds for the neutralization of wastewater. In addi-
tion, copper, which has passed into the solution during the
pickling process, is lost irrevocably, and a large amount of
valuable chemicals is needed to make a fresh pickling solution.
All this leads to deterioration in the efficiency of the produc-
tion of printed circuit boards and environmental pollution.

The greatest danger to the environment is possessed by
mobile forms of chemical compounds, which determine the
degree of toxicity and harmfulness of sludge waste from the
production of boards and electroplating. The substances that
make up the waste affect the cytogenetic characteristics of soil,
water and ecosystems. A complete assessment of the intensity
of soil pollution provides for an analysis of the combined ac-
tion of factors of influence during the accumulation and ac-
counting of the migration capacity of pollutants.

The main directions of the effect of the reagents on the soil
are the phytotoxic effect of anions, the direct phytotoxic effect
of water-insoluble reagents, changes in the composition of the
absorbing complex of the soil, and the destruction of the soil
structure [5].

In places of waste disposal, there is an established struc-
ture of technogenic lithochemical areas, which is manifested
in different contents of heavy metals: zinc, nickel, iron and
copper, depending on the characteristics of technological pro-
cesses. At a distance of up to 0.3 km from the sites of sludge
placement, the background concentration of zinc, nickel and
copper in the soil may be exceeded, which leads to soil and
water pollution, and a deterioration in the quality of life of the
population. The biggest disadvantage of the neutralization
process is the formation of sludge and the practice of storing
them in sludge collectors. The components of sludge have a
significant effect on human health [4].

Purpose. One of the most desirable ways to solve the prob-
lem of restoring the etching properties of solutions is to main-
tain their constant components during the entire etching pro-
cess, waste water disposal and removal of etched copper, and
electrochemical regeneration of etching solutions. The ability
to electrochemically regenerate the properties of solutions
based on ferric chloride and copper chloride has been proven
by the works of foreign and domestic researchers [6].

Nowadays, devices for electrochemical regeneration of
these solutions have been designed and introduced into pro-
duction, which exclude harmful discharges and remove copper
in the form of powder [4].

The issue of electrochemical regeneration of copper-am-
monia pickling solutions with the release of copper in the form
of a dense precipitate is relevant nowadays, which makes it
possible to simplify the design of the regenerator electrolyzer:
there is no need for a powder removal unit, which has a com-
plex design.

The patent literature describes a variety of means of regen-
eration of pickling solutions that can reduce the cost of chem-
icals and waste disposal. Regeneration methods, that is, the
resumption of the working characteristics of pickling solutions
can be roughly divided into two methods: chemical and elec-
trochemical. The possibility and effectiveness of this or that
method depends on the solution that is used. Solutions based
on chloride copper and copper sulfate (alkaline) have the abil-
ity to regenerate. The etching process in them can be expressed
by the following equation

Cu+Cu(NH,);* —2Cu(NH,)} (1)

Chemical regeneration can be expressed by the following
equation

2[Cu(NH,),]* + O, + 4NH, + 2H,0 —
—5 2[Cu(NH,),]** + 40H-

Here, cuprous ions are oxidized by atmospheric oxygen or
another oxidizing agent to a bivalent state. To maintain a con-
stant composition of the solution in terms of the components
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that are included in its composition, in addition to the divalent
copper salt, they are introduced into the solution in a calcu-
lated amount, and then the solution is diluted. NH,OH is
added to the solution to maintain the pH.

Although the solution regains its pickling characteristics,
in the chemical regeneration process it is necessary to con-
stantly remove the solution from the process, which leads to
the cost for neutralizing the waste water and to the loss of cop-
per. In addition, the adjustment of the solution for all compo-
nents is associated with its constant analysis and does not al-
ways return the solution to its initial properties. With this type
of chemical regeneration, although the cost of valuable chem-
icals for solution preparation is reduced, the etched copper is
still lost [7].

Methods. The most economically viable method for re-
generating depleted pickling solutions is the electrochemical
method, in which there is a simultaneous release of etched
copper in its pure form and the recovery of the pickling char-
acteristics of the solution [8]. With this method, economic ef-
ficiency is due to a significant reduction in the cost of chemi-
cals, a decrease in the cost of waste disposal and return of cop-
per to production [9]. The electrolysis process can occur with
and without the release of gases at the anode. A non-gassing
process is more desirable because only copper is released from
the pickling solution and there is no need to adjust the solu-
tion. In such a scheme, after the operation of etching and satu-
ration of the solution with copper compounds in the etching
module, the etching rate decreases and the etching solution
should be replaced with a fresh one, capable of etching at a
sufficient rate. The spent solution is sent to the factory treat-
ment facilities for previous treatment, in which the residue can
be discharged into the city sewer (after reaching the maximum
permissible concentrations of pollutants established by the city
water utility). After the sewage passes through the treatment
facilities of the enterprise, sludge remains on its territory,
which harms the environment of the state (and, naturally, the
population) [10].

That is, the production of boards and electroplating, where
copper is used as a conductive material and is vented in the
process of preparing the surface for use (drawing and etching),
can partially become a source of replenishment of the resourc-
es of scrap non-ferrous metals [11].

Surveys have shown that a range of metals — copper, iron,
nickel, chromium, and others are discharged into wastewater
by companies that manufacture printed circuit boards. So, with
an annual one-shift operation of a PCB etching line with a pro-
ductivity of 14 m?/hour, almost 28 000 m? of work pieces will
be produced, and the amount of metal (copper) recovered will
be approximately 14 000 kg, which at a price of 85 UAH /kg will
be 14 000 kg - 85 UAH/kg =1 190 000 UAH. In USD equiva-
lent it is $ 44 000.

This metal can be reused when using solutions for electro-
chemical regeneration of pickling solutions simultaneously
with the main process. So the amount of metal that will be
vented when the industrial production of boards is resumed
can be (with one-shift operation and the number of lines in
operation 350 pcs) 14 000 - 350 =4 900 000 kg.

The negative side of PCB manufacturing is sludge forma-
tion. For example, let us consider the condition with the for-
mation of sludge during the operation of the etching lines of
printed circuit boards. With a pickling line productivity of
14 m?/h, the amount of sludge in 8 hours of operation will
reach more than 110 kg, which, with a monthly one-shift op-
eration, will be 2400—2500 kg.

Modern enterprises, which, at the best time for produc-
tion, produced approximately 4 - 10 m? of boards, accumu-
lated on their territory 1500—3000 tons and more in the form
of sludge, which are stored in containers, plastic bags and fall
under the influence of atmospheric precipitation. In the
course of the action of atmospheric precipitation on them,
salts are washed out and pass into the ground, surface waters,

polluting the environment and increasing the level of environ-
mental hazard. Therefore, the electrochemical regeneration of
solutions is the basis for obtaining copper raw materials and
increasing the environmental safety of the areas of production
of boards.

For the proposed scheme of regeneration of the spent
pickling solution, only solid electrodes as working ones were
used. The ones most widely used for such purposes are plati-
num and graphite. Therefore, in this work, they were taken as
a basis for testing. In order to replace expensive platinum, the
possibility of using a titanium electrode for analysis was inves-
tigated. A preliminary experiment was carried out on the cor-
rosion behavior of titanium in a pickling solution. The mass of
a titanium wire sample with a length of 100 mm and a diameter
of 0.7 mm (0.2104 g) after 115 hours of exposure in an etching
solution did not change when weighed on an analytical bal-
ance. This made it possible to use a titanium electrode in the
etching solution as a working one.

The temperature of the solution was maintained within
45 °C. To regulate the pH of the solution and its effect on the
etching rate, aqueous ammonia (25 %), or synthetic liquid am-
monia was used, which was placed in a separate room outside
the workshop. The research process was carried out using etch-
ing solutions, the composition of which is presented above.

The effect of pH on the etching rate is essential for obtain-
ing the etching rate in the range of 35—38 um/min. Maintain-
ing the pH in the range of 8.3 to 8.55 makes it possible to pro-
vide the required etching rate combined with the rate of copper
deposition on the cathode system of the regeneration unit.

Tests of the regeneration unit together with the pickling
machine and the installation for separating and supplying am-
monia solution made it possible to choose batch-type appara-
tuses (Fig. 1), which are simpler in design and convenient in
operation compared to continuous-action apparatuses.

Table 2
Concentrations of the components used in the tests

No. Component namesx Indicators, kg/m?

1 ammonia complex of copper dichloride 40-60

(for metal)
2 | ammonium chloride 50—-100
3 | ammonia water (25 %), or synthetic fluent

liquid
4 | orthophosphoric acid 20-30
5 | pH solution fluent

2
<|; ~ N N~

i o

Fig. 1. Scheme of the ammonia installation for feeding of peri-
odic action for an aqueous copper and alkaline solution.
1 — desorber; 2 — filter; 3 — pickling machine; 4 — ejector; 5 —
pump
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To exclude the loss of ammonia into the environment, the
air from the working chamber of the pickling machine 3
through filter 2, where drops of pickling solution are captured,
enters the desorber / and is saturated with ammonia. The am-
monia-air mixture is sucked in by the ejector 4, the working
fluid of which is the pickling solution. In the ejector, ammonia
is absorbed by the pickling solution, and air is returned to the
working chamber of the pickling machine. To intensify the de-
sorption process, the aqueous-ammonia solution in the strip-
per is heated with an aqueous pickling solution. The desorption
process stops when the ammonia water in the desorber reaches
5 % by weight, after which the ammonia solution is replaced
with a fresh one. For the research, a line for etching printed
circuit boards with an aqueous copper-alkaline solution was
used. In this case, the regenerator used to recover the solution
is set for a copper productivity in the range of 3—4 kg/h.

The rate of desorption of ammonia was calculated by the
formula (g/hour)

=(VH C) =V -Cx)
T

G

3)

where, V, Vi are the initial and final volumes of the solution;
Cy, Cg are the initial and final concentrations of ammonia,
g/1; T is time of desorption, h.

Based on the test results, it was proposed to use the correc-
tion device in conjunction with an electrochemical recovery
(regeneration) installation. This fact makes it possible to create
equipment that can operate in an automatic mode and intro-
duce a low-waste energy-saving technological process for
aqueous solutions, which in turn will reduce the burden on the
environment due to a sharp decrease in the discharge of spent
pickling solutions and improve environmental safety.

Another, no less important, circumstance is the fact that
through the roughness of the initial surface, respectively, the
density of the cathode deposit is constantly decreasing. As a
result, grains of copper powder appear on the electrode sur-
face, which increase the cathode surface and reduce the cur-
rent density.

The same process contributes to an increase in micro den-
sities at individual points of the surface, which leads to a fur-
ther increase in roughness and, as a consequence, the forma-
tion of powders.

Additional cleaning or electro polishing of electrodes al-
lows improving the parameters of the processes (to increase
the current efficiency). After cleaning the electrodes, the orig-
inal current efficiency and performance are restored.

The dependence of the average value of the breakout force
P on the surface cleanliness is shown in Fig. 2, and the depen-
dence of the relative deviation 8, % on the average value of the
breakout force and the cleanliness of the electrode surface is
shown in Fig. 3.

The quality assessment of the deposited copper was de-
termined by conducting micro structural studies. Two plates
10 x 10 mm in size were cut from the deposited plate and
filled in with epoxy resin.

The microstructure of the deposited copper was investi-
gated on a MIM-7 microscope and photographed. Fig. 4
shows the microstructure of deposited copper (longitudinal
section). When examining the samples, a microstructure was
found that allows the samples to be characterized as follows.
The outer surface is clean, well washed from electrolyte resi-
dues and slags, does not have a coating of copper sulfates. No
mushroom-shaped dendritic outgrowths or large porous cop-
per outgrowths were found.

Fig. 5 shows the microstructure of the plate surface (a mi-
cro section is cut across the plate), which makes it possible to
reveal the pores, the overwhelming majority of which have a
teardrop shape. Some of them look like end-to-end channels.
The pores are evenly distributed on the sample surface. Their
diameter does not exceed 10—20 microns. The study of a mi-
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Fig. 2. Dependence of the average value of the breakout force P
on the surface cleanliness

1 — approximated value; 2 — experimental value
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Fig. 3. Dependence of the relative deviation 8, % of the average
value of the breakout force and the cleanliness of the elec-
trode surface

Fig. 4. Microstructure of deposited copper (longitudinal sec-
tion), enlarged x 120

Fig. 5. Microstructure of deposited (cross-section) copper, en-
larged x 120

cro section cut in the transverse direction of a copper plate
made it possible to reveal the presence of dense layers, which
differ in their structure.
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The first layer was formed at the beginning of the nucle-
ation of the growth zone at a high initial current density and
has a fine-grained structure. The width of this zone is 12—
14 microns. The grain size does not exceed 1—2 microns.

The second layer consists of columnar dendrites. Dendrite
branches are 7—8 microns long, and the height of the dendrites
reaches 40—50 microns. With a large thickness of the sedi-
ment, complete accretion of dendrites occurs. A layer of co-
lumnar dendrites remains compact until the dendrites reach a
length of 30—35 pm, after which, with the growth of dendrites,
the layer’s density is lost and it acquires perforation.

The physicomechanical properties of electrolytic coatings
were investigated by metallography, by measuring the extreme
contact angle, by flexible cathode, swinging pendulum and
scanning electron microscopy, by measuring micro roughness.
The study on surface morphology, including the study on the
fine structure of galvanic copper was carried out.

The texture of copper coatings was studied by metallo-
graphic etching. To identify the etching figures, a solution of
the composition was used:

FCC13 . 6H2O -5 g,
HCI — 30 ml;
H,0 —100 ml.

Etching time is 2.5—3 min. The etching pattern was ob-
served using an optical microscope MMU with a magnifica-
tion of 370 and a scanning electron microscope SEM. Identi-
fication of the microstructure of copper coatings by etching
metallographic sections and determining the micro roughness
of the coating was carried out. The sediment growth coeffi-
cient was determined by the optical method by measuring the
width of the conductor before and after coating with galvanic
copper with a thickness of 15 um. The growth rate was calcu-
lated using the formula

Ad

"’
where Ad =d, — d,; d, is conductor width after coating, um; d,
is the width of the conductor to the coating, um; b is coating
thickness, microns.

Internal stresses were determined by the flexible cathode
method. A thin metal plate several centimeters long was taken
as a cathode, which was fixed in the upper part, while its lower
end moved freely.

The cathode on the side opposite to the anode was covered
with a thin layer of insulating varnish so that the metal was
deposited on one side only. As the metal was deposited under
the action of internal stresses arising in the deposit, the cath-
ode plate was bent, the value of which changed depending on
the change in internal stresses.

The value of internal stresses was calculated using the for-
mula (kg/cm?)

2
b E-d*-A ,
3-0%-h
where E is the elastic modulus of the cathode material, kg/cm?;
d is the thickness of the cathode, cm; A is cathode deviation,
cm; & is cover of thickness, cm.

The pendulum method was used to determine the hard-
ness of galvanic deposits.

The studies performed and their results do not prevent the
use of deposited copper as electrodes, or its remelting with
subsequent use as a conductive and structural material.

To assess the tests conducted, the initial data and the cal-
culation of the total hazard index of sludge from the produc-
tion of boards and electroplating were carried out for one of
the enterprises in the city of Khmelnytskyi.

After the implementation of the proposals suggested in the
work, the amount of copper compounds, which were released
in the form of sludge, dropped sharply. The performed calcu-
lation showed an increase in the total safety index.

The amount of separated sludge that will be stored at the
treatment facilities of the enterprise will reach minimum val-
ues, the value of which can be calculated from the following
provisions:

- the solution will work unchanged for 2—3 months;

- the average value of the mass of sludge per month will be
1 kg from one installation

Taking into account the fact of creating equipment that
seems environmentally friendly and energy-saving, we have
the opportunity to assess how the economic indicators of
equipment created on the basis of this study are provided. At
the same time, we must take into account the specific param-
eters of installations that create the possibility of reusing aque-
ous solutions without being discharged to treatment facilities
of both enterprises and cities.

When determining economic feasibility, we must proceed
from the criterion of reducing the damage to the environment.
The calculation of the economic efficiency from the introduc-
tion of new equipment was carried out for the annual program
for the production of billets and in dollar terms amounted to
$63 000. After removing copper compounds from wastewater
(not converted to sludge), the overall hazard index becomes
more acceptable.

The introduction of a new wastewater treatment technol-
ogy with only one unit, in addition to the economic effect, will
improve the environment and make it possible to implement
an environmentally friendly process of copper utilization.

Conclusions.

1. Regeneration of the pickling solution will make it pos-
sible to obtain copper which can be used for subsequent re-
melting at metallurgical enterprises, metallization of boards.

2. The use of the correction device together with the instal-
lation of electrochemical recovery (regeneration), allows cre-
ating equipment that can operate in an automatic mode and
introduce a low-waste energy-saving technological process for
aqueous solutions.

3. The created equipment improves the ecological situa-
tion in the area where the enterprise is located.
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CkumaHHs Ta 30epekeHHSI Ha TEePUTOpii IMiATPUEMCTB
BilMpalbOBaHUX TPABUJIbHUX PO3UMHIB MPU3BOAUTH A0 3a-
OpyAHEHHST HAaBKOJIHUIITHBOTO CEPENOBUINA, BUMATa€ 3HAUHUX
BUTPAT MPU iX 3HEIIKOMKEHHI Ha MiAMPUEMCTBI i Ha ouuC-
HUX CITOPYAax Y MiCLISIX PO3TalllyBaHHSI BUPOOHULITB.

Meta. YTOUHEHHS BiIOMUX paHille, ajge HEIOCTaTHbO
BUBUYEHHUX TTPOLIECIB OYMILIEHHS CTIYHUX BOJ i ITPeACTaBICH-
H$1 pe3yJIbTaTiB AOCiIKEHHSI, TPOBEIEHUX BUITPOOYBaHb JIJIsI
OTPUMAaHHS MiJli 31 CTIYHUX BOJI i CTBOPEHHSI €KOJIOTTUHO 0e3-
MEeYHOro obJaHaAHHS.

Metonuka. Y gaHiii poOOTi BUBYEHI OKpeMi ITPOLIECH pe-
reHepaiii MiHO-aMiauHUX TPaBUJIIbHUX PO3YMHIB i3 3aCTOCY-
BaHHSAM €JIEKTPOXiMiYHOI TeXHOJIOTII JJIsI OTPUMAHHS ILiJIb-
HUX OMNAaJiB Mifli, BUIJIEHHS SKUX Pi3KO CKOPOUYE YTBOPEHHS
Ta 30epiraHHs Ha TEPUTOPIi MiAMPUEMCTB BiIXOMiB Y BUIJISII
1I1aMiB.

Pesynbratu. BinzHaueHo, 1110 XiMiuHe KOpMUTYyBaHHSI Tpa-
BWJIHHUX PO3YMHIB TTPU3BOAUTH IO YTBOPEHHS 3HAYHOI Killb-
KOCTI CTIYHMX BOJI, ITAMiB, Y CKJIAJi SIKUX TIPUCYTHI BaxKKi Me-
TaJTu, 10 HETATUBHO BIUIMBAE HA TPYHTH, TI3eMHi BOIH, POC-
JIMHHUI CBIT i JIOOWHY, SIK BEPUIMHY XapyOBOIO JAHIIIOTa.
100 YHMKHYTM HAKOMUYEHHS LUIaMiB Ha TEPUTOPII MiAIpu-
€MCTB, 3aMIPOITOHOBAHO BUKOPUCTOBYBATH TEXHOJIOTISIMU pere-
Hepallii BiAnpalboBaHUX PO3UYMHIB TPaBJIEHHS, 3a SIKUX HeE
YTBOPIOIOThCS 1IIJIAMU, a BUIIJIEHUI MeTal BUKOPUCTOBYIOTh
SIK BTOPMHHY CHUPOBUHY [UIs BUpOOHULITBA Mini. [Ipu 1ibomy
pereHepoBaHUi TPaBUIbHUI PO3UMH MOBTOPHO BUKOPUCTOBY-
0T JIUTSI TPABJIEHHS IPYKOBaHUX 11aT. CTBOpEHHST 00aqHaH-
HS 711 pereHepailii BUKOPUCTAHUX PO3YMHIB 3 BUALICHHSIM
MeTay Y BUTTISI, TIPUIATHOMY IUTSI TIEPETUIaBKU, CTAE BAXKITU-
BUM €JIEMEHTOM 30epeKeHHsI HABKOJIMLIHBOTO CEPEOBUIIIA Ta
ofiepKaHHSI CUPOBUHU JUIS1 KOJILOPOBOI METATYpPTil YKpaiHu.

HaykoBa HoBu3Ha. Yriepilile BUKOHaHiI KOMILJIEKCHI TOCHTi-
TDKEHHST, 10 JO3BOJIMIIV CTBOPUTH TIEPCTIEKTUBHE 00JIaTHAHHST
OUMILIEHHS TPOMUCIIOBUX CTiYHUX Bof. JIiHisl TpaBaeHHS Apy-
KOBaHUX TIJIaT, CTBOPEHA HA OCHOBI IOCTIMKeHb, Tiependadae
MOBTOPHE BUKOPUCTAHHSI B TEXHOJIOTIYHOMY IPOLIECi BUKO-
PUCTAaHOTO BOAHOTO TPABUIIBLHOTO PO3UMHY TTICIIST HOTO pereHe-
pauii. OqHoyacHO nependayeHo BUKOPUCTAHHS MPOMUBHMX
BO[I JTiHii 17151 TOTIOBHEHHST BUBEIEHOTO TPABWJILHOTO PO3UMHY.

IIpakTyna 3HayuMicTb. BukopucTaHHs npolecy 3 BUi-
JIEHHSIM Mili IIUIbHUMU OcCalaMy JI03BOJISIE TOJErIIUTA
3HATTS MeTajlly MPOCTUMU MEXaHIYHUMU OTmepallissMu Ta

YHUKHYTU CKJIAJIHOT KOHCTPYKILil U1 BUJTYYEHHS Mili y BU-
[JISII METaJIEBUX MTOPOLIKIB.

KiiouoBi ciioBa: peeenepayis, winamu, mpasuibHuil po34uH,
MiOb, Kamood, nNpomueni 600u
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COpacbIBaHUE ¥ COXPaHEHME HA TEPPUTOPUU IPEIIIPUSI-
THI OTPaOOTAaHHBIX TPABWJIBHBIX PACTBOPOB MPMBOIUT K 3a-
IPSIBHEHMIO OKPYXKAIOIIEH Cpelbl, TpeOyeT 3HAYMTEIbHbIX 3a-
Tpar NpH UX 00e3BPEKMBAHNU HA TTPEATIPUSITUN U HA OUUCTH -
TEJIbHBIX COOPYKEHUSIX B MECTAX PACIIOIOXKEHNS TPOU3BO/ICTB.

Ileab. YTOUHEHUE M3BECTHBIX paHee, HO HEAOCTATOUYHO
M3YYEHHbBIX IIPOLIECCOB OYMIIEHMUSI IMPOMBIIUIEHHBIX CTOY-
HBIX BOJI, TIPEACTaBICHUE PE3YJIbTATOB UCCIISIOBAHMS U TTPO-
BEIECHHBIX MCIBITAHUI U IOJYYEHMS] MEIM M3 CTOYHBIX
BOJI, CO3IaHKEe IKOJIOTMUECKH 6e30MacHOro 000pyIOBaHUSI.

Meroauka. B naHHoli paboTe M3y4yeHbl OTIAEAbHbIE TIPO-
LIeCChl pereHepaly MeIHO-aMMUAYHBIX TPAaBWJIBHBIX pac-
TBOPOB C IPUMEHEHUEM 3JIEKTPOXUMUUYECKON TEXHOJOTUU
IIJIST TIOJTYYEHUST TDIOTHBIX OCAIKOB MEIM, BBIICJICHNE KOTO-
PBIX Pe3KO COKpalllaeT o0pa3oBaHUe U XpaHeHUE Ha TeppH-
TOPHUU MPEANPUSITUIA OTXOIOB B BUIE LIJIAMOB.

Pesyabratel. OTMEUEHO, YTO XMMUYECKOE KOPPEKTHUPO-
BaHUE TPaBWJIBHBIX PAacCTBOPOB IMPUBOIUT K OOPa30BaHUIO
3HAYMTEIbHOTO KOJIMYECTBA CTOYHBIX BOJI, IIJIAMOB, B COCTa-
BE KOTOPBIX MTPUCYTCTBYIOT TSKEJIbIE METAJIIbI, UYTO OTPUIIA-
TEeJIbHO BJIUSIET Ha TPYHTHI, TOA3€MHbIE BOIIbI, PACTUTEIbHBIA
MHUp U 4YeJIOBEKA, KaK BEPLIMHY IMUIIEBOM e, YToObl 13-
6exxaTh HAKOILJICHUS 1IJIAMOB Ha TEPPUTOPUH IPEATNPUSITHIA,
IPeUIOXKEHO UCIIOIb30BATh TEXHOJIOTUIO PETeHEPALIMK OTpa-
OOTaHHBIX PACTBOPOB TPaBJEHMSI, TIPU KOTOPOI He 00pa3zy-
IOTCS IIIJIAMbI, A BbIIEJIEHHBIA METaJLI, MCIIOJIb3YIOT KAaK BTO-
PUYHOE ChIpbe /UISl MPOU3BOACTBa Meau. [Ipu aToM pereHe-
PUPOBAHHBIA TPABUJIbHBIA PACTBOP ITOBTOPHO HCIIOIL3YIOT
IUTSE TpaBJIeHMWsl TledaTHBIX iaT. Co3maHue 000pyIOBaHUS
IUTS pereHepaLiy UCIOIb30BaHHbBIX PACTBOPOB C BBIIEIEHH -
€M MeTaJlla B BUJIe, IIPUTOHOM JUISI TIeperIaBKK, CTAHOBUT-
CsI BaXKHBIM 2JIEMEHTOM COEpEXEHMs OKPYKAIOIIEH Cpenbl 1
TTOJIyYSHUST ChIPBS TSI IIBETHOM METaJLTypIriuu Y KparuHBbI.

Hayunas HoBu3Ha. BriepBbie BBITTOTHEHBI KOMIUIEKCHBIC
HCCIIeIOBaHUS, KOTOPbIe MO3BOJMIM CO3[aTh MEePCIEKTUB-
HOEe 000pyIOBaHUE OYMIIEHMS ITPOMBIILIEHHBIX CTOYHBIX
Bo. JIMHWS TpaBJIeHUS TIEYaTHBIX TUIAT, CO3IaHHAas Ha OCHO-
Be MCCJIeI0BAHUM, IIPEAyCMaTPUBAET IIOBTOPHOE UCIIOIb30-
BaHME B TEXHOJOTMUYECKOM ITPOIIECCe MCITOTb30BAaHHOTO BO-
IHOTO TPaBWJILHOIO PacTBOpa IOCje ero pereHepauuu. On-
HOBPEMEHHO TIPEIYCMOTPEHO WCIOJb30BaHME MTPOMBIBHBIX
BOI JIMHUU [JIS1 IOIOJHEHUs] BBIBEIEHHOIO TPaBWJIbLHOIO
pacTBopa.

IIpakTiyeckas 3HauMMocThb. Vcrnoab30BaHMe mpolecca ¢
BBIIIEJICHEM MeIW TUIOTHBIMM OCaIKaMU ITO3BOJISIET O0JIer-
YUTh CHSITHE METaljIa POCTBIMU MEXaHUYECKUMHU OIePaLi-
SIMHU ¥ U30eKaTh CIIOKHON KOHCTPYKIIWHU JUTSI U3BATUS MEIN
B BUJI€ META/UTMYECKUX MTOPOILKOB.

KioueBbie cioBa: pecenepayus, wiaamol, mpasuabhblii pac-
meop, Medb, Kamoad, nPomMbvleHble 800bl
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