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This paper examines the environmental conditions at the premises of printed circuit boards (PCBs) manufacturers,
which have electroplating plants. It provides a brief overview of the key aspects of adverse environmental impacts
of wastes generated by PCB manufacture and electroplating plants. The aim of this research was to improve the
test method for evaluation of wastewater effect on the soil salinity at the premises of PCBs manufacturers. The ob-
ject of research was the process of extraction and use of copper from wastewater generated by PCBs manufacture
and electroplating. As an example, the process of sludge formation during PCBs etching has been reviewed. With
the etching line capacity of 14 m?/h, one-shift manufacturing process will result in the production of up to 2,500 kg
of sludge monthly. For enterprises with capacities of 2,000-4,000 m?circuits, this means annual accumulation at
their premises of up to 70 tons of wastes in the form of sludge. Estimates suggest that the upper half-meter layer
of the aeration zone will be qualified as slightly saline in one year after accumulation of the sludge. In subsequent
years, the salt content will increase and saline soil can be found at the depths of 1.5-2 m over ten years of storage.

The authors of this paper propose to treat spent etching solutions applying regeneration technology in order to
reduce the amount of sludge. With this technology, it is possible to use the extracted metal as a secondary raw
material for copper production and re-use the regenerated solution in PCBs etching. This paper provides estimated
hazard indices calculated for the storage of sludge at the manufacturer’'s premises before and after the imple-
mentation of the proposed technology. With regards to findings of the study, it has been proposed to reuse copper
recovered from wastes as a raw material for the industry.
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Introduction

It is common knowledge that modern development of
society depends on the resolution of the issue of mini-
mizing industrial wastes and fulfillment of environmen-
tal safety requirements. According to the Law of Ukraine
“On Environmental Protection”, the environment is con-
sidered to be safe when its conditions meet the statutory
prescribed criteria, standards and norms. Approved re-
quirements, which determine the qualitative and quanti-
tative levels of pollution and resource content, ensure the
compliance with sanitary standards for the occupancy of
specific groups of people.

Currently, the problem of industrial and domestic wastes
disposal is becoming increasingly pressing as the
amounts of wastes are constantly growing and their re-
cycling rates are far below the required level. As a result,
hundreds of millions of tons of solid and liquid wastes
have been accumulated to date, which must be pro-
cessed, rendered harmless, and stored (National report,
2017). The amounts of solid wastes generated and accu-
mulated annually require the development and industrial
implementation of powerful waste treatment plants ca-
pable of processing millions of tons of wastes per year
(Nester, 2016). The problem is that bringing proposals to
practical application in the industry is associated with fi-
nancial, social and technical difficulties.

Currently, the most commonly used method of neutral-
izing toxic wastes is their disposal at special landfills
lined with layers of clay, polyethylene, polyvinyl chloride
and other waterproof materials. Landfills are harmful to
the environment. Wastes containing unstable chemical
elements pose an increased risk to people, animals and
plants. They can pollute the air and also migrate into
groundwater in the form of various compounds. As a
result, harmful substances are absorbed by plants and
get into food sources of animals and people. Chemical
fixation is an effective measure for the disposal of lig-
uid and solid wastes. It is performed by the addition of
special reagents (sodium silicate, cement) to immobi-
lize toxic substances in a solid-like structures. However,
these substances may be washed-out over time. Mod-
ern technology makes it possible to utilize most of the
waste, and use it as raw material in other industries.

Wastes containing metal salts are considered particular-
ly hazardous, including galvanic sludge, which belongs
to toxic wastes. The hazard degree of sludge depends
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on the technology applied in the galvanic process and
technology used in wastewaters treatment. Depending
on the characteristics of galvanic process (galvanizing
line, nickel plating, chromium plating), the composition
of the sludge changes. Galvanic sludge may contain
various heavy metal compounds: chromium, manga-
nese, iron, cobalt, nickel, copper, zinc, lead, cadmium,
chromium, and mercury. It has been established that
soil and water become contaminated with these heavy
metal compounds in the manufacture of PCBs and elec-
troplating. These industries contribute to the formation
of liquid waste with metal content during etching and
solid waste (sludge) during disposal. Storage of such
wastes at the premises of manufacturers inevitably
leads to long-term and difficult to recover environmen-
tal pollution. The levels of water pollution in Ukraine are
very significant in the regions with galvanic and painting
shops, since these are the top high-hazard processes,
which cause toxic environmental pollution. In Ukraine,
these processes are typically used in mechanical and
electronic engineering industry and at the enterprises
of the military-industrial complex. Enterprises that use
PCBs manufacturing processes to ensure the operation
of modern electronic equipment contribute to environ-
mental degradation.

It has been established that copper compounds have
mutagenic properties. Copper toxicity may cause liver
and lung damage, hypertension, allergies and nervous
system disorders. Cases of acute poisoning of people
have been reported with drinking water that contained
0.14 mg/kg or more copper (Filov, 1988). Copper is ex-
tremely dangerous for the majority of freshwater inver-
tebrates and causes their death at a concentration of
0.01 mg/dm3. The maximum permissible concentra-
tions (MPCs) for copper in drinking water are the fol-
lowing: 0.052 mg/dm?according to the European stand-
ards; 1.0 mg/ m®according to the USA standards, and
2.0 mg/dm? according to WHO recommendations. For
fisheries, the maximum permissible concentration of
copper shall not exceed 0.01 mg/dm?.

Ukraine has high demand for copper, which is widely
used in the electrotechnical, aircraft and electronic indus-
tries. Open pit mining is the most common way of me-
tallic ores (including copper) extraction. This technology
is used to extract more than 70% of all minerals in the
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world. This is a relatively cheap method of mining that
allows using powerful and highly productive equipment.
However, long-term open-casting is associated with
withdrawal of huge areas of agricultural and forest lands
from economic circulation. To access the deposit, it is
necessary to excavate, move and dispose of waste rock,
the volumes of which exceed several times the volumes
of extracted minerals (Chervonyy et al., 2014).

The second most important method of developing de-
posits is underground mining. In this way, up to 20% of
iron, 45% of copper, 70% of zinc, 75% of tin and lead,
and 100% of tungsten are extracted. The costs of under-
ground ore mining are higher than those of open pit min-
ing. This technique is used for deposits where open min-
ing is economically impractical or technically impossible.
Due to the gradual depletion of readily available reserves
of metal ores, the depth of mining is constantly increas-
ing, which is a global tendency today. In Canada, the ex-
traction of ores that contain gold, copper, and nickel is
carried out at depths of 1,800-2,600 m. In the USA, cop-
per and gold are mined at depths of 1,700-3,000 m. The
world's deepest-seated deposit is under development in
the South African Republic: the work is carried out at a
depth of more than 4,000 m. Underground mining makes
it possible to completely preserve the earth's surface,
which is beneficial for the conservation of the natural en-
vironment (Chervonyy et al., 2014).

There are no explored copper-ore deposits in Ukraine.
Prospective and predicted resources of copper ores
were identified in the Donbass region, Dnieper-Donets
basin, Middle Dnieper and Volyn regions. The estimated
total ore resources of Volyn region with an average cop-
per content of 1.0% are 28 million tons. As seen from
the above, Ukraine lacks copper ore deposits. The an-
nual requirement of Ukraine of this metal is approxi-
mately 120-140 thousand tons. Twenty percent of the
required amount are covered by available copper scrap,
and the remaining volumes are imported from Russia
and Poland as blister copper (Chervonyy et al.,, 2014).

The complexity and acuteness of the problem lie in the
fact that Ukrainian consumers, who urgently need cop-
per, are forced to purchase significant amounts abroad.
At the same time, the capacities for the production of
rolled copper and its alloys available in Ukraine are not
utilized due to the absence of copper raw materials. A
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significant share of copper containing scrap is exported
for various reasons, although it is obvious that the export
of rolled copper and its alloys is much more efficient than
the export of scrap and copper wastes. Each ton of ex-
ported tolled copper, in addition to maintaining jobs, may
generate additionally up to USD 1,000 of currency earn-
ings, which is 30-40 million US dollar annually. There-
fore, recovery of copper from printed circuit board indus-
try wastewater is a matter of significant importance.

As seen from the analysis of literature, treatment and
re-use of such wastes has got little attention recently.
There are few theoretical papers available only, which
deal specifically with a drilling sludge (Melnik, 2011).
This lack of systemic research may be due to the una-
vailability of effective methods for assessment of pollu-
tion levels and techniques for extraction and recycling of
metals from liquid and industrial wastes.

The purpose of this paper is to improve the method for
assessing the impact of wastewater on the salinity of soil
at the premises of printed circuit boards manufacturers.
The subject of research is the process of recovery and
use of copper from wastewater generated by PCBs man-
ufacture and electroplating.

Materials and Methods

Sample collection and preparation

Copper is widely used in the production of printed cir-
cuit boards (PCBs) and galvanic processes due its high
electrical conductivity. The process of copper etch-
ing requires large amounts of running water, and as
a result, leads to accumulation of large amounts of
copper in wastewater. Therefore, this process may be
regarded the main anthropogenic source of copper in
the environment. Analysis of stored wastes from PCBs
production and electroplating has shown that they con-
tain large amounts of numerous metals (Pashayan and
Karmanov, 2018). Due to high water content, looseness
and permeability of soil, it is rather difficult in Ukraine to
choose proper territories for industrial waste disposal,
and such territories are limited. Exposed to precipita-
tion, especially acid rains, solid wastes turn into liquid
ones. This process creates the conditions for a gradual
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secondary pollution of soil. As a result, heavy metal pol-
lution is found not only in topsoil adjacent to waste dis-
posal sites and surface water, but also in underground
water tables (Nester and Rogov, 2015).

The authors studied experimentally the process of
sludge accumulation during operation of etching lines
in printed circuit boards production on the example of
electronic equipment manufacturer. Average produc-
tion capacity of the enterprise is approximately 2,500
m2 of boards per month. With an etching line capac-
ity of 14 m2/h, the amount of generated sludge will
reach 100-120 kg in 8 hours of operation. One month
of single-shift operation will result in 2,400-2,500 kg of
sludge, and two-shift operation will generate around
5,000 kg of sludge. The survey showed that enterpris-
es engaged in the manufacture of printed circuit boards
discharge a wide range of metals: copper, iron, nickel,
and chromium.

Up to 70 tons of wastes are accumulated annually in the
form of sludge at the premises of manufacturers with
capacities ranging from 2,000 to 4,000 m? of boards.
Sludge is stored in plastic bags, which can be exposed
to atmospheric precipitation. As a result of storage of
salts generated during PCBs etching and electroplating,
the soil salinity increases. When exposed to atmospher-
ic precipitation, salts become washed out and migrate
into soil and surface layers of water causing environ-
mental pollution.

Uncontrolled discharge of spent etching solutions into
the natural environment can cause the following ad-
verse effects:

Table 1. Content of Metals in the Test Samples of Sludge

Indicators
Type of metal Copper Calcium
Metal content, % wet soil 16 8
Harm class 3 4
Limit concentration in 10 35

water, mg/dm?
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1 chemical pollution of the environment (air, water, soil);

2 increased morbidity rates, especially among younger
people, including potentially fatal cases;

3 damage to industrial and residential buildings.

According to the analysis of chip production waste,
the percentage of a number of metals was deter-
mined (Table 1).

The enterprise, with productivity ranging from 2,000 to
4,000 m? of chips, accumulates from 30 to 48 tons of
waste annually. In previous years, the sludge was stored
on the territory of the enterprise in landfills in open areas.
For the last 20 years, the sludge has been stored in poly-
vinylchloride packages.

All soils contain certain amounts of salt. The soil salin-
ity is measured as proportion in dry soil. For clarity, let
us determine the values of salinity: soils containing less
than 0.3% of salts from PCBs etching and electroplating
are considered non-saline, and soils with the content of
salts about 0.3-0.5 % are considered slightly saline.

Simulation of the soil contamination process in
the sludge storage area

Below is the proposed method for predicting soil contam-
ination at sludge storage sites. The movement of salts
from the earth surface to the lower layers of an aeration
zone is guided by the molecular diffusion mechanism
(Fig. 1). Soils in the area have the following structure:
loam —h; = 1.5 m; sand - h, < 0.3 m; groundwater — h, <
0.8m; clay — h, = 1.2 m; then the interlayer water begins.
The pores are up to 40% of the volume of the soil layer.

Metal content in industrial sludge

Iron Chromium Nickel Zinc
9 2 2 1
3 3 3 3
0.3 0.05 0.1° 1.0
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Fig. 1. Schematic representation of a soil layer with penetrating
copper salts
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According to physicochemical fluid dynamics in po-
rous media, the process of metal salts motion can be
described by the partial differential equation of motion
and conservation of substance mass for vertical mass
transfer (Evgrashkina and Kalinkina, 2015). The pres-
ence of salt on the surface of soil corresponds to the
first-type boundary condition.

d*c  dC
=n—- )

Dm
dx? dt

s

Where: D, — maximum molecular diffusion coefficient,
m?/day; C - salinity of soils, % density of dry soil; n -
degree of moisture content, unit fraction; X — spatial co-
ordinate, m; T — time coordinate, days.

The analytical solution of equation (1) for the problem in
this formulation:

_r
2
2 [Pt @
n

Where: Cx - predicted salinity at a depth x from the
earth’s surface, %; Cn — salinity on the surface (bulk lay-
er of salts), %; Co - salinity of the soil before storage,
%; x — distance from the calculated points to the origin,
i.e. from the earth’s surface, m; t — period of predicted
calculation, days; erfc — tabulated exponential function.

Cx = (Cn — Co)erfc

In the course of prediction, the following assumptions are
made: the process of accumulation of metals is cumula-
tive; annual seasons of soil moisture change are not tak-
en into account. One year (365 days) is accepted for the
billing period. The total prediction time is 20 years.
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Results and Discussion

For the estimated overall level of pollution, a reference
point at a distance of 0.5 m from the surface was se-
lected. To predict pollution at the premises of the en-
terprise, the following initial data were used: soil salin-
ity at the beginning of storage — Co = 0.2%; maximum
value was the molecular diffusion coefficient D, = (1)
-10° m?/pore; volumetric humidity n = 0.23. The period
of predicted calculation was one year (365 days). The
movement of salts occurs in the pore space only. The
maximum value of salinity on the surface will be max
(C,) = 100%.

The molecular diffusion coefficient D characterizes the
movement of metal ions as a result of thermal motion
in the soil and depends on the properties of metal mole-
cules, temperature and pressure. In the calculations, the
reference value D was taken at a temperature of 20 °C

Substituting the selected values in the formula (2), we
obtain the following value:

0.5

). [r107 1365
023

=99.8-erfcl.98 =99.8-0.005 = 0.499.

(100-0.2)erfc

The results of changing the depth of penetration of
metals into soil layers by years are shown (Fig. 2).

According to the graphs (Fig. 2), the storage of sludge in
open areas annually results in the increase in the depth
of soil salinity.

The calculation results showed that in case of open
storage of sludge, a 0.5 m layer of upper aeration zone
will become slightly saline in one year. In subsequent
years, the salt content will increase in depth over time.
After 15-20 years, the salt profile will reach a depth of
1.5-2 m, which will pose a serious threat to the under-
lying groundwater.

Assessment of the feasibility of recycling
galvanic production waste

Currently, Ukraine reuses nearly a quarter of all generated
chemical wastes. Many countries of the world have expe-
rience of recovery of metals from the wastes, including
wastes generated in PCBs production and electroplating.
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Fig. 2. The level of soil salinity at the depth of penetration during storage of sludge in the open area: 1 — one-year storage; 2 - five years; 3 -

ten years; 4 — twenty years.
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For example, in Germany, the re-use of iron reaches up to
38%, the re-use of tin is 34% and that of zinc is 33%; in the
USA, 43% of copper is reused, and in the UK, 60% and 33%
of lead and aluminum are re-used, respectively (Nester,
2016). The proportion of secondary raw materials in the
production of non-ferrous metals in Ukraine is constant-
ly growing. In the future, secondary raw materials should
become the main source of many non-ferrous metals, in
particular copper. Utilization of secondary raw materials
in the metallurgical production cycle is of great economic
importance, since it allows to use non-renewable natural
resources efficiently, reduce the environmental impact
and produce metals in simpler and cheaper ways. Stud-
ies indicate that copper recovered from wastewater meets
established requirements and may be further used for
melting or metallization of substrates in the correspond-
ing technological processes (Vershinina and Martynenko,
2019). It should be noted, however, that recovery of metals
from wastes is economically feasible in cases where their
concentrations are high enough and the technologies used
are not energy-consuming. The specifics of their content
in electroplating wastes as well as identification of their
chemical properties and characteristics should be consid-
ered. These factors are essential for the development of
special technologies that take into account the features of
special chemical recovery methods.

Electroplating involves sequential electrochemical pro-
cesses resulting in the formation of liquid soluble and
solid insoluble precipitates. Electrolytes of various

1,2 14 16 18 2 2.2

purpose and etching solutions may pass into waste-
water. At sewage treatment plants, sludge from etch-
ing and electroplating is formed in non-dehydrated
and dehydrated forms. Thus, there is a significant
amount of waste that needs to be disposed of. This re-
quires two different technologies: utilization of etch-
ing solutions and processing of sludge. The difficulty
with the disposal of galvanic waste is that the waste is
divided into several categories, depending on the used
recycling technologies (Prolejchik et al., 2018).

In order to improve environmental security during sludge
storage and produce additional amounts of copper, it is
proposed to use the technology of regeneration of spent
etching solutions. Metal recovered in this process may
be utilized as a secondary raw material for the produc-
tion of copper, and regenerated solution may be reused
in the etching of printed circuit boards. The regeneration
of spent solutions is carried out in a regeneration unit,
with elements, technological process, composition and
parameters of solutions described in (Nester, 2016).

When assessing the environmental hazard associated
with the sludge generated by PCBs production and elec-
troplating, the following should be taken into account: the
degree of chemicals penetration into surface and under-
ground water, and their accumulation in soil and plants,
which is measured according to solubility of chemical
compounds in water. Waste toxicity is characterized by
the Maximum Permissible Concentrations (MPCs) of
substances in the soil and their content in the total mass
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of sludge (Dorokhina and Kharchenko, 2017). The hazard
index for each chemical agent is calculated by the follow-
ing formula:

Ki :ﬂ , (3)
(§+C,);

Where: K- hazard index; MPC - maximum permis-
sible soil concentration of hazardous chemical agent
contained in waste, mg/kg; S - coefficient of chemical
agent solubility in water; C, — content of chemical agent
per total mass of waste, mg/kg; i — number of studied
substance.

The total sludge hazard index calculated prior to recov-
ery of copper at the selected enterprise in Ukraine is
given below (Table 2).

Table 2. Calculated Sludge Hazard Index

Group of substances = MPC, mg/kg | (S+Cs), mg/kg K,
73.98 0.0405
Copper compounds 3
21.15 0.141

Following recovery of copper compounds from waste-
water (not turned into sludge), the total hazard quotient
falls significantly and such wastewater can be consid-
ered to have negligible hazard (Table 3).

Table 3. Hazard Index Calculated for Sludge after Recovery of

Copper
Group of substances | MPC, mg/kg | (S+Cas), mg/kg | K
. y 3 0.01 300.0
opper compounds
ppereeme 0.03 100.0

The data presented point at the need to develop closed
cycles and integrated solutions for the use of water,
solutions and recovered metals, avoiding their accumu-
lation at the premises of manufacturers.

The economic efficiency of wastes recycling for the studied
type of enterprises can be estimated in the following way.
During the annual one-shift operation of the etching line of
printed circuit boards with a capacity of 14 m? per hour, up
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to 28,000 m? of billets will be produced, and the amount of
metal (copper) extracted will be up to 14 tons. At the current
price of $ 3.4 per kilogram, the additional cost obtained will
be $ 47,600. With the full use of 350 lines installed at the
enterprise, the amount of copper can increase to 4,900 tons
per year. This metal can be reused in accordance with the
recommendations that are proposed in this paper.

According to our results, the upper half-meter layer of
the aeration zone will fall into the category of slightly
saline soils in one year of sludge storage. In subsequent
years, the salt content will increase and after 10 years
the saline soils may reach the depths of 1.5-2 m. These
concentrations of salt in the soil mean that it is abso-
lutely unfit for life, and there will be no living organisms
or plants for many years, even after liquidation of a
warehouse at the premises of the enterprise.

The resolution of the issue of improving the environmental
security at the enterprises, on the premises of which the
wastes generated by PCB manufacture and electroplating
are stored, requires an integrated approach and imple-
mentation of preventive and remedial measures. Firstly,
this includes technological and managerial actions aimed
at prevention of environmental pollution through the use
of ecologically safe reagents and solutions, which allow
reducing wastes toxicity. Technological processes used
in the manufacture of PCBs and electroplating should in-
clude measures aimed at reducing the amount of wastes.
Production wastes should undergo recycling. The methods
of recycling are environmentally friendly and cost-effec-
tive, and with their application the sludge may turn into a
source of building materials and agricultural fertilizers, and
wastewater may be re-used in manufacturing processes.

Conclusions

This paper analyzed the characteristics of wastes gener-
ated by printed circuit boards production and electroplat-
ing, and their impact on the environment in Ukraine. It
defined emergency situations that require a full range of
measures to be taken for disposal of heavy metals.

The main result of this study is an improved method for
assessing soil contamination caused by printed circuit
boards and electroplating factories in Ukraine. The paper
provides further insight into the hazards associated with
the storage of sludge at the premises of manufacturing
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enterprises. This study also discussed the issues related
to the development of technologies for processing and
re-use of etching solutions. Summing up the results, it
can be concluded that the technological solutions pro-
posed in this paper will help to reduce the volumes of
hazardous sludge stored at the premises of enterprises
and improve the environmental situation in the future.

The findings of this research are of direct practical rele-
vance; however, their implementation requires extensive
outreach campaigns to be carried out at enterprises and
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