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INTRODUCTION 

The resources of copper ore deposits in the 
Volyn Oblast of Ukraine constitute, on average, 
about 1.0% of the content of this metal and are es-
timated at 28 million tons. The annual demand of 
Ukrainian enterprises for this metal ranges from 
120 to 140 thousand tons. Most of the demand 
for this raw material is provided by imports from 
Russia and Poland, and only 20% of the demand 
comes from the domestic processing of metal 

objects obtained from recycling [Chervonyy et 
al. 2014]. Extraction of copper ore by opencast 
method is characterized by relatively low finan-
cial outlays and the possibility of using devices 
with high processing capacity [Chervonyy et al. 
2014; Nester 2016; Pohrebennyk et al. 2019]. 

Open-pit mining of the deposits contributes to 
the formation of mining areas with a limited pos-
sibility of their use. In addition, this method often 
causes irreversible geomorphological changes to 
the terrain, which directly affect the landscape of 
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the environment. As part of field work in opencast 
mines, specialized geological and drilling work is 
required. In order to minimize the input of the 
collected minerals, it is required to use a rational 
direction of their management. Open-pit mining 
of deposits generates the necessity to use both the 
main mineral and the accompanying minerals. 
Careful management of minerals contributes to 
the limitation of mining areas and the minimiza-
tion of other areas. From some of the raw materi-
als obtained, it is possible to obtain pro-ecological 
materials. In addition, sustainable opencast min-
ing makes it possible to protect resources against 
their irreversible loss. It has economic signifi-
cance by increasing the supply of materials made 
from the obtained minerals [Pękala 2019, 2020].

The second commonly used method of ex-
tracting copper ore is underground mining. It 
is used when there is no economic or technical 
justification for carrying out the works with the 
opencast method. The activity of underground 
mines has a lesser impact on the natural environ-
ment than opencast mines. As a result of this type 
of activity, the demand for iron – 20%, copper – 
45%, zinc – 70%, tin and lead – 75% and 100% 
of the demand for tungsten is ensured. The cost 
of ore extraction using the underground method 
is much higher compared to the opencast method 
[Pashayan et al. 2018, Prolejchik et al. 2018]. The 
current exploitation of copper deposits in Ukraine 
by opencast method is carried out at depths of 
up to 250 m. However, the growing demand for 
raw materials and the decreasing amount of read-
ily available resources mean that they must be 
obtained from deeper and deeper deposits, thus 
increasing the cost of technology. The trend for 
the dredging of existing mines is observed all 
over the world. When analysing the resources of 
global ore extraction, Canada draws attention, 
where ores containing gold, copper and nickel are 
mined at depths of 1800–2600 m. In the United 
States of America, copper and gold are mined at 
1,700-3,000 m. In India, gold is obtained from a 
depth of 3500 m. In South Africa, mining is car-
ried out at depths above 4000 m [Chervonyy et 
al. 2014, Nester 2016]. The use of Ukrainian land 
for the extraction of raw materials is regulated by 
their national mining law. This document imposes 
mandatory assurance of safe and rational extrac-
tion and use of mineral resources [Chervonyy et 
al. 2014, Nester 2016].

Electroplating production is one of the most 
dangerous sources of environmental pollution, 

mainly surface and ground waters. This is mainly 
due to the formation of large amounts of sewage 
during production, as well as a large amount of 
solid waste. Metal compounds that are discharged 
with wastewater from electroplating production 
have a very detrimental effect on the environment 
[Grizzetti et al. 2017, Mitryasova et al. 2016, 
Makisha et al. 2016, Oliveira et al. 2007].

When using electroplating processes, there 
is a risk of emergencies related to waste disposal 
and direct technological processes. In the event 
of an unfavorable development of crisis situa-
tion, preventive measures are introduced to stop 
the unfavorable development of events. Electro-
plating processes and improper handling of the 
generated waste pose a huge threat to humans 
and the natural environment. The probability of 
occurrence of adverse changes in the natural en-
vironment or long-term negative effects of these 
changes resulting from the negative impact on the 
environment is defined as the environmental risk 
[Karpinski et al. 2018, Nester 2016, Pohrebennyk 
et al. 2017].

Ukrainian companies in their country pro-
duced about 4103 m2 of boards per year, which 
had a negative effect on the production of about 
1500-3000 tons of waste per year. Post-produc-
tion waste stored in containers and plastic bags 
when exposed to weather conditions poses a 
threat to the natural environment. During precipi-
tation, chemicals are leached and then get into 
soils and surface waters [Matukhno et al. 2019, 
Zaporozhets et al. 2018].

Several companies are responsible for the 
production of printed circuit boards in Ukraine, 
including: “ETAL” Kirovograd, which produces 
about 4–5 thousand m2 of boards per year, and its 
production capacity is estimated up to 50,000 m2 
of boards; “Galvanotechnics”, Kiev plant “Radar”, 
“Novator” (Khmelnytsky) with a capacity of 0.9 
thousand m2; “Concern-Elektron” – 0.8 thousand m2.

Thus, only one company can discharge up 
to 5-6 tonnes of copper per year along with sew-
age or collected sludge, contributing to a nega-
tive environmental impact. In Kiev, until 1992, 
over 20 tonnes of copper were generated annually 
as waste. For example, the plant “Electronmash” 
etched 15,000 m2 of plates per year (which leads 
to the release of 7,500 kg of copper) [Nester 2016].

The use of technology for the regeneration of 
used etching solutions would avoid the accumu-
lation of problematic sediments on the enterprise 
areas. Its aim is to reuse copper as a secondary 
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raw material. The regenerated solution, on the 
other hand, could be reused in the etching pro-
cess of printed circuit boards [Nester and Drapak 
2008, Nester and Evgrashkina 2017, Girnychyy 
and Zakon 1999].

The complexity and severity of the problem 
results from the fact that Ukrainian consumers, 
in order to meet the demand for this raw mate-
rial, are forced to purchase a significant part of 
copper outside their country. Unfortunately, the 
production capacity of rolled copper and its al-
loys in Ukraine is limited due to a lack of raw 
materials. Additionally, a significant proportion 
of copper scrap and waste is exported. Although 
the export of rolled copper and its alloys is much 
more profitable compared to the export of cop-
per scrap and waste. For each ton of exported 
rolled products, up to $ 1,000 can be obtained, 
while the annual figure is around $ 30-40 mil-
lion. However, the analysis of patent and techni-
cal sources showed that due to the lack of raw 
materials intended for the smelting of non-fer-
rous metals, the issue of copper recovery from 
wastewater is not sufficiently profitable [Nester 
2016, Prolejchik et al. 2018].

The production technology of non-ferrous 
metals has its own specificity, resulting from the 
low content of non-ferrous metals in the ore com-
pared to the amount of iron (in non-ferrous ores 
- the content is only a few percent), as well as the 
presence of other metals in the ore. In particular, 
ores with an average metal content of 2-3% are 
used for the production of copper. However, the 
transport of the raw material is impractical. Con-
sequently, copper smelting must take place close 
to where it is mined. In the first step, the copper 
ores are enriched to obtain a copper concentrate 
with a metal content of 35%. The material is then 
melted and cleaned. The last stage of this process 
involves the removal of impurities from the prod-
uct (the so-called refining) [Nester 2016]. In ad-
dition, other non-ferrous metals can be obtained 
from copper ore using a special technology. Dur-
ing the smelting process, the specific electricity 
consumption is between 230 and 350 kWh per 1 
ton of copper. Thus, the technological process re-
quires relatively large amounts of electricity. On 
the other hand, the production of non-ferrous met-
als from scrap is 25 times cheaper, and the costs 
of transporting raw materials are several times 
lower by even 5-6 times. Electricity consumption 
is much lower, which has a direct impact on the 
quality of the environment [Nester 2016].

However, the resource base of non-ferrous 
metals in Ukraine is insufficient and does not 
meet the demand for these products. Consequent-
ly, many companies use imported raw materials 
or processed scrap of non-ferrous metals for their 
production. Plate production and electroplating 
can also be a source of non-ferrous scrap [Pa-
shayan et al. 2018, Prolejchik et al. 2018, Nester 
2016, Bloomberg 2014]. 

Currently, the most popular technologies for 
recovering metals from the water phase do not 
provide the necessary efficiency of water treat-
ment for its reuse. These processes lead to the for-
mation of toxic sludge, which is collected on the 
areas of the Ukrainian enterprises. Non-ferrous 
metallurgy is primarily a source of environmen-
tal pollution with heavy metals [Prolejchik et al. 
2018, Bloomberg 2014, Klyachkin et al. 2019]. 
The use of the ion exchange process in the plat-
ing industry enables the creation of closed water 
reuse systems. However, unresolved questions 
regarding the application of possible regenera-
tion methods remain [Vershinina and Martynenko 
2019, Pohrebennyk and Petryk 2017]. 

MATERIALS AND RESEARCH METHODS

Ukrainian companies producing printed cir-
cuit boards generate waste containing metals such 
as copper, iron, nickel, chromium and others. For 
example, during the year, during the operation of 
one technological line with a capacity of 14 m2/h, 
almost 28,000 m2 of semi-finished products are 
created. On the other hand, copper is obtained 
in the etching process in the amount of about 14 
tons. Assuming a unit profit of 3.2 $/kg, you get 
an annual recovery of about $ 4,500. The industri-
al production of plates (one-shift production, the 
number of lines in operation at the level of 350 
pieces) generates this metal in the form of waste 
in the amount of 4,900 tons. However, this metal 
can be reused.

As a result, the use of copper recovery meth-
ods from electroplating and plate production 
wastewater can provide part of the domestic cop-
per demand. The methods of treating wastewater 
from galvanic production are presented in Figure 1 
[Bazrafshan et al. 2015, Voloshkina et al. 2015].

The research material was obtained from the 
regeneration of waste from metallurgical plants. 
The obtained metal is characterized, which can be 
used as a secondary raw material in metallurgical 
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plants or can be directly used for the production 
of printed circuit boards. When using electrodes 
with copper as a secondary raw material, its new 
characteristic properties should be taken into ac-
count. Above all, the composition of the cathode 
material and the cleanliness of the surface after 
treatment are important. For this purpose, the 
infl uence of surface roughness on the value of 
the force causing the desorption of the Cu metal 
layer from the electrode (cathode) surface was 
analysed. 

Measurements were made using an LH-3m 
dynamometer with a sediment thickness of 1.5 
mm. The width of the strip was 0.025 m, the 
length was 0.15 m. In order to maintain a con-
stant separation angle during the analysis, the dy-
namometer was moved in an inclined plane. The 
adhesion of the deposited copper to the electrode 
surface was assessed on the basis of the value of 
the force causing the desorption of the Cu metal 
layer from the electrode surface. The measure-
ment of the arithmetic mean of the roughness pro-
fi le Ra for the electrodes was carried out by the 
contact method using a profi lometer (model 283).

In the process of continuous operation of the 
regenerators, the reactive surface of the elec-
trodes increases, which reduces the actual current 
density and causes the electrode with the depos-
ited copper to melt. As a result, the effi  ciency of 
the copper separation process from the electrode 
is reduced. It is then necessary to ensure repro-
cessing of the electrodes. An important aspect is 
also the decreasing density of the cathode mate-
rial resulting from the original surface roughness. 
Consequently, copper powder particles appear on 
the electrode surface, which increase the cathode 
surface area and at the same time reduce the cur-
rent density. The same process contributes to an 

increase in the micro-density at some points on 
the surface, which results in a further increase in 
roughness, resulting in the formation of cathode 
deposits that are released in the form of powders.

Cleaning or electropolishing of electrodes al-
lows to improve the quality of process parameters, 
among others by increasing the current output 
power. The research confi rms that after cleaning 
the electrodes, the initial value of the output cur-
rent and the effi  ciency of the process are restored. 
The quality of the separated copper was assessed 
using microstructural tests. The microscopic anal-
ysis of the microstructure was performed on the 
cross-sectional and longitudinal sections of the 
sample taken from the most characteristic parts 
of the tested plate. Samples in the shape of paral-
lelepipeds with dimensions of 0.01x0.01x0.02 m 
were tested. In order to completely remove any 
unevenness, the surface of the specimens was 
polished with sandpaper with a gradual change in 
the grain size in the range of 125–20 μm to the 
grain size within 28–3.5 μm. Polishing is carried 
out with diamond pastes on a metal disc covered 
with felt. Examination of the surface of the blanks 
immediately after polishing revealed dark pore 
areas in the light fi eld. The samples were digested 
to obtain a complete picture of the microstructure. 
First, the surface of the samples was degreased 
with alcohol, and then immersed for a few min-
utes in a reagent with the following composition: 
hydrogen peroxide (H2O2) and aqueous ammonia 
solution (NH3).

The microstructure of the deposited copper 
was examined using a metallographic micro-
scope, model MIM-7.

The risk characterization for a given site is 
based on the integration of the results of the toxic-
ity assessment and the exposure assessment. The 

  Fig. 1. Methods of wastewater treatment from galvanic production
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risk is determined separately for carcinogenic and 
non-carcinogenic substances in the developed ex-
posure scenarios. The exposure factor for copper 
compounds discharged with sludge is determined 
as follows [Ukrainian State Sanitary Rules and 
Regulations 2.2.7.029-99]:
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where: Ki – exposure index;
 MPCi – the maximum permissible content 

in the soil of the chemical substance intro-
duced with the waste, mg/kg;

 S – the solubility of the chemical in water;
 Сw – the content of a chemical substance 

in the mass of waste, mg/kg.

In turn, the indicator of the total exposure 
to these substances was determined using the 
formula:
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where: n – number of hazardous substances pres-
ent in sludges from plate production and 
electroplating.

The toxicity factor of an individual chemi-
cal component in a waste is calculated using the 
formula:
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where: LD50 – the mean dose which causes the 
death of 50% of the organisms used in the 
experiment after a single administration 
of the analysed substance; 

 S – the solubility of the chemical in water;
 F – the volatility of the chemical;
 Cw – chemical content in the mass of 

waste or its share t/t.

Assessing the risk of exposure to heavy met-
als requires the calculation of the Average Daily 
Dose (LADD), averaged over the life expectancy 
(70 years) according to formula (4). LADD is 
used to assess the exposure of substances with no 
threshold activity, ie substances that may cause 
adverse health effects independent of the concen-
tration in which they occur.
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where: LADD – average daily dose, mg/(kg×d);
 C – the content of the analysed substance 

in the soil, mg/kg;

 CR – the amount of contact with a given en-
vironmental medium per unit of time, kg/d;

 ED – the lifetime of the subject during 
which the exposure has occurred, years;

 EF – frequency of exposure, days/year;
 BW – average body weight, kg;
 AT – averaged exposure time (days, years, 

in the so-called chronic lifetime exposure, 
most often taken as AT = 70 years); 

 365 – the number of days in the year.

Assessment of the risk related to exposure to 
toxic substances with a threshold effect (the toxic 
effect is observed above a certain concentration 
(threshold), and below this threshold their harm-
fulness is not identified) is expressed by compar-
ing the actual or potential exposure to the refer-
ence level determined for a given substance ac-
cording to the formula:
 HQ = AD/RfD  (5)
where: HQ – hazard factor;
 AD – average dose, mg/kg;
 RfD – reference dose (safe), mg/kg.

If HQ is greater than 1, there is a certain risk 
of non-carcinogenic toxic effects from exposure 
to the substance. The hazard index (HI) using for-
mula (6) is calculated if the exposure is caused by 
more than one substance:
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where: HQi – hazard factors for individual 
substances.

If the hazard index is greater than 1, an exposure 
sensitivity analysis for the individual doses is nec-
essary. The risk of substances with teratogenic and 
carcinogenic properties is determined by giving the 
value of the probability of cancer occurrence. Con-
sequently, the carcinogenic risk is estimated as the 
lifetime probability of developing cancer as a result 
of exposure to a given carcinogen (in the analyzed 
case for nickel) by a given exposure route. For this 
purpose, the following formula is used: 
 CR = LADD · SF (7)
where: SF – slope factor appropriate to the route 

of exposure, (mg/(kg×day)). 

It is a factor for converting the absorbed dose 
of a carcinogenic substance to the health effect, 
i.e. the probability of cancer occurrence, the so-
called carcinogenic potency coefficient of the 
analyzed substance.



217

Ecological Engineering & Environmental Technology 2022, 23(1), 212–222

The total carcinogenic risk is calculated by 
summing the calculated risk for individual car-
cinogens, then compared with the acceptable (ac-
ceptable) risk level, which is most often taken 
from 1×10-6 to 1×10-4.

If the total carcinogenic risk resulting from 
contamination of a given environmental medium 
(e.g. soil) is greater than 1×10-4 or the total hazard 
index exceeds 1, then local remediation criteria 
are determined, necessary to select the appropri-
ate remediation or management method. chemi-
cally degraded land, including the assessment of 
the economic aspects of planned activities [Ale-
khya et al. 2013, Bates et al. 2008, Dorokhina and 
Kharchenko 2017]. 

RESULTS AND DISCUSSION

Technological scheme for 
etching and regeneration

In order to prevent the accumulation of de-
posits on the areas of enterprises, it is proposed 
to apply the technology of regeneration of spent 
etching solutions, in which the separated metal is 
used as a secondary raw material for the produc-
tion of copper and the regenerated solution is re-
used to etch printed circuit boards. Figure 2 shows 
the proposed technological scheme for pickling 
with the regeneration process [Nester 2016].

Research results of the copper 
deposition process

Figure 3 shows the measurement data ob-
tained during the copper deposition process on 

stainless steel electrodes (08X17TM). The depo-
sition of the coatings was carried out at a current 
density in the range of 15–25 A/dm2. The required 
surface roughness was achieved by machining. 
The infl uence of the force causing the desorption 
of the Cu metal layer from the electrode surface 
(R) depending on the surface roughness of the 
electrode and the infl uence of the relative devia-
tion δ% depending on the approximate average 
value of R and surface cleanliness, as well as the 
eff ect of the force R depending on the surface 
cleanliness for the value estimated and experi-
mental studies are presented in Figures 3–5. The 
analysis of the test results confi rms that the lower 
the surface roughness of the electrodes, the lower 
the force needed to separate the metal. 

The analysis of the microstructure of the pre-
cipitated copper in the longitudinal section did 
not reveal the presence of impurities, electrolyte 
residues, slag and copper sulphate. The image 
showed no dendritic growth and no porous cop-
per layer (Fig. 6).

The cross-sectional examination of the sam-
ple showed microstructural diff erentiation of the 
precipitated copper. It has been shown that the 
nature of the tested material is two-layered. The 
fi rst layer is characterized by a fi ne-grained struc-
ture. It is the fi rst generation of material, created 
at the beginning of the metal layer growth as a 
result of the high current density. The increase in 
the cathodic current density leads to the forma-
tion of layers that are less and less dense, with 
increasingly fi ner grains, reaching the fi nal stage 
of powder deposits. The width of this layer is 12–
14 μm, the grain size does not exceed 1–2 μm. 
The next generation is formed by a layer in the 

Fig . 2. Block diagram of the etching process of printed circuit boards:
1 - batch module; 2 - etching module; 3 - lighting module; 4 - review module; 5 - third cascade 

washing module; 6 - second cascade washing module; 7 - fi rst cascade washing module; 8 - hot drying 
module; 9 - cold drying module; 10 - unloading system; 17 - pickling solution; 18 - water treatment; 

19 - fi ltration installation; 20 - processing equipment; 21 - installation of covers (if necessary)
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form of dendritic clusters in the shape of columns 
(Fig. 7). The branches of the dendrites are 7–8 
µm long and 40–50 µm high. When the layers are 
thick, the dendrites merge. This structure remains 
unchanged until the dendrites reach a length of 
30–35 µm. When this value is exceeded, the 
layer disappears and perforates with the growth 
of dendrites. However, this phenomenon does 
not prevent the use of the precipitated copper as 

electrodes or as a conductive and structural ma-
terial after remelting. Consequently, the copper 
present in the wastewater meets the requirements 
for use in surface remelting or metallization. 

The tests with the use of a metallographic mi-
croscope have also shown that the texture of the 
tested material is microporous. Most of the time, 
teardrop-shaped pores were visible. Only some of 
them are shaped like tubules. The pores are even-
ly distributed over the sample surface, and their 
diameter does not exceed the value in the range 
of 10–20 μm.

Economic aspects of wastewater treatment

The conducted analyses made it possible to 
estimate the economic effi  ciency of the devices, 
assuming that they are energy-saving and envi-
ronmentally friendly. It was necessary to take into 
account the physicochemical properties of the 
materials used in the process and technological 
parameters that make it possible to reuse aqueous 
solutions without the need to discharge them for 
disposal [Ishchenko et al. 2018, Magalhaes et al. 
2005, Mymrin et al. 2020, Rukovodstvo 2004].

Fig. 5. Distribution of the R force depending 
on the cleanliness of the surface:

1 – model; 2 – experiment

Fig.  3. The average value of the R force 
depending on the cleanliness of the surface:

1 – model; 2 – experiment

Fig . 4. Relative deviation δ (%) depending 
on the mean value of the R force and 

the cleanliness of the surface

Fig.  6. Microstructure of the precipitated 
copper (longitudinal section), ×120

Fig. 7. Microstructure of the precipitated 
copper (cross-section), ×120
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In addition, the existing technological line is 
adapted to the introduction of wastewater recov-
ery technology without introducing any changes 
to the etching process of printed circuit boards. 

Data required for calculations:
 • the price of water and sewage in Kiev from 

2019 r. – 21,756 UAH/m3;
 • electricity price in Kiev from 2019 r. - 2,47 

UAH/kWh;
 • the cost of expanding the installation related to 

the recovery of wastewater in the technology 
of etching of printed circuits - 450000 UAH;

 • scrap price of copper - 140 UAH/kg.

The economic analysis, taking into account 
the purchase costs of the necessary equipment 
for the expansion of the installation, was carried 
out for the production of products and operation 
of the equipment in an annual cycle. The annual 
working time was assumed in the amount of 247 
days, while maintaining a single-shift work in the 
amount of 247×8 = 1976 hours. The number of 
working hours per the number of products pro-
duced will allow to obtain 23,712 m2 (1976 hours 
×12 m2/h) of semi-finished products and 23,712 
m2 ×0.5 = 11856 kg of copper. The results of the 
economic analysis are summarized in Table 1. 
Cost estimate for the billing period (year): basic 
option: Zb = 3569351 UAH; option proposed: Zn = 
722192 UAH; economic efficiency E = Zb – Zn = 
2 877 159 UAH.

Environmental aspects of wastewater 
treatment

The results concerning the exposure rates to 
copper compounds that are discharged with the 
sediments, based on the example of a selected 
Ukrainian plant, are presented in Table 2. The 
indicator of the total exposure to copper com-
pounds after their removal from sewage indicates 
that there is no risk to health at the sites covered 
by the research (Table 3).

It was observed that with the removal of cop-
per compounds from wastewater (not transformed 
into sludge), the value of the total hazard index 
changed. There has been an improvement in en-
vironmental and ecological safety. Moreover, raw 
materials for copper smelting were obtained. The 
value of the Total Hazard Index for electroplat-
ing sludge analyzed for the example enterprise 
increased from 0.7575 to 100.

The amount of sludge formed and the content 
of copper compounds in them decreased. As a 
consequence, ecological and environmental safe-
ty has increased. For comparison, the case of an 
enterprise collecting the resulting sediment for a 
period of several years was considered (Table 4). 
Possible consequences in terms of environmental 
protection and human health for this type of tech-
nological solution are presented. The waste gener-
ated during production in the analyzed plant con-
sists mainly of sludge and alkalis. Appearance and 
texture: yellow-green, odorless, dry porous lumps.

The bath of semi-finished products in an alka-
line solution generates waste, which after solidifi-
cation is characterized by a compact consistency.
Qualitative composition of waste and the content 
of hazardous substances in it: sodium hydroxide 
- 38–65% by weight; sodium nitrate - 24–35% by 
weight; sodium chloride - 5–6% by weight; insol-
uble impurities (scale, glass mass) - up to 100%; 
the pH of the aqueous extract from waste is 11.68.

The degree of risk that pollutants from waste 
may pose should be determined on the basis of 
their actual content in the waste and its water sol-
ubility. Sodium compounds, especially sodium 
hydroxide, are characterized by the lowest toxic-
ity index.

Substituting the value into formula (3), we 
get:
	 Кс = lg(150)/(1.0 + 0.0 + 0.56) = 1.39 (8)

The analysis of the results shows that in terms 
of the values of the toxicity coefficient obtained, 
e.g. for sodium hydroxide (1.3 < Kc <3.3) the 

Table 1. Results of the economic analysis

The name of the cost item Basic 
option

Option 
proposed

Material costs (basic and 
additional), UAH - 55000

Water consumption, m3/h 4.8 0.8

Water and sewage price, UAH/m3 21.756 21.756

Annual cost of water, UAH/m3 206351 34391

The amount of sludge formed, ton 25.2 3
Sludge removal cost (2500 UAH/t), 
UAH 63000 7500

Increase in the amount of 
electricity after the introduction of 
the recovery proces, kW h

- 14227.2

Electricity price, UAH/kW h 2.47 2.47

Electricity costs increase, UAH - 35141
The amount of metal (copper) 
formed, kg - 11856

Metal (copper) cost, UAH - 1659840

Investment cost, UAH 2100000 600000

Total costs, UAH 3569351 722192
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generated waste is a hazardous waste (II toxic-
ity class). Additionally, due to the strongly al-
kaline reaction of the water extract from waste, 
it is required to dispose of these substances in 
accordance with the principles of dealing with 
hazardous substances. In this case, the risk to 
human health and the environment may change 
(decrease) after appropriate neutralization of the 
solutions [Rukovodstvo 2004].

The value of the average daily dose for nickel 
was calculated according to the formula (4):
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Carcinogenic risk is estimated as the likelihood 

of developing cancer as a result of exposure to a 
carcinogen. This value for nickel is as follows (7):

CR = LADD · SF = 2·10-3·0.84 = 1.68·10-3   (10)
The hazard index (HI) was also determined 

for the most important pollutants present in the 
analyzed waste, in particular for cadmium, nick-
el, lead, and chromium:
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CONCLUSIONS

The paper proposes a technology for the re-
generation of spent etching solutions, in which 
the separated metal can be used as a secondary 
raw material for the production of copper, while 
the regenerated solution can be reused for etching 
printed circuit boards.

The research confirmed that the copper re-
covered from wastewater meets all the require-
ments that allow it to be used for surface remelt-
ing or metallization in appropriate technological 
processes.

An economic analysis of the implementa-
tion of the new wastewater treatment technology 
and the reduction of the amount of sludge gen-
erated on an annual basis showed a revenue ef-
fect of UAH 2,847,159 (USD 105,000). The use 
of a new technology of wastewater treatment 
by introducing only one installation can bring a 
significant economic effect. The increase in elec-
tricity consumption in the process of wastewater 
regeneration is balanced by an increase in the 
level of environmental safety in the areas of such 
enterprises. The condition of the natural environ-
ment in this area can be significantly improved. 
Research confirms that it is possible to implement 
an environmentally friendly process of copper 
utilization from galvanic wastewater. 

Table 2. Indicators of exposure to copper compounds discharged with sediment
Group of substances MPCі. mg/kg (S + Сw)і. mg/kg Кі К

Copper compounds 3 73.98 0.0405 0.7575

Table 3. Exposure rates to copper compounds from plate production and electroplating after removal from 
wastewater

Group of substances MPCі. mg/kg (S + Сw)і. mg/kg Кі К

Copper compounds 3
0.01 300.0

100
0.03 100.0

Table 4. Concentration and toxicity of the analysed substances

Form
Content, mg/kg (X), toxicity of the substance

Рb(1) Сd(І) Zn(1) Мn Сu(2) Сr(2) Ni(2)

Total content <0.5 <0.25 6.94 39.64 3.71 <0.1 27.87

Mobile in T=25 °C <0.5 <0.25 2.39 39.62 0.74 <0.1 9.00

Water soluble at T=25 °C <0.5 <0.25 0.29 9.38 <0.35 <0.1 2.90

Soluble in the analyzed solution (g/100 g) - - 4.1 23.2 Не - Не

Average amount of waste (kg/t) - - 0.007 0.04 0.004 - 0.03

MPC in soil (mg/kg) - total content 32.0 1.5 - 1500.0 - 80.0 -

MPC in soil (mg/kg) - - 23.0 - 3.0 6.0 4.0

The obtained value of the hazard index is> 1. 
In this case, there is a risk of toxic effects due to 
exposure (eg during an accident) to the analyzed 
substances – the degree of risk does not corre-
spond to the acceptable conditions. 
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