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Abstract

This master thesis focuses on mechanical treatment and pyrolysis of Printed
Circuits Boards PCB’s for energy production and material recovery. Firstly, in the
theoretical section a description of electronic waste, problems with recycling WEEE in
Ukraine and the current waste management techniques, as well as example of Western
countries . As more and more sustainable solutions are required for waste handling, the
advantages and disadvantages of the current treatment methods are analyzed in order to
compare them with the innovative technique of waste pyrolysis and mechanical treatment.
The substrate used for pyrolysis in terms of this master thesis was the printed circuit
boards’ fraction (PCBs) and thus a particular description of this fraction is included.
Furthermore, the pyrolysis as a thermal treatment method is fully described for getting an
overview of the entire process.

The next section of the current master thesis includes a description of the
experimental part
of grinding mass movements during mechanical treatment. The experimental part included
as well the samples preparation in order to obtain a homogeneous mixture since various
substances are used for PCBs manufacturing. Furthermore, the results derived from the
experimental were further analyzed. The results section also includes a deep discussion of
the results since the pyrolysis of electronic waste is still under research an extensive
analysis is necessary. Summarizing, the results illustrates all the data, the main part was ta
separate metal parts from residual after pyrolysis.

The product of pyrolysis of printed circuit boards is gases as well as fuel and metal part
with ash content. Finally, the report includes several recommendations for the future work
to be done and the basic directions for the research of pyrolysis process and grinding mass

movements for materials and energy recovery.
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1. Introduction

To secure future generations, environmental problems should be taken in
consideration. Primary issue of modern society is waste management. Result of
digitalization and growing economy, lead to an over-generation of waste and to an
over-consumption of resources. The global use of electric and electronic equipment

growing exponentially.

Frequent model change and quick progress of the growing information technology
of electronic devices has resulted in a fast increase of waste electrical and electronic
equipment (WEEE) around the world. It was reported that approximately 20-50 million
tons of WEEE is generated annually and still growing with the increase rate of 5%each
year. (Zhang and Yu 2016)

Waste of electrical and electronic equipment (WEEE) is a global concern. Modern
society using more resources than nature can regenerate. Waste electrical and
electronic equipment (WEEE) is one of the most critical wastes to manage. Such
equipment including precious metals, and rare earth metals. The amounts of WEEE are
increasing every year, due to the use of different electronic devices. Unfortunately
only a small amount of WEEE are properly treated and recovered in Ukraine.
Moreover, party the WEEE can be potential second-life application and prospective

for business opportunity. (Marconi et al. 2018)

Different components and materials can be remanufactured and reused for
sustainable purposes. Those electronic circuit boards, after end of appliance’s life,
become hazardous waste that needs to be handled adequately. That is why it is important to
develop new technology for effective ways of recycling and reuse of the Waste of
electrical and electronic equipment (WEEE), as they become new “renewable” resource
that can supply recycled metals for new production. Lack of processing capacities and
suitable technologies cause by the waste management system which can utilize WEEE
effectively. WEEE has to be utilized, but it also can become a source of valuable

resources.

Pyrolysis is a novel approach for handling waste for recovery energy and material.
Pyrolysis is a thermal treatment technology which convert the waste into fuel and in the
same time helps recover valuable metals. Without access of oxygen such metals as gold

(Au), copper (Cu) and palladium (Pd) can be recovered and no metals oxides are formed
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Printed circuit boards (PCBs) which are reviewed in this master thesis one of the biggest
issue in field of e-waste. Developing technology leads to creating more PCBs, which used
in all kind of electrical equipment such as, televisions, computers and telephones. The
composition of PCBs is very complex due to usage different materials during
manufacturing such as metals, polymers and ceramics. This master thesis based on
pyrolysis of printed circuit boards as primary treatment for further developments of
technology treatment solution. The studies show importance of pyrolysis as primary
treatment for easier metal recovery, also energy generation and minimization of waste. In
Laboratory scale experiments showed that after pyrolysis most appropriate milling
equipment is lab rot milling machine. The detail experimental part explains in thesis
material. Lab result can be useful for pilot scale experiments and implication in real life,

but more research is needed in order to apply on industrial scale.
1.1. Aim

The aim of this master thesis is to define experimentally and improve technology of
waste electrical and electronic equipment (WEEE) treatment. Prove pyrolysis as part of
process for PCB treatment and define best methods for milling and separation.

1.2. Objectives

To identify the composition of printed circuit boards

To identify problems with Ukrainian waste management system

To identify the current waste management techniques of electrical and electronic waste
To identify the principals and benefits of pyrolysis

To identify principal of separation of metal after pyrolysis process

To analyze material recovery after treatment
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2. Methodology

First part of master thesis includes literature review of various related articles,
publications in order to identify all the appropriate approach for pyrolysis, waste
management, separation, electronic waste, printed circuit boards, and materials recovery
from waste.

The second part of this thesis includes experimental research performed in the
laboratory located in the department of Mineral Processing at National Mining University
Dnipro (Ukraine). The work have been focused on the technology selection, based on
pyrolysis of WEEE and mechanical treatment. The experiments were performed in lab

scale pyrolysis tool and vibratory horizontal cylindrical milling machine.

3. Theoretical part

The theoretical part includes review information about the composition of the
waste from electrical and electronic equipment. Moreover, printed circuit boards from
WEEE which were used for experiments. Selection of technology in order to choose

appropriate way of recycling WEEE.
3.1. Material of Electrical and Electronic Waste

The electrical and electronic equipment (EEE) is one of the fastest growing waste
in EU with grow annually between 2.5 and 2.7%. The forecast for waste electric and
electronic equipment (WEEE) by 2020 will be reaching a total annual tonnage of 12.3
million.(Paul T. Williams 2010) Thus, it’s necessity to estimate a right way of waste
electrical and electronic equipment (WEEE) recycling for implementation of circular
economy, energy recovery and reuse of critical materials. Electronic scrap roughly
consists of 15-30% plastics, 40-50% ceramics and 20- 30% metals like copper,
aluminum and iron.(Diaz, Florez, and Friedrich, n.d.) Metal fraction consists of copper-
17%, solder-4%, iron-3% and nickel-2%. Small quantity of precious metals such as gold,

silver and palladium are also includes.(R. Mankhand et al. 2013)
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3.2. Why Ukraine have to recycle WEEE

Annually, waste electronica and electrical equipment which unsuitable for use of
household goes to dumps dozens. This equipment based on composition materials such as
phenol formaldehyde and polyvinyl chloride and almost all metals from the periodic table
of Mendeleev.

Once they dump under the influence of moisture, metals contained in electronic
components (arsenic, cadmium, zinc, lead), pass into soluble compounds that become
poisoning. These compounds are potential dangerous for humans, exhibit high resistance
and bioaccumulation potential. Plastic parts with a diverse chemical composition
(polystyrene, polyvinylchloride, polyphenyl, polypropylene, etc.), including chlorine
compounds, are not subject to rotting or self-destructing. For decades, they are able to
provide biologically active low molecular weight chemicals (plasticizers, solvents, dyes,
stabilizers, monomers).Toxic materials that are part of electronic equipment and are
formed as a result of landfills, remain in groundwater, soil and air for years, fall into
sources of drinking water, fields and gardens. Simply throwing electronic equipment to the
landfill is to cause irreparable damage to the environment, the ecology of our cities and the
health of their inhabitants.

Such equipment should not be landfilled; it must be recycled as much as possible
for circular use of raw materials. In developed countries landfill band and severely
punishable. Given the scale of this problem, we can’t remain indifferent and should take

actions.

3.3. Requirements of legislation

First article of the Ukrainian Law "On Waste" define that waste is any substances,
materials and objects formed in the process of production or consumption, as well as goods
(products), which have completely or partially lost their consumer properties and have no
further use in the place of their education or detection and from which their owner gets rid
of, intends or should get rid of by utilization or removal.

According to Article 17 of the Ukrainian Law "On Waste", enterprises, institutions
and organizations - business entities should: ensure full collection, proper storage and

prevention of destruction and damage of waste, for utilization of which there is a
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corresponding technology in Ukraine; enter into agreements with relevant organizations
for their collection and utilization; carry out organizational, scientific, technical and
technological measures for the maximum utilization of waste, sale or transfer to other
consumers or enterprises, establishments and organizations involved in the collection,
treatment and disposal of waste, as well as at its own expense to ensure the
environmentally sound disposal of waste that is not to be disposed of; prevent the storage
and disposal of waste in unauthorized places or objects, etc.

Taking into account the foregoing, the enterprise, as a result of which waste is
generated, must temporarily store the waste in specially designated places for further
transportation to the utilization. In case the enterprise does not have its own utilization
capacity, it concludes contracts for corresponding services with specialized enterprises that
have a license issued by the Ministry of Ecology and Natural Resources for the conduct of
economic activities in the field of hazardous waste management.

It should be noted that according to Article 42 of the Ukrainian Law "On Waste"
persons who are guilty of violating waste legislation are disciplinary, administrative, civil
or criminal liability for: violation of the established procedure for waste management,
which has led or may lead to pollution of the environment, direct or indirect harmful
effects on human health and economic damages, and the unauthorized placement or

removal of waste.

3.4. WEEE in Ukraine

Across the all world people are engaged in solving a new environmental problem -
utilization of technological waste, while Ukraine is still ignoring this challenge. Every year
around 50 million tons of electronic waste are generated in the world, which counted by
UN (United Nation) program on the environment. These include computers, electronic
office equipment, electronic entertainment devices, mobile phones, televisions, and etc.
The accumulation of such technological waste is three times faster than the growth of other
waste. Every year the life span - not to be confused with the concept of "shelf life" -
household or office equipment is shrinking: in addition to the fact that the quality of
products is gradually deteriorating due to the ever larger volumes of their production,
manufacturers constantly change the design and functionality of the devices in order to

meet the needs of the modern user. So, a consumer often buys a new computers, cameras
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or washing machines before a breaking down of device that is already in use.

In Ukraine, the question of where to place an old refrigerator, TV, computer,
washing machine every year becomes more and more important. Each year, Ukraine
landfill 500 thousand tons of electronic waste. The exact figure of electronic waste in
Ukraine is now difficult to calculate.

According to Ukrainian Ecological Public Organization "MAMA-86" about 53.6
million mobile devices used in Ukraine, 300 thousand of laptops, 277 million batteries
(batteries) are imported to us annually. According to the official data of the State Customs
Service, in 2012, more than 50 types of various electrical and electronic equipment were
imported to Ukraine. The number of imported devices is 866.7 thousand units with a total
weight of 139.4 thousand tons. After the expiration of the terms of use, these products go
into trash, each year - about 500 thousand tons of waste generated.

Advertising contributes to increasing the amount of electric waste, which
encourages consumers to buy newer and newer models, more often change household and
other techniques, based not only on technical but purely on aesthetic reasons or on tribute
to fashion. Moreover, at home there are more small and large equipment than it was 20,
and even more so - 30 years ago.

In the dumps site various factors there are processes of destruction of the shell of
the equipment itself, as a result chemical elements which present in their composition,
evaporated and washed away into the environment. Toxic substances are transmitted by air
and fall on the ground. Then through the food chain (water, plants, animals) they get into
the human body, causing severe poisoning and even genetic changes.

In general, on the scale of Ukraine, more than 40 kg of mercury, 160 kg of
cadmium, 400 tons of other heavy metals, 260 tons of manganese per year going in to the

atmosphere and groundwater from the electronic waste.

3.5. E-waste Generation in the European Union

Current European waste policy does not mainly aim to treat waste streams but
rather place in the foreground of interest the complete supply chain of a product. Recycling
only takes the third place whereas recovery and disposal represent the least favorable
options. The highest per inhabitant e-waste quantity (15.6 kg/inh.) was generated in
Europe. However, the per inhabitant amount was nearly as high as Europe’s (15.2 kg/inh.).

Basically, waste generation is a huge business and numerous stakeholders are not
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interested to reduce waste. More sophisticated incentives are required to decouple
economic growth from waste generation .(Awasthi, Zeng, and Li 2016)

3.6. Treatment of E waste in Europe

The current techniques for handling e-waste in Europe are a)landfilling and
incineration which is the simplest form of waste handling, b)export to low-cost regions like

Africa and Asia, c) regional material recycling, and d) direct reuse (Stockholm 2014)

3.7. Who should be responsible for electronic waste: the experience of Europe

In 90’s some European countries banned the placement of electronic waste at
landfills. Manufacturers of electronic devices at the legislative level in the EU have been
obliged to accept, free of charge utilization of waste electrical and electronic equipment
that has been used or unsuitable for future use.

For example, Dell, Sony, Samsung, Nokia, Siemens have their own recyclable
software, take old technology from consumers and either upgrade or reuse certain parts of
it. Canon, as a manufacturer of electronic products, provides waste collection and recycling
in every EU country where it has a national sales office.

In Germany, in each supermarket, special containers for receiving waste batteries
are installed. When buying a new battery for a car, the buyer is obliged to hand over the
old one; otherwise, he will be subject to very high fines.

In Poland, for the dumping of old electrical equipment in regularly garbage can be
charge a fine of up to 1.5 thousand dollars. Old technics can be transferred free of charge
to special points of reception and in stores. Special points are organized by non-
governmental organizations that do not charge for this money, and private ones who can
charge for disposal. The largest organization - ElektroEko - collects 60% of the old
electrical engineering in Poland, and does it for free. Non-governmental organizations and
private firms do not pay those who rent equipment. They collect collected garbage to
special factories, which making money on it.

In terms of our closest neighbor - the Belarusians. They ahead of us on the issue of
utilization of electrical equipment. Minsk has a free of charge taxi that can come to those

who are not able to deliver broken old processing equipment by their own.
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3.8. Urban mining areas — new source of resources

Urban mining as a new concept of mining which aims for reuse of materials
which have been mined before. Normally, resources are mined processed and used in
cities. And now the cities are becoming its new source. Besides the recycling of used
cities infrastructure, also waste generated in the cities can be a rich resource to be
“mined”. New resource present more value due to high concentrations of valuable metals.
New mining without mine side, thus it’s benefit not only for enterprises but also for
citizens who care about nature.  Urban areas are the source of waste of electric and
electronic equipment, it is collected in shops and collection points, and its first
segregation takes place there. Also, in cities or close to them facilities for processing
WEEE are located. In those plants the first step of recovery of resources from waste is
carried out. First step in most cases is traditional simple WEEE processing technology:
manual dismantling, milling, and segregation. Those processes allow recovery of
resources like aluminum, copper, steels, glass, plastics that cover great part of the waste
mass. Also, the new robotic technologies offer a new approach to WEEE dismantling
decreasing human labor and energy consumption, but they are still not used widely.
During every waste processing operation the secondary waste is also generated, because
there is no complete neutralization and recovery process available. Examples of such
“waste” that is not processed locally, and requires specialist treatment are: printed circuit
boards, and the sieved part from milling of WEEE waste. Both of those categories
contain Cu,Sn, Pb, some Ag, Au, Pd, and more than 60 other metals and substances .
(Awasthi, Zeng, and Li 2016)

3.9. Landfill in Ukraine

Ukraine landfill the massive amount of electric and electronic equipment,
which means that responsibility for environmentally friendly WEEE management at
the end of EEE lifespans needs to be laid on importers. Rapid technological advances
and lower product prices for more powerful machines are contributing to shorter
lifespans and frequent replacement. There is a growing concern over WEEE as

increased quantities are generated, coupled with toxic content and valuable materials.
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3.10. Real story or how Ukraine solving the problems

Today in Ukraine, in spite of the wide network of collection and disposal of
electronic waste, there are only a few attempts, mainly by the public, to carry out these
tasks on their own. Let's say, mostly public organizations carry out collection and
transferring to recycling. Only in recent years in cities began to appear recycling facilities,
where citizens can dispose old equipment that becomes raw materials in the processing
plants. Sometimes stores helping to deal with WEEE, by caring shares such as "bring old
equipment and get a discount for a new one." However, not everyone has the desire and
opportunity to take advantage of such actions. Another option is sell used scrap to private
companies.

At the legislative level, as is the obligatory utilization of office equipment of state-
owned enterprises. For example, personal computers are subject to accounting and are
subject to amortization laws (depreciation period of 4-10 years, depending on the type of
computer). It is possible to write down and dispose of computers only after the expiration
of this term, although they are morally obsolete much earlier. In order to dispose of office
equipment, a legal entity should contact one of the specialized enterprises that are engaged
in this, with a request for an examination, and to conclude that this model is outdated,
discarded and can’t be repaired. Only after that you can enter into an agreement with the
appropriate waste management organization.

The WEEE problem can only be solved at the state level, introducing the principle
of increasing producer responsibility. Manufacturers who come to the market or already
have to comply with the law and be responsible for both production and disposal. Abroad,
producers create appropriate funds, collect funds, which then go for recycling. Plants
recycle waste and extract resource-valuable components such as: gold, silver, platinum,
etc. The cost of the product includes the cost of recycling. When producers enter the
market and start selling their products, they enter into contracts with the respective
enterprises. It is clear that well-known multinational companies, large players in the
market, have their own capacities, realizing that 90% of these wastes will be recycled and
then used in future production. There are such enterprises that do not have such capacities.

Then they conclude a contract and cooperate with other factories.
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3.11. Waste in Ukraine - outside the legal field

The solution of the problem of electronic waste in Ukraine should also provide the
"Technical regulations on waste electrical and electronic equipment"”, which has been
developed in Ukraine since 2008. According to the drafts of these legislative acts,
importers and manufacturers can both independently dispose of electricity, and sign
contracts for work on the organization of collection, harvesting and utilization of the
corresponding types of equipment with authorized enterprises. A draft Resolution of the
Cabinet of Ministers of Ukraine "On Approval of the Technical Regulations on Waste
Management of Electronic and Electrical Equipment” was also developed. This regulation
provides for the establishment of electronic and electrical waste collection points that
should be located in user-friendly places and provide free services to users. However, for
the time being, the draft Regulation is only sent for reconciliation with the central
authorities.

Another solution discussed. Ministry of Natural Resources of Ukraine, at present,
the Ministry of Internal Affairs has submitted a draft amendment to the Tax Code, which
provides for the central collection of funds from importers and producers of various
consumer goods in order to ensure, at the expense of these funds, proper organization of
collection, harvesting and utilization of waste from these goods .

However, in general, the problem with WEEE in Ukraine needs to be solved in the
organizational and legal aspect - the creation of producer funds, the support of the state
enterprises of waste utilization, and in the social and informational: Ukrainians understand

that they can’t throw broken vacuum cleaner or laptop to regular trash.

3.12. Ukrainian law for sorting waste

From January 1% 2018, Ukraine established law for sorting all rubbish by type of
material, and also to divide into three category: for recycle, disposal and dangerous waste.
This is stated in Article 32 of the Law of Ukraine "On Waste", to which the relevant
paragraph was added in 2012.

This item corresponds to the two EU Directives 1999/31 / EC and 2008/98 / EC,
which regulate the handling of rubbish in European countries, provide a clear sequence of
actions that must be carried out with waste, classify rubbish, set the strategic goal of
reducing the amount of waste that taken out to polygons.

According to the Law "On Waste", "treatment (recycling) of waste is the
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implementation of any technological operations related to the change in the physical,
chemical and biological properties of waste in order to prepare them for environmentally
safe storage, transportation, utilization or disposal " According to the European rules,
recyclable waste should be sent to the relevant enterprises, disposal- take away to landfills,
and with dangerous will be carried out necessary to neutralize the operation. In this case,
biodegradable waste should not be allowed on conventional landfills (EU Directive
1999/31 / EC).The current Law "On Waste" does not have a list and sequence of
operations with garbage. Under such conditions, the clause added to Article 32 of this Law
in 2012 becomes declarative. Small number of settlements separately collects rubbish and
has garbage collection lines. The main problem is in absence of desire to make good for
people and the environment. Even the existing capacity for recycling waste - glass, paper,
plastic or metal - takes the materials selectively. Besides, Ukrainians incorrectly sort

rubbish - for example, bring dirty plastic.

3.13.How does the Ministry of Regional Development intend to ban landfilled of
untreated wastes?

According to the Deputy Head of the Department of Improvement and Communal
Services of the Ministry of Regional Development, the issue of collecting, transporting,
utilizing and disposing of household wastes belongs to the executive bodies of town and
city councils. Referring to the Regulations on the Ministry of Regional Development,
monitor will be according the law" On Waste "by local self-government organizations
directly responsible for the transportation of garbage."The agency is actively working on
the implementation of the European Union Directives 2012/19 / EC (on waste electrical
and electronic equipment). Increased responsibility of manufacturers and importers, which
will promote the sustainable production and consumption of electrical and electronic
equipment, batteries and accumulators, create the right legal environment for their
activities, and direct the costs of producers of electrical and electronic equipment, batteries
and accumulators to the field of household waste management. "

As noted in the report of the Ministry of Regional Development, Construction and
Housing and Communal Services of Ukraine "Status of Household Waste Management in
Ukraine for 2016", last year only 5.8% of all rubbish was disposed of in Ukraine: 2.71%
burned, and 3, 09% - sent for recycling.

Today, Ukraine needs appropriate treatment equipment for the recycling garbage at
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existing. High investment should be inputted to make the companies environmentally
friendly.

4. Circular economy in term of WEEE

In the modern world, the amount of waste produced by enterprises and the
population is growing. Most countries have faced various social and environmental
problems, which include a lack of resources, pollution of the environment. To cope with
environmental problems and ensure sustainable development, governments of different
countries are in the search for mechanisms that can not only measure the degree of
pressure on nature, but also reduce it. One of these mechanisms is the simultaneous use of
both the classical model of the use of primary resources in production and the use of
secondary resources. Certainly, the orientation toward the recycling model is an alternative
to the extraction of primary resources for production with limited availability. At the same
time, the process of searching for and introducing and using technologies for waste
processing by various branches of the national economy is important. The close loop
economy is more than just recycling of waste. This is a philosophy of reuse and profit from
what was previously unnecessary. New technology makes a life easier, but also generate
impressive amount of waste. Goods are finished their life after 6 months of after their
manufacture. Modern circular economy is benefit for environment as well as for economy.
Even the smallest cycles - reuse, recovery, modernization and re-marketing of goods and
components of industry - bring a large financial benefit. The reason for this - the minimum
costs for the buyer and the maximum profit for manufacturer.

For years, a linear economy model, which is characterized as “take, make, waste”
has been widely accepted, but in recent years an alternate concept has emerged. The
circular model focuses on recovery of resources in a closed loop (Nowakowski and
Mroéwczynska 2018). It has become a new approach in a policy of European Union
(Brussels 2017).In this approach is included “zero waste strategy”. One of the groups of
products with a possibility of fulfilment principles of circular economy is electrical and
electronic equipment (EEE). The materials used in manufacturing of EEE can be recovered
and reused and some components can be recycled. Therefore, waste management has a
special role in a circular economy.

In the last two decades, the number of WEEE increased and it has become a

problem for both developed and developing countries. In a circular economy approach, it is
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very important to keep all the materials used in the production of EEE in a closed loop to

reduce negative environmental impact and improve material recovery (Fig.1)

ﬁ ..”‘El.'A

EXPLORATION RAW MATERIALS
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Figure 1. Circular economy concept by EIT Raw Materials

(https://eitrawmaterials.eu/innovation-themes/03 06 ce-draft-1/)

The first WEEE Directive was introduced in the European Union in 2003 and a
second version was adopted in 2012 , which included modifications and revisions
following input from policy makers, equipment producers and waste management
companies responsible for collection and recycling. The Directive includes acceptable
disposal methods of WEEE. The collection schemes were designed to meet these
requirements. The collection companies are tasked with hauling the waste equipment from
households and delivering it to recycling centers defined in the Directive as treatment
facilities where the equipment undergoes dismantling, shredding into chunks, and sorting
depending on the composed materials. The residents are expected to comply with the
requirements of the Directive, which prohibits disposal of WEEE with household waste.
Residents have many options to dispose of WEEE. Retail stores offer take back services
when a consumer purchases new electronic equipment. In addition, it is also possible to
bring obsolete equipment to any EEE store (floor space >400 m?) without purchasing a
new product. The main goal for collection companies is to maximize collected volume of
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WEEE and at the same time minimize the operational costs. Therefore, the companies
should focus on the logistics of collections: collection schedules, numbers of vehicles and
employees, and numbers and locations of containers and bins. Another factor that
influences the collection companies’ operational costs is the distance travelled by vehicles
and must be included in the collection schemes and route planning. Since some materials
used in production of electronic and electrical equipment are classified as hazardous waste,
in order to prevent environmental problems, it is of the utmost importance to collect large

quantities of WEEE from any given area (Nowakowski and Mrowczynska 2018).

5. Printed Circuits Boards

5.1. Composition of Printed Circuit Boards Printed

Printed circuit boards are composed of different multilayer material with ceramics,
epoxides and fibers. The composition of printed circuit boards mostly depends on
application. The most common type of printed circuit board is made from glass fiber
reinforced epoxy resin; another very common type is cellulose paper reinforced phenolic
resin. Printed circuit boards contains around 40 wt% of metals, the most common is
copper, 60 wt% of fibers and ceramics. Other metals that are present in printed circuit
board waste include iron, nickel, silver, gold, and palladium. The materials used in the
manufacture of printed circuit boards depend on the application, the metal based
components of the board are mounted on a plastic, glass fiber reinforced plastic or ceramic
substrate. The substrate is non-conducting and composed of a range of materials such as
acrylonitrilebutadienestyrene polymer (ABS), epoxy resins, glass fiber reinforced plastics
and ceramics. The conductive printed circuit, usually composed of copper, is printed onto
or inside the substrate and the components are mounted onto the substrate.

Printed circuit boards contain electrical components of a range of sizes and
compositions. Larger components such as capacitors, resistors, integrated circuit chips,
thermistors and transformers are mounted onto the non-conductive plastic, glass fiber
reinforced plastic or ceramic substrate . Metal wires, usually composed of copper or
aluminum link the components. Different components are com- posed of different
materials, for example, Ta is used in capacitors, Ga, In, Ti, Si, Ge, As, Sb, Se and Te are
found in integrated circuit chips and other units. Semiconductors contain Ga, Si, Se and Ge
and solder joints contain, for example Pb and Cd. Table 2 shows the range of metals,
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ceramic and plastics found in printed circuit boards. All of the materials show a wide
compositional range in the printed circuit boards, related to the range of different
equipment and manufacturers.

Copper is the main metal present in printed circuit boards typically between 10 and
26.8 wt%. Recycling of printed circuit boards has been driven by the content of precious
and other metals and their potential for recovery and sale into the metals markets. Table 1
shows that gold, palladium and silver are in significant concentrations in printed circuit
boards. These three precious metals represent between 80 and 90% of the intrinsic value of
the boards depending on the price of the metals on the metals markets.
Table 1. Chemical composition of PCBs in the present study and values reported by
other authors. (Bizzo, Figueiredo, and De Andrade 2014)

Metal a | b c d e f g h [ j k I m
content
Cu(%)| 19 |20 | 22 | 12. | 26. | 15. | 196 | 28. | 27. | 146 | 125 | 19.1 | 28
5 8 6 6 7 6 8 9
Al(%) |41 2 - 20 | 47 - 288 | 1.7 - - 2.38 | 7.06 | 2.6
4
Pb(%) | 19| 2 | 1.5 | 2.7 - 1.3 1393 | 1.3 - 296 | 244 | 1.01 -
5 5
Zn (%) | 0.8 | 1 - 00| 15| 01 | 210 - 2.7 - - 0.73 -
8 6 0
Ni(%) 08| 2 | 03|07|04|02/|038| - |03]168|039]|535]|0.2
2 7 8 6
Fe (%) 36| 8 |36 |06 |53 |14 |114|06 | 29 |479 324|356 | 0.0
7 8
Sn(%) |11 4 |26 40| 10| 3.2 | 3.68| 3.8 - 562 |1.41 | 2.03 -
4
Sb@) | - | - | - - 00| - - - - - - - -
6
Cr (%) | - - - - - - |[0.00]| - - 10.35 - - -
5 6
Na (%) | - - - - - - - - - - - - -
Ca(®) | - | - | - - - - 123 - |14 ] - - - -
Ag 52 | 20 | - 30 | 330 | 124 | 500 | 79 - 450 - 100 | 13
(ppm) | 10 | 00 0| o0 0 5
Au 11 | 10| 35 - 80 | 420 | 300 | 68 - 205 - 70 29
(ppm) | 20 |00 | O
Pt - - - - - - - 0 - - - - -
(ppm)
(ppm)
K - - - - - - - - - - - - -
(ppm)
In - -] - - - - | 500 | - - - - - -
(ppm)
Mn - - - - - - 970 | - | 400 - - - -
(ppm) 0 0
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Se ST - T -
(ppm)

As - | - - -
(ppm)

Mg A )
(Ppm) 0

100

Pd - |50 - -
(ppm)

Co B R
(ppm)

300

-~ - |- - a0 -

Ti - |- - -
(ppm)

| - | - [ - Ja00]| -

Metals o] 3 1 6
(%)

Total 31. | 39 | 30. | 22.

46.5

36. | 35. [ 30.1 | 22.5 | 39.1 | 31.

Ceramic materials used in printed circuit boards are mainly silica or alumina, but

alkaline earth oxides (e.g. CaO), mica and barium titanate have also been used. The

ceramic material is used as glass fiber reinforcement or reinforcement/filler material. The

polymers which are mixed with the ceramic reinforcement/filler comprise a range of

different plastics. Table 2 shows that polyethylene, polypropylene, polyesters, epoxy

resins and nylon have been identified in printed circuit boards. Other plastics and resins

have included, polyimides, or less frequently polyethylene terephthalate. Dysfunctional

epoxy resins such as bisphenol A, multifunctional epoxy resins such as phenol and creosol

based epoxy novo lacs, epoxy blends, and cyanate

Table 2 Representative material compositions of printed circuit boards

(Paul T. Williams 2010)

Material

Composition (wt%o)

Metals (typically 40 wt%)
Cu
Al
Pb
Zn
Ni
Fe
Sn
Sh

10-26.8
1.33-4.78
0.99-4.19
0.16-2.17
0.28-2.35

1.22-8.0

1.0-5.28
0.06-0.4
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Au 80-1,000 (ppm)
Pt 4.6-30 (ppm)
Ag 110-3,301(ppm)
Pd 10-294 (ppm)
Ceramic (typically 30 wt%)

Si02 15-41.86
AlI203 6-6.97
Alkaline and alkaline 6-9.95
earth

oxides 3

Titanates, mica, etc

Plastics (typically 30 wt%) 9.9-16
Polyethylene 4.8
Polypropylene 4.8
Polyesters 4.8
Epoxies 2.4
Polyvinyl chloride 2.4
Polytetra fluoroethane 0.9
Nylon

esters, and polyimides are amongst the most common polymers used .As well as a resin, a
hardener is needed to form the cross-linking required to create a thermoset plastic, the most
common hardener is dicyandiamide, but 4,40-diaminodiphenyl sulfone and 4,40-

diaminodiphenyl methane are also used. (Paul T. Williams 2010)

6. Current technologies by other authors

Usually the PCBs or the PCBs’ recycled residue are either incinerated or landfilled.
The incineration of PCBs is much safer and controlled method, because it can be carried
out through controlled combustion conditions, including an efficient flue gas treatment for
minimizing the environmental impacts. The incineration of PCBs can lead to the formation
of brominated compounds resulting from the brominated flame retardants, which are rather
toxic . Additionally, the combustion of PCBs can also be used as a mean of recovering the
energy content of plastics contained in PCBs. On the other hand, the landfill although it is
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also a controlled process and leachate sealed, it can lead to leaching toxic substances to the
aquifer and there is also a risk of vaporization of volatile hazardous compounds.
(Stockholm 2014)

There two main approaches to PCB treatment and metals recovery.
Pyrometalurgical smelting of waste, and mechanical processing (milling). Currently in
Europe, only few plants process electronic printed circuit boards in pyrometalurgical
processes. Those plants process PCB from entire Europe. However, the waste of electric
and electronic printed circuit boards, is only a part of the total input in those installations,
as they prefer homogenous industrial waste over PCB waste from WEEE. Integrated
pyrometalugrical smelters can process up to 300 000 Mg/year of waste, and recover up to
95% of precious metals and Cu. The facilities are located in Belgium — Umicore, Sweden —

Boliden, and Germany — Aurubis. (Szatatkiewicz et al. 2013)

7. Role of microbes in recycling

It is believed that biotechnology has been one of the most promising technologies
in metallurgical processing. Bioleaching has been used for recovery of precious and toxic
metals from e-waste scrap. Mainly autotrophic bacteria, heterotrophic bacteria, and fungi
are commonly used for the bioleaching. In this process microbial cells derive their energy
needed for metabolism of itself through aerobic oxidation of reduced sulfur compounds.
Several researchers reported that fungi such as Aspergillus sp. and Penicillium sp. are
extremely reported as promising fungal strains could be used as bioleaching (Awasthi,
Zeng, and Li 2016)
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Figure 2. Dona}ed rPrinted Circuit boards
8. Experimental part
8.1. Material

The material for experiments was collected from old computers Figure , which were
written-off from National Mining University. PCB’s were prepared with Metal Cutting
Snips to decrease size of board for further experiments. During cutting no parts were
removed to guaranty validity of the experiment in real conditions After cutting PCB were
ready for lab scale experiments Figure 2 . The sizes of board were approximately 10-15
centimeter in length and 3-6 centimeter in width. All chips and plastic remain on their
places. Characteristics of PCB’s are present in theoretical part of thesis as well as review of

composition by different authors and articles.
8.2. Pretreatment PCB

8.2.1. Jaw Crusher
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First stage was to treat PCB with mechanical treatment in lab scale vibrational jaw
crusher. From the first experiment was defined that such crusher is not appropriate for this
material in order to perform positive result for the experiment. Mainly jaw crusher used as

primary crusher in mining.

Figure 3. Cut Printed circuit boards

The mechanism of crushing is either by applying impact force, pressure or a combination
of both. The jaw crusher is primarily a compression crusher while the others operate
primarily by the application of impact. The faces of the plates are made of hardened steel.
Both plates could be flat or the fixed plate flat and the moving plate convex. The surfaces
of both plates could be plain or corrugated. The moving plate applies the force of impact
on the particles held against the stationary plate. Both plates are bolted on to a heavy block.
The moving plate is pivoted at the top end (Blake crusher) or at the bottom end (Dodge—
type crusher) and connected to an eccentric shaft. In universal crushers the plates are
pivoted in the middle so that both the top and the bottom ends can move.(Gupta et al.
2006)

8.2.2. Hammer Crusher

Hummer crusher was used to define result of applying forces. In most technologies
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from reviewed articles hammer crusher was used. Sarvar, Salarirad, and Shabani used
hammer mill in their experiment and got product that classified into 11 fractions by manual
screening: +6.3, 4.76-6.3, 3.36-4.76, 2.38-3.36, 1.68-2.38, 1.19-1.68, 0.84-1.19, 0.59—
0.84, 0.42-0.59, 0.21-0.42 and —0.21 mm.(Sarvar, Salarirad, and Shabani 2015) Cayumil
et al used hammer crusher followed by pulverisation to reach particles sizes of 300 Im for
further leaching in a sulphuric acid solution in the presence of hydrogen peroxide for 3
h/200 rpm/- room temperature.(Cayumil et al. 2018) Zhan and Xu also used hammer
crushed for waste PCBs ,than sieving and the separation of metallic and non-metallic
fractions using a corona electrostatic separator.(Zhan and Xu 2011)

Our experiment showed that hammer crusher can be used for reducing size of
PCB’s, but is need more investigation for treatment of PCB’s due to containing epoxides,
fiber and cooper parts together Figure 4. In the next paragraphs that topic would be

discussed more to choose appropriate treatment for separation copper and other metals

from residual.

Figure 4. Crushed PCB’s in hammer crusher with residuals

After experiments with jaw crusher and hammer crusher Cut Printed circuit boards
Figure 3. were taken to perform next stage of research. To solve previous problem, where
copper were bonding with residuals such as fiber, epoxied and etc. | the investigated into
research of pyrolysis for develop the technology. Numbers of publications were reviewed

to find appropriate pyrolysis process for PCB’s.

9. Potential of pyrolysis processes in the waste management sector.
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9.1. Introduction to pyrolysis

Most of waste management system based on landfill, recycling and reuse. Waste
is also valuable resource of energy required proper treatment in order to minimize the
waste impacts. Pyrolysis is a new promising technique for waste handling as material and
energy recovery are accomplished simultaneously with waste management and
minimization. This technology is a thermal treatment method which can convert the waste
fraction into carbon rich fuels while on the same time the valuable substances such as
metals can be easily regenerated. The fuel produced through pyrolysis is either in the form
of methane rich gas or hydrocarbon rich oil in liquid form according to the process
conditions. Metals recovered during pyrolysis such as gold (Au), copper (Cu) and
palladium (Pd) are being regenerated in a pure form since no oxygen is present and thus no

metal oxides are formed.(Stockholm 2014)

9.2. Pyrolysis
Pyrolysis is the thermal degradation of organic waste in the absence of oxygen to
produce a carbonaceous char, oil and combustible gases. How much of each product is
produced is dependent on the process conditions, particularly temperature and heating rate.

Figure 5. characterizes the pyrolysis.

Waste-PCEB

No Air

Pyrolysis

Gas+0il+Chart
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Figure 5. Process characterization pyrolysis.

The word “pyrolysis” comes from the Greek word “mvp” (pyr) which means fire
and the Greek word “Avoig” (lysis) which means breakdown and separation emphasizing
the disintegration of matter due to heat. Pyrolysis is also known as thermolysis, thermal
cracking, dry distillation, destructive distillation, etc.(Kantarelis n.d.)

The process of thermal degradation or pyrolysis of such materials, in the absence
of oxygen, results in the long polymer chains breaking to produce shorter molecular weight
chains and molecules. These shorter molecules result in the formation of the oils and gases
characteristic of pyrolysis of waste. The application of pyrolysis to waste materials is a
relatively recent development. In particular, the production of oils from the pyrolysis of
waste has been investigated, with the aim of using the oils directly in fuel applications or,
after upgrading, to produce refined fuels. The pyrolysis oils derived from a variety of
wastes have also been shown to be complex in composition and contain a wide variety of
chemicals which may be used as chemical feedstock. The oil has a higher energy density,
that is a higher energy content per unit weight, than the raw waste. The solid char can be
used as a solid fuel or as a char—oil, char—water slurry for fuel. Alternatively the char can
be used as carbon black or upgraded to activated carbon. The gases generated have
medium to high calorific values and may contain sufficient energy to supply the energy
requirements of a pyrolysis plant (P.T. Williams 2005)

During pyrolysis, large complex hydrocarbon molecules of biomass break down into
relatively smaller and simpler molecules of gas, liquid, and char.(Basu and Basu 2010) The
process of pyrolysis can be used in plastics which are composed of large polymer chains,
which are breaking down to lighter compounds with shorter molecular weight chains and
molecules (Williams, 2005). The three main products of pyrolysis are the solid residue
commonly known as char, the vapors/liquids, aromatics, water, products of low degree of
polymerization, tars, etc. and the gases which is mainly CO, CO2, CH4, H2 and other light
hydrocarbons (Kantarelis, et al., 2013)

9.3.Lab scale pyrolysis reactor experiments

The examined fractions of PCB were tested on a lab scale pyrolysis reactor. The
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reactor was charged with 2.5kg of the examined material and purged for 40-50 min with
absence of oxygen and it was heated up until 700-8000C. During pyrolysis gas was
produced as well as liquid. Produced gas was used in close loop to heat the reactor. In

Figure the material after pyrolysis, where organic material was degraded.

13 141516 17 18
& 2 T

Figure 6. PCB’s after pyrolysis

After process of thermal degradation or pyrolysis of such materials Figure 6 became
frangible which is easier for mechanical treatment of material.
Before and after the pyrolysis the PCB samples were weight. Weight loss was

calculated. The weight loss was converted to fraction reacted (o) by the equation:

_ Wf 100
=T
_19+100_
G=75 TN

Where Wi-represents initial and Wf-final weight loss of the sample. The pyrolysis

experiments were carried out in the temperature range of 700-800°C .During thermal
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degradation about 24% of mass lost.

9.4.Pyrolysis of WEEE: Review of achievements and current approaches previous

In pyrolysis processes, organic compounds are degraded in an inert atmosphere.
Due to this, contained metals are not oxidized during the thermo- chemical process.
Pyrolysis can be operated under different conditions mainly based on temperature, heating
rate or dwell time, depending on the input material and desired product quantities and
qualities. A pyrolysis process could become part of a process chain to separate critical
metals and to generate fuels with low yields of halogens for an energetic utilization.
Products of this thermo- chemical process would be a mixture of metals, which could be
treated in copper processes, as well as calorific gas and oil for an energetic utilization, e.g.
in a combined heat and power plant. This energetic utilization of pyrolysis oil and gas is an
appropriate option, because these products can present fuels with heating values, which are
often comparable to conventional fuels like diesel fuel (41.8 MJ-kg-1) or natural gas (CH4:
35.9 MJ-m-3) (Hense et al. 2015)

Results from a review of different papers, which present heating values of pyrolysis
oils and gases from WEEE plastics, PCB or other materials from WEEE. It can be seen
that the ranges of this values are between 26.5 and 44.8 MJ-kg-1 for liquid products and
between 12.3 and 48.6 MJ-m-3 for gaseous products. (Hense et al. 2015)

Use of pyrolysis as a means to recover valuable materials from printed circuit
boards of waste electrical and electronic equipment is reviewed. The printed circuit boards
consist of metals, including valuable gold, silver and palladium which can be recovered
from the pyrolysis process for sale into the metals industry. Many printed circuit boards
contain high concentrations of glass fiber which can also be easily separated from the solid
pyrolysis residue and recycled for re-use. The plastic/resin comprising the board on
pyrolysis produces a oil/wax product which can be used as fuel or recycled back into the
petrochemical industry. Pyrolysis of the plastic/resin also produces a gas product with a
significant calorific value sufficient to provide the energy requirements of the pyrolysis
process.(Paul T. Williams 2010)

9.5.Pyrolysis Kinetics

The pyrolysis of printed circuit boards is generally a complex process and includes several
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steps. The level of homogeneity is relatively low compared with other waste fractions. It is
extremely difficult to conduct a full kinetic analysis of such complex systems while an
average kinetic description is also required. The overall kinetic reactions of printed circuit

boards can be described by the following equation :

da

(ea-1) — = k(Mf(a)

dt

Where, a is the normalized conversion of the raw materials’ decomposition and f(a)

depends on the mechanism of the thermal decomposition.

The normalized conversion described above can be defined as:

_ Me—my
(e-2) = T

Where,
Mo is the initial mass of the sample
m¢ is the mass of the sample at time t and = mf is the final mass of the sample

The dependence of the rate constant is described by the Arrhenius law:

(€9-3)

E
k(T) = AewD)

Where,
E is the activation energy
A is the pre-exponential factor and

R is the gas constant

As long as the temperature is increasing through time with a constant heating rate § the
temperature (T) can be expressed by the following equation:
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(eq-4) T=pt+T,

Differentiating the above correlation, the equation is formed:
(eg-5) dT = Bdt

By combining the eg-1 with the eg-5 derives the following equation:
9(@ =[5 eTnde
To B

(eg-6) (Stockholm 2014)

Kissinger-Akahira-Sunose (KAS) Method
The Kissinger-Akahira-Sunose (KAS) Method is one of the most accepted is conventional
method in the scientific community. This method describes that the relation between

heating rate and the temperature is:

(eq-7) n(£)1a = (55) ~ 17

Where,

B is the heating rate in K/sec

T is the temperature in K

A is the pre-exponential factor

E is the activation energy in J/mol

R is the gas constant in J/molK

So, by plotting In(B/T2) vs. 1/T at constant conversion values will produce a straight line,
at which the slope is the activation energy for the specified value of conversion. By doing
that on the whole range of conversion, it will produce the activation energy
profile.(Stockholm 2014)
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Coats — Redfern Method

The devolatilization kinetic parameters from TG data can be derived by using the
Coats-Redfern Method, which is a model-fitted method.
Since iso-conventional methods are more reliable and accurate for the estimation of the
activation energy of the thermal decomposition, the method of Coats-Redfern will be used
in order to estimate the activation energy and determine the pre-exponential factor and the
reaction order. The equations for numerical determination of the Kinetic parameters of the

Coats —Redfern are:

-In(1-a); _ AR __2RT; E _
In[ =] = In[ 7 (1 =) — 1 n=1
(eg-8)
(i1, AR 2RTN,E
ln[w] = ln[ﬁE (1 E )] RT n+1
(eg-9)
Where,

n is the order of the reaction

B is the heating rate of the sample
R is the global gas constant

A is the pre-exponential

E is the activation energy.

_\1-n_ .
(161)721]’ which are

(n—

—In(1-a)

For simplification of the eq-8 and eq-9 the In[ p

] and the In[

depending on the reaction order can be referred as In B.

Then plotting the In B vs. 1/T will produce a straight line, which slope would be

equal to ——, while its interception would be equal to ln[‘;—’; 1-251

Assuming that the 2RT << E, the —Zl:l ~ 0, then we get this equation:
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- — In(4Ry = _ BE b
(eg-10) b—ln(ﬁE)—>A— —e

(Stockholm 2014)

9.6.Conclusion analysis of pyrolysis

The sample used for experiment was weighted before the pyrolysis process and the weight
of sample was 2,5 kg and separated for different experiments. Furthermore, the char
residue after the pyrolysis was also weighted for calculations. It can be conclude that

pyrolysis process is effective for material degradation and for further recovering of metals.
10. Mechanical recycling after pyrolysis

After being disassembled, the samples were processed mechanically. First, the
samples were pulverized in milling machines. There were two types of milling machines
used in this stage of experiment, which are ball-milling and cylindrical milling machine.

Although both machines perform different function in the result of the milling process.

10.1.Ball- Milling process
During the ball milling process, e-waste particles were put together into a pot. The ball-
milling machine, shown in Figure 7 has bigger capacity and can fit more samples. The
experimental milling was performing in total for 7 minutes. From that short time of
experiment was conclude, that forces which applying in material during milling is not
appropriate. Because influencing milling ball contacting material with hitting and perform
destroying metal into small fraction. Also been conclude that friction is has positive affect
on milling process. Some samples could not be pulverized uniformly and produced some

residue with the larger and the time of milling should be longer.
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Figure 7. Mechanical treatment in ball milling machine

10.2. Cylindrical-Vibro milling

After using of ball milling machine it was conclude that another forces should be
applied to material such as friction and squeezing to achieve separation of metal part from
residual. During experiment cylindrical-vibro milling machine Figure 8-C was used,
which based in Department of Mineral Processing, National Mining University (Dnipro,
Ukraine). The part of disassembled samples was cut into 30 x 30 mm by using a cutting
scissors to fit into the machine. The process of milling was performed for 2 min which is
enough to pulverize samples. Next paragraph tells about analysis of grinding mass

movement of cylindrical-vibro mill.

11. Analysis of grinding mass movements

According to (Plescia and Tempesta 2017) analysis of grinding mass movement
was implemented, in our case we used a cylindrical mill, the cups placed in direction with
adjustable speed and vibration. The grinding body is placed in the jar. The rotating jar and
moving grinding body and movement were analyzed. Tests performed, with four cups with
grinding bodies inside, prove that the movement is that of a mechanical system of “clutch
coupled wheels"”, where the larger wheels turn the smaller ones, faster and with less torque
(Fig. 8). Put simply, the acceleration caused on the jar oscillating gives the cylinder
grinding body a revolution around the jar center, in the same rotation direction as the jar
but faster and a rotation around its own center in the opposite direction. The rotation-
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revolution system doubles if we consider the jar rotation center, eccentric compared to its
own center, even if just slightly. The combination of these rotations and their harmonics
give rise to a highly complex revolution, rotation, sliding and translation system. The
movement enabled to create a mechanical model based on the “coupled wheels” system
principle. In this coupling system, couples and powers are transmitted using the action of
tangential forces to the contact surfaces (sliding friction forces). In an analogy with the
cylindrical mill, equipped with a jar and a cylinder, each one coaxial to the other, we have
two circular wheels (that is cylindrical considering the third dimension), with rj and rc
radii, that are in contact and are pressed against each other by equal and opposite forces
applied to the respective centers. In the point of contact between jar and cylinder (Fig. 8-
A) you have a Njc force (directed radially rather than to the circumference) that can
produce an Rjc friction force (tangent to the circumference). In ideal functioning, with no

friction, the drive torque is equal to the load torque:
M; w1l = M, * w2 1)
Where Mj and Mc are respectively the motor moment (jar) and the cylinder resistance
moment.

In real operations the drive torque will lose power because of the friction:
M; * w1 x1mjc = M, * w2 (2)
Where njc is the transmission efficiencies. During motion, so that there is no slipping, the

peripheral speeds of the coupled wheels, the jar with cylinder must be equal and the
friction force R must be greater or equal to the transmitted force F:
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Fig. 8. Diagrams of the movements of the grinding media in a cylindrical mill. A)
Simplified model of the gearing; B) o1, ®2, pulsations (angular speed) for jar and cylinder;
C) image of the grinder. The rotation center of the jar, Cj, is at once his eccentric relative

to the rotation center of the system, Ce.

Notes:
1j = jar radius

te = cylinder radius

Re= eccentric radins

Cj= jar center

Ce= cylinder center

C-= eccentricity center

1= jar revolution angular speed

2= cylinder revolution angular speed

3= cylinder revolution angular speed vs
eccentric radius

w4= cylinder rotation angular speed

(O
R=f+«N > F 3)
f is the coefficient of friction and:
F; = M;/r;and F, = M/7, (4)

So if the non-slipping condition is achieved, the peripheral speeds of the contact
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point are equal to each other:
Wl *1; = W2 * 1y, (5)
that is the transmission ratio is

_w2_Tj (6)

T. = =
je wl Tce

where rj and ree= radius of the jar and the cylinder, 1, ®2 =angular speed of the jar and
cylinder.

As we can see in Fig. 2, the analogy between the coupling of friction wheels and
the jar- cylinder pair is considerable. However, in the case of the cylindrical mill, to the
coupling and resulting "wheel-on-wheel” friction we need to add friction from slipping,
between the upper and lower surfaces of the jar and the cylinder. As a whole, the grinding
bodies are subject to two kinds of friction:

— friction from slipping (grinding body that slip on the jar's flat surfaces)
—rolling friction (grinding body which, if coupled, roll into each other)

In the calculation model of the rotation frequencies of the cylindrical mill's
grinding masses we need to consider that the rotation of cylinder come from an eccentric
rotation of the jar around a center, which is moved compared to the jar center and which
increases its rotation radius. This also affects the radius of coupling between jar and

cylinder. For the jar - cylinder couples, coupling ratios can be expressed as:

7o ==L (7)

c=
4 Rce

Where Rj is the jar radius and Ree is the radius of the cylinder,

Rje
Tjce = # (8)

ce

Where Rje is the eccentric radius of the jar, greater than the radius of the simple jar.
Relation from (7) indicate that the transmission ratio can be expressed using just the

geometrical parameters of the friction wheels. For the ring mill, the first coupling takes
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place between the jar, with angular speed wl and the cylinder, which reaches an angular
speed ®2, higher than wl, equal to:
Rj

w2=w1*2=w1*rj6=w1*— 9

Tce ce

The cylinder itself, considering the eccentric radius, 15% greater of the jar radius,

generates an even greater frequency pulsation w2e:
w2, = W1 * Tjce * Rje [Ree (10)

Where Rj, = R; + R,
From the rotation speeds calculated you obtain a maximum value of the centrifugal
force exercised by the grinding masses which, compared to the jar reference systems, take

on the expression:
N, =m, * w2? x R, [N] (11)
Where m¢ is the cylinder mass.
The normal force value:
N=N.  [N] (12)

The “Total friction coefficient” f of the cylinder-jar complex will then be calculable

as.

== (13)

Where F - is the tangential force, already expressed in the ratio 4 and N- is the normal
force at the sliding wall, obtainable for ratios 11. The tangential force can also be
expressed as friction force; that is the force that the grinding bodies implement on the
sliding walls and which in turn can be obtained from the resistance performed by the
grinding masses, the cylinder on the jar wall.

The total amount of work spent in heat can be calculated by measuring the
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temperature of the body of the jar, which increases due to friction:

E,=AT+xCp*M  []] (14)

where Ej is the energy as heat used to raise the temperature by AT degrees Kelvin of a
mass M [kg] of steel, which has a specific heat Cp equal to 460 J*°K—1*kg—1.

From the angular speed of the grinding mass (cylinder) we obtain the peripheral speed
[m/s], then the displacement L [m] over time T [s]. Therefore, the resistance work will be

equal to tangential force, F:

F==h [N] (15)

Following (Plescia and Tempesta 2017) the data obtained by applying the model
can obtain the overall friction coefficients of the jar- cylinder system, both aver- aged for
the entire time, and instant by instant. Naturally, the friction coefficients found are those
related to the cylinder rotation movement on the internal jar wall and the sliding on the
jar's lower and upper surfaces. The rolling coefficient of friction is generally a very small
fraction of the sliding coefficient and is calculated as f=b/r, where b is the thickness of the
contact line between the grinding mass (cylinder) and the rolling surface and r is the
radius. In a two-dimensional presentation, b is in fact a surface, S. (Plescia and Tempesta
2017) found that the area crushed during grinding equals the average width of the contact
point, between 50 and 100 um, by the “effective” height of the grinding body, that is the
line that is effectively parallel to the jar's internal wall during grinding, which on average
corresponds to 60% of the height of the grinding body. The value of S is around 1 E-7m2.
They used the same surface to calculate the pressure imposed by the grinding masses. Vice
versa, the sliding friction depends on the surface conditions and on the material between
surfaces so is a function of the material being ground. A last consideration on friction
coefficient measurement: according to the laws of Amonton, the resistive or friction force
(R) is independent of the contact area and the extent of friction is proportional to the
normal force (N). Consequently, for the same material and wear conditions, the R value
will depend on N, which in turn will depend on the speed of the grinding masses.

The method described is not immune to errors. In our mill the cylinder is pushed by the

force of inertia generated by the eccentric rotation of the jar.
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Table 3 Mechanical parameters for Jar and grinding masses.

Jar diameter

Jar height

Jar volume

Jar weight
cylinder diameter
cylinder height
cylinder volume
cylinder area
cylinder perimeter

cylinder weight

0,06
0,09
28,26
1090
3,5
8,5
9,6
112,6
24
1180

cm3

cm
cm

cm3
cm2

cm

12. Fundamentals of screening process

Screening is the process of dividing a mineral into classes by size and sifting it

through one or several screens. The material entering the screen is called the original

material, and the screening product is called the size classes. The remaining material on the

sieve is called the oversize product, and the sieve, which has fallen through the holes, is

sub lattice. Class, used in the national economy as a ready-made commodity product, is

called a variety. A series of sizes of sieve holes (from large to smaller) taken during

screening is called a screening scale (classification), and a constant ratio of the sizes of the
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holes of adjacent sieves is a module of the screening scale. Distinguish the following types
of screening: auxiliary, preparatory. Ancillary screening is used to separate the finished
material from the original material, entering the crushing stage, or to control the size of the
crushed product. The first kind of screening is called preliminary, and the second type is
called the control one. Preliminary screening is used to separate the initial material by the
size into classes before subsequent enrichment operations in order to increase their
efficiency. Depending on the size of the raw material and the size of the holes of the
screening surface of the screen, the following types of screening are distinguished:

Table 4. Classification by size class

Class size Size of initial material, mm | Size of the screening surface,
mm

Large -1200+0 300-100

Average -350+0 60-25

Fine -75+0 25-6

Thin -10+0 5-0.5

Extra thin -1+0 Up to 0.05

12.1. Kinetics of screening process

Between the efficiency and timing of the screening there is a relationship. At the
beginning of the screening, its efficiency increases rapidly, and then its growth slows
down. This is explained by the fact that the speed of the screening process depends on the
number of grains that must pass through the holes of the screen. In the first moments of
time, the rumbling of the grain is basically easy and the screening process proceeds
quickly. Over time, their number is getting smaller and smaller. Hardly rumbling grains
require much more time for their sifting. Therefore, the increase in sieving efficiency slows

down over time.

12.2. Processing of sieve analysis data

The reliability of the characteristics of the initial material by size depends primarily
on the mass of the sample, the method of its selection, and the accuracy of the sieve
analysis. All classes are weighed and their percentage output is determined. The losses in

sieving do not exceed 1% of the mass of the initial sample, distributed proportionally to the
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output of each class. Losses over 1% are not allowed. Sample data are recorded in the

Table 5.

Table 5.Sieve analysis

. Total yield, %
Class size, , .
Weight m,g Yeildy, % . -
mm + -
+0,2 36,55 30,42 30,42 100,00
-0,2+0,16 1,19 0,99 31,41 69,58
-0,16+0,05 5,87 4,89 36,30 68,59
-0,05+0 76,54 63,70 100,00 63,7
Initial 120,15 100 - -

Graphically, the results of the sieve analysis are made in the form of a summary

characteristic of the fineness "by plus™ (total residue of the material in the sieves) or "by

minus™ (total sieving). On the ordinate axis, the total yield of classes in percent is plotted,

and on the abscissa - the size of the sieve holes or the diameter of the grains in millimeters.
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Figure 9. Results of the sieve analysis

The use of a linear scale for constructing such curves is convenient for a small number of

classes and not a very sharp difference in the maximum and minimum grain sizes in the

initial sample.
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Photographic images of individual classes, obtained using a microscope are presented in
Fig.10

Fig.10 a The metal fraction of class +0.2

mm after screening

Fig. 10b The metal fraction of the class is
0.16-0.2 mm after screening
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Fig.10c The metal fraction of the class

0,05-0,16 mm after screening

Fig. 10d Glass fibers and metals in the

class -0.05 mm after screening

The material of class -0.05 (Figure 10d ) after removal of metal fractions can be
used as a composite filler for the production of secondary building materials. Non-metallic
powder can be added as an additive to concrete, mortar, asphalt and other building
materials, and greatly increases the efficiency of the use of the source material.

As a new modifier, it increases the performance of asphalt. Properties of modified asphalt
with energy of non-metals powder significantly increases the same indicators as standard
viscosity, penetration, softening point.
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13. Proximate Analysis

Table 6 includes the proximate analysis of -0,05+0 sample that contains more residual than
other samples
Table 6. Proximate Analysis

Proximate analysis

Moisture 0.20%
Ash 88.5%
Volatile 11.15%
Fixed Carbon 0.15%

14. Magnetic separation

The magnetic separation was conducted manually by using neodymium magnet.
This method only applicable to samples which were pulverized using the cylindrical-
milling machine. The problem in magnetic separation was agglomeration of the particles.
This agglomeration caused the magnet to also pull the nonmetal materials which

agglomerate with the ferrous materials.

Table 7.Magnetic separation by classes

Class size, Ferrous materials, Nonmetal

mm materials
g part, g

+0,2 4
-0,2+0,16 1,19 Less than 1 1,19
-0,16+0,05 5,87 1,87 4
-0,05+0 76,54 Impossible 76.54
Initial 120,15
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15. Protection of the environment

15.1.Human action on nature

Human’s activities always influenced nature. In modern conditions, the
development of industries associated with recycling is one of the technical processes.
Extraction of minerals cause on the Earth and thus changes the environment, interferes
with the natural processes. Modern technology so powerful that nature in many cases gives
way to it in the ability to change the landscape and relief of the surface. Small-waste
storage pools in the square of several kilometers - all this is the result of human activity. In
the process of drying, metallurgical and chemical processing, flue gases containing solid
particles, sulfur oxides, carbon, and nitrogen are formed, moreover, they should be
released into the atmosphere only after cleaning.

As a result of the burial of large volumes of waste, soil and groundwater are
polluted, the surface drainage and the structure of the soil are changed, the erosion of water
and wind is intensified, which in some cases causes climate change in the area of work.

A significant proportion of the state's water supplies are used for technical
purposes. Huge volumes of water consumption put forward the problem of preserving the
quality of water in reservoirs and rational use of water resources in a number of the most
relevant. Increased water consumption leads to an increase in sewage and pollution of
reservoirs. In addition, in factories as reagents are used xanthene’s, cyanides, petroleum
products and other chemicals. The complexity and variability of wastewater of factories,
their high toxicity, the predominant content of dissolved substances require the use of
chemical, physic-chemical and biological methods of wastewater treatment.

Environmental protection is understood as a combination of state, administrative,
legal, economic, political and social measures that are aimed at the rational use,

reproduction and conservation of natural resources of the earth.

15.2.Harmful actions of preparatory processes on the environment

A characteristic feature of factories is the large saturation of equipment, whose
work is accompanied by noise and vibration, emissions of gas and dust, contamination of
adjacent lands and water sources.

Noise in the high level harmfully affects to the human body. The extent of this

action depends on the characteristics of the noise and individual characteristics of the
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person. Noise acts not only on the hearing, but also on the nervous system, causes increase
of blood pressure, weakening of attention, leads to decrease of labor productivity and
increase of the level of traumatism.

Existing standards assume a maximum permissible sound level of 85 dB. The
sound pressure level at frequencies 63, 125, 250, 500, 1000, 2000, 4000, 8000 Hz should
not exceed 99, 92, 86, 83, 80, 78, 76, 74 dB, respectively. The vibrational speed is also
normalized, which at frequencies 16, 32, 63, 250 Hz should correspond to 0.0015, 0.0022,
0.0027, 0.0035 m / s. With a vibration duration of no more than 20% of working time it is
allowed to increase the vibration velocity by 1.5 times. (Smirnov et al. 2012)

The main types of pollutants emitted by the enrichment plants in the atmosphere
are dust, sulfur dioxide, carbon monoxide, nitrogen, hydrogen sulfide.

The objects of emission of harmful substances are aspiration systems of crushers, robotic
conveyors, boiler-houses and drying units, mineral deposits and products of enrichment,
waste heaps.

The arrival of sulfur and nitrogen compounds in the atmosphere is the main cause
of acid rain that damages buildings, monuments and metal structures, cause the destruction
and destruction of forests, reduce the harvest of many crops, deteriorate the soil fertility
that has an acid reaction, and the state of aquatic ecosystems.

Dust, which is in a damaged condition, adversely affects the health of workers and
at certain concentrations may create explosive dust-air mixtures. Dusts that are emitted into
the atmosphere pollute the air of adjacent settlements and also represent irreparable losses
of minerals. Classification of dust and other harmful substances by degree of action on the

human body are given in Table. 8

Table 8. - Classification of dust and other harmful substances by degree of action on the

human body

Dust Extremely Very Moderately Light dangerous
dangerous Dangerous dangerous

Hazard class 1 2 3 4

The dust content in the work areas where workers are located must not exceed 3 or 4
classes of danger.
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During crushing dust is forming in the places of loading and unloading of material,
in screens, dry grinding and during overload of material from conveyor. In order to comply
with the rules of dustiness, all these places have a suction devices for dusty air, which,
after clearing dust is released into the atmosphere. Sometimes irrigation of material is used
in crushers and screens.

Dust-air mixtures under certain conditions can be explosive. The dust explosion
depends on their size (Table 9), the ash content, the content of volatile substances, the
concentration in dust-gas mixtures, the presence of oxygen or other active gas in them, the

content of volatile sulfur and moisture content of the mixture.

Table 9. - Classification of dust by volume

Type of dust Large Small Fine Superfine

Size, mm 100 - 500 10-100 0,1-10 Less than 0,1

The degree of dust explosion (Table 10) is characterized by a coefficient

Explosion:
Ks = 100(V" + ST)/ [(NV)Z +WT + AT], %,

where Ke - coefficient of explosion,%; V" - yield of volatile substances,%; S't - volatile
sulfur content,%; (NV)Z - non-volatile precipitate of the working mass of solid,%; W/ -

hygroscopic moisture content of dust,%; A" - ash content per working mass,%.

Dust explosion increases with increasing yield of volatile substances and decreases with
increasing humidity and ash content.

The possibility of a blast of dust-air mixture is determined by its concentration: dust
explosion hazard is 112 - 500 g / m3, at concentrations of more than 1500 g / m3 and less

than 30 g / m3 carbon dust does not explode.

The smaller the size of the dust, than in the lower the concentration it may result in

an explosion. The most explosive is dust with a grain size of 70-100 microns.
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Table 10. - Dust explosion groups

Dust explosion class Number of group KB
Safe on explosion 0 0-10
Not very explosive I 10-25
Moderately explosive II 25-35
Enhanced explosive 11 35-50
Especially explosive v 50-80

The action of dust on the human body is most affected by the respiratory system,
especially if the size of the particles exceeds 10 - 15 microns. When inhaling this dust with
the air particles are delayed in the upper respiratory tract and cause their irritation and even
inflammation. The most harmful particles are the size of 1-5 microns, which, when hit in
the lungs contribute to the consolidation of pulmonary tissue and the occurrence of
pneumoconiosis. The most harmful in this respect is quartz dust with a SiO2 content of
more than 10%. A person who works for 10 years or more in a coal dust environment can
get one of the varieties of pneumoconiosis. Acutely-negative action of dust to eyes and
skin: thin dust contributes to inflammation of the cornea of the eye, and large dust can

cause mechanical damage to the eyes.

15.3.Control measures against harmful processes

Neutralization of noise at concentrating factories is carried out by measures of
general and individual character. General measures include the replacement of machines or
individual nodes with a high noise level on silent; sound insulation of noise sources;
remote control of the work of machines; use of rubber for lining and for gaskets. Individual
events include using stubs and headphones when working with high noise machines.

The appearance of vibrations is prevented by installing machines that cause
vibration, on special foundations with vibration isolation and on foundations not related to
the structure of the factory. For vibration isolation use gaskets of rubber, felt, cork, wood,
as well as springs. In factories for dust control, the following measures are taken:

- reduction of dust formation in processing processes due to: reduction of overload points

during transportation and height of fall, application of methods of crushing and scoring,
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which do not contribute to significant dust formation;

- protection of dust formation sites and the suction of air from these places;

- application of closed gutters and conveyors during transportation of minerals;
- Irrigation of dusty places or steam treatment;

- reduction of air velocity in places of dust formation;

- preliminary degradation of minerals;

- arrangement of local exhaust and general ventilation.

Protective shredders in most cases foresee the exhaustion of polluted air during
loading of the raw material and unloading of the crushed product. Protective tools of the
rumble assume the exhaustion of polluted air from several points: from above the suction
of polluted air is carried out at the point of loading the material on the screen, from below
the suction of polluted air is carried out from the pallet, and also the suction of polluted air
is carried out in the place of falling material from the crank on the conveyor.

Places of loading and unloading of bunkers, where high is allocated the amount of
dust, must be equipped with protective means with exhaust dust. Screws, feeders, mixers
and other devices with tight coatings do not require additional protective equipment, but
when loading and unloading the material, it is necessary to foresee the exhaust of the dust-
air mixture.

The protection of the dressing and transport equipment is very important for the
successful fight against dust formation in the industrial premises of the concentrating
factories. Sealing of protective devices due to the use of rubber and felt pads in the places
of joints of their individual parts guarantees 80 - 90% elimination of the possibility of

penetration of dust outside the protective devices.

16. Conclusion and Prospective

The key success parameters for the WEEE are based include environmental, social,
and ethical benefits. However, there still exist several forthcoming challenges and
opportunities for their management. First, the huge amount of generation has brought
alarming indication for limited natural resources, which could have a directly/indirectly
effect on recycling sector in upcoming future. Although, the existing rules and regulation
will mitigate the pollution level but not able to solve complete problem of the
environmental impacts of informal recycling, e-waste regulations should be continually
concerned and the alliance of e-waste recycling can be established at special regional level.
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Similarly, in developed countries, e-waste is subjected to recover some materials of value
and to be safely rid of the contain metals. Whereas, in developing countries, e-waste
recovery is principally focused on few metals of value with primitive process. (Awasthi,
Zeng, and Li 2016)

Concerning all the results and the discussions, it can be summarized that pyrolysis
process of printed circuit boards can become a feasible method for energy production and
material recovery.

WEEE contains a number of economically relevant metals like Cu and precious
metals, and also critical metals such as Ga, Ge and a number of REE. However, the end-of-
life recycling rates from WEEE are low and sometimes even less than one percent.
Pyrolysis of WEEE-fractions offers the opportunity to separate valuable metals from
plastic matrixes and to produce liquid and gaseous fuels at the same time. The process
could represent a main part in a more comprehensive process chain to separate organic
matter on the one hand and different fractions enriched with metals on the other hand.
(Hense et al. 2015)

Firstly, the metals which can be recovered after the pyrolysis process have
relatively high quantity in precious metals such as gold, palladium, silver and platinum and
high quantity in copper and other conventional metals. Furthermore, the quality of the
recovered metal should be high due to the lack of oxygen in the process which usually
contributes to formation of metal oxides. Since the oxygen content of this fraction is
relatively low, the produced gas and liquid fuel should expect to have high energy content.

Printed circuit boards are highly complex materials and the kinetic parameters can
only be calculated through iso-conventional methods. The pyrolysis kinetic parameters
founded through KAS and Coats - Redfern methods describes well the reactions occurs on
this process as one apparent reaction either on one or on two stages (1st reaction and 2nd
reaction). On the other hand, all these parameters are averages and should be further
investigated for scaling up conditions. Finally, by summarizing the whole research, the
pyrolysis of printed circuit boards can be a valuable option not only for materials and
energy recovery but also as better waste management technique.(Stockholm 2014)

The process of pyrolysis can become part of the technological chain to separate
critical metals and generate low-yielding halogen fuel for energy use. The products of this
thermochemical process are a mixture of some metals, a mixture of ferrous metals that can
be processed in various processes, as well as gas and oil for energy use, for example in the
combined production of heat and electricity. The material was treated for 50 minutes at a
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temperature of 600 ° C to 700 ° C approximately 25% of the mass loses of material.
However, the preliminary thermal treatment significantly improved the separation of
fragments, including copper and other metals contained in the boards, during pyrolysis a
certain amount of organic matter was removed, and the rest became more fragile. The
experiment showed that the ball mill does not provide a high degree of flattening of metal
particles, so a large part of them cannot be removed by screening. A higher level of
flattening can be obtained by more intensively interacting the elements of the grinding
medium. This is possible with the application of the cylindrical-vibro mill. Therefore, in
the next experiment, the PCB were cut to size 3*4 mm and been processed in cylindrical
vibration mill. This treatment allowed, due to more flattening of metal particles, to remove
them by 90-96% with screening. The principle possibility of extracting a metal fraction

from printed circuit boards is established in Figure 11.

Printed circuit boards

Pyrolisis

Liquid fuel and
combustible gas

Cylindrical-Vibro mill

Screeningl
i +0,2 -0,2
Screening?
+0,16 -0,16
Screening3
+0,05 -0,05

Figure 11. Flow chart of technological process

The technology studied includes pyrolysis for 50 minutes at a temperature of 600 °
C to 700 ° C, which transmits approximately 25% of the mass of the source material into
the gas and liquid phase, the treatment of the paralyzed product in vibration shredders with

the production of open metal fragments, which are removed 90-96% by screening.
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PELIEH3IA
Ha MaricTepchKy poooTty «CTiiika TeXHOJIOT1s mepepoOKH BiXOIiB

€JIEKTPUYHOTO Ta €JIEKTPOHHOTO 00 IHAHH) CTyAeHTa rpynu - 184M-16-
3MMM® HartionansHoro ripHudoro yHiBepcurtery Jlucenko Jlanuna
OnekcanapoBuya

Marictepceka kBamidikamiiina po6ota Jlucenko J[.O., sky momaHo Ha
pelieH3it0, BUKOHAHA BIMOBIIHO O BUMOT, Y TIOBHOMY 00CS31 Ta Yy BCTAHOBJICHHM
tepmiH. Tema Maricrepcbkoi poOoTH, 0OpaHa aBTOPOM, 3aCIIyTOBY€E HA CXBaJICHHS, a
il akTyaJlbHICTh HE BUKJIMKA€e CyMHIBY. PoOoTa ckiamaeTbcsi 3 HACTYMMHUX PO3ILTIB:
BCTYII, aHAI3 MepepOOKHU BIIXO/IIB CICKTPUIHOTO Ta €IEKTPOHHOTO O0JIaIHAHHS B
VYkpaini, mocTaHOBKa 3aj1ayi, po3poOka Mojenel Ta 3aco0iB 1HHOBAIIWHUX
TEXHOJIOT1 B JdaHii Tamy3l Ta peami3aiii, BUCHOBKH, IOJATKH. AKTYaJIbHICTh
pO3pOOKH BHUKIMKaHA HOBUMH BHMOTaMH IIIOJI0 TOBOJDKEHHS 13 3acTapiium
cMITTSIM, ockiibku 3 1 ciuns 2018 poky YkpaiHa 3000B’si3ajacsi cCOpTyBaTH Bce
CMITTS 3a BUaamu MatepiainiB. [Ipo 1ie iigetsest y crarti 32 3akony Ykpainu «lIpo
BIIXOAW», 0 SIKOi OyB mojaHui BiAMOBIAHUYN MyHKT mie y 2012 pori. Le# myHKT
BiamoBimae gBoM JlupektuBam €C — 1999/31/EC Tta 2008/98/EC, ski
BPETY/IbOBYIOTh TOBOJDKEHHS 31 CMITTSAM Yy KpaiHax €BpOIM, HAJalOTh YITKY
MOCIIJOBHICTh [iM, Kl HEOOXIJHO BUKOHYBaTH 13 BIIXOJaMH, KIACHU(PIKYIOTh
CMITTS, CTaBJIATh CTPATETIUHY METY CKOPOTUTHU KUTBKICTh BIJIXOMIB, SIKi BUBO3SITH Ha
MOJIITOHHU.

ABTOp ompalfoBaB MEBHUI OOCAT 3aKOpJOHHOI Ta BITYM3HAHOI HAYKOBOI
JiTepaTypu, IO HAAAI0 3MOTY pO3KPUTH aKTYaJbHICTh Ta OOIpYHTYBaTU
HEOOX1THICTh BIPOBAKEHHS Takoi iHHOBAIIIl 1 YKpaiHa.

B po60oTi po3po0aeHO NPUHIIMIIOBY HOBITHIO CXEMY MEepepoOKH APYKOBAHUX
€JIEKTPOHHUX IUIAT Ta 3/1MCHEHO ii MepeBipKy y J1abopaTOpHUX yMoBax. Aje, 10
HEJONIKy JaHoi poOOTH CJiJ BIIHECTH TPOBEACHHS EKCIEPUMEHTIB B
7a0opaTOpHUX MUIOTHUX YCTAHOBKAaX, IO HE BIJANOBIJAIOTh MaciiTabam
npoMHcioBoi mepepoOku. [IpoTe BkazaHuWii HEJOJIK HE BIUIMBAE HA TO3UTHUBHE
BpakeHHsI BiJ poOoTH. Marictepcbka kBamidikaiiiiina pobora «CTiiika TeXHOJIOTis
nepepoOKN  BIAXOAIB  €IEKTPUYHOTO Ta  EJIEKTPOHHOTO  OOJIaJHAHHSI) €
CaMOCTIHOI, IIUTICHOIO Ta 3aBeplieHol0 mparetro. PobGora BuUKOHaHA Y
BIJIMOBIHOCTI 13 3aBJaHHAM 3 JOTPUMaHHSIM YHHHHMX BHMOTI Ta 3acCiIyroBye Ha
OLIIHKY «BIAMIHHO», a ii aBTOp — NPUCBOEHHA KBamiikamii «marictpa» 3a
CIIEIANIbHICTIO «30aradyeHHs KOPUCHUX KOTAJUH.

JIokTop TeXHIYHMX HaykK, mpodecop,
OPOPEeKTOp 3  HAyKOBO-TIEAArOTi4HOT
pobotu
[MTamenko O.M.
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