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Abstract

Waste electrical and electronic equipment (WEEE) is currently one of the fastest growing waste streams.
Improper storage or treatment of WEEE can cause environmental problems and environmental
degradation. The rapidly growing volume of this waste is becoming a challenge for companies
recovering valuable substances, and the significant increase in demand for electronic devices due
to COVID-19 may further increase the production of WEEE in the coming years. An element found
in almost all WEEE is Printed Circuit Boards (PCBs). The most used are FR-4 type PCBs, which are
constructed from a substrate made of glass fibre and epoxy resin. The FR-4 Waste Printed Circuit Boards
(WPCB) composite contains embedded metallic pathways containing large amounts of metals such as
Cu, Fe, Al, Sn, rare earth elements, Ta, Ga and others from the lanthanide group, and the precious metals
Au, Ag, and Pd. The WPCB FR-4 also contains metals hazardous to human health and life
and the natural environment, such as Cr, Pb, Be, Hg, Cd, Zn, Ni. Therefore, to protect the deposits
and the environment, WPCB should be processed according to the principles of a circular economy

and sustainable production.

The most common recycling methods for WPCB are chemical treatment, involving their dissolution
in acids or incineration. In addition to the high complexity of these methods and the high emissions
to the environment, there is a loss of non-metallic parts that could be used for other production or
manufacturing processes. Alternative ways of processing WPCB are mineral engineering methods.
These show a much lower environmental impact, but due to the difficulty of releasing metals from the

WPCB composite, involving the need for several technological processes, they are less commonly used.

Considering the above, the main objective of the study was to develop an eco-efficient WPCB recycling
technology using mineral engineering methods. In the first stage of the study, unit processes were
evaluated and then the components of the WPCB metal recovery technology were selected.
The evaluation was carried out on three levels: separation efficiency, process and investment costs,
and environmental impact. In particular, the paper presents the results of tests on grinding, electrostatic
separation, flotation, gravity separation using a cyclofluid separator and a concentration table, and
securing the products for transport. This was followed by an assessment of the purity of the recycled
products and the impact of the separation processes on the natural and human environment. In addition,
the economic parameters of the recycling technology in terms of process costs and investment costs

have been estimated.
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1 Introduction

The rapid growth of the world's economies has contributed to the over-consumption of natural
resources and, with the development of new technologies, there is an increasing demand for certain
critical raw materials whose deposits are limited and may be depleted in the near future. The reason
for this was the economic model of the time, which consisted of extracting materials, producing
goods, using them and then, once they had lost their use value, disposing of them without
considering further processing to obtain secondary raw materials. This has resulted in raw materials,
even valuable ones, becoming waste [1]. The main factors contributing to this phenomenon were
mainly economic aspects, but also the lack of advanced technologies and waste management
systems [2] and the lack of regulations mandating or encouraging appropriate waste management.
The change of the old linear economic model started in the era of rising energy prices and the
recognition of the problem of depleting deposits. A new business model began to be implemented
into various industries with the aim of extending the life cycle of raw materials while maintaining
their residual value [1,3]. This model has been referred to as a circular economy, the implementation
of which is essential to ensure the security of raw materials. In addition, this new concept offers
opportunities to reduce the environmental footprint of products and is thus considered

to be compatible with sustainable production principles [4].

Today's emerging economic sector, characterised by significant growth and continuous demand for
rare earth elements and other valuable elements, is the electrical and electronics industry. Since the
end of the 20th century, this sector has been expanding rapidly and is a key pillar of the modern
economy, playing a vital role in many areas of social and technological progress. Along with the
number of appliances produced, the number of waste electrical and electronic equipment (WEEE)
is increasing and is estimated to be one of the fastest growing waste streams. According
to the United Nation Institute for Training and Research, 53.6 Tg of WEEE was generated in 2019,
valued at US$57bn. This waste stream is estimated to grow to 74.7 Tg in 2030 and as much
as 110 Tgin 2050 [5]. Improper storage or treatment of WEEE poses a risk to human health and can
cause environmental degradation. The rapidly growing volume of WEEE is therefore becoming

a current challenge, especially for companies recovering valuable substances from them.

An important aspect influencing the increasing amount of WEEE was the COVID-19 pandemic [6].
Massive transitions to remote working and learning have caused a surge in demand for electronic
products. Leisure activities have also changed, taking more often a digital form that often requires
the purchase of new devices such as TVs, PCs, games consoles or other leisure equipment. [7]. This
is evidenced, among other things, by increases in computer sales of over 11.2% [8] and gaming
consoles by 155% in 2020 [9]. The COVID-19 pandemic was also responsible for the limited

availability of electronic products, which may be a prime example of the economy's response
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to a lack of sufficient resources [1]. Increased demand for electronic devices necessitated increased
production, and the restrictions introduced disruptions in almost all the initial stages of the life cycle
of electronic devices. Material deficits started already at the level of raw material extraction,
as some of the mining operations supplying the economy with metals reduced their output. Raw
material shortages and reduced labour availability were in turn the main cause of downtime in the
production of electronic devices. One should also not forget the logistical problems associated with
the marketing of already finished products, i.e. disruptions in transport or points of sale [7]. Thus,
a widely available product has become a bespoke-only product with long waiting times.
Considering the above, shortages in the availability of resources can cause significant obstacles to
the proper functioning of economies. It is therefore extremely important to close raw material cycles
in economies, especially those poor in metal resources, which are the basis for the development of

new technologies [10].

It is estimated that in the European Union (EU) countries, the WEEE stream is growing by
an average of approximately 2% annually. In Poland, the amount of waste collected is closely
related to the amount of equipment put into circulation in the preceding year (Fig. 1.1). In 2018,
660,437 Mg of electronic equipment was placed on the Polish market and 255,625 Mg of WEEE
was collected, which represents approximately 39% of the weight of equipment put in the market
[11]. In view of this, it is estimated that in 2030, the amount of WEEE will increase to approximately

320,000 Mg, which will pose a challenge to companies handling this type of waste.

700 000
600 000

500 000

o 400000
= 300 000
200 000
100 000

0

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Waste collected ~ m Products put on the market

Figure 1.1 Quantity of electronic equipment placed on the market and WEEE collected in Poland
during 2009 - 2018 [11].

Printed circuit boards (PCBs) are a fundamental component of almost all electronic devices. They
are the indispensable basis of electronics, performing a vital function in the proper functioning and
integration of electronic components. PCBs contain large amounts of metals such as Cu, Fe, Al, Sn,
rare earth elements, Ta, Ga, and others from the lanthanide group, and the precious metals Au, Ag,

and Pd [12]. In the composition of PCBs, one can also find metals considered hazardous to human
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health and life and the environment, such as Cr, Pb, Be, Hg, Cd, Zn, Ni [13,14]. It is also worth
noting that the concentrations of metals contained in PCBs are tens or even hundreds of times higher

than in ores [15].

PCBs are constructed of dielectric composite materials (laminates) that have been covered with
metallic tracks, usually copper, and contain solder points or contact elements made of metals or
their alloys, i.e. In, Ga, Fe, Cu, Ag, Au, Pt, Be, Al, An, Pb, Cd, Sn - Pb, Ag - Pb - Sn, Sn - Sb,
Be - Sn and In - Sn [16]. Depending on the year of manufacture, intended use and manufacturer,
the PCB laminate can be made of different materials and have a specific stiffness. The laminate
is constructed with a minimum of two layers: copper and a dielectric material. Most often, however,
it is multilayered, with typically an even number of copper layers. The range and composition
of materials used in the manufacture of PCBs is defined by the National Electrical Manufacturers
Association, which has also introduced a classification based on the following parameters:
non- flammability, moisture absorption and high-temperature stability. This -classification
standardises laminates mostly according to flammability classes 1 to 5 (FR), with 1 being the least

non-flammable and 5 being the most non-flammable [10].

Due to excellent performance, both mechanically and electrically, the most common PCBs class
is FR-4, whose laminate is made of glass fibre and epoxy resin. It is estimated that approximately
35% by weight of FR-4 consists of metals, mainly Cu, Sn, Zn, Fe, Al, Ni and traces of Au, Ag, Pd
and Pd (Fig. 1.2). Among them, the most valuable metals are gold, palladium and silver content,
and the recovery of these metals can bring significant economic benefits to the recycling entity [17].
The recycling of Waste Printed Circuit Boards (WPCB) is therefore necessary for reasons
of resource conservation and raw material safety. This is also confirmed by the raw material supply
risk index developed by the Royal Society of Chemistry, which assesses future raw material
availability problems. In determining the index, factors such as the abundance of the earth's crust,
the distribution and quantity of reserves, production concentration, substitutability, recycling rates
and political stability were analysed. Most of the metals of which PCBs are composed have an index

above six on a 10-point scale, where 1 means very low risk and 10 means very high risk (Figure 1.2).
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Metal Metal content in PCBs, % i Metal value per Mg PCBs, USD ! Relative supply risk®
6-27 507 - 2280 4.3
20-7.2 48 -17 4.8
1-42 23-93 6.2
02-22 6 - 66 4.8
0.3-54 91-1643 6.2
1-5.6 247 -1385 6.7
0.011-0.45 84 - 3446 6.2
0.025 - 0.205 14 516 - 119 034 557
0.005-0.4 2868 - 229428 7.6
0.0005 -0.003 164 - 984 7.6
10.54 - 52.66 18 553 - 358 531 -
o

Relative supply risk: up 1 (very low risk) to 10 (very high risk).

Figure 1.2. Estimated metal content of PCBs and their monetary value and supply risk factor
[13,18,19] (M5).

According to the Polish Chief Inspector of the Environment in his report on the functioning of the
waste electrical and electronic equipment management system, 33 493 Mg of waste IT and
telecommunication equipment was collected in 2017 [21]. It is estimated that the weight of WPCB
in this group of waste represents approximately 3% of the mass [5]. In view of this, it can be
assumed that approximately 1 005 Mg of WPCB was collected in Poland in 2017. Considering the
average metal content of WPCB and their price, the value of WPCB collected was approximately
USD 95 254 609, therefore the WPCB market in Poland represents a significant growth prospect

for companies (M5).

It should be borne in mind that the environmental impact of inadequate recycling of WPCB may be
greater than that of extracting metals from deposits [20]. Therefore, to protect the natural
environment, WPCB should be recycled according to the principles of a closed loop economy and
sustainable production. These principles should be implemented already at the design stage of the
recycling technology, which should be efficient and have a low environmental impact and
not contribute to the depletion of natural resources. A technology that takes these criteria

into account can be described as eco-efficient. The most important and one of the first definitions

18



of the concept of eco-efficiency in the context of technology is considered to be the one developed
in 1993 by the World Business Council for Sustainable Development. which reads:

" The delivery of competitively priced goods and services that satisfy human needs and bring quality
of life, while progressively reducing ecological impacts and resource intensity throughout the life-

cycle to a level at least in line with the Earth’s estimated carrying capacity" [21].

Implementing eco-efficiency principles in the design of WPCB recycling technologies
can contribute to, among other things, lower material consumption, reduced waste and reduced
emissions, and ultimately increase the competitiveness and image of companies through sustainable
solutions and environmental progress [22]. The development of an eco-efficient WPCB recycling
technology therefore represents a huge potential for e-waste recyclers. It is also an opportunity to
reduce the environmental impact of low-carbon recycling technologies and to source metals from

secondary sources, thus reducing their extraction from natural resources.
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2 Overview of recycling methods for used circuit boards

Due to the complex structure of WPCB, their recycling is a complex process that requires
preparatory measures. The most important of these is dismantling, which involves removing
reusable components or those containing toxic substances from the surface of the WPCB.
Depending on the recycling method adopted, components whose presence could interfere with
further processes are also remove from the WPCB. The WPCB prepared in this way can be directed
to feedstock recovery processes, which can be carried out by chemical methods, physical methods
based solely on mechanical interactions or mixed methods. Chemical methods include
hydrometallurgy and bio-hydrometallurgy, pyrometallurgy and plasma, while physical methods
include electrostatic separation, magnetic separation, gravity separation and necessary in this case
— the disintegration and grinding methods [23]. The above methods are characterised by individual

features that determine the way in which they affect the environment (Fig. 2.1.)(MS).

TYPE OF IMPACT AND ASSESSMENT

J ® ®
Risk to W Emissions of greenhouse Pollution of water Production of
WPCBs human life gases and flue gases into by hazardous additional
RECYCLING METHOD or health ambient air substances hazardous waste

CHEMICAL
ﬁ hydrometallurgy 0 Q 8
& bioleaching
CHEMICAL
pyrometallurgy Q Q 8
& plasma

PHYSICAL

. . negligible or no impact . medium impact x significant impact

Figure 2.1. Assessment of the environmental impact of the main WPCB recycling methods (M5)
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Hydrometallurgy is considered to be the most common chemical method used in WPCB recycling
[24], which uses toxic chemicals such as cyanides, halides, thiourea, thiosulphates, and others that
negatively affect the natural environment. Although this method is one of the few allowing almost
complete recovery of metals, it is also one of the most environmentally damaging [25]. A variant
of this method is biohydrometallurgy, which uses microorganisms as process catalysts. For metal
recovery, the most used bacterial strain is Acidithiobacillus ferrooxidans, with which, under
controlled conditions, it is possible to dissolve the metals contained in WPCB (M6). However, due
to the mechanics of the process and its relatively low performance, biohydrometallurgy is usually
used as an auxiliary method [26-28]. Another commonly used chemical method is pyrometallurgy
[29], which, despite the relative speed of the process, is a relatively expensive method in terms
of investment and process. Furthermore, pyrometallurgy has a significant impact on the natural
environment, mainly through the gases emission into the atmosphere and the generation
of industrial waste [30]. In this case, the use of flue gas cleaning facilities is necessary, which
reduces the profitability of WPCB recycling [31]. Among the thermal decomposition methods,
there are also plasma technologies, which are characterised by lower environmental impact but
higher energy intensity of the recycling process [32]. An important aspect of the use of chemical
methods is the loss of non-metallic parts of the WPCB. The plastics and glass fibre present in the
laminate are chemically altered or contaminated by other substances, resulting in a waste product

or a source of emissions to the environment (M5).

In contrast to the above, methods based on mechanical interactions have less impact on the natural
environment [33,34]. Recycling carried out in this way makes it possible to recover valuable
substances (metals) and use the others (glass fibre and plastics) to manufacture new products. Thus,
physical methods provide opportunities for almost zero-waste recycling of WPCB. The
non- metallic part of the ground WPCB laminate is not chemically altered, which creates a wide
range of application possibilities, e.g., for the production of composite materials. However, it should
be noted that the use of physical methods does not allow full recovery, i.e., the extraction of metals
in the form of an individual (Fig. 2.2). What is obtained is a mixture of metals separated from
non- metallic parts, from which individual metals at zero oxidation can be extracted by chemical
treatment. Due to the well-developed metallurgical industry in Poland, it is possible to transfer the

metal mixture derived from PCB recovery to existing metal production or recovery facilities.

One of the most important processes preceding the separation methods is comminution, the aim
of which is to free the metals from the rest of the WPCB. Improper comminution of the WPCB
results in a certain randomness in the physical properties of the grains, which is the main reason
for incorrect separation and thus the penetration of the grains into the wrong products. Therefore,
proper release of the metals from the remaining non-metallic elements is crucial to achieve high

separation efficiency. WPCB grinding usually involves two steps. The first involves reducing the
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size of the WPCB using a disintegrator to dimensions not exceeding approximately 5 cm [35,36].
The next step is to grind the pre-crushed WPCB using hammer mills [37-39] or knife mills [36].
The resulting WPCB powder is the feed for the separation processes.

WPCB recycling processes based on physical methods usually use combined methods consisting
of several separation processes. This is mainly due to the range of interactions between the
individual methods, which are usually limited to one property of the material to be separated, e.g.
magnetic properties, specific density, hydrophobicity or surface charge capacity. The methods are
combined in stages or conditionally depending on the grain class or other physical property of the

material.

The most commonly used physical method for WPCB recycling is electrostatic separation [13,40-
42], in which separation is made possible by the occurrence of differences in the electrical
conductivity of the WPCB materials [43]. Electrostatic separation is carried out dry, and the most
commonly used device is an electrodynamic drum separator [44]. Due to the high density gradient
of metals and plastics, gravity methods are also used for WPCB recycling. These include dry run
separation types (e.g. cyclones, pneumatic separators [45] and air concentrating tables [46]) and
wet (e.g. concentration tables [47,48], hydrocyclones [49] and methods involving fluidisation [50]).
The application of the various types of gravity separation is strictly dependent on the grain size
of the fed. Flotation has also found its way into WPBC recycling, which is made possible
by differences in the hydrophobic properties of the materials. In order to ensure high flotation
efficiency, it is necessary to use flotation reagents often with toxic properties [51]. Complementing
the above methods is magnetic separation, which makes it possible to separate iron from other
metals [47,52]. However, due to the magnetic properties of plastics and metals such as gold, silver

and copper, magnetic separation is not used as a stand-alone method [17].
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Figure 2.2. The main advantages and disadvantages of selected WPCB recycling methods

[24,25,31] (M5)

Considering the aforementioned, physical methods present an opportunity to develop
an eco- efficient WPCB recycling technology that adheres to the principles of sustainable

production and a circular economy. Physical methods therefore have a great potential for reducing

ADVANTAGES

¢ full metal recovery

.

high recovery efficiency

no prior preparation of WPCBs
required
high recovery efficiency

negligible environmental impact
low installation costs

low process energy intensity
minimal costs for consumables

the non-metallic part remains
chemically unchanged

methods colply with the “do no
significant harm” principle written in
Regulation EU No 2020/852 -
environmentally sustainable action

DISADVANTAGES

high installation cost

high cost of consumables

need for additional environmental permits
high environmental impact

dangerous for human life and health

long process

emissions of fugitive metal dust,
dioxins and furans

incomplete recovery

the need for high temperatures
high maintenance costs

loss of non-metallic fraction

incomplete recovery (inability to separate
individual metals) - a mixture of metals is
obtained free of plastics and glass fibre. Hence
the need for subsequent processes to
produce individual metals.

the need to grind WPCBs in preparation for
separation

long process

the environmental impact of WPCB recycling and for recovering raw materials efficiently.
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3 Thesis, aim, and scope of the dissertation

3.1 Thesis statement

The literature review and available data on the Polish market have identified a research gap in terms
of existing technologies for the recycling of waste printed circuit boards, which are compliant with
the principles of sustainable production and a circular economy. In light of the aforementioned, the
subsequent thesis of the dissertation was formulated: there is a potential for the development and
implementation of an eco-efficient technology for the recycling of used printed circuit boards,
utilizing mineral engineering processes and adhering to the principles of sustainable

production and a circular economy.

3.2 The aim of the dissertation

The main objective of the dissertation was to experimentally verify the applicability and
optimisation of known mineral engineering methods, the integration of which will allow the
development of an efficient and economically viable technology for the recycling of used printed
circuit boards that is compatible with the principles of sustainable production and a circular

cconomy.

3.3 The scope of the dissertation

In the dissertation, suitable methods for recycling used PCBs that lead to the release of metals from
the WPCB composite were identified and chosen. Experimental grinding studies were then carried
out in a knife mill (M1) and physical and physicochemical separation methods from the mineral
engineering field with the greatest technological potential were applied. These included
electrostatic separation using a laboratory drum electrostatic separator (M1, M2), gravity separation
using a laboratory concentration table and cyclofluid separator (M3) and flotation using a laboratory
flotation machine (M4). For each method, the separation products obtained were analysed and the
efficiency of the process and its impact on the natural and human environment were assessed.
Potential investment and operating costs were also estimated for each recycling method (MS5). In
addition, the shredding process and product packaging were evaluated (MS5). The study also
investigated the possibility of using bioleaching using Acidithiobacillus ferrooxidans bacteria to
recover metals from the intermediate product obtained by electrostatic separation (M6). Based on

the analyses carried out, an eco-efficient WPCB recycling technology was developed.
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4 Research methodology

4.1 Preparation of used circuit boards for separation processes

Motherboards manufactured by Gigabyte, Intel, Nvidia, MSI, Asus between 2007 and 2009 were
used in the research. The first stage of the study was to separate components from the surface of the
WPCB that could cause difficulties during further processes or that contained toxic substances.
These components were removed from the surface of the boards using hand-held workshop tools
such as screwdrivers, pliers, and small crowbars for leveraging. The detached components included
resistors (containing Ni, Cr, Cd, Al, Pb and Ta), transistors (Pb and Cu), batteries, chips (Pb, Ni,
Sn, Ga, Al and Ag), capacitors (Sn, Cu and Zn), electromagnetic interference filters (Fe, Cu and
Zn), connectors (Pb, Ni, Fe and Sn), screws and sockets made of plastics [53]. Subsequently,
due to the limitations of the mill feed material, the cleaned WPCB were crushed in a disintegrator

into pieces not exceeding 1 x 1 cm in size.

The next step of the research was to select an efficient way to release metals from the remaining
parts of the WPCB using an LMN-100 knife mill (Testchem, Radlin, Poland) (M1). This mill has
steel blades mounted on the grinding chamber body and the rotator and is also equipped with a sieve
to determine the size of the ground material. Grinding was carried out at 2815 rpm and a gap
between the blades of 0.5 mm. The following different process conditions (variants) were used

to determine the effective fineness level and grinding method:

- Variant 1 - perforation in 1 mm sieve, mill load (mill feed rate) 5 g/min,

- Variant 2 - perforation in 1 mm sieve, cooling of feed with liquid nitrogen, mill load
20 g/min,

- Variant 3 - perforation in 2 mm sieve, mill load 10 g/min,

- Variant 4 - perforation in 3 mm sieve, mill load 10 g/min.

During the grinding of WPCB, the mill was not allowed to be overloaded, which could contribute
to temperatures in the grinding chamber causing the formation of conglomerates — grains with solid
metal-plastic interfaces. In order to observe this phenomenon, the variants used different mill loads.
In variant 2, WPCB pieces were previously placed in a YDS-5-200 tank (Cryogen, Drogomysl,
Poland) filled with liquid nitrogen and cooled to cryogenic temperatures, and then ground in a knife
mill, similarly to the other variants. The WPCB pieces were cooled until the liquid nitrogen boiling
was complete. The feed for the following separation processes was the product obtained from the

most effective grinding variant.
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4.2 Separation methods

In this investigation, it was determined to apply and evaluate selected mineral engineering methods
characterised by different modes of physical interaction to select the most eco-efficient method
(M5). The separation of metals from the WPCB composite was carried out using four laboratory
devices with different modes of interaction, i.e. an electrostatic drum separator (M1 and M2),
a concentration table, a cyclofluid separator (M3) and a flotation machine (M4). The feed for the
machines was the same material from which four representative samples were separated. The
grinding and separation tests were carried out at the Laboratory of Recycling and Circular Economy
of the Faculty of Mining, Safety Engineering and Industrial Automation of the Silesian University

of Technology.

The first separation process investigated was electrostatic separation, which occurs due to the
difference in surface charge accumulation capacity and grain conductivity. For electrostatic
separation, a laboratory drum electrostatic separator (Boxmag-rapid, Aston, Birmingham, UK) was
used. The separator was designed to receive three products, i.e. metal grains, conglomerates and
plastic grains (Fig. 4.1.). Separation was performed with the following parameters: shaft speed

100 rpm, voltage 17 kV, distance between electrode and drum 0.03 m (M1, M2, P1).

Figure 4.1. Scheme of the electrostatic separator: 1 - feed hopper, 2 - vibrating feeder, 3 - electrode,
4 - rotating drum, 5 - brush, 6 - baffles, 7 - container of conductive product, 8 - container of
intermediate product, 9 - container of non-conductive material.

Another method used was gravity separation (M3), in which separation of grains is possible when
there is a difference in grain density. Due to the wide range of equipment and different designs
within this type of separation, it was decided to use two types of separators that interact with the
grains in different ways. In both cases, the separation took place in an aqueous medium. The first
device used within the gravity separation was a laboratory concentration table. In this case,

the separation of grains takes place on a longitudinal, grooved working plate, which is inclined
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by up to 10° in the direction transverse to the axis (Fig. 4.2.). The plate carries out reciprocating
movements, so that the grains in suspension fed onto the plate surface are separated in relation
to their density along the plate. The lightest grains (plastics) are the fastest to be knocked off
the surface of the plate, while the heaviest grains (metals) overcome the hydrostatic pressure of the
liquid and will be carried along the plate as a result of its movements. Water nozzles are placed at
the top of the plate to increase the efficiency of the separation process. The separation parameters
were as follows: table load 9 dm® /min (slurry of water with material), water flow rate of the first
nozzle 5.7 dm® /min, water flow rate of the second nozzle 5.4 dm® /min; table stroke 1.5 mm, table

movement frequency 260 strokes/min, longitudinal slope angle 1°, transverse slope angle: 6° (M3).

Figure 4.2. Scheme of the concentrating table: 1 - nozzle I, 2 - nozzle II, 3 - feed area, 4 - table
plate grooves, 5 - product receivers, 6 - lightest grains (plastics), 7- intermediate product I, 8 -
intermediate product II, 9 - concentrate.

The second device in the field of gravitational methods was a laboratory cyclofluid separator
(Fig. 4.3), in which separation takes place by fluidising the grains in the vertical direction. The
principle of operation of the laboratory cyclofluid separator corresponds to a semi-industrial
U- shaped cyclofluid separator with continuous motion (patent application no. P.424161,
Poland)[54]. As a result of the vertical movement of the liquid, grains are separated according to
their density: the heaviest grains (metals) fall to the bottom of the separator and the lightest grains
are lifted to its surface. This separator is equipped with a water-filled tank in which a cylinder
is placed. The cylinder, which contains the ground WPCB powder suspension, is enclosed at the
bottom by a sieve with a mesh perforation size of 0.5 mm and performs a vertical reciprocating
motion. This creates a cyclic fluid thrust in the cylinder and enables density separation of the grains.
The following parameters were used during this process: water volume 13 dm’, cylinder stroke

4 cm, cylinder movement frequency 53 movements/min (M3).
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Figure 4.3: Scheme of a laboratory cyclofluid separator: A - upper position, B - lower position,
1 - cylindrical tank (@in. 19.5 cm), 2 - sieve clamp, 3 - sieve (mesh size 0.5 x 0.5 mm), 4 - valves,
5 - band, 6 - separation (working) chamber: Qou. 5 cm (M3).

The last mineral engineering separation process investigated was flotation, which involves the
separation of grains due to differences in hydrophobic properties. The flotation process takes place
in water, which is subjected to aeration. This allows hydrophilic grains (metals), due to their ability,
to 'stick’ to air molecules and float to the surface of the vessel. During flotation, it is possible to use
various flotation reagents that may cause changes in the surface properties of the grains or the
formation of a stable froth in which the raised grains will persist. However, due to the relatively
low density of plastics, which ranges from 0.9 g/cm® to 3.5 g/cm’, a reverse flotation process was

used in this study (M3).

Flotation tests were carried out using a laboratory flotation machine of the Mechanobr type (Zaktad
Budowy Aparatury Instytutu Metali Niezelaznych, Gliwice, Poland) using a one-litre flotation tank.
The first step was to select a suitable chemical reagent at the same material content and air flow
rate of 25 g/dm® and 200 dm? /hour, respectively. The possibilities of using flotation reagents such
as tannic acid (at a concentration of 60mg/dm?), dipropylene glycol (450 mg/dm?®), 2-octanol
(450 mg/dm®) and their combinations were investigated. Then, after selecting the most effective
variant, the effects of flotation reagent concentration, treated air flow rate and amount of material
were investigated sequentially. In all tests, the rotational speed of the rotator in the flotation tank

and the flotation time remained constant at 400 rpm and 5 minutes, respectively.

The resulting intermediates containing conglomerate grains, which are characterised by strong
bonds between metals and plastics, were decided to be processed by an alternative method. Due to
the difficulty of regrinding the conglomerate grains, the possibility of using a chemical method with
low environmental impact, such as biohydrometallurgy, was assessed. For this purpose,
an acidophilic bacterium of the species Acidithiobacillus ferrooxidans was used. The experiment
was conducted under laboratory conditions over a period of 64 days. Bioleaching was carried out

in 0.3 dm® Erlenmeyer flasks, containing 3 g of the intermediate obtained from electrostatic
y g8
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separation. In the experiment, sterile control samples were also made under identical experimental
conditions (chemical leaching), which were separated from the bacterial samples to avoid unwanted
inoculation with bacteria of the control samples. The ambient temperature was between 21.3°C and
23.9°C. A minimum of two separate leaching solutions were prepared for each sample. In the
samples with Acidithiobacillus ferrooxidans bacteria and in the control sample with Silverman and
Lundgren 9K medium, the pH of the solution and the oxidation-reduction potential Eh were tested.
In order to ensure optimal solution pH conditions, it was necessary to acidify the leaching solutions
with a five-mol solution of sulphuric acid (VI), maintaining the pH at pH=2. After bioleaching, the
solutions were filtered, separating the remaining liquid using filter paper (Macherey-Nagel,

Allentown, PA, USA, MN 640 d, 18.5 cm @) (M6).

4.3 Analytical methods

After grinding the WPCB in a knife mill, granulometric analysis of the resulting material was

carried out using;:

e aset of sieves (Fritsch, Germany) with mesh sizes: 3.15 mm, 2.00 mm, 1.40 mm, 1.00 mm,
0.71 mm, 0.5 mm, 0.355 mm, 0.25 mm, 0.18 mm, 0.125 mm, 0.09 mm,

e laser particle size analyser ANALYSETTE 22 MicroTec Plus (Fritsch, Germany) - due to
grain size measurement limitations, measurements were not carried out on material
obtained from grinding in a mill with 2- and 3-mm perforations. The finest difficult-to-wet

particles, which were present in small amounts, were removed before analysis.

The grinding products and those obtained using an electrostatic separator, a concentration table and

a cyclofluid separator were subjected to the following analyses:

e inductively coupled plasma optical emission spectrometry (ICP-OES) using a Jy2000
spectrometer (Yobin-Yvon, Hessen, Germany). The induction source was a plasma torch
coupled to a 40.68 MHz frequency generator,

e specific density by means of Gay-Lussac pycnometers based on PN-EN 1097-7:2001 using
ethyl alcohol with a density of 0.7893 g/cm’,

e microscopic analysis using a Zeiss SteREO Discovery stereo microscope (Carl Zeiss AG,

Germany).
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The following analyses were carried out for the products obtained with the flotation machine:

e Energy Dispersive X-ray Fluorescence (ED/XRF) with an ED-XRF Epsilon 4
Spectrophotometer (Malvern Panalytical, Malvern, United Kingdom), equipped with a 10
W X-ray tube with Ag anode, a Silicon Drift detector and a helium flushing system,

e specific density by means of Gay-Lussac pycnometers based on PN-EN 1097-7:2001 using
ethyl alcohol with a density of 0.7893 g/cm’,

e microscopic analysis using a Zeiss SteREO Discovery stereo microscope (Carl Zeiss AG,

Germany).

The concentrate and the intermediate product obtained from the electrostatic separation of the most

effective WPCB grinding variant were further evaluated using:

e a Zeiss SUPRA 35 high-resolution scanning electron microscope (Carl Zeiss AG,
Germany), equipped with the EDAX Energy Dispersive X-ray Spectroscopy (EDS)
chemical composition analysis system (EDAX, USA),

e X-ray qualitative phase analysis with a Panalytical X'Pert Pro MPD diffractometer
(Panalytical, The Netherlands), using filtered radiation from a cobalt-anode lamp
(AKa =0.179 nm). Diffraction lines were recorded in Bragg-Brentano geometry, using
a step-scan method with a PIXcell 3D detector, in the angle range from 20-100° [20]
(step 0.05°, step time 200 s). The resulting diffractograms were analysed using Panalytical
High Score Plus software (v. 3.0¢) having a PAN-ICSD database.

Due to the presence of a large amount of plastics in the feed and non-metallic products from
electrostatic separation and the possibility of damage to the equipment, SEM-EDS and XRD

analyses were not carried out for these products.

For the bioleaching experiment, measurements were taken using a KnickPortamesstype 913 pH
meter (Knick, Berlin, Germany) with a WTW pH-ElectrodeSenTix 41 electrode with automatic
temperature compensation and an Eh CP-551 meter (Elmetron, Zabrze, Poland) with a Radelkis
OP-7171-1A electrode. Samples of solutions and residues (precipitates) obtained from
Acidithiobacillus ferrooxidans were analysed by ICP-OES using a Jy2000 spectrometer
(Yobin- Yvon, Hessen, Germany) (M6). Analytical analyses were performed in the Materials
Research Laboratory of the Faculty of Mechanical Engineering of the Silesian University of
Technology and at the Workroom of Recycling and Circular Economy of the Faculty of Mining,

Safety Engineering and Industrial Automation of the Silesian University of Technology.
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5 Results and discussion

5.1 Shredding

The results of the granulometric analysis of the ground WPCB in the knife mill for the different
process variants are shown in Table 5.1. Due to the fibrous (needle-like) shape of the ground epoxy
resin and glass fibre grains, the various shapes of the ground metal particles and the significant
differences in wettability, an unambiguous determination and evaluation of grain size was difficult

to carry out.

As could be predicted with the increase in sieve perforation in the knife mill (variants 3 and 4), the
product obtained was characterised by larger sizes. For variants 3 and 4, the grain classes 1.4 — 0.355
mm and 2.0 — 0.5 mm accounted for the largest share, respectively (Table 5.1.). In contrast, for
variants 1 and 2, the comminuted material occurred mainly in the 1.0 — 0.25 mm and less than
0.09 mm grain classes, with slightly smaller grain sizes for variant 2. The differences in results
between the analysis methods used are due to the different shapes that the grains took. Thus, for
metals, the grains mainly took on a globular, plate and needle shape, and for plastics, a fibrous and

plate shape (M1).

Table 5.1. Output of grain classes of comminution products (M1)

Output, %
Grain class, mm Variant Variant Variant Variant Variant Variant

1° 1" 2° 2 3 4"

>3.15 0.0 0.0 0.0 0.0 0.0 0.0
3.15-2.0 0.0 0.0 0.0 0.0 0.0 0.2
20-14 0.0 0.0 0.0 0.0 0.4 13.7
1.4-1.0 0.3 0.0 0.4 0.0 11.1 24.6
1.0-0.71 5.7 52 3.6 1.6 25.6 16.8
0.71-0.5 14.1 14.8 13.0 10.4 15.6 10.7
0.5-0.355 19.3 22.0 19.5 22.1 11.6 8.4
0.355-0.25 17.0 10.4 17.0 14.2 8.6 6.3
0.25-0.18 9.6 5.6 10.6 6.5 5.0 4.1
0.18-0.125 8.5 4.9 10.8 5.3 4.5 4.5
0.125 - 0.09 9.1 3.8 8.5 43 3.6 4.2
<0.09 16.3 333 16.6 35.6 13.9 6.5

analysis performed with Fritsch sieves,” analysis performed with a particle size analyser
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In the milling products for variants 3 and 4, it was noted that the metal grains had numerous metal-
plastic bonds, which is not apparent for variant 1 and especially for variant 2. The material obtained
from variant 2 was characterised by a much lower proportion of conglomerate grains. Furthermore,
the grinding process using liquid nitrogen was characterised by a significantly higher yield. In this
case, the temperature increase in the mill chamber was much lower, which can reduce
the phenomenon of conglomerate formation and reduce wear on knives and other components.
Considering this, the most efficient grinding of WPCB was obtained for the variant using liquid
nitrogen and the resulting product was suitable for separation processes. It was noted that full
release of metals from plastics occurred for grains below 0.3 mm and to a lesser extent for grains
smaller than 0.8 mm (M1). According to the work of Li et al. 2007 [55] full release of metals occurs
for grains below 0.6 mm, while Kaya 2016 [12] reports that only for grains below 0.15 mm. In both
aforementioned works, the authors used multi-stage grinding in hammer mills and different WPCB,

which may have influenced the results.

5.2 Methods of separation

The first separation method used was electrostatic separation, which was carried out for all products
obtained from the milling process. Taking into account the densities of plastics and metals, it can
be determined that the separation products for variant 4 are highly contaminated (M1). This
is related to the low degree of comminution, which did not allow sufficient release of useful
substances (metals in the free state) from the WPCB composite. This is evidenced by the relatively
high concentrate yield of 43% and its low density of 5.5 g/cm’. For variants 1, 2 and 3, the yield of
concentrate accounted for 25.8%, 26.2% and 27.2% of the total products, respectively, with the
density of 8.8 g/cm’®, 8.9 g/cm® (Table 5.2.) and 7.3 g/cm® (M1).

The above values may suggest products of very similar quality, however, analysis of the chemical
composition confirmed that the best products in terms of purity were obtained as a result of
separation of material from variant 2. Thus, in the concentrate for this variant, over 93% of valuable
metals (i.e. Cu, Al, Pb, Zn, Ni, Fe, Sn, Cr, Ti, Ag, Au) were identified (Table 5.3.), while in the
case of the other variants, it was 87%, 76% and 54%, respectively. Relatively high purity of the
concentrate and waste was also obtained for variant 1. However, at low temperatures (variant 2),
thanks to the use of liquid nitrogen to cool the feed, there was additionally no significant increase
in temperature in the mill working chamber and no plasticisation of the milled material. Due to this,

no or lesser conglomerates of solid metal-plastic interfaces were formed.
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Figure 5.1 shows microscopic images of the electrostatic separation products of variant 2. These
confirm the high purity of the resulting concentrate and plastic product. In the intermediate product,
it can be seen that there are mainly conglomerate grains, which cannot be separated by mechanical
separation. In order to do so, these grains would have to be re-crushed or other methods outside of
mineral engineering would have to be used. In the plastic-containing product, trace amounts of fine
metal grains (less than 200 um) were identified, which were trapped in the fibrous structure of the

glass fibre grains.

It could be assumed that, due to the multilayer structure of PCB, it is advantageous to obtain the
smallest possible grains. Wu et al. 2008 however report [56], that very fine grains, i.e. less than
0.125 mm, may contribute to inefficient electrostatic separation due to grain aggregation effects on
the drum and electrode surface. In the work of Wu et al. 2009 [57] it was presented that this effect
can have a significant impact on the stability of the separation process. The settling of
plastic- structured dust on the electrode surface was observed in the study presented in this paper.
On the other hand, it was noted that the aggregation effect was strongly reduced in the case of

separation of the material coming from grinding variant 2.

It can therefore be summarised that cooling the material to cryogenic temperatures has a positive
effect on grain size and shape, and thus, in line with the conclusions of Lu et al. 2008. [58], on the
efficiency of metal recovery from WPCB. It should be noted that the cooled material was much

faster to grind, and the degree of metal release was higher.

Table 5.2. Yield and densities of products obtained from electrostatic separation
(variant 2) (M1)

Products Concentrate Intermediate Plastics
Yield, % 26.2 2.8 71.0
Specific density, g/cm® 8.87 5.33 2.29

(b) ©

Figure. 5.1. Microscopic images of electrostatic separation products (variant 2):
(a) - concentrate, (b) - intermediate, (c) - plastics (M1).
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Table 5.3 Chemical composition of feed and electrostatic separation products (variant 2) (M1).

Elemental content of the product, %.
Element
Feed Concentrate Intermediate Plastics
Cu 17.70 68.50 6.68 0.17
Al 1.95 6.82 1.34 0.07
Pb 0.39 1.5 0.74 0.001
Zn 0.69 2.5 0.94 =¥
2 Ni 0.19 0.75 0.31 =¥
% Fe 0.38 0.95 1.50 0.09
= | sn 2.92 115 1.18 0.02
é Cr 0.06 0.15 0.04 0.001
Ti 0.26 0.51 0.39 0.18
Ag 0.0301 0.1074 -k =¥
Au 0.0029 0.0092 -k =¥
Total 24.57 93.30 13.12 0.54
Sb 0.22 0.61 0.18 0.01
Ca 6.56 0.92 241 7.51
é Br 1.64 0.03 1.12 1.28
?3) Ba 0.31 ¥ 0.41 0.77
:§ Mg 0.57 0.05 1.51 2.50
% Si 12.00 0.40 3.19 13.92
- Mn 0.01 0.03 -k -*
Total 21.26 2.01 8.82 26.00

*below detection threshold
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To study the morphology of the grains of the concentrate and intermediate product obtained from
variant 2 and to determine the chemical composition in the micro areas of the grains, images were
taken using the backscattered electron detection method (Fig. 5.2) and measurements were taken
using EDS method (Table 5.4). The differences in grain contrast indicate a heterogeneous chemical
composition. The lighter areas indicate the presence of elements with a higher atomic number, while
the dark areas indicate the presence of elements with a lower atomic number. However, it is
important to bear in mind the possibility of plastics accumulating surface charges, which can also
manifest as bright areas when electrified. The concentrate (Fig. 5.2.a) contained mostly
homogeneous grains, with a few grains forming metal-metal or metal-plastic interfaces, while the

semifinished product (Fig. 5.2.b) contained mostly heterogeneous grains.

The grains present in the concentrate (Fig. 5.2.a) below 0.3 mm in size were mainly homogeneous.
The plate grains and the resulting irregularly shaped grains were mainly composed of copper (Table
5.4). For plate grains larger than 0.6 mm, an insufficient degree of elemental metal liberation
is observed. The elongated grains show the highest purity regardless of their size. Therefore, it can
be assumed that these grains mainly originated from WPCB elements that had no connections to the

composite.

Based on the analysis presented and observations of all the concentrate grains, it can be summarised

that the metals contained in grains larger than 800 mm are insufficiently liberated from plastics.

Compared to the concentrate, the grains present in the intermediate product were larger, i.e., in the
range of approx. 0.5 mm to 1.0 mm (Fig. 5.2.b). The fibrous structure characteristic of plastics can
be seen on almost every grain. The shape of the grains, their bilateral connections to the plastics
and the high copper content (Table 5.4.) may indicate that these grains are mainly derived from the
inner layers of PCB. Due to the size of the grains, the intermediate product can be diverted to regrind

or be subjected to solution leaching.

37



200 pm

EHT =20.00 kv
WD = 8.0 mm

Signal A =QBSD
Mag= 100X

200 pm

EHT =20.00 kV
WD = 8.1 mm

Signal A= QBSD
Mag= 100X

(a)

Figure. 5.2. SEM images of the concentrate (a) and intermediate (b) obtained by electrostatic
separation (variant 2) (M1).

Table 5.4. Elemental concentrations [% at.] measured by EDS in the micro-areas highlighted

in Figure 5.4 (M1).
Element Punk analysis
Al A2 A3 A4 AS A6 B1 B2 B3 B4
Mg 6.2 - - - - - - - 1.8 -
Al 93.8 | 224 4.1 5.5 34.9 4.0 6.8 24 8.5 9.9
Si - - - - 3.6 1.7 - 1.2 - 1.2
Sc - - - 0.2 - 0.2 0.3 - - -
Fe - 32 - - - - - - - -
Ni - 26.4 - - - 37.0 - - - -
Cu - 12 - 3.1 509 | 45.8 5.9 96.4 | 89.7 | 873
Sn - - 959 | 89.7 | 10.7 | 10.6 | 83.6 - - -
Sb - - - 1.6 - 0.7 0.8 - - -
Ag - - - - - - 2.5 - - -
Au - 36 - - - - - - - -
Ca - - 4.7 1.3 - - - - - -
Mn - - 0.2 - - - - - - -
S - - 0.5 - - - - - - -
Cl - - - 0.3 - - - - - 1.6
Cr - - 6.7 - - - - - - -
Ba - - 0.2 - - - - - - -
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The phase composition analysis for the concentrate (Fig. 5.3.a) did not show any phases that could
indicate the presence of impurities. In contrast to the intermediate product (Fig. 5.3.b), where
diffraction lines originating from silicon were identified. In the concentrate (Fig. 5.3.a), phases such
as copper, tin, and bronze were identified, while in the semi-finished product (Fig. 5.3.b), copper
and aluminium were identified in addition to silicon. Due to the limited sensitivity of the method,

the presence of other metallic/non-metallic phases in small quantities cannot be excluded.
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Figure 5.3. X-ray diffractogram of concentrate (a) and intermediate (b) of electrostatic separation
(variant 2) (M1).

The next WPCB separation method used was gravity separation using a concentration table and
a cyclofluid separator (M3). The feed for both devices was material from variant 2. The separation
on the concentration table resulted in four products, i.e. T1 - T4, while the cyclofluid separator
resulted in seven products, i.e. C1 - C7. In both cases, the floatable material (TO and CO0), which

accounted for about 3% of the feed, was removed prior to separation.
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The yield of the T1 concentrate (Table 5.5.) was comparable to the concentrate obtained by
electrostatic separation, but had a lower density. In the case of the cyclofluid separator, two products
were obtained, i.e. C1 and C2, which can be classified as a concentrate due to their density
(Table 5.6). Product C1 was also similar in quality to the electrostatic separation concentrate but
had a significantly lower yield of 6.4%. In product T1, shown in Figure 5.4.a, both metal grains
and conglomerate grains can be observed, indicating low separation efficiency. This was confirmed
by chemical composition analysis, by which 74% of the valuable elements were identified in T1
(Table 5.7.). Compared to T1, the products C1 and C2 had a higher purity. No conglomerate grains
or plastic grains were identified in C1 (Fig. 5.5), while occasional conglomerate grains could be
found in C2. Both contained a similarly high content of valuable elements of approximately 88%

(M3).

Physical separation intermediates represent the largest share of all products obtained. Due to their
density, T2 and C3 — C5 were classified as intermediates. The yield of T2 was close to 29% (Table
5.5), which is about 10 times higher compared to electrostatic separation. Microscopic images show
a significant number of grains larger than 1 mm, which include metals, conglomerates as well
as plastics (Fig. 5.4.b). In the chemical composition of T2, more than 17% of valuable elements
were identified, indicating the presence of a significant number of metal grains (Table 5.7.). The
yield of the intermediates obtained by separation using a cyclofluid separator was close to 26%
(Tab. 5.6). As in T2, grains above 1 mm predominated here (Fig. 5.5.), while the chemical
composition of the C3-C5 products contained about 13.5% metals (Tab. 5.8.). It should be noted
that obtaining large yield of intermediates was an undesirable phenomenon, as they are not final

products and further processing is necessary.

Gravity separation also yielded products composed of plastics, i.e. T3 and T4 and C6 and C7. These
products were characterised by relatively low density and low metal content, not exceeding 6%
(Table 5.7. and Table 5.8.). It should be noted that in the case of gravity processes, a classification
of plastic grains by size occurred, which may facilitate their potential application to other processes,
such as the production of composite materials. The T3 and C6 products predominantly have grains
larger than 0.5 mm, while the T4 and C7 products have grains smaller than 0.2 mm (Fig. 5.4 and
Fig. 5.5).

For economic and environmental reasons, it is important to note the need for process water in the
gravity separation processes used. In the case of separation carried out using a concentration table,
water was continuously supplied. It is possible to close the water circuit, but in this case, the bench
should be equipped with a filtration plant to purify it of fine particles. During separation with the
cyclone separator, water consumption occurred due to filling of the tanks and during collection

of the products that remained on the sieve. Approximately 77 litres of water was used during the

40



tests with the concentration table, while 13 litres was used with the cyclofluid separator. In both
cases, the products obtained were subjected to a prolonged drying process, which was also

associated with the use of energy.

Table 5.5. Yield and density of products obtained from the concentration table (M3).

Products T0 T1 T2 T3 T4
Yield, % 2.8 25.7 28.9 8.9 33.7
Specific density, g/cm’ 1.9 8.0 4.5 2.9 2.4

Table 5.6.Yield and densities of products obtained from the laboratory cyclofluid separator (M3).

Products Co C1 C2 C3 C4 C5 C6 C7
Yield, % 3.1 6.4 125 | 121 7.1 6.3 8.5 | 44.0
Specific density, g/cm® 2.0 8.9 8.1 7.0 53 4.1 3.1 23

Figure. 5.4. Microscope images of the products obtained from the concentration table:
(a) - concentrate (T1), (b) - intermediate product (T2), (c) - plastics (T3), (d) - plastics (T4) (M3).
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Figure. 5.5. Microscopic images of the products obtained from the laboratory cyclofluid separator:
(a) - concentrate (C1), (b) - concentrate (C2), (c) - intermediate (C3), (d) - intermediate (C4),

(e) - intermediate (C5), (f) - plastics (C6), (g) - plastics (C7) (M3).
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Table 5.7. Chemical composition of the feed and products obtained from the concentration table

(M3).
Elemental content of the product, %.
Element
Feed T1 T2 T3 T4
Cu 17.70 59.20 9.50 2.44 1.55
Al 1.95 0.89 1.61 3.30 3.02
Pb 0.39 1.10 0.64 0.02 0.02
Zn 0.69 1.90 0.60 0.11 0.06
2 Ni 0.19 0.59 0.19 0.08 0.06
;%J Fe 0.38 0.94 0.25 0.38 0.28
_Lé Sn 2.92 6.30 2.67 0.27 0.36
é Cr 0.06 0.14 0.07 0.08 0.06
Ti 0.26 091 0.15 0.13 0.09
Ag 0.0301 0.0216 -* ¥ ¥
Au 0.0029 0.0072 -k =¥ -*
Total 24.57 72.00 15.68 6.81 5.50
Sb 0.22 0.10 0.34 0.18 0.11
Z Ca 6.56 0.90 5.10 6.99 8.10
§ Br 1.64 0.53 0.78 0.92 1.89
'%; Ba 0.31 0.71 0.15 0.19 0.12
é Si 12.00 3.10 9.30 15.10 13.10
‘E Mn 0.01 0.0065 0.0022 =¥ -*
Total 21.26 5.35 15.67 23.38 23.32

*below detection threshold
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Table 5.8. Chemical composition of the feed and products obtained from the cyclofluid separator
(M3).

Elemental content of the product, %.
Element
Feed C1 C2 C3 C4 Cs Cé6 c7
Cu 17.70 | 72.10 | 68.10 11.30 10.20 2.88 2.55 1.88
Al 1.95 1.09 0.85 1.57 2.17 2.88 2.86 2.49
Pb 0.39 1.50 1.40 0.88 091 0.05 0.02 0.01
Zn 0.69 2.30 2.40 0.65 0.54 0.18 0.11 0.05
2 Ni 0.19 1.09 1.07 0.32 0.36 0.08 0.06 0.01
;%J Fe 0.38 1.35 1.44 0.36 0.27 0.41 0.38 0.18
_Lé Sn 292 8.10 11.40 1.10 0.90 0.10 0.11 0.07
é Cr 0.06 0.21 0.14 0.07 0.08 0.09 0.13 0.08
Ti 0.26 0.99 0.89 0.24 0.21 0.15 0.21 0.13
Ag | 0.0301 |0.0582| 0.0078 | 0.0012 =¥ -k -k -*
Au | 0.0029 |0.0096 | 0.0078 -k =¥ -k -* -*
Total | 24.57 | 88.79 | 87.78 15.48 16.65 6.81 6.44 4.89
Sb 0.22 0.50 0.30 0.09 0.08 0.15 0.17 0.12
2 Ca 6.56 0.98 1.20 6.10 5.40 7.10 7.40 6.90
Ez) Br 1.64 0.32 0.45 0.52 0.96 1.50 2.11 2.30
'%; Ba 0.31 0.92 0.84 0.09 0.07 0.21 0.25 0.22
é Si 12.00 0.92 5.50 6.30 9.20 13.80 15.20 9.80
‘E Mn 0.01 0.0078 | 0.0067 | 0.0054 | 0.0056 | 0.0077 | 0.0062 | 0.0012
Total | 21.26 3.65 8.30 13.11 15.72 22.77 25.14 19.34

*below detection threshold
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The last method used to separate metals from plastics was flotation (IM4). In the first stage of the
study, the flotation reagent was selected to obtain the greatest efficiency of the process. Based on
the densities of the bottom product (metals) and the top product (plastics), it was determined that,
of the reagents tested, the best results were achieved with dipropylene glycol. Tests were then
carried out using different reagent concentrations, airflow rates and material volumes. Optimum
flotation conditions were obtained at a concentration of 157 mg/dm’, an air flow rate of 200 dm*/h

and 25g/dm* of material.

Flotation of ground WPCB (variant 2) and using the above process parameters yielded almost 57%
of the bottom product, and 43% of the top product (Table 5.9.). Due to the design of the equipment
and the dynamics of the process, separation of the intermediate product was impossible. The bottom
product was heavily contaminated with plastic grains (mainly plate-shaped) and conglomerate
grains (Fig. 5.6.a). The upper product, on the other hand, was highly pure, and similarly to the
electrostatic separation, trace amounts of grains with a diameter of less than 0.2 mm were observed
(Fig. 5.6.b). As can also be seen from the chemical composition analysis, the bottom product, about
half of which were metals, was heavily contaminated with plastics (Table 5.10.). The penetration
of WPCB composite grains into the lower product was undesirable due to the deterioration of the
purity of the concentrate. This was probably due to the large size of these grains and indicates the

need for flotation in specific grain classes.

Table 5.9. Yield and density of products obtained from flotation (M4).

Bottom product Top product
Products (concentrate) (plastics)
Yield, % 56.6 43.4
Specific density, g/cm’ 7.4 2.7

Figure. 5.6

Microscopic
(a) - bottom product (concentrate), (b) - top product (plastics) (M4).

images of the products

from flotation:

obtained
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Table 5.10. Chemical composition of the feed and products obtained from flotation (IM4).

Elemental content of the product, %.
Element Feed Bottom product Top product
(concentrate) (plastics)
Cu 17.70 39.94 233
Al 1.95 1.10 1.71
Zn 0.69 0.92 0.69
B Ni 0.19 0.64 0.34
é Fe 0.38 0.97 0.49
Zz) Sn 292 7.80 1.12
=
2 Cr 0.06 0.05 0.31
~ Ti 0.26 0.49 0.52
Ag 0.0301 0.5797 0.0918
Au 0.0029 0.0140 0.0048
Total 24.57 53.13 8.01
Sb 0.22 0.09 10.40
2 Ca 6.56 3.24 2.89
g Br 1.64 2.16 0.69
_i.:j Ba 0.31 0.73 0.0065
é Si 12.00 5.02 15.84
;D Mn 0.01 0.0083 0.0014
Total 21.26 11.29 29.82

Due to the presence of small amounts of the intermediate obtained by electrostatic separation, it
was possible to carry out a bioleaching experiment using the bacterial strain Acidithiobacillus
ferrooxidans. Figure 5.7 shows the changes over time in Eh potential and pH during the experiment.
For the bacterial samples, a rapid increase in Eh was observed during the first 25 days, from an
initial value of 255 mV to about 620 mV, followed by a steady increase to a value of 700 mV
obtained on day 52 of the experiment (Fig. 5.7.). The biological course of the reaction and the
growth of the microorganisms was evidenced by the low pH, with the Eh value in the control
solution remaining in the range of 300-400 mV. Due to the alkaline nature of WPCB [28] and in

order to ensure favourable conditions for the microorganisms, the bacterial samples were acidified
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using a five-mol solution of sulphuric acid (VI). The effect of self-acidification at a sustained pH = 2
was observed on day 9 of the running process. For the control solution, pH adjustment was carried

out regularly, thus ensuring an acidic environment during 64 days of chemical leaching (M6).
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Figure 5.7. Graphs of changes over the duration of the bioleaching experiment: (a) - redox potential
(Eh), (b) - pH, during bacterial leaching (blue line) and chemical leaching (orange line) (M6).

Based on the analysis of the chemical composition of the leachate and sludge (residue)
(Table 5.11.), it can be observed that bioleaching with 4. ferrooxidans, is not effective for all metals.
In the case of copper, aluminium, zinc and nickel, a higher amount of each substance is leached out.
In contrast, this could not be observed for lead and tin, where a higher amount of elements was
identified in the sludge. Considering the above, bioleaching of the intermediate from the
electrostatic septa using 4. ferrooxidans was possible and the process was most efficient for copper,

followed by zinc, nickel and aluminium.
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Table 5.11. Chemical composition of the eluate and sediment (residue) obtained from the
bioleaching experiment (IM6).

Elemental content, ppm
Element
Feed Leachate Sediment (residue)
Cu 1000 700 250
Al 200 150 60
Pb 110 20 70
Zn 140 75 60
Ni 50 34 20
Sn 180 10 200

5.3 Assessment of unit processes

One of the most important aspects influencing the undertaking of WPCB recycling is the economic
justification of the undertaking. In this case, the yield and monetary value of the separation products,
which were determined by qualitative and quantitative parameters (Rys 5.8.), were the decisive
factor. By juxtaposing the yield of the products and their content of valuable elements, as well as
the content of the elements belonging to the composite, the quality of the products and the efficiency
of the separation were assessed (MS5). Taking this into account, electrostatic separation obtained the
best products. The metallic product accounted for about 26% and consisted of more than 93%
valuable metals. In contrast, nearly 0.5% of valuable metals were identified in the plastic product,
demonstrating a very high level of recycling and device efficiency. Electrostatic separation also
yielded almost 3% of the intermediate product, which is made up of conglomerate grains consisting
of approximately 13% valuable metals. Considering the above, the efficiency of recycling valuable
metals using an electrostatic separator can be determined to be above 95%. The efficiency of
electrostatic separation was also confirmed in the work of authors Mir and Dhawan 2022 [17],

De Olivieira et al. 2022 [59], Hamerski et al. 2019 [60] and Dascalescu et al. 1992 [61].

For other separation processes, the resulting products were characterised by lower purity.
For example, the metals product obtained using a concentration table, had a metals content of 71%
and a contamination of about 7.5%, while the product containing plastics contained more than 5%
valuable metals. In the work of De Oliveira et al. 2022 [59] a concentration table was also used for
the study, obtaining higher efficiencies; however, the separation process took place in selected grain
classes. For feed with grain sizes of 0.3 mm - 0.6 mm and 0.6 mm - 1.18 mm, the authors identified
metal contents of 89% and 76%, respectively, in the metallic product. In the case of the study

conducted by Burat and Ozer 2018[48] it was necessary to integrate a concentration table with an
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electrostatic and magnetic separator, as the use of gravity processes alone was insufficient.
Moreover, the separation was also carried out into three grain classes. The processes used resulted
in a metal recovery efficiency of 95.4%, similar to the electrostatic separation carried out in this
study. It should be noted that grain size significantly determines the efficiency of separation by
physical methods. By narrowing down the classes, it is possible to optimise the process more

accurately, but this increases the complexity of the technology.

The worst product quality parameters were obtained by flotation. The metal product contained about
53% of valuable elements. In the case of the work of Yao et al. 2020 [62] a reverse flotation process
was also used and a metal recovery rate of 92.7% was obtained, but the feed consisted of 0.25 mm
to 0.5 mm grains and the reagent used was anhydrous alcohol. In a paper by another author, Jeon
et al. 2018 [63] the recovery rate of Au was increased from 32% to 51% using MIBC as a foaming
agent and paraffin as a collector. In the case of the work by Han et al. 2018 [64] a copper recovery
rate of almost 91% was achieved using tannic acid at a concentration of 60 mg/cm’. It is worth
noting the need for chemical reagents during flotation, the use of which is questionable when
designing eco-efficient technologies. Not all reagents exhibit toxic or carcinogenic effects.
However, this creates problems with the management or treatment of process water and, in some

cases, the concentration of substances can adversely affect human health.
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Figure 5.8: Summary of qualitative and quantitative parameters of the separation products obtained
(M5S).
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An eco-efficient technology, in addition to being highly efficient, should also have a low impact on
humans and the environment and be as low-cost as possible. In order to assess the above parameters,
individual processes (stages) leading to efficient separation of metals from WPCB by the methods
mentioned above were developed and verified on a laboratory scale. Based on the research work

carried out, the following stages of WPCB recycling technology were identified:

— Stage I - disassembly,
— Stage II - shredding,
— Stage III - grinding,

— Stage IV - separation,

As part of each of the above steps, preliminary environmental and economic analyses of each
recycling process were carried out at laboratory level. Firstly, harmful and hazardous factors at the
workplace and potential impacts on the natural environment were identified and assessed (Table

5.12), followed by the determination of technical and economic parameters (Table 5.13) (MS5).

The identified harmful factors present at the workplace were dust and noise resulting from the
operation of the equipment. The highest dust levels per eight-hour working day were identified
during electrostatic separation, followed by grinding and packaging. On the other hand, the highest
noise levels were identified during gravity separation on the concentration table, followed

by grinding and crushing and the flotation process, whose values did not exceed 133 dB, 132 dB,
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117 dB and 116 dB, respectively. The identification of hazardous factors was carried out with the
knowledge of the senior health and safety inspector. These hazards were mainly due to moving and
sharp machine components. However, in the case of electrostatic separation there was also a risk
of high voltage shock of more than 15kV, and during grinding direct contact with very low

temperatures resulting from the use of liquid nitrogen was possible.

The environmental analysis was carried out considering only direct emissions to the environment
resulting from the operation of the equipment. As with dust, the highest potential dust emissions
were identified during electrostatic separation and grinding. In the case of electrostatic separation,
dust levels were mainly due to enclosure gaps. During the gravity and flotation processes, dust was
only present during the initial stage of mixing the crushed WPCB with water, so the values were
marginal. However, process water emissions were generated for these processes. The highest flux
of water required for management was identified during the separation on the concentration table
and is over 1 000 I/h. During flotation, dipropylene glycol was used, which is not considered toxic
or bioaccumulative. However, it was necessary to properly manage the process water contaminated

with it.

One of the most important economic parameters of the technology assessed was the efficiency of
the individual processes (Table 5.13.). The highest productivity was obtained during shreeding
using the disintegrator (20 kgwrcs/h), which is due to the semi-technical scale of the device. On the
other hand, the highest productivity among the separation processes used was obtained for the
cyclofluid separator (7.5 kgwecs/h), followed by the concentration table (6 kgwpcs/h) and
electrostatic separation (2 kgwpce/h). For flotation, the lowest efficiency of 0.15 kgwecs/h
was obtained. It should be noted that during the gravity separation and flotation processes it was

necessary to dry the products with an estimated efficiency of 2.5 kgwpcs /h (M5).

Another important parameter examined was the energy intensity of the equipment used in the
recycling processes. The highest energy requirement (7.5 kW/h) was identified during the shredding
of WPCB with a disintegrator. The next most energy-intensive process was the drying of separation
products (3 kW/h). A similar energy requirement (3 kW/h) was identified for the flotation process,
which was due to the need for a compressor to generate compressed air. Another aspect that was
directly related to energy intensity was the operating costs of the equipment, which also took into
account the consumption of process water, employee costs and other consumables required for the
equipment to function properly. The average total operating cost incurred for the preparation of
WPCB for separation processes was 44.80 PLN/kgwpcs, while the largest share of costs (nearly
80%) resulted from grinding WPCB. The most costly separation method was flotation, which
incurred the highest cost of eclectic energy per kilogram of WPCB (over 10 PLN/kgwpcs).

Filtration and the purchase of flotation reagent were also required during flotation. Due to the lowest
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process efficiency, flotation also has the highest calculated cost per employee (117.13 PLN/kgwecs).
In view of this, the total operating costs of using flotation were more than 176 PLN/kgwpcg, which
may exceed the value of the metals contained in the WPCB. In contrast, the lowest total operating

costs (3.8 PLN/kgwrcs) were incurred as a result of cyclofluid separation.

Taking into account the purity of the products obtained, the efficiency of the separation processes,
their impact on the natural and human environment and the economic parameters, the most effective
among the separation methods studied is electrostatic separation. Thus, this method can be
considered to best fit into the concept of eco-efficient technology. In addition, its use in WPCB
recycling processes, combined with grinding in a knife mill at cryogenic temperatures, reduces the

complexity of the technology and can increase the economic benefits of WPCB recycling.
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Table 5.12. Assessment of unit processes of technologies in terms of impact on the worker and the natural environment (MS5).

I 1 111 v
Disassembly Shredding Grinding Separation
STAGES IIIA Cooling 1B Concentration table Cyclofluid separator Flotation machine
Grinding Electrostatic IVA IVB IVA IVB IVA IVB
CATEGORIES separator separation| drying |separation| drying |[separation| drying
Dust! , g/m’ x8h no no no 0,048 0,064 no no no no no no
Harmful
I <94, peak
Identification of | factors Noise” , dB no <89, peak <117 no 0 <71 <133 <50 <102 <50 <116 <50
<
harmful and
temperatures
hazardous factors ) per separator moving | moving moving moving
Hazardous Type of hazardous moving parts of the| of-198 ¢° sharp )
at the workplace sharptool parts| o ) parts, high voltage | partsofthe| no | partsofthe| no |partsofthe| no
factors factor disintegrator (liquid  |moving parts
) approx. 15kV | separator separator separator
nitrogen)
Dust emissions to air'
5 no no no 0,006 0,008 no no no no no no
Impact on the natural g xh
environment Process water
no no no no no 1020 No 375 No 3 no
emissions, I/h

! An overview measurement for personal use. The measurement consisted of determining themass of dust fallout accumulated over a period of one hour on the surface of a glass plate that was
placed at a distance of 1 m from the dust source.

2 An overview measurement for personal use. Taken using a Bentech GM1356 sonometer.
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Table 5.13. Evaluation of unit processes of technologies in terms of technical, operational and economic parameters (MS5).

I I I v
STAGES Disassembly | Shredding Grinding Separation
A mB Concentration table Cyclofluid separator Flotation machine
Cooling Grinding | Electrostatic IVA IVB IVA IVB IVA IVB
CATEGORIES scparator | separation | drying | separation | drying separation | drying
Estimated process
capacity” , kg 12 20 25 2 6 2.5 7.5 2.5 0,15 2,5
/hwpcs
Number of
Technical specifications E emplgyees
“erglfw‘;ma“d’ no 75 no 22 15 2.0 3 0.7 3 3 3
Process water
consumption, 0 0 0 0 0 170 0 50 0 20 0
VkgWPCB
Purch: f
Investment renage o 3,000 66,000 4500 | 25000 | 31,000 | 26,000 | 4500 | 20,000 | 4,500 | 18,000 | 4,500
costs equipment . PLN
5
%‘&gﬂy{ g"“ : 0 0.20 0 047 0.40 0.18 0.63 0,05 0,63 10,57 0,63
WPCB
Process water
basket. 0 0 0 0 0 2.19 0 0,64 0 0,26 0
PLN/kgwrcs
Economic Employee cost’ .
parameters | Operational PiN%(gWPCB 2.49 1.50 11.97 8.79 2.93 234 117.13
aspects - —
P cuttingshaft | liquid | ... . . Liquid | Flottion | liquid
. mill knives | electrode liquid filter reagent | filter bag
Consumables and components nitrogen filter bag
their requirements® no (36 pes./2 (1 (7pcs. (Ipcs. no bag Sum, no Sum. 157 Sum
: /50kgwecs) | /4 Mgwecs) 1 pes./2501 y mldm® | Sum, 1
Mgwecs) | Vkgwecs) 1 pes./2501 pe/2501
7
C"n;‘ﬁl;lj‘l‘(’: costs 0 462 420 19.56 <0.01 0 3.24 0 0.76 3245 | 1527
> WPCB

3 Values determined by laboratory tests.
4 The net prices of the operating equipment were determined on the basis of a market survey.
5 The energy cost was calculated based on the energy intensity of the equipment and the market price of electricity [65].
® The cost of the employee was determined by taking into account the employee burden resulting from the estimated productivity of the process and the average monthly cost to the employer in 2023.

7 The net prices of consumables were determined on the basis of a market survey.
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6 Summary

In this study, the different recycling steps leading to the recovery of metals from WPCB were
identified and evaluated in terms of efficiency, cost, and environmental and human impact. The
best results in this respect for the physical and physicochemical processes studied were obtained
for the electrostatic separation. For this process, nearly 26% high-purity concentrate was obtained,
with a metal content of more than 93%. The most important of the measures taken was grinding
with liquid nitrogen, which resulted in a sufficient level of metal release, which in turn enabled high
separation efficiency. Based on the research carried out, four main steps were developed for an eco-

efficient recycling technology for FR-4 type WPCB:

— Stage [ — disassembly: this involves removing reusable components from the surface of the
wafer and those containing toxic substances (i.e., resistors, transistors, batteries, chips,
capacitors, connectors, screws and sockets made of plastic), or which may interfere with
the correct further processes.

— Stage II — shredding: to reduce the size of the WPCB using a disintegrator to the maximum
I x1cm.

— Stage III - grinding: in the first step, the WPCB pieces are placed in a tank of liquid nitrogen
and then ground in a knife mill equipped with a sieve with 1 mm mesh perforation.

— Stage IV — separation: using a drum electrostatic separator (shaft speed 100 rpm, voltage
17 kV, distance between electrode and drum 0.03 m), WPCB powder is separated into

concentrate, intermediate product and plastics.

The obtained concentrate (26.2%), due to its high purity and valuable element content, can be sold
to metal producers or processors and represent a significant financial benefit to the WPCB recycler.
In the case of the intermediate product (2.8%), which contains about 13% metals, it is possible to
process it by bioleaching using Acidithiobacillus ferrooxidans bacteria. The plastics product
(71.0%), on the other hand, can be used as a filler for use in composite materials with epoxy or
polyester resin as the matrix. It should not be forgotten that the physical methods only result in
a mixture of metals, which must be chemically treated to separate them. However, the proposed
technology has the potential to reduce the negative environmental impact of WPCB recycling.
Moreover, due to its relatively low complexity and low cost, it represents an opportunity to increase
the number of WPCB recycling facilities in EU, thereby preserving valuable elements in the EU

economy as well as creating new jobs.
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The final stage of the WPCB's eco-efficient recycling technology is to secure the products (a
mixture of metals and composites) in individual packs, which are then delivered to the appropriate

facilities for the individual extraction of metals and the production of composites.

In light of the aforementioned, the thesis presented in the dissertation was substantiated, and
aWPCB recycling technology was devised (see Figure 6.1), which can be deemed eco-efficient and

aligned with the principles of sustainable production and a circular economy.
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Figure 6.1. Schematic diagram of an eco-efficient technology for recycling WPCB type FR-4.

To summarize, the primary accomplishment of the work was the development of an integrated
WPCB recycling technology based on technological research, environmental and financial analysis
that is a viable alternative to conventional chemical recycling methods. A high level of metal release
from the WPCB composite was achieved using a knife mill at cryogenic temperatures, as well as
an efficient separation of metals from the WPCB composite using electrostatic separation.
Furthermore, based on economic analyses and environmental and human impact assessments, it has
been demonstrated that the proposed technology is cost-effective and highly efficient, and it can be

deemed compatible with the principles of sustainable production and a circular economy.
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Abstract: This paper analyses the impact of the method of grinding printed circuit boards (PCBs) in
a knife mill on the efficiency and purity of products obtained during electrostatic separation. The
separated metals and plastics and ceramics can be used as secondary raw materials. This is in line
with the principle of circular economy. Three different screen perforations were used in the mill to
obtain different sizes of ground grains. Moreover, the effect of cooling the feed to cryogenic temper-
ature on the final products of separation was investigated. The level of contamination of the con-
centrate, intermediate, and waste obtained as a result of the application of fixed, determined elec-
trostatic separation parameters was assessed using ICP-AES, SEM-EDS, XRD, and microscopic
analysis as well as specific density. The yields of grain classes obtained from grinding in a knife mill
were tested through sieve analysis and by using a particle size analyser. The test results indicate
that using a knife mill with a 1 mm screen perforation along with cooling the feed to cryogenic
temperature significantly improves the efficiency of the process. The grinding products were char-
acterised by the highest release level of the useful substance —metals in the free state. The purity of
the concentrate and waste obtained from electrostatic separation was satisfactory, and the content
of the intermediate, in which conglomerates of solid metal-plastic connections were present, was
very low. The yield of concentrate and waste amounted to 26.2% and 71.0%, respectively. Their
purity, reflected in the content of the identified metals (valuable metals), was at the level of 93.3%
and 0.5%, respectively. In order to achieve effective recovery of metals from PCBs by means of elec-
trostatic separation, one should strive to obtain a feed composed of grains <1000 pm and, optimally,
<800 pm.

Keywords: metals recovery; printed circuit board; cryogenic grinding; electrostatic separation;
atomic emission spectroscopy; scanning electron microscopy (SEM); X-ray diffraction (XRD)

1. Introduction

In line with the circular economy principle, and for economic and environmental
reasons, the recovery of metals from printed circuit boards (PCBs) is not only required —
it is obligatory. The production process created for this purpose should be characterised
by high efficiency, low costs, and a low impact on the natural environment. The method
for preparing PCBs for separation processes is crucial in terms of purity and efficiency of
the products obtained. The correct method for PCB grinding can facilitate the full release
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of useful components (i.e.,, metals in the free state) to produce pure concentrate in the
separation processes and minimise the effect of penetration of metals into waste.

According to Vermesan et al. [1], PCB recycling directions should include disassem-
bly (i.e., removal of hazardous products, such as batteries and capacitors), treatment (i.e.,
reduction of PCB dimensions), and finally, processing of the obtained products. This ap-
proach can provide economic and environmental benefits in the recovery of metals, but
also of plastics and ceramics from PCBs.

The rapid advancement of computer technologies has contributed to a change in con-
sumption patterns, which has resulted in a mass replacement of devices with new ones
with much higher efficiencies [2]. In 2019, 53.6 million tonnes of electronic waste was gen-
erated. It is 9.2 million tonnes more compared with that in 2014 [3]. As a result, even
greater amounts of waste electrical and electronic equipment (WEEE) are generated. They
contain toxic heavy metals and halogenated flame retardants [4], which may penetrate
into the aquatic environment. One of the basic building blocks of WEEE are PCBs [2]. Their
content of metals is significantly higher than in natural metal ores [5-8]. PCBs are com-
posed of about 30% metals in the free state and about 70% components, such as glass fibre,
epoxy resin, and polyester. For the sake of simplicity, these components of PCBs are here-
inafter referred to as plastic and ceramic materials [9,10]. Depending on the material used
to build the laminate (dielectric materials), there are many types of PCBs, such as FR-2 to
6, G-10, G-11, and CEM-1 to 8 [10,11]. The most common type is FR-4, whose laminate
mainly consists of epoxy resin reinforced with glass fibres and SiO:2 (approximately 40%),
CaO (approximately 20%), and smaller amounts of Al20s, MgO, and BaO [12]. This type
of boards allows for the use of high operating temperatures (130 °C and above). To im-
prove this property of PCBs, flame retardants are used, which include bromine and anti-
mony compounds [11,13]. PCBs, depending on the manufacturer, production date, and
destination, exhibit different metal contents. The estimated contents of noble (Au, Ag, and
Pd) and seminoble (Cu) metals in PCBs are 0.05%, 0.03%, 0.01%, and 16%, respectively.
Moreover, other metals occur in small concentrations in PCBs: 3% Fe, 3% Sn, 2% Pb, 1%
Zn, and trace amounts of Al, Ni, Cr, Na, Cd, Mo, Ti, and Co [10,14,15]. Due to their prop-
erties, noble metals have found their application in the production of PCBs, mainly as
contact metals [16]. Gold is used in bonding wires, contacts, and integrated circuits. Silver
is used as contacts, switches, and solders, while palladium and platinum are used for mul-
tilayer capacitors and connectors as well as hard disks, thermocouples, and fuel cells, re-
spectively [17]. As a seminoble (but the most abundant) metal, copper is used in the pro-
duction of cables, wires, connectors, and other components [17]. The amount of precious
metals, such as gold, silver, and palladium, contained in e-waste is increasing rapidly,
with used mobile phones having the largest share [18]. According to the work of
Hageliiken [19], about 350 g/t Au, 1380 g/t Ag, and 210 g/t Pd are present in PCBs and
other components of mobile phones.

E-waste raw materials were estimated to be worth USD 57 billion in 2019. This con-
cerns about 17% of e-waste documented in that year. The value of the processed waste
can be estimated to be about USD 10 billion. However, the processing of about 83% of e-
waste generated in 2019 was not documented, which contributed to environmental inter-
ference and the impact on employees” health [3,20]. Therefore, proper recycling of WEEE
is necessary, not only for the protection of the environment and natural resources, but also
for economic reasons, creation of new jobs, and reduction of the impact of landfills on the
landscape [21,22].

The methods for recovering metals from PCBs can be divided into physical and
chemical methods [23], including the use of microorganisms (bioleaching) [24]. Some of
the chemical ones, especially pyro- and hydro-metallurgical methods, have a significant
impact on the natural environment, including water and air pollution and waste genera-
tion [25-27]. Compared with other chemical methods, bioleaching has a negligible impact
on the environment; however, these are long-term methods [28]. Therefore, the possibility
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of using known, cheap, and environmentally friendly solutions is being analysed. These
certainly include the methods of grinding and electrostatic separation.

The efficiency of metal recovery using these methods depends on the degree of metal
release. Therefore, in order to ensure high efficiency of electrostatic separation, PCBs
should be ground to release the useful components (i.e., metals) from plastic and ceramic
materials. This process is characterised by high energy consumption [9,29]. PCBs are char-
acterised by a complicated structure, as they are composed of many conductive layers
(mainly copper) placed on nonconductive substrates [24,30]. Each component may consist
of various elements mechanically connected with each other [31,32]. Additionally, the ma-
terials used in PCBs are characterised by varied mechanical properties. Most boards have
a glass fibre substrate that breaks easily when shear forces are applied. Selective ground-
ing of PCBs can be performed in knife or hammer mills [22,33]. In order to adjust the
process, multistage grinding or grinding with liquid nitrogen can be used [22,33-35].

The recovery of metals from PCBs with the use of electrostatic separation has already
found application in some places of the globe [8,36-38]. It consists of grain separation due
to the differences in the ability to accumulate surface charges and electric current conduc-
tivity properties [29,39,40]. The literature contains two main solutions for the construction
of electrostatic separators: drum and free-fall electrostatic separators [41,42]. In the case of
drum separators, the separation efficiency depends on the voltage, the rotational speed of
the drum, the electrode position, and the feed efficiency (separator load) [43,44]. The se-
lection of separation parameters depends mainly on the design of the device and grain
size. With the inappropriate selection of parameters, electrostatic separation will not be
effective and may even damage the electrode through spark discharge [40]. Large grains
are often combinations of metals with plastic and ceramic materials, and thus the effi-
ciency of metal recovery from PCBs may be low [36,45]. Depending on the conditions of
the separation process, the type of feed fed to the separator, the following product ranges
can be obtained: 9%-27% conductive grains (metals), 2%-6% mixed grains, and 67%-85%
nonconductive grains [38,43].

The aim of the study was to assess the impact of the PCB grinding method in a knife
mill on the purity of products obtained during electrostatic separation. The level of con-
tamination of the concentrate, intermediate, and waste obtained as a result of the applica-
tion of fixed, determined electrostatic separation parameters was assessed using induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES), specific density analysis
using a pycnometer and ethyl alcohol (PN-EN 1097-7 No. 2001), scanning electron micro-
scope (SEM) with energy dispersive X-ray spectroscopy (EDS), microscopic analysis using
stereo microscope, and X-ray powder diffraction (XRD).

2. Materials and Methods
2.1. Grinding Materials and Methods

Motherboards manufactured by Gigabyte, Intel, Nvidia, MSI, and Asus in 2007-2009
were used in the tests. These are the most common FR-4 boards, the laminate of which is
made of fibre glass with epoxy resin [31,46]. Before commencing the grinding, the boards
were manually disassembled with the use of workshop tools (screwdrivers and pliers)
[47], and components of a different physical and chemical nature, which could have dis-
turbed the process of grinding and electrostatic separation, were easily removed. These
components included resistors (Ni, Cr, Cd, Al, Pb, and Ta), transistors (Pb and Cu), bat-
teries, chips (Pb, Ni, Sn, Ga, Al, and Ag), capacitors (Sn, Cu, and Zn), electromagnetic
interference filters (Fe, Cu, and Zn), connectors (Pb, Ni, and Sn), screws, and switches [48].

A LMN-100 knife mill from Testchem (Radlin, Poland) [49] was used in the grinding
processes. In mills of this type, the grinding takes place by cutting the material by knives
mounted on the device body and a rotator. These mills are equipped with a screen to
determine the size of the ground material. The feed to the mill were PCBs cut into 3 x 3
cm pieces. The following different process conditions (options) were used to produce the
grinding product in different grain classes:
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e option 1—1 mm screen perforation, mill load (capacity of feeding the material to the
mill): 5 g/min;

e  option 2—1 mm screen perforation, cooling the feed with liquid nitrogen, mill load:
20 g/min;

e  option 3—2 mm screen perforation, mill load: 10 g/min;

e  option 4—3 mm screen perforation, mill load: 10 g/min.
The other process parameters remained unchanged and were as follows:

e  rotator speed: 2815 min;

e  gap between the knives in the mill: 0.5 mm.

During the PCB grinding, the mill was not allowed to overload, which could contrib-
ute to high temperatures in the grinding working chamber, causing the formation of con-
glomerates—solid metal-plastic-ceramic compounds. Therefore, different mill loads
were used in different options. Despite this, it was noticed that the temperature in the
working chamber of the mill was increasing. In option 2, liquid nitrogen was used to re-
duce the temperature of the ground PCBs to the level of cryogenic temperatures (below
=150 °C). The cooling process consisted in placing the feed into a container filled with
liquid nitrogen. The feed was cooled until liquid nitrogen ceased to boil.

2.2. Electrostatic Separation

In order to recover metals from ground PCBs, electrostatic separation was used con-
sisting in grain separation due to differences in the ability to accumulate surface charges
and the properties of electric current conductivity [29,39,40]. The tests were carried out in
a drum electrostatic separator from Boxmag-rapid Ltc. (Aston, Birmingham, UK), which
allows for a three-product separation into waste, intermediate, and concentrate. The de-
sign of the device allows for the optimisation of the separation conditions by means of
changing the rotational speed of the shaft (i.e., the material feeding efficiency, the voltage
flowing through the electrode, and its distance from the shaft). The diagram and structure
of the device is shown in Figure 1.

Figure 1. Diagram of the electrostatic separator: 1 —feed container, 2—vibrating feeder, 3 —elec-
trode, 4 —drum, 5—brush, 6 —partition, 7— conductor container (concentrate), 8 —container for
complex grains folded with metals and nonmetals, and 9 —nonconductor container (waste).

In the case of perfect separation, grains with good electrically conductive properties
(e.g., metals in the free state) will be the first to detach from the drum to form a concen-
trate, while nonconductive grains (plastics and ceramics) will detach last or will be pulled
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off with a brush, creating waste. Grains that show moderate conductive properties or poor
capacity to accumulate surface charges (e.g., solid metal-plastic—ceramic compounds) will
detach between the concentrate and the waste and form the intermediate. On the basis of
preliminary tests and previous studies by Suponik and Franke [50,51], it was decided that
electrostatic separation, aimed at selecting the optimal option of PCB grinding, would be
performed for the following technical parameters: shaft rotation speed of 100 rpm, voltage
of 17 kV, distance between electrode and drum of 0.03 m.

2.3. Product Analysis

After PCB grinding, particle size analysis of the obtained material was carried out
using the following:

e  Fritsch screens with mesh sizes of 2 mm, 1.4 mm, 1 mm, 710 pm, 500 um, 355 um,
250 pum, 180 pum, 125 pm, and 90 pum.

e ANALYSETTE 22 MicroTec Plus Laser Particle Sizer (Fritsch, Germany)—the meas-
urement was not carried out on material obtained from grinding in a mill with a
screen with 2 and 3 mm perforation due to limitations in the measurement of grain
size.

Two methods of analysis were used in the study, as the grains had different sizes,
shapes, and wettability. In the particle size analyser, the tiniest hardly wettable particles,
occurring in low amounts, were removed prior to the analysis.

The electrostatic separation products obtained for the analysed options of PCB grind-
ing were analysed via the following:

e  ICP-AES—using the JY2000 Optical Emission Spectrometer (by Jobin Yvon) in order
to assess the content of elements in products. The source of the induction was a
plasma torch coupled with a 40.68 MHz frequency generator; the products were pre-
viously dissolved.

e  Specific density analysis—using Gay-Lussac pycnometers on the basis of PN-EN
1097-7:2001 with the use of ethyl alcohol with a density of 0.7893 g/cm?3.

e  Microscope analysis with Zeiss SteREO Discovery Modular Stereo Microscope (Carl
Zeiss AG, Jena, Germany).

For the best selected option of PCB grinding, the obtained concentrate and interme-
diate were subsequently analysed using the following;:

e High-resolution Zeiss SUPRA 35 scanning electron microscope (Carl Zeiss AG, Ger-
many), equipped with EDAX energy dispersive X-ray spectroscopy (EDS) chemical
analysis system (EDAX, Mahwah, NJ, USA).

¢ Qualitative phase analysis was performed with the use of a Panalytical X'Pert Pro
MPD diffractometer (Panalytical, Almelo, The Netherlands), utilising filtered radia-
tion of a cobalt anode lamp (Axa = 0.179 nm). The diffraction lines were recorded in
the Bragg—Brentano geometry, using the step-scanning method by means of a PIXcell
3D detector on the diffracted beam axis, in the angle range of 20°-100° [20] (step,
0.05°; count time per step, 200 s). The obtained diffractograms were analysed with
the use of Panalytical HighScore Plus (v. 3.0e) software with the PAN-ICSD database.

Due to the presence of large amounts of plastics in the feed and waste from electro-
static separation and the possibility of damaging the equipment, SEM-EDS and XRD anal-
yses were not performed for these products.

3. Results
3.1. Grinding

The results of the grain analysis of the PCBs ground in a knife mill for various process
options are presented in Table 1. Due to the fibrous/needle shape of the ground grains of
epoxy resin and glass fibre (Figure 2) and various shapes of the fragmented metal particles
(Figures 3 and 4), it was difficult to unambiguously determine and assess the grain size.
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Figure 2. Waste from electrostatic separation (stereo microscope): (a) option 1, (b) option 2, (c) option 3, (d) and option 4.

Table 1. Yield of grinding product grain classes.

Grain Class, mm Yield of Product, %
Option12  Option1? Option 22 Option 2P Option 3 2 Option 42

>2.0 0.0 0.0 0.0 0.0 0.0 0.2
2.0-14 0.0 0.0 0.0 0.0 0.4 13.7
1.4-1.0 0.3 0.0 0.4 0.0 11.1 24.6
1.0-0.71 5.7 5.2 3.6 1.6 25.6 16.8
0.71-0.50 14.1 14.8 13.0 10.4 15.6 10.7
0.50-0.36 19.3 22.0 19.5 22.1 11.6 8.4
0.36-0.25 17.0 10.4 17.0 14.2 8.6 6.3
0.25-0.18 9.6 5.6 10.6 6.5 5.0 41
0.18-0.13 8.5 4.9 10.8 5.3 4.5 4.5
0.13-0.09 9.1 3.8 8.5 4.3 3.6 4.2
<0.09 16.3 33.3 16.6 35.6 13.9 6.5

2analysis carried out with Fritsch screens, ®analysis carried out with the particle size analyser.

As could be expected, however, with the increase of the screen perforation in the
knife mill (options 3 and 4), the material obtained after grinding was characterised by
larger grain sizes. The largest content in options 3 and 4 was represented by 1.4-0.355 mm
and 2.0-0.5 mm grain classes, respectively (Table 1). For options 1 and 2 (i.e., with the use
of a screen with a 1 mm perforation), respectively, without and with cooling the feed to
cryogenic temperatures, the shredded material was obtained mainly in classes from 1.0 to
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0.25 mm and <0.09 mm, while for option 2, the grains were generally slightly smaller (Ta-
ble 1). For example, material with a size <0.5 mm was represented at 88% for this option
and at 80% for option 1. The differences in the results between the sieve analysis and the
particle size analyser are due to the different shapes of the grains. For metals, the grains
were mainly globular, patch, and needle shaped, and for plastic and ceramic materials,
fibrous and patch shaped.

3.2. Analysis of the Electrostatic Separation Efficiency

Based on the density of the products obtained from electrostatic separation (Table 2),
it can be concluded that its efficiency, manifested by the purity of the concentrate (the
presence of metals with a minimum amount of plastic and ceramic materials) and waste
(the presence of plastic and ceramic materials with a minimum amount of metals), in-
creases with the degree of PCB grinding. The higher the density of the separation product,
the higher the metal content and the lower the plastic and ceramic content. The highest
and lowest densities of the concentrate and the lowest and highest densities of waste were
obtained for options 2 and 4, respectively. This is correlated with the grain size, which in
turn is related to the release of useful components (i.e., metals). A high purity of the con-
centrate and waste was also achieved for option 1. However, at low temperatures (option
2 of the grinding process), due to the use of liquid nitrogen to cool the feed, there was no
significant increase in temperature in the mill’s working chamber, and no plasticisation of
the shredded material, and no (or less) solid metal-plastic—ceramic compounds.

However, the yield of concentrates and intermediates in options 1 and 2 is the lowest.
In both cases, as previously noted, the presence of plastic and ceramic materials was min-
imised. The most concentrate and the least waste were obtained for option 4. However,
taking into account the densities of plastics, ceramics, and metals, it is concluded that the
separation products for option 4 are highly contaminated. This is due to the low degree
of grinding, which did not allow the sufficient release of useful substances (metals in the
free state) from the PCB composite.

Table 2. Yield and density of electrostatic separation products.

Grinding Option Yield of Product, % Density, g/cc
Waste Intermediate Concentrate Waste Intermediate Concentrate
Option 1 71.5 2.8 25.8 2.61 5.98 8.78
Option 2 71.0 2.8 26.2 2.29 5.33 8.87
Option 3 66.7 6.1 27.2 2.92 3.76 7.32
Option 4 50.4 6.3 43.2 3.35 35 5.51

Figures 2—4 present pictures of the waste, intermediate, and concentrate (made with
a stereo microscope), respectively, from the electrostatic separation process obtained for
different grinding options. They confirm that the sizes of all grains decreased along with
the reduction of perforation in the knife mill screens. Using additional cooling of the feed
in option 2, the smallest grain sizes were obtained, which is particularly noticeable for the
intermediate (Figure 3b).
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Figure 3. Intermediate from electrostatic separation (stereo microscope): (a) option 1, (b) option 2, (c) option 3, (d) and
option 4.
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(d)

Figure 4. Concentrate from electrostatic separation (stereo microscope): (a) option 1, (b) option 2, (c) option 3, (d) and
option 4.

In the waste for all grinding options (Figure 2), there were small amounts of metal
grains or metal-plastic-ceramic conglomerates, while in the intermediates (Figure 3),
there were many grains that clearly indicated these compounds. The waste (Figure 2) con-
sisted mainly of fibrous and needle-shaped grains. Compared with other separation prod-
ucts, the greatest diversity of grains was observed in terms of their size, from less than 50
um (fibre/needle thickness) to over 2000 um. However, in the waste for options 1 and 2,
grains larger than 1000 um were relatively the scarcest. The penetration of grains larger
than the screen used in the mill resulted from the elongated shape of the grains. The in-
termediates (Figure 3) consisted mainly of patch grains and globular grains. The grains
presented in Figure 3c,d have a layer structure characteristic of PCBs. This shows that the
level of grinding is insufficient. For option 2, the grain size was the least diversified (Fig-
ure 2b). There were mainly thin patch grains with a diameter of 150 to 1000 um. The yield
of intermediates for options 1 and 2 was, however, very small, amounting to 2.8%. This
shows that only a small fraction of the metals was not released sufficiently in the grinding
process. In the intermediate of option 2, the least compounds of this type are observed,
which may indicate the highest degree of release of the useful substance from the compo-
site among the options. This part can be recycled for further grinding or processed using
other metal recovery methods, such as bioleaching [28,52].

For the concentrates obtained in the third and fourth grinding options (Figure 4c,d),
numerous metal-plastic—ceramic compounds are visible, which is not the case for option
1 (Figure 4a), and especially option 2 (Figure 4b). In the group of all concentrates (Figure
4), the greatest differentiation in terms of grain shape can be observed. There were poly-
hedral, globular, patch, and irregular grains here. The concentrate for option 2 (Figure 4b),
as compared with the others, was characterised by the smallest differentiation in terms of
grain size and shape (the grains were more rounded). This shows that the strength prop-
erties of PCBs have changed at cryogenic temperatures due to the application of liquid
nitrogen. Option 2 was dominated by grains of globular shape (most abundant in the
range of 250-500 um) and patch shape (patch thickness, >30 um; width, ~500 pm). In the
case of polyhedral grains, the transverse dimensions ranged from 200 to 350 pum. Irregular
grains were probably created as a result of crushing the patch grains.

In order to improve the efficiency of electrostatic separation, the process can be opti-
mised by adjusting the voltage applied to the electrode, the distance between the electrode
and the device’s shaft, and the shaft rotation speed. Failure to adjust the last of the men-
tioned parameters could cause very fine metal particles to penetrate into the intermediate
and waste. These particles were affected by a very small centrifugal force due to the move-
ment of the separator shaft.
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The grains of metals, probably copper, with dimensions of 450, 800, and 1200 pm, vis-
ible in Figure 2a,d, characterised by a patch shape, could have penetrated into the waste
and the intermediate due to the presence of plastic and ceramic materials in the grain or
as a result of being covered by grains made of plastic and ceramic materials (aggregation
effect) [36]. The results of the tests of the chemical compositions of the feed and electro-
static separation products for all analysed grinding options are presented in Table 3 (the
measurements were made using ICP-AES). In the feed, the main identified elements were
Cu (17.70%), Si (12.02%), Ca (6.56%), Sn (2.92%), Al (1.95%), Br (1.64%), and less than 1%
of Zn, Mg, Pb, Fe, Ba, Ti, Sb, Ni, Cr, Mn, and Ag (0.0301%), and Au (0.0029%). The remain-
ing unidentified part of the feed probably consists of the components of epoxy resins,
which mainly include polyphenols, less often polyglycols, and epichlorohydrin or oligo-
mers [53-55].

Concentrates obtained from electrostatic separation, first, second, third, and fourth
grinding options, contained 86.6%, 93.3%, 76.0%, and 54.4% of valuable metals, respec-
tively, among which for the most effective option 2, 68.5% Cu, 0.1074% Ag, 0.0142% Au,
and 2.7%, 2.0%, 9.6%, and 9.8% residues constituting nonvaluable elements were identi-
fied. The second group of elements includes Sb, Ca, Br, Ba, Mg, Mn —components of epoxy
resins used to improve the properties of PCBs, especially as flame retardants [12] —and Si,
a component of glass fabrics [10].

In the concentrate for option 2, the share of precious metals was clearly visible, which
was 0.1074% for silver and 0.0092% for gold. The most abundant metal in the concentrate
was copper (68.5%), followed by tin (11.5%) and aluminium (6.8%). Higher amounts of
metals as compared with the other options also applied to metals such as zinc, magne-
sium, lead, barium, calcium, iron, nickel, titanium, and chromium.

As can be seen above, the concentrate obtained from option 2 contained much larger
amounts of valuable metals than those from options 3 and 4 and slightly larger amounts
than that from option 1. This demonstrates that the efficiency of the electrostatic separa-
tion process is influenced by the method of preparing the feed for the separator —first, the
perforation in the knife mill screen, and then the cooling of the feed to the knife mill to
cryogenic temperatures.

The yield of intermediates from the electrostatic separation process ranged, for the
tested options of PCB grinding, from 2.8% for options 1 and 2 to 6.3% for option 4 (Table
2). This is a small amount, especially for the first two grinding options. The ICP tests iden-
tified 22% (option 2) to 27% (option 3) of elements. The remaining part are probably, as
for the remaining separation products, organic substances in the form of the previously
mentioned polyphenols or polyglycols. Of the identified elements, 45%—-60% were valua-
ble elements. For the most effective grinding option, they were Cu (6.68%), Fe (1.50%), Al
(1.34%), and Sn (1.18%). Among the nonvaluable elements, 5i (3.19%), Ca (2.41%), Mg
(1.51%), and Br (1.12%) should be mentioned.

There were small amounts of metals in the waste from electrostatic separation, espe-
cially in options 1 (1.99%) and 2 (0.54%). In this end product, apart from unidentified or-
ganic substances, Si (approximately 14%) and Ca (approximately 8%) as well as Mg and
Br (approximately 2%) were identified. The waste yield in option 2 was as high as 71%.
Taking into account the fact that there were almost no metals in the free state, it can be
used for the production of various components/prefabricates [12].
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Table 3. Elemental content in the feed and electrostatic separation products for all grinding options.

Content of the Element, %, in

Element Feed Concentrate Intermediate Waste
Option 1 Option 2 Option 3 Option 4 Option1  Option 2 Option 3 Option 4 Option 1 Option 2 Option 3 Option 4
Cu 17.70 £1.77 64.17 +6.42 68.50 + 6.85 54.29 +5.43 38.45 + 3.85 514+0.51 6.68+0.67 6.42 +0.64 747+0.75 124+0.12 0.17 +£0.02 3.20+0.32 3.89£0.39
Al 1.95+0.20 528 £0.53 6.82 +0.68 458 +0.46 4.08+0.41 1.18+0.12 1.34+0.13 0.84 +0.08 0.54 £ 0.05 0.2+0.02 0.07 +£0.01 0.48 +0.05 0.29 £0.03
Pb 0.39+0.04 2.04+0.20 15+0.15 2.54+0.25 1.74+0.17 128+0.13 0.74+0.07 047+0.04 0.08+0.01 BDL * 0.001 +0.0001 BDL * 0.02 +0.002
dE Zn 0.69 £ 0.07 1.22+£0.12 25+0.25 1.87+£0.19 0.87 £0.09 0.74+0.07 094 +0.09 0.40 +0.04 094+0.09 0.14%0.01 BDL * 0.08 £0.01 BDL *
g Ni 0.19 £0.02 1.28+0.13 0.75£0.08 0.49 £ 0.05 0.34£0.03 0.75+0.07 0.31+0.03 0.41 +0.04 0.21 £0.02 BDL * BDL * 0.18 +0.02 BDL *
%’ Fe 0.38 £0.04 242+0.24 0.95£0.10 1.87+£0.19 1.11+0.11 0.61+0.06 1.50+0.15 1.64£0.16 0.84+0.08 0.04+0.004 0.09+0.01 0.15+0.02 0.40 £ 0.04
%’ Sn 2.92+0.29 9.54 +£0.95 11.5+£1.15 9.78 £0.98 7.21£0.72 257+026 1.18+0.12 1.88£0.19 0.58+0.06 0.15+0.02 0.02+0.002 1.14+0.11 1.19£0.12
g Cr 0.06 +0.06 0.18 £0.02 0.15£0.02 0.09£0.01 0.04£0.004 0.02+0.002 0.04 +0.004 0.47 +0.05 0.27£0.03 0.001 £0.0001 0.001 + 0.0001 BDL * 0.04 +0.004
‘>“ Ti 0.26 +£0.03 0.39 £0.04 0.51£0.05 0.51 £0.05 0.51 £0.05 BDL * 0.39 +£0.04 0.40 +0.04 022+0.02 0.21+0.02 0.18 +0.02 0.28 +£0.03 BDL *
Ag 0.030£0.003  0.0647 + 0.0067 0.1074 +0.0011 0.0221 +0.0022 0.0054 + 0.0005 BDL * BDL * 0.0007 +0.0001 BDL * BDL * BDL * BDL * 0.0002 + 0.00002
Au 0.0029 +0.0003 0.0010 £ 0.0001 0.0092 +0.0009 0.0005 +0.0001 0.0007 +0.0001 BDL * BDL * BDL * BDL * BDL * BDL * BDL * BDL *
Sum 24.57 86.58 93.30 76.04 54.36 12.29 13.12 12.93 11.15 1.99 0.54 5.51 5.83
" Sb 0.22 +0.02 0.27 +0.03 0.61 +0.06 0.19 +0.02 0.08 +0.01 BDL * 0.18 +0.02 018+0.02 012+0.01 0.21+0.02 0.01+0.001  0.27 +0.03 0.33+0.03
E Ca 6.56 +0.66 0.98+0.10 0.92 +0.09 1.12+0.11 2.24+0.22 2.81+028 241+024 478+048 391+039 843+0.84 751+0.75  6.93+0.70 9.05 +0.91
g Br 1.64 +0.08 0.08 +0.01 0.03 +0.003 0.35+0.04 0.78 +0.08 0.78+0.08 1.12+0.12 149+015 1.21+0.12 211+0.21 128+013 1.69+0.17 141+0.14
E Ba 0.31+0.03 0.10 +0.01 BDL * 0.2+0.02 0.15 +0.02 BDL * 0.41 +0.04 012+0.01 032+0.03 0.64+0.06 0.77+0.08  0.59 +0.06 0.59 +0.06
<2 Mg 0.57 +0.06 0.05 +0.01 0.05 +0.01 0.28 +0.03 0.43 +0.04 0.95+0.09 151+0.15 0.64+006 044+0.04 2.01x0.20 250+025 210+0.21 1.48+0.15
% Si 12.00 +1.20 1.21+0.12 0.40 +0.04 7.45+0.75 6.15 +0.62 5.68+0.57 3.19+0.32 6.78+0.68 728+0.73 1448+145 1392+1.39 1121+1.12 12.1+1.21
% Mn 0.01 +0.001 0.03 +0.003 0.03 +0.003 0.03 +0.003 0.03 +0.003 BDL * BDL * BDL * BDL * BDL * BDL * BDL * BDL *
4 Sum 21.26 2.69 2.01 9.59 9.83 10.22 8.82 13.99 13.28 27.88 26.00 22.79 24.93

* BDL —below detection limit.
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In order to investigate the morphology of the concentrate and intermediate grains
obtained from the most effective option for preparing the feed for an electrostatic separa-
tor (option 2), and to determine the chemical composition in grain micro-areas, as well as
to demonstrate the number and type of metal-plastic-ceramic or metal-metal com-
pounds, photographs were taken using quadrant backscatter diffraction (QBSD) (Figures
5 and 6), and measurements were performed using EDS (Tables 4 and 5). The differences
in grain contrast in these figures indicate their heterogeneous chemical composition. The
lighter areas indicate the presence of elements with a higher atomic number, while the
dark ones indicate the elements with a lower atomic number. However, one should take
into account the possibility of accumulation of surface charges by plastics, which, in the
case of electrification, can also appear as bright areas. The concentrate (Figure 5) contained
mostly homogeneous grains, without contrast. There were also a few grains forming
metal-metal or metal-plastic-ceramic compounds. One the other hand, in the intermedi-
ate (Figure 6), the opposite was true; mainly nonhomogeneous grains appeared —all
grains are in two shades.

The concentrations of the elements measured for the selected micro-areas of the con-
centrate grains (Figure 5) and the intermediate grains (Figure 6) are presented in Tables 4
and 5, respectively. The grains in the concentrate (Figure 5) below 300 um in size were
mainly homogeneous—they did not display any contrast. The patch grains and the irreg-
ular grains obtained were mainly made up of copper (e.g., points Al and A2 in Figure 5).
In the case of patch grains >600 pm in size (e.g., point A3 in Figure 5 marked on a grain
with a diameter of 900 pm), an insufficient degree of metal release from nonvaluable ele-
ments is observed, from Si and Al in this case. The investigated micro-area of this grain
consisted of 66% of these elements. In the remaining micro-areas of Si concentrate grains
examined by means of EDS, it was absent or there was only a small amount (less than 5%).
At point A5 (Figure 5, Table 4), the presence of gold was indicated for the elongated grain.
It can be assumed that the grain came from gold-plated contacts. Elongated grains exhibit
the highest purity, regardless of their size. It can therefore be assumed that these grains
came mainly from contacts that had no connections with the PCB composite. Each tested
area in the concentrate contained different amounts of aluminium.

On the basis of the presented analysis and observation of all concentrate grains, it can
be summarised and generalised that metals contained in grains with size >800 um are
insufficiently released from plastic and ceramic materials. They should be ground again
under the conditions in line with option 2.

Compared with the concentrate, the grains present in the intermediate were larger
and ranged from about 500 pm to 1000 um (Figure 6). The fibrous structure characteristic
of ceramics can be seen in almost every grain. The grains’ shape, their two-sided connec-
tions with plastic and ceramic materials, and their high copper content (Table 5) may in-
dicate that these grains mainly come from the internal PCB layers. Due to the size of the
grains, the intermediate can be reground or subjected to digestion with leaching solutions.
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Signal A = SE2
Mag= 75X

200 pum EHT = 20.00 kV Signal A= QBSD
WD = 8.0 mm Mag= 100X

Figure 5. Concentrate from the electrostatic separation (SEM, QBSD mode (Table 4)) with marked EDS analysis points:

Table 4. Elemental concentrations (% at.) measured with EDS in the micro-areas marked in Figure 5.

(a) Al - A3 and (b) A5 — A9.

Element Point of Analysis

Al A2 A3 A4 A5 A6 A7 A8 A9
Mg - - - 6.2 - - - - -
Al 14 2.3 19.0 93.8 224 41 5.5 34.9 4.0
Si - 1.0 46.8 - - - - 3.6 1.7
Sc - - - - - - 0.2 - 0.2
Fe - - - - 3.2 - - - -
Ni - - - - 26.4 - - - 37.0
Cu 98.6 96.8 5.0 - 12 - 3.1 50.9 45.8
Sn - - - - - 95.9 89.7 10.7 10.6
Sb - - - - - - 1.6 - 0.7
Au - - - - 36 - - - -
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200 pm EHT = 20.00 kV Signal A=QBSD
WD = 8.7 mm Mag= 100X

200 pm EHT = 20.00 kV/ Signal A = QBSD
WD = 8.1 mm Mag= 100X

Figure 6. Intermediate from the electrostatic separation (SEM, QBSD mode (Table 5)) with marked EDS analysis points:
(a) B1-B4 and (b) B5 - BS.

Table 5. Elemental concentrations [% at.] measured with EDS in the micro-areas marked in Figure 6.

Point of Analysis

Element

B1 B2 B3 B4 B5 B6 B7 BS
Mg - - 15 - - - 1.8 -
Al 34 4.6 13.7 74.8 6.8 2.4 8.5 9.9
Si - - 20.4 46 - 1.2 - 1.2
Sc - - - - 03 - - -
Fe - - 23.1 1.7 - - - -

Ni 4.3 - 2.0 - - - - -
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Cu 17.2 95.4 26.9 10.6 59 96.4 89.7 87.3
Ag 1.2 - - - 2.5 - - -
Sn 73.9 - - 6.6 83.6 - - -
Sb - - - - 0.8 - - -
Ca - - 47 1.3 - - - -
Mn - - 0.2 - - - - -
S - - 0.5 - - - - -
Cl - - - 0.3 - - - 1.6
Cr - - 6.7 - - - - -
Ba - - 0.2 - - - - -

X-ray qualitative phase analysis was carried out for the concentrate and the interme-
diate also obtained from the most effective option for preparing the feed for an electro-
static separator (i.e., option 2). The analysis of the phase composition of the concentrate
(Figure 7) did not indicate phases that could suggest the presence of impurities, nonvalu-
able elements, unlike that of the intermediate (Figure 8), where the diffraction lines from
silicon were identified. Phases such as copper, tin, and CuSn (bronze) were identified in
the concentrate (Figure 7), while in the intermediate, apart from silicon, copper and alu-
minium were also present. Due to the limited sensitivity of the method, the presence of
other metallic/nonmetallic phases in small amounts cannot be excluded.
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Figure 7. X-ray diffraction patterns of the concentrate.
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Figure 8. X-ray diffraction patterns of the intermediate.

4. Discussion

The obtained results of metal recovery efficiency tests using electrostatic separation
for various options of PCB grinding confirm that the method and degree of grinding sig-
nificantly affect the purity of the concentrate and waste, and thus the efficiency of the
process. Significant indicators of the grinding degree were the limit dimensions of the
ground grains, as well as the resulting level of metal release from plastic and ceramic ma-
terials.

According to the work of Li et al. [7], full metal release occurs for grains <0.6 mm,
while Kaya [24] reports that it occurs only for grains <0.15 mm. In both of the above-men-
tioned papers, the research involved multistage grinding in hammer mills and the use of
various PCBs, which could have had an impact on the results. Based on the results of the
research presented in this article, it can be seen that the complete release of metals from
plastic and ceramic materials occurred for grains <0.3 mm and, to a lesser extent, for grains
smaller than 0.8 mm. Grinding was carried out with a knife mill, and the feed was cooled
to cryogenic temperature. So far, little research was done to assess the efficiency of PCB
grinding using knife mills and cryogenic temperatures in detail. Grinding, cooling the
feed to cryogenic temperature, and the preprocessing steps are energy-consuming pro-
cesses. The validity of using these methods should be confirmed by economic analysis
and compared with other methods for recovering useful substances from PCBs.

It can be assumed that the degree of grinding for which the metals are fully released
depends, to some extent, on the type of PCB. At this point, it should be added after authors
Li et al. [7] and Wu et al. [40] that electrostatic separation may be effective for grains <1.2
mm. In addition, the separation efficiency is influenced by the optimisation of the process
(i.e., for the drum electrostatic separator, the adjustment of the voltage, the shaft rotational
speed, and the load of the separator). These parameters were not analysed in this paper.

In this work, the separation efficiency was analysed in terms of product yield, the
penetration of inappropriate grains into individual products, and the presence of mixed
grains in them (i.e., conglomerates —solid metal-plastic-ceramic compounds). The con-
centrate from electrostatic separation for the option of grinding using a 3 mm screen per-
foration in the knife mill was the one most contaminated with plastic and ceramic mate-
rials. In this case, a fairly large amount of metals also penetrated into the waste. This is
explained by the fact that as much as 38.5% of the grains after grinding were larger than
1 mm. In the grinding option using a 2 mm screen perforation, the content of grains >1
mm was 11.5%. This resulted in an increase in the content of metals in the concentrate, but
not a sufficient one. The low separation efficiency for these grinding options could also be
caused by an insufficient electrostatic force. According to Wu et al. [40], a 20 kV voltage is
suitable for efficient electrostatic separation of fine grains. For larger ones, it may be in-
sufficient, and increasing the voltage may negatively affect the overall efficiency of the
process.

A much better efficiency of recovering metals from PCBs was obtained for the options
of grinding using a screen with a 1 mm perforation, without and with cooling the feed to
cryogenic temperatures, respectively. In these cases, grains >1 mm were not present in the
grinding products. The share of grains <0.5 mm was substantial. The yields of separation
products for these options were very similar, but for the option with a reduced feed tem-
perature per grain mill, they were generally slightly smaller. For this case, the purity of
the concentrate and waste was the highest. Only small amounts of fine metal grains (be-
low 200 um) that were trapped in the fibrous structure of the glass fibre grains were iden-
tified in the waste. It can therefore be concluded that cooling the material to cryogenic
temperatures has a positive effect on the size and shape of the grains, and thus, in line
with the conclusions of Lu et al. [44], on the recovery of metals from PCBs. It should be
added that the cooled material was ground much faster, and the degree of metal release
was higher.
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It could be assumed that due to the multilayer structure of PCBs, it is advantageous
to obtain the smallest possible grain [31,46]. Wu et al., however, report [40] that very fine
grains below 0.091-0.125 mm may contribute to ineffective electrostatic separation caused
by the grain aggregation effect on the drum and electrode surface. According to Wu et al.
[56], this effect may have a significant impact on the stability of the separation process.
Considering the above, in order to obtain the appropriate electrostatic separation effi-
ciency, a very narrow grain class should be used with the separator. The settling of dust
made of plastic and ceramic materials on the electrode surface was observed in the re-
search papers presented in this paper. On the other hand, aggregation on the drum surface
was very limited when using cryogenic temperatures for the preparation of the feed.

For the concentrate obtained from electrostatic separation, for the option of PCB
grinding using cryogenic temperatures and 1 mm screen perforation, the value of valuable
metals that can be obtained was estimated on the basis of the London Metal Exchange.
The metal content in the concentrate for this grinding option is shown (based on Table 3)
in Figure 9. The estimated value refers to pure metals and does not include the costs re-
quired for PCB processing. As can be seen from Table 6, gold and copper have the decisive
share in the final value, accounting for 39% and 37% of the total, respectively, followed by
tin at 15.5% and silver at 6%. Due to the low gold content of PCBs, the recovery process
should be adapted to minimise the loss of this metal. In this case, the PCB grinding process
may be a critical stage. In order to improve the efficiency of copper recovery, which creates
numerous connections with plastic and ceramic materials due to the PCB structure, the
grinding process should be carried out in such a way as to obtain the highest possible
release of this metal.

Ag

QOthers Au

Cr

Figure 9. Metal content in the concentrate obtained from electrostatic separation for the option of
PCB grinding using cryogenic temperatures and 1 mm screen perforation.

At high temperatures occurring in the mill’s working chamber, when cryogenic tem-
peratures are not used to prepare the feed, gold becomes plastic, which may lead to coat-
ing of the mill elements and other grains of harder metals. When liquid nitrogen was used
to cool the feed, this unfavourable effect was minimised.
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Table 6. The value of metals recoverable from the concentrate obtained from electrostatic separation for the option of PCB
grinding using cryogenic temperatures and 1 mm screen perforation.

Metal Price*, ($/Mg)

Metal Content in the Concen- Metal Recovery Level Related to the In- Prices of Metals Obtained from

trate (Data from Table 3), % itial PCB Mass (after Dismantling), % 100 g of PCB, $
Cu 7635 68.5 17.95 14
Al 1986 6.82 1.79 0.035
Pb 2063 1.5 0.39 0.008
Zn 2762 2,5 0.66 0.018
Ni 16,390 0.75 0.20 0.032
Fe 553 0.95 0.25 0.001
Sn 19,128 11.5 3.01 0.576
Ag 7.91 x 10° 0.1074 0.0281 0.223
Au 6.01 x 107 0.0092 0.0024 14
Suma, $ 3.7

* According to the London Metal Exchange (December 2020).

5. Conclusions

The use of a knife mill with the use of a 1 mm screen perforation along with cooling
the feed to cryogenic temperature significantly improves the full release of useful compo-
nents from PCBs. After grinding, the mixture of fine grains can be transferred to the elec-
trostatic separation process in order to separate metals in the free state from plastics and
ceramic materials, while before grinding, hazardous products, such as batteries, capaci-
tors, and radiators, must be disassembled from the PCBs. Similar directions of activities
in the field of PCB recycling were presented by Vermesan et al. [1]. This is in line with the
circular economy policy. In this way, metals can be recovered (economic benefits), but
also the negative impact of human activity on the environment can be reduced by limiting
the extraction and processing of metal ores and the amount of waste.

The recovered mixture of metals, the concentrate from the electrostatic separation
process, can be transferred to metallurgical processing, where metals are produced along
with the concentrate from the processing of nonferrous metal ores, while plastic and ce-
ramic materials, the waste from the electrostatic separation, can be used as secondary raw
materials for the production of various components/prefabricates. The purity of the con-
centrate and the waste obtained from electrostatic separation was satisfactory, and the
proportion of the intermediate, in which the conglomerates of solid metal-plastic—ceramic
compounds were present, was very low. The yield of the concentrate and the waste
amounted to 26.2% and 71.0%, respectively, and their purity, reflected in the content of
the identified valuable metals, was at the level of 93.3% and 0.5%, respectively.
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Abstract:

Without the use of appropriate recycling technologies, the growing amount of electronic waste in the world can
be a threat to the development of new technologies, and in the case of improper waste management, may have
a negative impact on the environment. This is due to the fact that this waste contains large amounts of valuable
metals and toxic polymers. Therefore, it should be recycled in accordance with the assumptions of the circular
economy. The methods of mechanical recovery of metals from electronic waste, including printed circuits, may
be widely used in the future by waste management companies as well as metal production and processing com-
panies. That is why, a well-known and easily applicable electrostatic separation (ES) method was used to recover
metals from printed circuit boards. The grain class of 0.32 - 0.10 mm, obtained after grinding the boards, was fed
to a separator. Feed and separation products were analyzed by means of ICP-AES, SEM/EDS and XRD. The con-
centrate yield obtained after electrostatic separation amounted to 32.3% of the feed. Its density was 11.1 g/cc.
Out of the 91.44% elements identified in the concentrate, over 90% were metals. XRD, SEM observations and EDS
analysis confirmed the presence of non-metallic materials in the concentrate. This relatively high content of im-
purities indicates the need to grind printed circuit board into grain classes smaller than 0.32-0.10 mm.

Key words: electrostatic separation, metals recovery, PCB, SEM, XRD

INTRODUCTION

The production of Waste Electrical and Electronic Equi-
pment (WEEE) is growing at an alarming rate. In 2016,
44.7 million metric tonnes of WEEE were generated, but
is expected to increase to 55 million metric tonnes by
2021 [5, 25]. People can process them, degrading the
environment to a greater or lesser extent [24]. Effective
management of WEEE has become a global problem, be-
cause in the event of improper management and recyc-
ling, they can have a significantly impact on the environ-
ment.

Considering environmental protection, depleting of metal
deposits and economic benefit, environmentally friendly
and high-efficiency methods of recovering metals from
printed circuit boards (PCB) should be sought. Basically,
the methods of recovering metals from PCB are divided
into physical and chemical [15]. Since chemical methods
usually have a negative impact on the environment, the
authors of the study focused on one of the physical met-
hods, i.e. electrostatic separation (ES) [15, 23, 30].

The aim of the article was to assess the efficiency of metal
recovery from PCB using ES. The article contains the re-
sults of the tests on the recovery of metals from grinded
PCB with a grain size of 0.1-0.32 mm, using an ES.

In order to obtain accurate test results and eliminate po-
tential measurement errors, the following analysis met-
hods were used: X-ray Powder Diffraction (XRD), Scanning
Electron Microscopy (SEM) with the Energy Dispersive
Spectroscopy (EDS) system and Inductively Coupled Pla-
sma atomic emission spectroscopy (ICP-AES). As a result
of the tests, non-metallic and metallic parts were separa-
ted from PCB.

LITERATURE REVIEW

The basic element of the construction of most WEEE are
PCB which contain about 70% of non-metallic parts, such
as fiberglass, epoxy resin, polyester, woven glass, as well
as 30% of metallic parts [2]. It is difficult to determine the
type and amount of metals in PCB. It can be estimated
that a PCB contains about 16% Cu, 3% Fe, 3% Sn, 2% Pb,
1% Zn 0.05% Au, 0.03% Ag, 0.01% Pd and others metals
such as Cr, Na, Cd, Mo, Ti, Co [26, 27].

In ES, grains placed in an electric field are separated as a
result of differences in the ability to accumulate electric
charges on grain surfaces [9]. The scheme of the electro-
static drum separator used in the study is shown in Fig. 1.
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Fig. 1 Scheme of electrostatic drum separator:

1-feed container, 2 — vibrating feeder, 3 — electrode, 4 — drum,
5—brush, 6 — partition, 7 — conductors container (concentrate),
8 — non-conductors container (waste), 9 — grains with good
electrical conductivity, 10 — complex grains folded with metals
and non-metals, 11 — grains with weak electrical conductivity

Placing the grain that has accumulated electric charge in
the electric field induces the electric field force. The value
of the resultant force depends on the value of the electric
field force in which the grain is located. The surface elec-
tric charge is generated on the surface of any material,
and depends on time and the type of material. Materials
with high electrical conductivity (metals) quickly get rid of
the accumulated electrical charge [9]. However, the elec-
trostatic force is not the only one acting on the grain du-
ring the separation process. There are also (in the electro-
static drum separator): gravity force, image forces and
centrifugal force. The resultant force acting on well-con-
ductive grains is directed outwards, contrary to grains
with low conductivity (non-metals) [1].

Consequently, the performance of the electrostatic drum
separator is mainly dependent on the electrical conduc-
tivity of the grain, as well as the grain size and its density
[9]. Electrical conductivity of selected metals, the values
of electrical resistance of plastic materials, and their den-
sities are shown in Table 1

Based on the experimental research carried out by the au-
thors of the paper and the literature review, it can be
concluded that purity of the concentrate is most impacted
by the size of grain. According to Niu et al, Dascalescu et
al. and Hogzhou, changes in parameters such as voltage
and rotational speed do not significantly affect the purity
of the concentrate [4, 18, 19]. That is why the choice of
the method and device for crushing PCB is very important.

According to the authors, Koztowski et al. and Franke and
Suponik, grinding can be carried out in a knife mill [6, 11].

Table 1
Densities and electrical properties of selected metals
and plastics
X Density, Electrical conductivity,
Material g/cc 10501 m-
Gold Au 19.30 44.35
" Lead Pb 11.30 4.74
E Silver Ag 10.50 61.84
§ Copper Cu 8.96 58.41
Iron Fe 7.87 10.13
Silicone Si 2.33 0.04
3 Density, Electrical resistivity,
Material g/cc 1050 m
- -
8 Fiberglassrein- top 9 85,500 106
@ forced plastics
o PET vs.
- - 7
Polyesters PBT 1.31-1.39 1-1.4x 10
Polypropylene PP 0.90 10°

Source: [3, 21, 28].

METHODS

Preparation for electrostatic separation

PCB from personal computers, hard disks, graphic cards
and RAMs were used in this study. The way of preparing
and grinding electronic waste is presented in the paper
written by Franke and Suponik [6]. The knife mill manu-
factured by TESTCHEM was used to grind the PCB. The ro-
tation speed of mill was 2815 rpm. The blades used were
made of hardened steel and perforated sieve with a mesh
size of 2 mm. Four grain classes were obtained from the
grinded material: 2.00-0.56 mm, 0.56-0.32 mm, 0.32-0.10
mm and < 0.10 mm. The grain class of 0.32-0.10 mm was
40% of the total. This was a feed for the electrostatic se-
parator. Results for the grain class of 0.56-0.32 were pre-
sented in the paper by Franke and Suponik [6]. So far, re-
maining grain classes have not been tested for the follo-
wing reasons: in the grain class of 2.00-0.56 mm there
were significant connections of metals with non-metals
parts that reduce the purity of the concentrate, while for
grains lower than 0.1 mm, the damage of electrode trigge-
red by high risk of spark discharge [16] can occurred. In
addition, the aggregation effect may appear for this class,
which may also affect the efficiency of separation [13, 14].
However, despite this, it is planned that the efficiency of
electrostatic separation will be tested for grain size < 0.1
mm.

Electrostatic separation

The drum separator used in the study allows to change
three operating parameters. As a result of the experimen-
tal research, the following parameters were used: shaft
rotation speed 100 rpm, electrical voltage at the electrode
17 kV and distance of the electrode from the shaft 0.03 m.
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Product analysis

The feed and products obtained from ES were digested
and the concentrations of the elements were measured
with the JY 2000 spectrometer (by Yobin-Yvon) using the
ICP-AES method. The source of induction was a plasma
torch coupled with a frequency generator of 40.68 MHz.
Furthermore in the feed, concentrate and waste phase
composition have been determined on the basis of the X-
ray diffraction measurements, performed with the Pana-
lytical X’Pert Pro MPD diffractometer, utilizing filtered ra-
diation of a copper-anode lamp (Aka 0.154 nm). The
diffraction lines were recorded in the Bragg-Brentano
geometry, using the step-scanning method by means of a
PIXcell 3D detector on the diffracted beam axis, in the an-
gle range from 20-95° [20] (1 step 0.05°, count time per
step 120 s). The diffractograms obtained were analyzed
with the use of Panalytical High Score Plus software with
the PAN-ICSD database.

The morphology of the feed and products from ES, as well
as the chemical composition in microareas, were analyzed
by means of the Zeiss Supra 35 high resolution electron
microscope, equipped with EDAX EDS chemical analysis
system.

RESULTS AND DISCUSSION

As a result of ES, the grinded PCB with grain size of 0.32-
0.10 mm were separated into concentrate and waste. The
concentrate was about 1/3 of the mass of the tested sam-
ple (Table 2), what confirms the average metal content in
PCB ranging from 20% to 40%, assessed by authors such
as Kumar et al., Bizzo et al., Burat et al. and Wu et al. [8,
17, 26, 27]. The waste was 2/3 of the mass. A high concen-
trate density of about 11 g/cc indicates high separation
efficiency, while waste density of 3 g/cc may indicate the
penetration of metal parts into the waste. The analysis of
the ferromagnetic content shows that the waste did not
contain ferromagnetic parts, in contrast to the concen-
trate, which had the ferromagnetic content of 0.3% (see
Table 2).

Table 3

Elemental concentrations in the feed and in ES products:

A - this study, B — study by Guo et al. for a similar grain class
[10], “-” no data

Content of the element [%] in

Element Feed Concentrate Waste
A B A B A B
Al 333 151 1.89 2.63 0 0.93
Si 15.6 - 5.15 - 0.0989 -
K 0.0589 - 0.00980 - 0 -
Ca 8.99 - 1.11 - 0.0095 -
Mg 0.0045 - 0.00890 1.23 0.00055 0.28
Mn 0.0355 - 0.10 - 0 -
Fe 0.3821 138 093 3.74 0 0.19
Ni 0.185 0.28 0.85 0.75 0 0.039
Cu 19.5 27.08 59.70 72.81 1.22 3.99
Zn 0.25 0.79 109 212 0 0.11
Br 13.8 - 2.98 - 0.00055 -
Ag 0.1415 0.0019 0.4996 - 0 -
Au 0.0019 0.0069 0.0101 - 0 -
Sn 238 3.23 7.83 9.63 0.0045 0.01
Ba 2.2 - 1.27 - 0.0075 -
Pb 195 244 800 9.63 0 0.12
Totality based
on this study 68.81 91.44 1.34
(A)
Totality based
on study by 36.72 99.99 5.65

Guo et al. (B)

Table 2
The results of ES
Density Yield of feriz:’::;;etics
Product of product, of product, X
g/cc % in product,
%
Feed 5.4 - 0
Waste 3.0 67.7 0
Concentrate 11.1 32.3 0.3

The results of measurements carried out in the ICP-AES of
the feed, concentrate and waste products are presented
in Table 3.

Out of the 91.44% elements identified in the concentrate,
over 90% were metals. Si and Br content was over 8%.
They form a lead-barium borosilicate glass on PCB. This
relatively high content of impurities indicates that PCB ne-
eds to be ground into grain classes smaller than 0.32-0.10
mm. In this way, metals would be free of impurities. These
elements were probably mechanically bonded to metals.

An example of connection of metal parts with plastics is
shown in Fig. 4, while Table 4 presents the results of the
chemical analysis. On the other hand, the non-metallic
elements could have penetrated into the concentrate as
a result of imperfections in the separation process. This
issue should be checked in further studies. A similar pro-
blem concerned waste. Over 1% of copper was found in
this group of products. Probably, the reason for contami-
nation by copper was the layered construction of the PCB.
According to Tatariants et al. and LaDou, some very thin
elements consists of several layers, and the segments re-
sponsible for connecting them together are often made of
copper [12, 20]. It can be assumed that, if the PCB were
grinded to smaller fractions, this element would not pe-
netrate into non-metals.

Guo et al. [10] (see Table 3) received a cleaner concen-
trate from the ES of a similar grain class. But in their ana-
lyzes, they did not take into account such elements as Si,
Ca, Br, Ba neither in feed nor in the product of ES.

The creation of a semiproduct chamber in the electrosta-
tic separator can improve the efficiency of metal recovery.
Metals mechanically bonded to plastics or glass can be fo-
und in this product. They could be ground again to sepa-
rate metals from plastics. Then this product could be se-
parated again.

The concentrate contained the following valuable metals:
Cu, Pb, Sn, Al, Zn, Ni, Ag, Au. The amount of the metals
identified depends on the date of production, the manu-
facturer or the quality of the PCB and the type of the com-
ponents used [22]. As provided by Bizzo et al., over the
years PCB have had various metal contents i.e. Cu 12-28%,
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Al 1.7-7%, Pb 1-3%, Zn 0.08-2.7%, Ag 79-3300 ppm, Au 29-
11200 ppm [27].

To determine the morphology of the feed and products
obtained from the ES, SEM observations and chemical
analysis in micro-regions, by means of energy-dispersive
X-ray spectroscopy (EDS) were performed. Imaging of the
tested samples using the backscatter electron detection
technique (QBSD) (Fig. 2 and 3), allowed to investigate the
morphology.

200 pm EHT = 20.00 kV Signal A = QBSD
WD =12.1 mm Mag= 100X

Fig. 2 Image of the feed (QBSD SEM)

200 pm EHT = 20.00 kV Signal A = QBSD
WD = 11.8 mm Mag= 100X

Fig. 3 Image of the concentrate from ES (QBSD SEM)

The contrast obtained in these pictures is a result of diffe-
rences in the chemical composition. The areas containing
elements with a high atomic number are clearly brighter
compared to the areas consisting of lower Z-number ele-
ments. In the tested feed sample (Fig. 2), both metallic
particles of various shapes and dimensions mostly in the
range of 100 to 400 um, as well as many fragments of non-
metallic fibers and particles, were observed. In many ca-
ses, these non-metallic particles are bonded with metal,
which may be due to the PCB production process, in which
thin films of good electrical conductivity metals (mainly Cu
and Sn, Au, Ag, Pt) are applied on a glass fiber and epoxy
laminate [7, 29, 31]. This may create difficulties in the ES
process, leading to "contamination" of the metallic pro-
duct with non-metallic particles.

The SEM analysis of the concentrate (Fig. 3 and 4) showed
the presence of mainly metal particles with a small amo-
unt of non-metallic materials, such as glass fiber, poly-
mers, and ceramics, which were not separated from the
metallic particles in the milling process. These metal par-
ticles with various geometry and dimensions approx. 300-
400 um (a few particles of the order of 800 um were also
observed) were characterized by different chemical com-
position, even within one particle, which was demonstra-
ted by means of the chemical composition analysis in mi-
cro-areas (Fig. 4 and Tab. 4).

Fig. 4 Images of the concentrate obtained from ES with marked
points of chemical microanalysis
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Table 4
Results of chemical composition microanalysis for points
shown in Figure 4

Point of analysis/Concentration [% at.]

The results of the XRD (qualitative phase analysis) of the
feed and concentrate and waste products are presented
in Fig. 5. For the feed sample, diffraction lines from metal-
lic phases (Cu, Sn, Pb, CuSn) and oxides phases SiO; and

E BaO were recorded. The same phases were indicated in
g 1 2 3 4 5 6 7 8 9 the waste sample, while the intensity of lines obtained
w from metallic phases significantly decreased, which indi-
cates a much lower volume share of these phases. It can
Cu 9.71 49.43 38.47 83.39 88.37 38.62 - - 3.84 be assumed, that these are mainly the residues of small
metal fragments which, combined with larger non-metal-
Sn 16.76 073 3.04 - . - 100 - 1.07 lic particles of PCB, got into the waste during the separa-
Ni 519 3020 - ) - 271 - 3759 - tion process. On the diffractogram obtained from the con-
centrate sample, only the diffraction lines from Cu, Sn, Pb,
Au 68.35 2.65 - - - - - - - CuSn metallic phases were identified. However, the pre-
o 25 30 6 25 23 38.19 sence of other metallic phases in a lower volume share
- 325 304111 - ) ) 1 being under detection limit cannot be excluded, as well as
Al - 705 23.81 356 - 2928 - - 2233 with this method it is difficult to identify the small amo-
unts of amorphous phases (polymers, glass).
Si - 2.69 4.27 1.39 - 0.7 - 2.24 26.55
Pbo - 201 - - 1163 - - - - CONCLUSION o
As a result of the research analysis, it can be concluded
Ti - - - - - 1.56 - - 0.38 that the products obtained from the ES were contamina-
ted. Based on the ICP analysis, approximately 91% of me-
P - B - B - 081 - B B tals were identified in the concentrate. These were Cu, in
K - ) ) ) - o5 - ) ) the largest amount (ca. 60%), and then Pb, Sn, Si, Br, Al,
Ba, Ca, Zn and small amounts of Fe, Ni, Ag, Mn, Au, K and
Mo - - - - - - - 072 1.28 Mg. It can be assumed that the maximum of 9% of the
mass was contaminated. The EDS analysis, as well as the
Ag - ) ) ) ) ) -4 - ICP-AES, confirmed appearance of these elements: Cu, Sn,
Mn - - _ - _ _ . 067 _ Ni, Au, Al, Si, Pb, K, Ag, Mn, Fe and Br. Quantitative analy-
sis was difficult to perform for both methods. The authors
Fe - - - - - - - 573 - used a larger amount of material in ICP than in EDS, in
Br 5.28 which only microscopic survey was carried out. The XRD
i analysis revealed that the concentrate contained mainly
Cu, Sn, Pb, CuSn metallic phases, as well as small amounts
of oxides phases such as SiO2 and BaO.
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Fig. 5 X-ray diffraction patterns of feed (blue line), concentrate (red line) and waste (green line)
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The SEM analysis of the concentrate showed the presence
of mainly metal particles with a small amount of non-me-
tallic materials, such as glass fiber, polymers, and cera-
mics, which were not separated from the metallic partic-
les in the milling process. These metal particles, with va-
rious geometry and dimensions, were characterized by
different chemical compositions, even within a single par-
ticle.

The analyzes of the waste indicated that the small amo-
unts of metallic phases were in the waste sample. They
were mainly Cu (ca. 1%) but also Ca, Mg, Sn, Ba in smaller
quantities. Presumably, they were mainly the residues of
small metal fragments which, combined with larger non-
metallic particles of PCB, got into the waste during the se-
paration process.

In conclusion, the results of the research confirmed that
the efficiency of metal recovery for the grain class of 0.32-
0.10 mm was still insufficient. It is reasonable to optimize
the separation process for significantly smaller grains in
subsequent works. Consideration should also be given to
extending the separator with an additional receiver for
semi products, i.e. for grains containing both metals and
non-metals.
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Abstract: This paper evaluates the efficiency of metal recovery from printed circuit boards (PCBs) using
two gravity separation devices: a shaking table and a cyclofluid separator. The test results were
compared with the results obtained from previous research, where an electrostatic separation process
was used for an identically prepared feed. The feed for the separators consisted of PCBs shredded in a
knife mill at cryogenic temperatures. The separation efficiency and purity of the products were
evaluated based on microscopic analysis, ICP-AES, SEM-EDS, XRD, and specific density. The yield of
concentrates (valuable metals) obtained from the shaking table and the cyclofluid separator amounted
to 25.7% and 18.9%, respectively. However, the concentrate obtained from the cyclofluid separator was
characterised by much higher purity, amounting to ~88% of valuable metals, compared to ~72% for the
shaking table. In both cases, middlings formed a significant share, their yield amounting to ~25%, with
the share of valuable metals of ~15%. The yield of waste obtained from the shaking table and the
cyclofluid separator were 42.6% and 52.5%, respectively. In both cases, as a result of the applied process,
the waste was divided into two homogeneous groups differing in grain size and shape. The recovery of
metals through gravity separation is possible, in particular, by using a shaking table. These processes
can also be applied to separate waste (plastics) into two groups to be selectively processed to produce
new materials in line with a circular economy.

Keywords: metals recovery, printed circuit board, gravity separation, ICP-AES, SEM-EDS

1. Introduction

Electronic waste is an increasing challenge to the modern world driven by the doctrines of circular
economy and sustainable development (Geissdoerfer et al., 2017; Kumar et al., 2015). As a result of
technological progress, more and more waste of electrical and electronic equipment (WEEE) is
produced, containing various hazardous additives and substances, such as mercury, brominated flame
retardants, and chlorofluorocarbons or hydrochlorofluorocarbons (Forti et al., 2020). In addition, almost
all WEEE contains printed circuit boards (PCBs) (Kumar et al., 2015), rich in valuable metals, the share
of which is significantly higher than in natural metal ores (Dascalescu et al., 1992; Johnson et al., 2007).
Therefore, despite the already known WEEE recycling technologies (Huang et al., 2009; Li et al., 2007;
Schluep et al., 2006), it is necessary to carry on research to develop environmentally friendly and cost-
effective technologies that can be applied in specific business and industrial conditions of a given
country, using the existing technological installations and other technical resources.

PCBs are estimated to contain 30% of metals (hereinafter referred to as metals) in a free state and
70% of components such as glass fibre reinforced epoxy resin and polyesters (hereinafter referred to as

DOI: 10.37190/ ppmp,/ 138471


http://www.minproc.pwr.wroc.pl/journal/

64 Physicochem. Probl. Miner. Process., 57(4), 2021, 63-77

plastics) (Huang et al., 2009; Kumar et al., 2018a). PCBs are divided into different types depending on
the purpose, but the most popular and most frequently used ones are FR-4 (Weil and Levchik, 2004).
The plastic part of FR-4 mainly consists of SiO» (approx. 40%), CaO (approx. 20%), and, to a lesser extent,
AlLO;, MgO, and BaO (Muniyandi, 2014). In addition, to improve the thermal resistance properties of
PCBs, flame retardants (bromine and antimony compounds) are added (Duan et al., 2016). It is
estimated that the metallic part of PCBs is composed of approx. 16% Cu, 3% Fe, 3% Sn, 2% Pb, 1% Zn,
as well as Al, Ni, Cr, Na, Cd, Mo, Ti, and Co in smaller amounts (Bizzo et al., 2014; Kumar et al., 2018b).
What is worth noting is the share of noble metals such as Au, Ag, and Pd, mainly used as contact metals
(Cayumil et al., 2016), which is estimated to amount to 0.05%, 0.03%, and 0.01%, respectively (Charles
etal., 2017).

Among the methods of recovering metals from PCBs, chemical and physical processes can be
distinguished. The use of chemical methods often involves interference with the natural environment
by discharging pollutants into the water and air (Leung et al., 2007; Qiu et al., 2020; Xiang et al., 2007)
and generating waste. Currently, the most commonly used methods include pyrometallurgical,
hydrometallurgical, biohydrometallurgical (Kaya, 2017), and plasma (Changming et al., 2018)
separation. The last two can be classified as environmentally friendly. Still, in the case of
biohydrometallurgy, the disadvantage is the long-term impact of micro-organisms on the components
of PCBs during the catalysis of the metal recovery process. In the case of an installation for the
production of metals via metallurgy functioning in a given region, it seems reasonable to separate
metals from PCBs using cost-effective physical methods and process them in this installation. The non-
metallic part (plastics) can then, following the principles of circular economy, be used to produce
prefabricated elements, such as, for example, composite boards. The physical recovery methods include:
electrostatic (Dascalescu et al., 1992; Franke et al., 2020; Jiang et al., 2009; Wu et al., 2008), magnetic
(Suponik et al., 2019; Veit et al., 2005), and gravity separation in the air (Eswaraiah et al., 2008; Yoo et
al., 2009) and water medium (Duan et al., 2009; Zhu et al., 2020). Metal recovery from PCBs can also be
carried out by flotation using flotation reagents (Gallegos-Acevedo et al., 2014; Otunniyi et al., 2013) or
without them (Ogunniyi and Vermaak, 2009). One of the popular gravity methods of metal recovery is
separation on a shaking table, enabling the effective separation of metals from plastics (Burat and Ozer,
2018; Zhu et al., 2020). In all these methods, it is necessary to adjust the degree of grinding and release
the valuable substance, i.e., metals in the free state.

This research aimed to evaluate the efficiency of metal recovery from PCBs via two methods based
on grain density difference: a shaking table and a cyclofluid separator, for the option, verified in the
paper (Suponik et al., 2021), of grinding the feed (PCBs) in a knife mill with the use of liquid nitrogen
as a medium for lowering the process temperature.

2. Materials and methods
2.1. Material

Popular motherboards from well-known manufacturers such as Intel, MSI, Asus, Nvidia, and Gigabyte
were used in the study. The boards were disassembled from damaged or obsolete desktops assembled
in 2007-09. The dismantled PCBs belonged to the most numerous group of FR-4, the laminate of which
consists of glass fibre and epoxy resin (Sanapala, 2008). To minimise the diversity of material properties
and thus facilitate the grinding process, the following elements have been removed from the boards:
resistors, transistors, capacitors, EMI filters, connectors, batteries, chips, screws, and switches (Lee et al.,
2012). Simple workshop tools were used for the disassembly process.

2.2. Grinding and preparation of feed for gravity separators

The feed for the LMN-100 knife mill by TestChem consisted of PCB parts cut into 3 cm x 3 cm pieces.
The grinding was performed at cryogenic temperatures (<-150°C). The cooling of the feed was carried
out by placing the material in a container with liquid nitrogen. The cooling time was defined as the time
from placing the material in the container until the liquid nitrogen ceased to boil and was equal to
approximately 1 minute per 20 grams of material. The grinding parameters were as follows: sieve
perforation in the mill 1 mm, mill load 20 g/min, rotator speed 2815 rpm, the gap between the knives
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0.5 mm. The method of grinding with the use of various process parameters was the subject of the
research presented in the paper (Suponik et al., 2021), where an electrostatic separator was used to
separate metals from plastics after the grinding process. Due to the difficulties in dampening some parts
of the ground material and the presence of grains with a density lower than that of water (Tuncuk et al.,
2012), the feed for gravity separation was carried out in an aqueous medium was adequately prepared.
For this purpose, before separation, the material was placed in a mechanical mixer for approx. 30
minutes, and then floating grains were collected from the water surface. These grains were not included
in the gravity processes.

2.3. Gravity separation in an aqueous medium

Two devices for gravity separation of fine grains were used in the study: a shaking table (ST) and a
cyclofluid separator (CS). The ST was equipped with a slatted aluminium plate, two independent
nozzles for feeding water, and a feeder. As a result of separation, it is possible to obtain ten feed
separation products. The separation of products into concentrate, middlings and waste resulted from
the difference in the specific density of the grains. Based on previous observations (Franke et al., 2020;
Suponik et al., 2021), the concentrate included products with a specific density >7.5 g/cm?, the
middlings included grains with a density of 7.4-3.5 g/cm3, and waste I and II included grains with
densities of 3.4-2.5 g/cm? and <2.4 g/cm?, respectively. The separation parameters were as follows:
table load: 9 dm3/min (water with the material); the mass of material used for testing: 400 g, water flow
rate of the first nozzle 5.7 dm3/min, a water flow rate of the second nozzle 5.4 dm3/min; table stroke 1.5
mm; table movement frequency 260 strokes/min; longitudinal slope angle: 1°; transverse slope angle:
6°; duration of separation: 3 min 45 sec.

The second method of separation was carried out in the CS (Fig. 1). For this purpose, a laboratory
cyclofluid separator was built. Its operating principle corresponding to the operation of a semi-
industrial U-shaped cyclofluid separator with continuous motion (patent application no. P.424161,
Poland). The main elements of the laboratory CS structure were a cylindrical tank filled with water and
a separation chamber immersed in it. The chamber was equipped with a sieve with a mesh size of 0.5
mm in the lower part. In the upper part, a drive was fixed that caused a vertical movement of its
medium. The principle of operation is based on separation by cyclic fluidisation of the grains from the
suspension according to their different densities. The pulsating and vertical movement of the liquid in
the working chamber immersed in the tank exerts a thrust force on the grains. The stream lifts and
loosens the material, and after it is throttled, the grains fall and are stratified by density. After the
separation process is completed, the layers of products with specific densities are formed in the
separation chamber - with grains characterised by the highest densities at the bottom of the cylinder. In
the case of ground PCBs, no layers with visible characteristic boundaries were formed. Therefore, the
contents of the chamber were separated into 0.5 cm-high layers. Layers of similar densities were
combined: concentrate I consisted of products with a density above 8.5 g/cm3; concentrate II consisted
of material with a density from 8.4 to 8.0 g/cm?; middlings I from 7.9 to 6.5 g/cm3; middlings II from
6.4 t0 5.0 g/cm?; intermediate Il from 4.9 to 3.5 g/cm3; and waste I and Il from 3.4 to 2.5 g/cm3 and <2.4
g/cm3, respectively. To increase the thrust force (liquid stream) acting on the grains, a band with one-
way valves was attached to the body of the working chamber. The upward movement of the working
chamber caused the valves to open, and when the direction of movement was changed, they were
closed. The parameters of the separation process in the CS were as follows: volume of used water 13
dm?, material density - 200 g of material per 0.5 dm3 of water; separation chamber stroke 4 cm;
separation chamber movement frequency 53 movements/minute; duration of separation: 1 min. 30 sec.

2.4. Product analysis

The purity of the concentrates, middlings, and waste was evaluated using Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES), specific density analysis using a pycnometer and ethyl
alcohol (PN-EN 1097-7: 2001), Scanning Electron Microscope (SEM) with Energy Dispersive X-ray
Spectroscopy (EDS), and microscopic analysis using Stereo Microscope and X-ray Powder Diffraction
(XRD). The following analyses were carried out for the separation products obtained from the shaking
table and cyclofluid separator:
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Fig. 1. Diagram of a laboratory cyclofluid separator: A - upper position, B - lower position, 1 - cylindrical tank
(Din19.5 cm), 2 - sieve clamp, 3 - sieve (mesh size 0.5 x 0.5 mm), 4 - valves, 5 - band, 6 - separation (working)
chamber: @i, 5 cm

e ICP-AES - using the Jy2000 spectrometer (by Yobin-Yvon) to assess the share of elements in
products. The source of the induction was a plasma torch coupled with a 40.68 MHz frequency
generator. The products were diluted beforehand;

e Specific density - with the use of Gay-Lussac pycnometers based on PN-EN 1097-7:2001 with
the use of ethyl alcohol with a density of 0.7893 g/cm3;

e Microscopic - using the Modular Stereo Microscope, Zeiss SteREO Discovery (Carl Zeiss AG,
Germany).

The following additional analyses were carried out for the concentrates and middlings obtained as a
result of separation:

e High resolution scanning electron microscope Zeiss SUPRA 35 (Carl Zeiss AG, Germany),
equipped with EDAX Energy Dispersive X-ray Spectroscopy (EDS) chemical analysis system
(EDAX, US);

¢ Qualitative phase analysis was performed with the use of a Panalytical X'Pert Pro MPD
diffractometer (Panalytical, the Netherlands), utilising filtered radiation of a cobalt-anode lamp
(AKa = 0.179 nm). The diffraction lines were recorded in Bragg-Brentano geometry, using the
step-scanning method by means of a PIXcell 3D detector on the diffracted beam axis, in the
angle range from 20-100° [20] (step 0.05°, count time per step 200s). The obtained diffractograms
were analysed with the use of Panalytical High Score Plus (v. 3.0e) software with the PAN-ICSD
database.

3. Results and discussion

The feed for both separators was the material shredded in a knife mill with the cooling of the PCBs to
cryogenic temperatures. Detailed results of the feed grinding study are presented in the publication
(Suponik et al., 2021). The particle size distribution of the feed is shown in Table 1. Due to the nature of
the material, the analysis was carried out using sieves and particle size analyser. More detailed
information on this material is provided in the article (Suponik et al., 2021).

As a result of separation on the ST, in line with the assumed separation, four products T1 - T4 were
obtained, while on CS seven products C1 - C7 were obtained. Product yields and their densities are
presented in Table 2 and 3, respectively. In both cases, the floating material, which constituted approx.
3% of the feed was removed before separation. This material was named T0 and CO0 according to the
process used. Considering that the density of metals is much higher than that of plastics and fibreglass,
it can be concluded that this material did not contain any metallic parts.

The highest yield of concentrate was obtained for the ST. It was quantitatively comparable to the yield
obtained in the research with the use of electrostatic separation (Suponik et al., 2021). Due to the
construction of the CS, two groups of concentrate were obtained from this device: C1 - grains that
passed through the sieve and C2 - grains that remained directly at the up of the sieve. The yield of these
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Table 1. Particle size distribution of the feed (Suponik et al., 2021)

Yield of the feed, %

Grain Class, mm Analysis carried out with Fritsch ~ Analysis carried out with the
screens particle size analyser

>2.0 0.0 0.0
2.0-14 0.0 0.0
1.4-1.0 0.4 0.0
1.0-0.71 3.6 1.6
0.71-0.50 13.0 10.4
0.50-0.36 19.5 221
0.36-0.25 17.0 14.2
0.25-0.18 10.6 6.5
0.18-0.13 10.8 5.3
0.13-0.09 8.5 4.3
<0.09 16.6 35.6

groups amounted to less than 19%. For both analysed devices, a significant share was exhibited by
separation middlings (T2 and C3 - C5), whose total yields were comparable for both processes and
amounted to more than 25%, while the share of the intermediate obtained from electrostatic separation
in the paper (Suponik et al., 2021) was much lower and amounted to less than 3%. Based on the density
analysis, products T3, C6 and T4, C7 were classified as waste with comparable yields and densities. In
both cases of separation, the most numerous wastes were T4 (33.7%) and C7 (44%), made up of the
smallest grains.

An essential parameter for the assessment of the purity of separation products was their density. As
the density increased, the metal share increased as well, while the lower the density, the higher the share
of plastics and fibreglass. The highest density was obtained for t he product C1 (8.9 g/cm?3), followed
by C2 (8.1 g/cm?), and T1 (8.0 g/cm?). The relatively low density of the concentrate obtained from the
ST may indicate its high contamination with plastics and fibreglass. Referring to the research results
presented in the publication (Suponik et al., 2021, p. 21), the product density of C1 was comparable to
that of the concentrate resulting from electrostatic separation. The density of the product T2 was 4.5
g/cm3, while the densities of the products C3 - C5 ranged from 7.0 g/cm3 to 4.1 g/cm3. The high density
of the C3 product indicates the penetration of a high metal share into it - there is no clear boundary
between the densities corresponding to the concentrates and middlings. The reason for the significant
differences in the density of the middlings obtained from CS and the high density of the C3 product is
the separation of the resulting material column into layers. The thickness of the C3 layer was 0.5 cm,
which is the assumed minimum division into layers. If a cyclofluid separator was used on a semi-
technical scale and the process was automated, the problem of the high density of the middlings could
be eliminated and part of the material from C3 would go to the concentrate with the assumed density
>7.5 g/cm?3. Waste densities for both devices were <3.1 g/cm?3.

For economic and environmental reasons, the amount of water used should also be noted. Water
was continuously supplied to the ST separation processes. The water circuit can be closed, but in this
case, the station should be equipped with a filtering installation to remove fine particles from the water.
In the case of the CS, on the other hand, water is consumed as a result of filling the tanks and during
the collection of products remaining on the sieve. During the tests with the use of the ST, about 77 dm3
of water was used, while in the case of the CS it was only 13 dm?, which makes it more economical and
environmentally friendly in terms of water consumption. In both cases, however, the products obtained
have to be dried, which also requires the use of energy. This problem does not exist in the case of
electrostatic separation, which is carried out dry (Suponik et al., 2021).

Photographs of the products (made with a Zeiss microscope) obtained from the ST and CS are
presented in Figures 2 and 3, respectively. In both cases, a characteristic separation of metallic grains
from composed of plastics or fibreglass grains can be noticed. In the concentrates (Fig. 2a, 3a, and b),
mainly homogeneous metallic grains were present, along with a small number of grains with a mixed
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Table 2. Yield and density of products obtained from the shaking table

Products TO T1 T2 T3 T4

Yield of product, % 2.8 25.7 28.9 8.9 33.7

Amount of water in the 0.5 0.5 12.0 125 51.5
product, dm3

Specific density, g/cm3 1.9 8.0 45 2.9 2.4

TO - floating grains removed before the separation process

Table 3. Yield and density of products obtained from the laboratory cyclofluid separator

Products co a 2 c3 4 G5 C6 Cc7

Yield of product, % 31 64 125 121 7.1 6.3 85 44.0
Distance of layer from the sieve, cm - - 0+05 05+1 115 152  2:35 3.5+9.5

Specific density, g/cm3 20 89 8.1 7.0 5.3 41 3.1 2.3

CO - floating grains removed before the separation process
C1 - grains that have passed through the sieve

chemical composition (conglomerates) of metals, plastics, and fibreglass. However, there were no
homogeneous grains composed of plastics and fibreglass. Taking into account all the products obtained,
the concentrates showed the greatest variation in terms of grain size and shape. There were mainly
irregular, polyhedral, globular, and patch grains. Compared to other concentrates, product T1 (Fig. 2a)
exhibited the largest differences in size, while the largest share was exhibited by conglomerates
composed of metals, plastics, and fibreglass. The T1 product was dominated by globular grains (ranging
from 200 pm to 600 pm) and patch grains (patch thickness >30 pm; width of the most numerous ones [
600 um). The least numerous polyhedral grains exhibited transverse dimensions of approx. 400 pm. The
shape of the irregular grains demonstrates that they were mostly formed as a result of crushing patch
grains. In product C1 (Fig. 3a), the grains were smaller. This is connected to the use of a sieve with a
mesh size of 0.5 mm in the CS separation process. Compared to other concentrates, no mixed grains
composed of metals, plastics, and fibreglass were established in visible light. Globular grains (ranging
from 200 pm to 450 um) and patch grains (patch thickness> 30 um; the width of the most numerous
ones ranged from 200 pm to 350 pm) were predominant. The dimensions of the polyhedral grains were
approx. 400 pm. The C2 product (Fig. 3b) was composed mainly of grains with a globular shape ranging
from 500 um to 850 pm, irregular and polyhedral (transverse dimensions ranging from 400 um to 600
pum). The share of patch grains was the smallest (patch thickness >30 pm; width in the range of 500 pm
to 850 pm).

The middlings were composed of a patch, fibrous, and globular grains. Compared to all other
products, the largest grains were observed here. In the case of the T2 product (Fig. 2B), patch grains
(with a width ranging from 200 pm to 1100 pm) with a layered structure characteristic of PCBs
predominated. The thickness and width of these grains were greater compared to the patch grains found
in the concentrates. The T2 product contained grains with a mixed chemical composition
(conglomerates) of metals, plastics, and fibreglass, as well as homogeneous grains composed of plastics
and fibreglass, mainly fibrous (fibre length up to 1800 pm) and globular (ranging from 600 um to 1000
pm). In the C3 - C5 products, a gradually decreasing proportion of patch-shaped homogeneous metallic
grains can be noticed. The C3 product (Fig. 3c) was composed of homogeneous, metallic patch grains
(similar in size to T1), a few metallic polyhedral grains and mixed patch grains. However, there were
no homogeneous grains composed of plastics and fibreglass. Such grains appeared in the C4 product
(Fig. 3d) and, to a greater extent, in C5 (Fig. 3e). Large patch grains, approx. 2000 pm wide, appeared in
the C4 and C5 products. These grains were probably “pushed through” the sieve in the knife mill as a
result of the big forces in the grinding chamber.

The products T3 (Fig. 2c) and C6 (Fig. 3f) consisted mainly of fibrous, patch, and globular grains. In
the case of the T3 product, fibrous grains (up to 2000 um long) and patch grains (up to 800 pm wide)
were the most numerous. The coloured grains (green, blue, and red) were of a globular shape. No metal-
containing grains were found here, unlike the C6 product, where such grains were scarce but present.
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Fibrous grains also predominated in the C6 product, but with more varied transverse dimensions. These
fibrous grains ranged from the thickness of a single fibre to even 200 pm. Similarly to the T3 product,
there were coloured globular grains. The products, T4 (Fig. 2d) and C7 (Fig. 3g), were composed of
fibrous grains and a small amount of small globular grains (<100 pm) - mainly plastics, and a small
amount of metallic powder, smaller than 20 pm. The C7 product contained fibrous grains characterised
by a more variable size than in the case of the T4 waste.

As it can be seen, the largest share of large grains (over 700 pm) was established in middlings, and
these grains were mostly composed of metal, plastic, and ceramic conglomerates. This may indicate that
the middlings contain large amounts of grains with insufficient level of metal release from the remaining
PCB parts and imperfections of gravity processes compared to electrostatic methods. Figs. 2c and 2d
show that no metal grains were identified in the waste obtained from the ST. However, they may be
covered with plastic and ceramic grains, which is confirmed by the results presented in Table 4.
Additionally, this waste has been divided into two groups due to grain size, which may be
advantageous in the case of its use - e.g., for the production of prefabricated products. The waste
obtained from the CS was characterised by a higher share of metallic impurities and lower grain size
uniformity. Fewer metallic grains were present in the intermediate and the waste obtained from the ST
than in the case of the CS. The reason for the penetration of these grains towards the waste in the CS
could lie in too wide a division into layers which, due to the limited size of the separation chamber,
could not be reduced.

C) (b) (©) (d

Fig. 2. Products obtained from the shaking table (stereo microscope): (a) - concentrate (T1), (b) - middling (T2), (c)
- waste (T3), (d) - waste (T4)

© e @

Fig. 3. Products obtained from the laboratory cyclofluid separator (stereo microscope): (a) - concentrate (C1), (b) -
concentrate (C2), (c) - middling (C3), (d) - middling (C4), (e) - middling (C5), (f) - waste (C6), (g) - waste (C7)

The chemical composition of the feed and separation products was an important element in the
evaluation of the efficiency of the separation processes used. The results of these studies are presented
in Table 4. Based on the economic value, a separation into valuable and non-valuable elements was
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introduced. Valuable elements include metals the recovery of which can lead to economic benefits and
which are present in PCBs in free form. The second group of elements includes the components of epoxy
resins, such as Sb, Ca, Br, Ba, Mg, Mn (Muniyandi, 2014), and Si as the main component of glass fibre
(Kumar et al.,, 2018a). Unidentified components are probably components of epoxy resins (mainly
polyphenols, less often polyglycols, and epichlorohydrin or oligomers) (Pham and Marks, 2005; Sood
et al., 2010; Sood and Pecht, 2018). 17.70% Cu, 2.92% Sn, 0.0301 Ag, 0.0029 Au, 12.02% Sn, 6.56% Ca,
1.64% Br and other elements in low concentrations were identified in the feed (Table 4).

Attention should be paid to the tendencies of changes in the share of individual elements in the
separation products. The proportion of valuable elements in the concentrates should be the highest, and
non-valuable elements to be the lowest. Among the group of valuable elements, the share of almost all
elements decreased towards waste. The exception was Al, the share of which was increasing. The largest
share of this metal was identified in the T3 product, followed by T4, C5, and C6. Taking into account
the density of this metal equal to 2.7 g/cmb?, in the case of using gravity separation, one could expect its
values to vary in different separation products. The difference in the density of this metal is small to
plastics and fibreglass, and the small Al grains may not have been fully separated and transferred to the
group of grains with higher densities, i.e., to other metals. In the group of non-valuable elements, the
shares of Ca, Br, and Si increased towards waste. The highest Sb share was identified in middlings, then
in the concentrate, and the lowest in the waste.

In the products T1, C1, and C2, the following concentrations of all valuable metals were identified:
72.00%, 88.79%, and 88.78%, respectively. Among all concentrates, the T1 product contained the least
valuable metals, i.e.,, 71.97%, including 59.20% Cu, 6.3% Sn, and 0.0098% Au. Similar shares were
identified in C1 and C2: 88.79% in C1, including 72.10% Cu, 8.10% Sn% and 0.0096% Au, and 87.78% in
C2, including 68.10% Cu, 11.40% Sn, and 0.0078% Au. The lowest share of the identified non-valuable
elements in the concentrates, which translates into the highest purity of these products, characterised
the C1 product, with this value equal to 7.13%, followed by the T1 product with 7.51%. The most
contaminated concentrate was C2 with 12.55%. Similar shares of valuable and non-valuable elements
were identified in the middlings, which amounted to ~16% and from ~16% to ~18%, respectively. The
exception was the C5 product, which contained 6.81% of the identified valuable elements and 21.46%
of non-valuable elements. The T3, T4, and C6 products, characterised as waste, contained a comparable
amount of valuable and non-valuable elements, i.e. ~6% and ~22%, respectively. The C7 product was
the least contaminated with metals, where the share of valuable elements was equal to 4.89%, with the
share of non-valuable elements equal to 17.25%.

To examine the morphology of the concentrate and intermediate grains obtained from both gravity
separation devices and to determine the chemical composition in the grain micro-areas, as well as to
demonstrate the amount and type of metal, plastic, and ceramic or metal and metal conglomerates,
photographs were taken (Fig. 4 and 5) via scanning electron microscope using the quadrant backscatter
electron detection method (QBSD). Moreover, a local quantitative microanalysis of chemical
composition (EDS) (Table 5 and 6) was carried out. These methods primarily allowed to identify the
number and type of connections present in mixed grains. The differences in the contrast visible in the
photographs (Figs. 4 and 5) may indicate a heterogeneous chemical composition of the grains. Elements
with a higher atomic mass are characterised by light colour, in contrast with the elements with a lower
atomic mass, which appear as dark areas in the figures. Very bright areas, which are formed as a result
of the accumulation of surface charges by plastics, may be an exception.

In the T1 product (Fig. 4a), about half of the surface displayed in the picture is occupied by
homogeneous grains (points 171, 211, 3T), composed mainly of Cu, Sn, Zn, and a small amount of Al
(Table 5). These are mainly globular grains (with a diameter from ~100 pm to ~900 um) and polyhedral
grains (with a transverse dimension of ~350 pm). This product also contains fewer homogeneous patch
grains with a diameter of less than 250 pm. Grains with a mixed chemical composition (metal, plastic,
and ceramic conglomerates), manifested by high-contrast areas, are mainly patch and irregular grains
of various sizes. As can be noticed, the patch grains are covered with a very thin layer of plastic and
fibreglass. The T2 product (Fig. 4b) contains grains of mixed chemical composition and grains composed
of plastics and fibreglass. Conglomerates constitute the vast majority of the intermediate and mainly
take a patch (the diameter of the most numerous ones ranges from 400 pm to 700 pm) and irregular
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shape. Compared to the T1 product (Fig. 4a), the proportion of grains <200 pm in diameter is much
lower. The results of the chemical composition analysis for micro-areas 2™ and 372 (Table 5) confirm the
presence of Cu in mixed grains, which is still mechanically bonded to the PCB substrate composed of
plastics and fibreglass. Due to their chemical composition, it can be assumed that these grains come
from internal PCB layers. Grain with a diameter of ~2000 pm, marked with point 272 (Fig. 4b), was
probably pushed through the knife mill sieve during grinding as a result of big forces occurring in the
grinding chamber.

In the C1 product (Fig. 5a), homogeneous grains of globular (with the most numerous ones with a
diameter of 200 pm to 450 pm), irregular and polyhedral shape (with a maximum transverse dimension
up to 200 pm) constituted the largest share. The patch grains present there were small (the most
numerous ones less than 100 pm in diameter). Differences in contrast in a small number of patch grains
indicate a small number of conglomerates. The chemical composition of grains in the 1¢1-4C! micro-areas
(Table 6) indicates a high Cu share, which confirms the high purity of the concentrate. In the case of the
C2 product (Fig. 5b), polyhedral grains (the most numerous ones with a transverse dimension of ~600
pm) had the largest share. Almost every analysed grain was composed of approximately 50% Cu, 11%
Al 11% Ni, 11% Zn, 9% Sn, 5% Si, 1.5% Ca, and 1% Fe (Table 6). The shape and chemical composition
of the grains may indicate that they come from various contacts (sockets) present in the PCBs.
Occasionally, irregular grains occurred (point 3°2, Fig. 5b), the shape of which indicated deformed patch
grains. Based on the differences in contrast visible in the photographs (Fig. 5b), it can be concluded that
the grains are covered with a small layer of plastics and fibreglass. The C3 product is composed mainly
of heterogeneous irregular and patch grains (the most numerous ones with a width ranging from 450
pum to 750 pm). Homogeneous metallic patch grains (up to 300 pm wide) were present to a small extent.
The results of the chemical composition analysis showed that most of the grains present in the C3
intermediate were composed of Cu, Al, Sn, and Si. Small amounts of Ag were established in the micro-
area 2. No homogeneous grains composed of plastics and fibreglass have been identified here. The C4
product (Fig. 5d) also includes mainly heterogeneous, irregular grains and patch grains (the most
numerous ones with a diameter ranging from 500 pm to 850 um) and homogeneous fibrous grains (with
a transverse dimension up to 300 pm). The results of the analysis of the chemical composition of fibrous
grains (point 4%, Table 6) indicated that these grains were mainly composed of Si, which is the main
component of the glass fibre.

For concentrates obtained from the shaking table and cyclofluid separator, an X-ray qualitative phase
composition analysis was performed (Fig. 6). Low amounts of metallic or non-metallic phases may have

Fig. 4. The T1 and T2 products obtained from the shaking table (SEM, QBSD mode (Table 4) with marked EDS
analysis points): (a) - product T1, (b) - product T2

(a) (b) (©) (d
Fig. 5. Products obtained from the laboratory cyclofluid separator (s SEM, QBSD mode (Table 5) with marked
EDS analysis points): (a) - product C1, (b) - product C2, (c) - product C3, (d) - product C4




Table 4. Elemental share in the feed and separation products [in %]

Element Feed T1 T2 T3 T4 c1 2 C3 C4 C5 Cé6 c7

Cu 17.70 59.20 9.50 2.44 1.55 72.10 68.10 11.30 10.20 2.88 2.55 1.88

Al 1.95 0.89 1.61 3.30 3.02 1.09 0.85 1.57 217 2.88 2.86 2.49

Pb 0.39 1.10 0.64 0.02 0.02 1.50 1.40 0.88 091 0.05 0.02 0.01

2 Zn 0.69 1.90 0.60 0.11 0.06 2.30 240 0.65 0.54 0.18 0.11 0.05

é Ni 0.19 0.59 0.19 0.08 0.06 1.09 1.07 0.32 0.36 0.08 0.06 0.01

- Fe 0.38 0.94 0.25 0.38 0.28 1.35 1.44 0.36 0.27 0.41 0.38 0.18

% Sn 292 6.30 2.67 0.27 0.36 8.10 11.40 1.10 0.90 0.10 0.11 0.07

% Cr 0.06 0.14 0.07 0.08 0.06 0.21 0.14 0.07 0.08 0.09 0.13 0.08

> Ti 0.26 091 0.15 0.13 0.09 0.99 0.89 0.24 0.21 0.15 0.21 0.13
Ag 0.0301 0.0216 BDL BDL BDL 0.0582 0.0078 0.0012 BDL BDL BDL BDL

Au 0.0029 0.0072 BDL BDL BDL 0.0096 0.0078 BDL BDL BDL BDL BDL

Sum 2457 72.00 15.68 6.81 5.50 88.80 87.71 16.49 15.64 6.82 6.43 4.90

“E Sb 0.22 0.10 0.34 0.18 0.11 0.50 0.30 0.09 0.08 0.15 0.17 0.12

g Ca 6.56 0.90 5.10 6.99 8.10 0.98 1.20 6.10 5.40 7.10 7.40 6.90

< Br 1.64 0.53 0.78 0.92 1.89 0.32 0.45 0.52 0.96 1.50 211 2.30

—% Ba 0.31 0.71 0.15 0.19 0.12 0.92 0.84 0.09 0.07 0.21 0.25 0.22

TE Si 12 3.10 9.30 15.10 13.10 0.92 5.50 6.30 9.20 13.80 15.20 9.80
g Mn 0.01 0.0065 0.0022 BDL BDL 0.0078 0.0067 0.0054 0.0056 0.0077 0.0062 0.0012
Z Sum 20.74 5.35 15.67 23.38 23.32 3.65 8.30 13.11 15.72 22.77 25.14 19.34

*BDL - below detection limit
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Table 5. Element concentration [% at.] (EDS) in the micro-areas marked in Figure 4

Product Point Element concentration, % at.
of analysis Mg Al Al Si S Ca Ti Cr Fe Ni Cu Zn Ag Sn Ba
1 - - - - - - - - 2.7 - 922 - - 51 -
2 - 1 - - - - - - - 9 593 287 - 2 -
T 3 - 1.2 - 14 - - - - - 514 348 112 - - -
4 - 25 - 19 - - - - - - 921 - - - 35
1 - 2 - 3.6 - - 448 - - - - 7.2 - - 424
2 - 25 - - - - - - - - 81 - - 124 -
T2
3 - 113 - 145 - - - - - - 742 - - - -
4 - 619 - 286 - 83 - - - - - - - - 12
Table 6. Element concentration, [% at.] (EDS) in the micro-areas marked in Figure 5
Point Element concentration, % at.
Product . - - -
ofanalysis Mg Al Al S S Ca Ti Cr Fe Ni Cu Zn Ag Sn Ba
1 - - - - - - - - 06 - 994 - - - -
c1 2 - - - - - - - - 01 - 999 - - - -
3 - - 84 - - - - - - - 916 - - - -
4 - - 14 - - - - - - - 986 - - - -
1 - 108 - 47 - 16 - - 19 11 50 113 - 87 -
2 - 105 - 48 - 18 - - 18 115 491 122 - 83 -
2 3 - 107 - 47 - 17 - - 17 129 483 118 - 92 -
4 - 101 - 49 - 17 - - 17 111 491 123 - 91 -
1 1.3 189 - 183 - - - - - - 93 - - 522 -
ca 2 05 10 - 135 - - - 13 66 - 333 - 13 425 -
3 - 41 - - - - - - - 25 562 - - 372 -
4 - 179 - - - oo o81 - -
1 - 102 - 4 - 15 - 15 5 - 743 35 - - -
2 74 62 - 148 395 - - - - - - - - - 321
C4
3 - - - - - - - - 47 - 953 - - - -
4 - - 93 37 - - - - - - - - - - -

not been identified due to the limited sensitivity of the method. In each of the concentrates, diffraction
lines were identified corresponding to Cu, tin bronze CuSn (3.68/0.32), Ni, and Sn phases. Conversely,
no diffraction lines were established for the group of non-valuable elements, which may indicate a
relatively high purity of the concentrates for a specific concentration range resulting from the detection
of the measuring device.

Based on the conducted research, it can be concluded that the correlations between the density,
yields, and the share of valuable and non-valuable elements may constitute a parameter determining
the quality of separation products (Fig. 7). In the most optimal separation process, the concentrate
should contain as many valuable elements as possible and thus should be characterised by the highest
possible density. It should be the opposite in the case of waste, which should contain the least valuable
elements and exhibit the lowest possible density. Comparing the quality of the products obtained from
the shaking table, cyclofluid separator, and electrostatic separator (Fig. 7), it can be concluded that the
best efficiency for the analysed material is provided by the electrostatic separator. It should be added
that for this device, the amount of the middling is minimised and does not exceed 3%. In comparison
with the other tested devices, i.e., the ST and CS, it is a value lower by more than 26% and 22%,
respectively. However, it should be noted that the critical factor determining the efficiency of
electrostatic separation is the size of the feed grains (Lu et al., 2008; Wu et al., 2009), unlike gravity
separators, where the tolerance to grain size changes is greater. The recovery rates of valuable elements
for the ST, CS and electrostatic separator were roughly 75%,70%, 95%, respectively, while metal losses
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Fig. 7. Yield of separation products as a function of their density and quality parameters (valuable and non-
valuable elements); E1 - concentrate, E2 - middlings, and E3 - waste from electrostatic separation (Suponik et al.,
2021)

were 10%, 15% and 1%. In the case of the ST and CS, the content of valuable elements in the middlings
was very high and amounted roughly 15%, in contrast to the electrostatic separator, in which it was 4%.
As already mentioned, the middlings can be further processed, e.g. biohydrometallurgy or next
grinding and processing.

4. Conclusions

The efficiency of metal recovery from ground PCBs using a shaking table and a cyclofluid separator is
high. The yield of concentrate, intermediate, and waste obtained from the shaking table were 25.7%,
28.9, and 45.4%, respectively. For the cyclofluid separator these values were 18.9%, 31.7%, and 61.9%,
respectively. In both cases, the obtained concentrates were characterised by relatively high purity, i.e.,
the content of valuable elements and the lack of contaminants, i.e., plastics and fibreglass. The
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disadvantage of these processes was the high yield of middlings and the related losses of valuable
elements.

Therefore, considering the environmental aspects (water consumption and energy consumption
when drying the separation products) and the purity of all obtained products, the electrostatic
separation presented in the paper (Suponik et al., 2021) seems to be a more favourable process for
separating metals from plastics. Furthermore, gravity processes could be used as auxiliary operations,
for example, to separate waste (i.e., the mixture of plastics obtained from electrostatic separation) into
two groups according to grain size and shape to obtain substrates for the production of various
composite materials. These processes could also prove to be highly effective in recovering metals from
PCBs in the large variability of the grain composition of the feed.
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Introduction

Due to the rapid advancement of technology, the global production of electrical and elec-
tronic equipment is increasing rapidly (Tuncuk et al. 2012). Along with technological in-
novations, economic growth and market expansion, a significant increase is observed in
waste electrical and electronic equipment (WEEE) and this increase generates environmen-
tal problems (He et al. 2006; Khetriwal et al. 2009). If this waste is incinerated in a smelter,
it pollutes the air; if it is disposed of in landfill or leached out to recover metals, harm-
ful substances can be released into the soil and contaminate groundwater (Nnorom and
Osibanjo 2009).
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The rapidly growing amount of WEEE is becoming a challenge for companies recov-
ering various substances from it. In 2019, the global production of WEEE was 53.6 Mt and
is expected to increase to 74.7 Mt in 2030. The estimated value of raw materials contained
in e-waste produced in 2019 was 57 billion USD, but considering the current level of WEEE
collection and recycling, the potential value for the recovery of raw materials was 10 billion
USD (Forti et al. 2020). Increasing the levels of recycling by implementing innovative ap-
proaches and technologies allows the reduction of the negative impact on the environment
and may bring material benefits to recycling companies.

Printed circuit boards (PCBs), which are an indispensable component of almost all elec-
tronic products, can be described as the basis of electronics. PCBs contain large amounts of
metals such as Cu, Fe, Al, Sn and rare metals Ta, Ga and other rare metals of the platinum
group (PGM) as well as precious metals Au, Ag and Pd (Kaya 2016). They also contain haz-
ardous metals such as Cr, Pb, Be, Hg, Cd, Zn and Ni (Zhang and Forssberg 1997; Kaya 2016).
The concentrations of these metals are dozens or even hundreds of times higher than in the
mined ores (Yu et al. 2010). The metal concentrations in PCBs and in the corresponding
metal ores are presented in Table 1.

Table 1.  Metal content in PCBs and in metal ores

Tabela 1. Zawarto$¢ metali w PCBs i w rudach metali

PCBs Metal ores
Metals
Content (%) Content (%)
Cu 6-27 0.5-2.0
Fe 1.2-8.0 <65
Al 2.0-7.2 30-60
Sn 1.0-5.6 5-25
Pb 1.0-4.2 -
Ni 0.3-54 1-1.5
Zn 0.2-2.2 5-15
Sb 0.1-0.4 5-60
Au (ppm) 250-2,050 0.0001-0.0006
Ag (ppm) 110-4,500 -
Pd (ppm) 50-4,000 —
Pt (ppm) 5-30 -
Co (ppm) 1-4,000 -

Source: Zhang and Forssberg 1997; Kaya 2016; Schwarz 2004; Muwanguzi et al. 2012; Zhou et al. 2004; Haldar
2018; Wang 2016; Anderson 2012.
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There are many methods for the recovery of metals from PCBs, including pyrometal-
lurgical, plasma, and (bio)hydrometallurgical separation. However, the use of some of these
has some disadvantages. The combustion of non-metal parts by pyrometallurgical methods
causes the formation of brominated organic and other toxic compounds (Bidini et al. 2015).
Additionally, it produces about 20-25% of ashes containing a large number of heavy met-
als that require further processing (Long et al. 2010). In hydrometallurgical methods, there
is a significant level of high-risk wastewater that can contaminate groundwater and soil
(Ma et al. 2018). These methods are also time-consuming.

Physical (or mechanical) and physicochemical processing technologies are considered
to be the most environmentally friendly alternative to recovering resources from end-of-life
(EoL) products such as PCBs (Goosey and Kellner 2002). Some mechanical processing tech-
nologies have advantages with regard to PCB recycling (Zhao et al. 2004; Duan et al. 2009;
Zhao et al. 2012) but involve problems in the processing of fine particles (Sarvar et al. 2015).
It is scientifically known that froth flotation is an effective technique for fine fraction en-
richment (Ogunniyi and Vermaak 2009). This process is based on the selective separation of
hydrophobic from hydrophilic materials. It has been used in wastewater treatment, mineral
processing, and the paper/waste recycling industries for a long time (Kaya 2019). It has also
been employed in the processing of PCBs (Ogunniyi and Vermaak 2009). Flotation technol-
ogy is widely applied and efficient, especially in the processing of metal ores. However, it
requires the use of aqueous solutions. Separation in flotation is achieved by the difference
in physicochemical properties of different particles (Farrokhpay 2011; He and Duan 2017).
While hydrophilic particles settle down to the bottom of the aqueous medium, hydropho-
bic particles float due to selective bubble adsorption (Shean and Cilliers 2011). The contact
angle, as a parameter that determines the hydrophobic properties of materials, is the angle
between the gas and solid phases, through the water phase. This angle is 0° for hydrophilic
materials and a maximum of 110° for hydrophobic materials (Drzymala 2007). The ease of
separation is directly proportional to the magnitude of the differences in the chemical prop-
erties of different particle surfaces (Wills and Finch 2016). For this reason, various reagents
called collectors are used to change the hydrophobic properties of the particles. The hydro-
phobizing power of the collectors is due to their chemical and physical interactions with
the surface. The role of frothers is to accelerate flotation, create a stable foam, and disperse
the gas. These tasks are accomplished when frothers are preferentially adsorbed at the wa-
ter-gas interface. A decrease in surface tension accompanies sorption. The reduction in the
size of the air bubbles is achieved by adding the frother to the solution. The reduction in the
surface tension of the solution is associated with a reduction in bubble size (Drzymala 2007).

The aim of the research was to assess the possibility of recovering metals from ground
PCBs by means of flotation. For this purpose, the contact angle of various materials was
measured and a series of flotation tests was carried out to select the reagent and its dose,
the airflow rate through the flotation tank, and the concentration of the feed. The test results
were then compared with the results of electrostatic separation (Suponik et al. 2021) and
gravity separation (Franke et al. 2021) used for the same feed.
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1. Materials and methods

1.1. Material preparation

The surface of printed circuit boards includes many components that do not contain met-
als or that can cause considerable problems when grinding. These components can be easily
dismantled by simple methods — manual and/or mechanical. These components were first
manually separated from the PCBs using basic tools such as screwdrivers and pliers. These
manually separated components include resistors (which contain: Ni, Cr, Cd, Al, Pb, and Ta),
transistors (Pb and Cu), batteries, chips (Pb, Ni, Sn, Ga, Al, and Ag), capacitors (Sn, Cu,
and Zn), electromagnetic interference filters (Fe, Cu, and Zn), connectors (Pb, Ni, and Sn),
screws and wrenches (Lee et al. 2012). After manual separation, the pre-cleaned PCBs were
cut into 4 X 4 cm pieces due to the limitations of the blade mill.

An LMN-100 blade mill by Testchem (Radlin, Poland) with blades mounted on the
chamber body and rotator was used for grinding the material. The mill was also equipped
with a sieve to determine the size of the ground material. A perforated sieve with a mesh
of 1 mm was used to obtain the finest particle sizes suitable for flotation applications. The
rotation speed of the mill was 2815 rpm. Liquid nitrogen was used to reduce the tempera-
ture of the previously cut PCB parts to a level of cryogenic temperatures (below —150°C) to
avoid the formation of conglomerates (solid metal-plastic-ceramic compounds) that could
be formed in the chamber during grinding at high temperatures. An overload of the mill
was also prevented for this reason and a load of 20 g/min was applied. The cooling process
consisted in placing the feed in a container filled with liquid nitrogen. The feed was cooled
until the liquid nitrogen ceased to boil. In this way, the temperature increase in the working
chamber of the mill was controlled.

The particle size composition of the feed, which was ensured using Frisch sieves, is
presented in Table 2. Most of the feed grains were smaller than 0.5 mm (83 wt%). The rest
of the feed consisted of grains up to 0.71 mm (13%) and grains 1.4—0.71 mm (4%). Based on
microscopic analysis, it was observed that plastic grains mainly consisted of needle-shaped
and fibrous grains, with sizes from less than 50 um (fiber thickness) to 2000 um. The less nu-
merous plastic grains were patch-shaped with dimensions up to 1000 pm. This kind of grain

Table 2.  Particle size distribution of the feed

Tabela 2. Sktad ziarnowy nadawy

Grain classes (mm) | 1.4-1.0 | 1.0-0.71 |0.71-0.50|0.50-0.36|0.36-0.25|0.25-0.18{0.18-0.13|0.13-0.09| <0.09

Yield (%) 0.4 3.6 13.0 19.5 17.0 10.6 10.8 8.5 16.6

Source: Suponik et al. 2021.
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was characteristic for woven fiberglass. The greatest variation in shape was seen in metal
grains. The most numerous shapes were globular (mostly 250 to 500 um), then patch shape
(about 30 pum thick and 500 pm wide) and polyhedral and irregular grains (200-350 pum).
In the feed, the conglomerate grains (plastic-metal) were also found. The shape of these
grains was mainly patch and globular (approx. 150—1000 pm), which had a layer structure
characteristic of PCBs.

1.2. Contact angle measurement

The purpose of measuring the contact angle was to assess the effect of the pH value and
the type of reagent on the hydrophobic properties of various materials: metals (copper, mo-
lybdenum, niobium, steel, titanium alloy) and poly(tetrafluoroethylene) (PTFE), represent-
ing plastics. The greater the difference in the contact angle of metals and PTFE, the better
the flotation conditions. PCBs contain roughly 65% of fiberglass and over 30% of hydropho-
bic materials such as PE, PP, PS, epoxy, PVC, PTFE, and nylon (Kumar et al. 2018; Zhang
and Forssberg 1997; Kaya 2016). The assessment of the contact angle on the PCB surface
prepared with sandpaper (P5000) was impossible due to the instability of the droplet and its
absorption by the PCB structure. This may be due to the deterioration of the fiber structure
by polishing. Therefore, PTFE was chosen as the material representing plastics.

The contact angle was measured with a Kernco optical goniometer. Before measurement,
each surface was first cleaned with ethanol (30 vol.%), then rinsed with distilled water and
quickly dried. For more accurate results for each plate, three drops of the respective solution
were spotted onto the surfaces and the contact angles of both the right and left sides of each
drop were read. The result was obtained by calculating the arithmetic mean of the six ob-
tained values.

Eleven different aqueous solutions and six different materials were used to measure the
contact angle. Plates of copper, PTFE, steel, molybdenum, niobium, and titanium alloys
were used for the tests. Solutions of specific concentrations were obtained by dissolving the
following reagents in tap water: tannic acid (60 mg/dm?), 2-octanol (450 mg/dm?), tannic
acid (60 mg/dm?) + 2-octanol (450 mg/dm?), dimethoxy dipropyleneglycol (450 mg/dm?),
tannic acid (60 mg/dm3) + dimethoxy dipropyleneglycol (450 mg/dm?3), calcium oleate
(60 mg/dm?), sodium xanthate (60 mg/dm3). The given reagents were selected based on the
articles by Han et al. Ximei et al. and Langa et al. (Han et al. 2018; Ximei et al. 2017; Langa
et al. 2014). The pH values of the presented solutions were 7.57, 7.85, 7.60, 7.83, 7.59, 7.81
and 7.85, respectively. The parameters of tap water were as follows: pH 7.75, redox potential
124 mV, conductivity 0.552 mS, total dissolved solids 323 mg/dm?3, and temperature 16.9°C.

Additionally, the impact of the pH value of tap water on the contact angle was measured
in the research. The measurements of the contact angle were made for tap water with differ-
ent pH values: 2, 4, 7.75 (tap water) and 9. Appropriate pH values were obtained by changing
the pH of the tap water with sulfuric acid (0.1 M) or sodium hydroxide (0.1 M).
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1.3. Flotation experiments

Flotation experiments were carried out using the laboratory Mechanobr flotation ma-
chine produced by “IMN Gliwice; Apparatus Construction Plant of the Institute of Non-Fer-
rous Metals” using a 1-liter flotation tank. In all tests, the PCB samples were first mixed in
tap water for five minutes using a magnetic stirrer. They were then transferred to a flotation
tank. The sample doses are given in Table 3. After remixing for two minutes in the flotation
tank, if the reagent was not added, the airflow was opened and the test was started (see test
number 1 in Table 3). In the case of using one reagent (see tests 2, 3, 6—13 in Table 3), after
adding the reagent and mixing for two minutes, the airflow was opened and the test was
commenced. In cases where two reagents were used (see tests 4, 5 in Table 3), after the
addition of the second reagent, the suspension was stirred for two minutes, then the airflow
was opened and the experiment was started. In all tests, the speed of the magnetic stirrer,
the rotator speed in the flotation tank and the flotation time remained constant at 100 rpm,
ca. 400 rpm and five minutes, respectively.

Table 3.  Flotation parameters for different test stages

Tabela 3. Parametry flotacji dla poszczegolnych etapow badan

Test No. Reagent Solids content Airflow
First stage: reagent selection
1 without any reagent 25 g/dm3 200 dm3/h
2 tannic acid (60 mg/dm3) 25 g/dm3 200 dm3/h
3 dimethoxy dipropyleneglycol (450 mg/dm?3) 25 g/dm? 200 dm3/h
4 tannic acid (60 mg/dm?), dimethoxy dipropyleneglycol (450 mg/dm?3) 25 g/dm? 200 dm3/h
5 tannic acid (60 mg/dm?) + 2 octanol (450 mg/dm?) 25 g/dm3 200 dm3/h
6 2 octanol (450 mg/dm?) 25 g/dm3 200 dm3/h

Second stage: dose selection

7 dimethoxy dipropyleneglycol (225 mg/dm?) 25 g/dm3 200 dm3/h
8 dimethoxy dipropyleneglycol (157 mg/dm?) 25 g/dm3 200 dm3/h
9 dimethoxy dipropyleneglycol (60 mg/dm3) 25 g/dm3 200 dm3/h

Third stage: airflow selection

10 dimethoxy dipropyleneglycol (157 mg/dm?) 25 g/dm3 400 dm3/h

11 dimethoxy dipropyleneglycol (157 mg/dm?) 25 g/dm3 600 dm3/h

Fourth stage: selection of solids content

12 dimethoxy dipropyleneglycol (157 mg/dm?) 50 g/dm3 200 dm3/h

13 dimethoxy dipropyleneglycol (157 mg/dm?3) 100 g/dm? 200 dm3/h
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Flotation experiments were divided into four stages (Table 3). The first stage was per-
formed in order to find the best reagent using as a reference the collector and frother doses
used in the article by Han et al. (Han et al. 2018) and keeping other parameters constant,
with the exception of the reagent types. Additionally, one test was performed with the same
parameters without the use of any reagents (test No. 1). The aim of the second stage was to
find the optimal dose for the reagent selected in stage 1. The third stage was performed to
determine the most effective airflow using the type of reagent and the dose selected in stages
1 and 2. In the fourth stage, the amount of feed was increased by maintaining the most effi-
cient airflow at the optimal dose.

1.4. Methods of analysis

The flotation efficiency (purity of the products obtained) was assessed for all four test stag-
es by means of density measurement. This quick analysis was chosen because PCBs contain
plastics with a density below 2.0 g/cm3, one light metal with a density of 2.7 g/cm3 (Al, usu-
ally at low concentrations in PCBs), and heavy metals with a density above 7 g/cm?, mainly
Cu and ferromagnets (Zhang and Forssberg 1997, 1999). Specific density analysis of flotation
products was performed with Gay-Lussac pycnometers based on the PN-EN 1097-7:2001
standard with the use of ethyl alcohol with a density of 0.7893 g/cm3. There were always
three density measurements taken and the result was presented as the arithmetic mean.

The products obtained under optimal flotation conditions (i.e. reagent type — dimeth-
oxy dipropyleneglycol at a concentration of 157 mg/dm?3, airflow and feed concentration
of 200 dm3/h and <50 g/dm?3, respectively) were analyzed using the following analytical
techniques:

¢ Energy dispersive X-ray fluorescence (ED/XRF) by means of a ED-XRF Epsilon 4

Spectofotometer (Malvern Panalytical, Malvern, United Kingdom), equipped with
a 10 W X-ray tube with an Ag anode, Silicon Drift Detector type and helium flush
system;

¢ microscopic analysis using Zeiss SteREO Discovery Modular Stereo Microscope

(Carl Zeiss AG, Jena, Germany).

2. Results and discussion

2.1. Analysis of flotation tests

The results of the contact angle tests for various pH values of tap water and for various aque-
ous solutions of the reagents used are presented in Tables 4 and 5, respectively. These values
provide rough information on the possibility of separating metals from plastics by flotation.
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Table 4.

Tabela 4. Kat zwilzania dla wody wodociagowej o roznych warto$ciach pH

Results of the contact angle tests for different pH values of tap water

The value of the contact angle (in degrees) for
P Copper PTFE Steel Molybdenum Niobium Titanium Alloy
2 78 107 46 54 50 62
4 78 102 42 59 57 61
7.75 (Tap Water) 62 102 51 57 48 58
9 72 100 52 56 49 58

Table 5.

Contact angle test results for various aqueous solutions of the reagents used for different materials

Tabela 5. Kat zwilzania dla roztworéw wodnych reagentow otrzymany dla réznych materiatow

The value of the contact angle (in degrees) for

Reagent (concentration)
Copper | PTFE Steel Molybdenum | Niobium | Titanium Alloy

tannic acid (60 mg/dm?3) 63 101 54 52 64 58
2 octanol (450 mg/dm?) 42 95 56 59 54 64
tannic acid (60 mg/dm?) +
+ 2 octanol (450 mg/dm?) = 93 o8 o8 66 63
dimethoxy dipropyleneglycol
(450 mg/dm?) 48 109 38 55 48 58
tannic acid (60 mg/dm?) + dimethoxy
dipropyleneglycol (450 mg/dm?) 3 108 42 >0 63 37
calcium oleate (60 mg/dm?) 69 105 64 58 52 51
sodium xanthate (60 mg/dm?) 71 104 75 56 43 60

Based on the results of the tests presented in Table 4, displaying the effect of the pH value
on the wettability of the samples, it can be concluded that for almost all samples, the contact
angle decreased with increasing pH. The best conditions for the separation of plastic grains
from metals by the flotation method, i.e. with the greatest difference in the contact angle for
PTFE and the analyzed metals, occurred at the pH value of 7.75. These studies concerned
the flotation process from aqueous solutions without the use of reagents, i.e. for tap water.

The reagent that generated the greatest difference between the contact angles for PTFE
and for the tested metals was dimethoxy dipropyleneglycol at a concentration of 450 mg/dm?3
(this also applies to the lack of reagents, i.e. tap water) (see Table 5). However, the selection

of the best reagent was based on laboratory flotation tests with the use of a flotation machine.
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The results of these tests are presented in Table 6. They confirm that dimethoxy dipropyl-
eneglycol at a concentration of 450 mg/dm?3 was the best of the tested reagents, generating
two products: metals and plastics with densities of 5.6 g/cm? and 2.9 g/cm3, respectively
(see first stage — test No. 3 in Table 6). The yield of these products was 42.3% and 57.7%,
respectively. Regarding the selection of the best dose for dimethoxy dipropyleneglycol and
the best airflow, these parameters were 157 mg/dm? and 200 dm?3/h, respectively (both for
test No. 8 in Table 6). The metal and plastic densities for these process conditions and their

Table 6.  Flotation test results

Tabela 6. Wyniki badan flotacji

Yield (%) Density (g/cm3)
Test
No. Hydrophobic product Hydrophilic product Hydrophobic product Hydrophilic product
(plastics) (metals) (plastics) (metals)

First stage: reagent selection
1 32.80 67.20 2.9 5.4
2 0.83 99.17 * 4.7
3 57.71 42.29 2.9 5.6
4 19.25 80.75 2.7 4.8
5 16.39 83.61 2.8 43
6 53.20 46.80 2.9 5.0

Second stage: dose selection
3 57.71 42.29 2.9 5.6
7 52.85 47.15 2.8 6.8
8 56.56 43.44 2.7 7.4
9 54.98 45.02 3.0 6.4

Third stage: airflow selection
8 56.56 43.44 2.7 7.4
10 56.68 43.32 2.9 6.4
11 53.25 46.75 3.1 6.6

Fourth stage: selection of feed concentration

8 56.56 43.44 2.7 7.4
12 55.08 44.92 2.7 7.2
13 53.92 46.08 2.5 5.4

* No results due to lack of product.
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yields were 7.4 g/cm3, 2.7 g/em3, and 43.4 and 56.6%, respectively (second and third stages
in Table 6 test No. 8). Based on the research carried out in stage 4, it can be concluded that
the flotation efficiency decreases with increasing feed concentration, and is acceptable at the
level of 50 g/dm?3. Under these conditions, the metal density decreases from 7.4 g/cm? (for
feed concentration = 25g/dm3) to 7.2 g/em?3. The product yield is very similar, ranging from
43.4% to 44.9%.

2.2. Analysis of products for optimal flotation conditions

The microscopic analysis showed that the hydrophobic product (float fraction) obtained
in test No. 8 (see Figure 1a) mainly comprised grains consisting of plastic-ceramic materials
of a fibrous and needle shape (< 1100 um; fiber thickness approx. 150 um), and less often
patch-shaped grains (diameter < 600 um) with a characteristic PCB composite structure.
Individual patch-shaped metal grains with a diameter of up to 230 um were also observed.
Penetration of these grains into the float fraction may be due to their entrapment inside
a plastic powder. Moreover, no larger metal grains were found in the float fraction, which
may indicate the high purity of this product. The hydrophilic product obtained in test 8 (see
Figure 1b) consisted mainly of metal grains of various shapes and sizes, with a fairly large
number of plastic-ceramic grains with a specific layered structure. Most of the metals were
patch-shaped grains with a diameter of 300 to 700 pm and irregular grains of similar dimen-
sions. Globular grains (diameters from 600 to 800 pm) and polyhedral grains (< 1500 um;
transverse dimensions < 150 pm) were found in smaller numbers. The grains consisting of
plastic-ceramic materials visible in the sink fraction were mostly in the patch shape (diame-
ter from 800 to 1000 um) and, very rarely, the shape of a fiber with a length of 1500 um and

a) b)

Fig. 1. Microscopic images of a) hydrophobic products (plastics) and b) hydrophilic products (metals)
taken for test No. 8 (examples of impurities marked with a red arrow)

Rys. 1. Zdjgcia mikroskopowe: a) produkt gorny (produkt hydrofobowy) i b) produkt dolny (hydrofilowy)
dla testu nr 8 (zanieczyszczenia oznaczone czerwonym kolorem)
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a transverse dimension of up to 300 pm. Moreover, grains of metal-plastic conglomerates
(800 um to 1200 pm in diameter) with a layered structure characteristic of PCBs were ob-
served. The penetration of grains consisting of plastic-ceramic materials and metal-plastic
conglomerates into the hydrophilic product was undesirable due to the deterioration of the
purity of the concentrate. This was probably due to the large size of these grains. This
demonstrates the need to improve the grinding in the knife mill. In the case of electrostatic
separation, these products went to the middlings.

To evaluate the efficiency of flotation performed for the best option (test No. 8), a chem-
ical composition analysis was carried out using the ED/XRF method (Table 7). The float
fraction contained mainly non-valuable elements (29.82%), which are mostly concentrated

Table 7. Chemical composition of the products obtained using Dimethoxy dipropyleneglycol 157 mg/dm3
(test No. 8)

Tabela 7. Sktad chemiczny produktu otrzymanego przy zastosowaniu eteru dimetylowego glikolu
dipropylenowego 157 mg/dm3 (test nr 8)

Element Hydrophobic product Hydrophilic product Recovery ratio (%)
Cu 2.33 39.94 93%
Al 1.71 1.10 33%
Zn 0.69 0.92 51%
" Ni 0.34 0.64 59%
é Fe 0.49 0.97 60%
i:_"), Sn 1.12 7.80 84%
E Cr 0.31 0.05 11%
S
Ti 0.52 0.49 42%
Ag 0.0918 0.5797 83%
Au 0.0048 0.0140 69%
Sum 8.01 53.13 84%
Sb 10.40 0.09 -
Z Ca 2.89 3.24 -
% Br 0.69 2.16 -
2 Ba 0.0065 0.73 -
TE Si 15.84 5.02 -
Zg Mn 0.0014 0.0083 -
Sum 29.82 11.29 -
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in epoxy resins, glass fabrics and flame retardants (Kumar et al. 2018; Muniyandi et al.
2014). The most numerous were Si (15.84%), Sb (10.40%) and Ca (2.89%). About 8% of val-
uable metals such as Cu (2.33%), Al (1.71%), and Sn (1.12%) were identified in this product.
Considering that metals such as Cu and Sn impact the PCB value, their penetration into the
float fraction was unfavorable.

53.13% of valuable metals were identified in the chemical composition of the hydrophilic
product, mostly Cu (39.91%), Sn (7.80%), and Al (1.10%), and in smaller amounts, Zn, Ti, Cr,
Fe and Ni. Significant amounts of precious metals such as Ag (0.5797%) and Au (0.0240%)
were also identified in this product. In addition to valuable metals, over 11% of impurities
(non-valuable elements) were found in it. The largest share was comprised of Si (5.02%),
Ca (3.24%) and, in smaller amounts, Br, Ba, Sb, and Mn. As can be seen from microscopic
and ED/XREF analysis, the sink fraction was significantly contaminated with materials from
the non-metallic parts of the PCB composite.

The same feed as the one used for flotation has been used for electrostatic separation
(Suponik et al. 2021) and gravity separation (Franke et al. 2021). Compared to the above
methods of recovering metals from PCBs, flotation is not the most efficient process due to
the impurities in both products and their yields. The penetration of the metal grains into the
hydrophobic product may be caused by the patch shape of the grains, which tend to float.
It mostly concerns Ag grains, but due to the presence of thin tracks in PCBs, it is also true
of Cu grains (Allan and Woodcock 2001). This problem was also noticed in the work of
Ogunniya and Vermaak (Ogunniya and Vermaak 2009), and is difficult to correct due to
the kinetics of the flotation process. The purity of the hydrophobic product is important
due to the minimization of metal losses and the production of composites (Mrowka et al.
2021) or concrete (Mohammed and Hama 2022) with specific properties from the obtained
plastics.

The presence of significant amounts of fiberglass grains in the hydrophilic product may
be due to their large dimensions (above 800 um). These grains, given their weight, may not
have floated to the surface of the tank and may have remained at the bottom of the tank,
or been in suspension, despite the fact that fiberglass is hydrophobic (Gallegos-Acevedo
et al. 2014). It is therefore necessary to optimize the grinding process to obtain even smaller
grains and thus to reduce the amount of impurities in the hydrophilic product. However,
much higher efficiency and product purities were obtained, for the same feed, in the case of
electrostatic separation.

The recovery ratio (Figure 2) is relatively high for the most valuable metals occurring
in PCBs. The highest ratio was obtained for Cu, Sn, Ag, and Au, which amounted to 93%,
84%, 83%, and 69%, respectively. In the work of Han et al. 2018, a similarly high level of
copper recovery (90.5%) was achieved, using tannic acid and 2-octanol as flotation reagents.
However, in the studies by Ogunniya and Vermaak (Ogunniya and Vermaak 2009), in which
no flotation reagents were used, the recovery of Cu was 66%. In this case, such a large loss
of this metal can make recovery unprofitable. Therefore, reagents are needed to separate the
metals from PCBs by flotation.
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The greatest losses of metals (Figure 2) were recorded for Cr, Al, and Ti: 89%, 77% and
58%, respectively. The low Cr recovery may have resulted from the formation of chromi-
um compounds such as nitrides, carbides and oxides in the production process, and thus
physicochemical changes, including density (Lynn Davis et al. 1992). On the other hand,
in the case of Al and Ti, the grains could be lifted due to their relatively low specific density.

Fig. 2. Recovery and loss ratio for test No. 8

Rys. 2. Wskazniki odzysku i strat dla testu nr 8

Fig. 3. Yield of separation products as a function of their density and quality parameters
(Suponik et al. 2021; Franke et al. 2021)

Rys. 3. Udziat produktow separacji w funkcji ich gestosci i parametrow jakosciowych
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Due to the low values of these metals, their loss should not significantly affect the profita-
bility of the recovery process. New goods generated from the hydrophobic product, due to
its content of chromium, should be analyzed in terms of their impact on the environment.

The use of flotation to recover metals from PCBs was an inefficient process compared
to electrostatic separation. In this process, the best separation of the metallic product (con-
centrate) from plastics was obtained (Figure 3). The yield of this product was 26.2%wt., and
had the highest amount of valuable elements (above 93.3%, mainly 68.5% Cu, 11.5% Sn,
1074 ppm Ag and 92 ppm Au), and furthermore, it had the lowest amount of impurities (less
than 3%). In this method, the yield of plastics product was 71%wt. and had 0.54% valuable
elements (mainly Cu). In the case of electrostatic separation, 2.8%wt. middlings were ob-
tained, which mainly consisted of conglomerate grains (plastic-metal) (Suponik et al. 2021).
The products obtained by the method of gravity separation were of lower quality. Through
use of a shaking table, the following products was obtained: 25.7%wt. metals product (72%
valuable elements, mainly 59.2% Cu, 6.3% Sn, 2160 ppm Ag and 72 ppm Au; 8.35% im-
purities), 28.9%wt. middlings (9.5% Cu), and 45.4%wt. plastics product (5.8% of valuable
elements, mainly Cu). The products obtained using a cyclofluid separator were similar to
those obtained from the shaking table (Franke et al. 2021).

Conclusions

As a result of the research, optimal conditions were obtained for the flotation process in
which the process of metal-plastic separation from ground PCBs achieved the highest efficiency.

This was achieved with the combination of solids content <50 g/dm? with the airflow of
200 dm?/h, and using dimethoxy dipropyleneglycol at a concentration of 157 mg/dm3. The
hydrophilic product thus obtained consisted mainly of copper (39.9%), tin (7.8%), and trace
amounts of silver (0.5797%) and gold (0.024%). In addition to valuable elements, over 11%
of contaminants were also identified, making the product significantly contaminated.

The flotation efficiency might possibly be improved by using different flotation parame-
ters and the particle composition of the feed. The fact that the measured contact angle given
in the material methodology is correlated with flotation efficiency may be helpful in finding
better process conditions. The main concern for low efficiency could be the degree of milling
and the strongly heterogeneous feed due to various particle size and shapes (from dozens pm
to even 2 mm).

As compared to the other methods (specifically, electrostatic separation, gravity separa-
tion with the use of a concentration table, and a cyclofluid separator), the hydrophilic product
obtained as a result of optimization of the flotation process was characterized by the lowest
content of valuable metals and the highest level of contamination. In addition, this process
was also associated with a number of other disadvantages, such as:

¢ relatively high negative impact on the environment caused by high water consump-

tion and the use of chemical reagents,
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¢ higher energy consumption of the process than dry methods resulting from the need
to use additional devices for filtration and drying of the obtained products and com-
pressed air installations,

¢ significant additional workload due to the number of devices used in the process.

In conclusion, the use of a flotation process to recover metals from ground PCBs is
possible; however, it is not economically or environmentally viable. Much better results
were obtained for the same feed using an electrostatic separator, which is characterized by
a higher reliability, its predominantly low energy consumption and environmental impact,
as well as its low costs.

Publication supported by the Silesian University of Technology, grant number: 06/050/BKM21/0122.
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EVALUATION OF THE USE OF FLOTATION FOR THE SEPARATION
OF GROUND PRINTED CIRCUIT BOARDS

Keywords
printed circuit boards, recycling, flotation, recovery, metals
Abstract

The paper presents an assessment of flotation efficiency in the separation of plastics from metals
derived from printed circuit boards (PCBs). The PCBs were ground in a knife mill prior to flota-
tion. The contact angles of various materials corresponding to the grains from ground PCBs were
measured, and a series of flotation tests was carried out to obtain the best product. The impact of the
following parameters were investigated: the reagent and its dose, the airflow rate through the flotation
tank and the feed concentration. The highest efficiency of metal recovery from PCBs was achieved
for Dimethoxy dipropyleneglycol at a concentration of 157 mg/dm? and with an airflow of 200 dm3/h
and a feed concentration of <50 g/dm3. In the hydrophilic product (concentrate), it was mainly Cu
(40%) and Sn (7.8%) that were identified by means of XRF, but there were also trace amounts of pre-
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cious metals such as Au (0.024%), Ag (0.5797%) and Pd (149 ppm). Impurities in the form of Si (5%),
Ca (3.2) and Br (2.1) were also identified in this product. Small amounts of metals in their metallic
form were identified in the hydrophobic product (waste), mainly Cu (2.3), Al (1.7) and Sn (1.1). As
aresult of the research, high recovery ratios were obtained for Cu (93%), Sn (84), Ag (83) and Au (69).
The purity of obtained metal concentrate with this method was lower in comparison with the other
methods of the recovery of metals from ground PCBs for the same feed, i.e. electrostatic or gravity
separation. Also considering other factors such as the environmental impact of the flotation process,
the number of facilities and their energy consumption, this process should not be used in the devel-
oped metal recovery technology. Using electrostatic separation for the same feed obtained much better
results.

OCENA ZASTOSOWANIA FLOTACJI W ODZYSKU METALI
7 ROZDROBNIONYCH PLYT OBWODOW DRUKOWANYCH

Stowa kluczowe
ptyty obwodow drukowanych, recykling, flotacja, odzysk, metale
Streszczenie

W artykule przedstawiono ocen¢ zastosowania flotacji do rozdzialu metali od tworzyw sz-
tucznych z rozdrobnionych w mtynie nozowym ptyt obwodéw drukowanych (PCBs). Zmierzono katy
zwilzania roznych materialow odpowiadajacych ziarnom zmielonych PCBs oraz okreslono wyptywy
odczynnikow i ich stgzen, wydatkow powietrza oraz zaggszczenia materiatu na sprawnos¢ procesu
flotacji. Najwyzsza sprawno$¢ odzysku metali z PCBs uzyskano przy zastosowaniu eteru dimety-
lowego glikolu dipropylenowego w stezeniu 157 mg/dm?3, wydatku powietrza 200 dm3/h i zageszcze-
niu materiatu ponizej 50 g/dm3. W produkcie hydrofilowym (metalach), wykorzystujac metode
XRF, zidentyfikowano gtéwnie Cu (40%) i Sn (7,8%) oraz $ladowe ilosci metali szlachetnych takich
jak Au (0,024%), Ag (0,5797%) i Pd (0,015%). W produkcie tym rozpoznano rowniez zanieczyszcze-
nia takie jak Si (5%), Ca (3,2%) 1 Br (2,1%). W produkcie hydrofobowym (tworzywach sztucznych)
wystgpowaly nieznaczne ilo$ci metali, gtownie byty to Cu (2,3%), Al (1,7%) i Sn (1,1%). W wyniku
przeprowadzonych badan uzyskano wysokie wskazniki odzysku dla Cu (93%), Sn (84%), Ag (83%)
i Au (69%). Niemniej jednak, w poréwnaniu do separacji elektrostatycznej, ktora byta prowadzona
dla tej samej nadawy, czysto$¢ produktow uzyskanych za pomoca flotacji byta mniejsza. Biorac pod
uwage rowniez inne czynniki, migdzy innymi takie jak oddzialywanie procesu flotacji na srodowisko
naturalne, ilo$¢ urzadzen oraz ich energochtonnosé¢, stwierdzono w konkluzji artykutu, ze proces
ten nie powinien by¢ stosowany w tworzonej technologii odzysku metali z PCBs. Znacznie lepsze
efekty rozdziatu uzyskano bowiem dla tej samej nadawy, stosujac proces separacji elektrostatyczny,
ktory ma niewielki wplyw na §rodowisko przyrodnicze, a powstajace produkty moga by¢ w pelni
wykorzystywane.
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Abstract: This article evaluates selected physical metal recovery methods from waste
printed circuit boards (WPCBs) in terms of cost, efficiency, and human and environmental
impact. Frequently-used chemical PCB recycling methods such as (bio)hydrometallurgical
and high-energy (pyrometallurgical and plasma) methods are characterized by a high
recovery efficiency and high environmental impact, while physical methods have a negligible
environmental impact because they operate in accordance with the principles of a circular
economy and sustainable development. They allow the production of a mixture of metals
free of plastics and fiberglass, which constitutes a separate product for the production of,

among others, composite materials. The mixture of metals is to be transferred to metal
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production companies to produce individual metals in their installations without incurring
additional costs or causing any additional impact on the natural environment. Due to the
high potential of physical methods and the high environmental impact of chemical methods,
and their high costs, it was decided to evaluate the applicability of electrostatic and gravity
separation and flotation in WPCB recycling processes. An important issue in the case of
physical recycling methods was the grinding of WPCBs using liquid nitrogen, which increased
the efficiency of the process and allowed for the appropriate release of metals from the
WPCB composite. The best separation method in terms of energy consumption, efficiency,
and environmental impact was electrostatic separation, which resulted in a product in the
form of a mixture of very high-purity metals. The plastic and glass fiber residues, after
separation, will be used as additives during the production of composite materials such as

construction screeds.

Keywords: recycling, printed circuit boards, separation, eco-efficient, technology
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1. Introduction

As humankind develops, the consumption of primary raw materials continually increases,
and fast-growing economies demand critical raw materials whose deposits may be depleted
shortly. The cause of this situation is the economic model that operated in earlier decades,
which involved the extraction of materials, the production of goods, and their disposal
without processing to obtain secondary raw materials. This resulted in raw materials, even
valuable ones, becoming waste (Xavier et al., 2021). The main reasons for this were
economic factors and the lack of developed waste management technologies and systems
(Araujo Galvao et al., 2018), as well as the lack of legal regulations forcing holders of these
goods to deal with them properly. In the era of rising energy prices, depleting deposits, and
increasingly worsening environmental pollution, the transformation of the old, linear
economic model into a circular one has begun, whose aim is to extend the life cycle of raw
materials while retaining their value (Xavier et al., 2021). This model has been called the
circular economy, and its implementation is necessary to maintain raw material security and

ensure sustainability (Dantas et al., 2021).

Electro-waste is one of the fastest-growing waste streams. According to the United Nations
Institute for Training and Research, humanity generated 53.6 million tonnes of waste
electronic and electrical equipment (WEEE) in 2019, valued at 57 billion USD. This waste
stream is estimated to grow to 74.7 Mt in 2030 and as much as 110 Mt in 2050 (Forti et al.,

2020).

Printed circuit boards (PCBs) are the basis of almost every electronic device (Silva et al.,
2021), most of which are FR-4 type PCBs, which are constructed from a composite made of

glass fiber and epoxy resin in which metal tracks are embedded (Tatariants et al., 2017). The
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composition of PCBs depends mainly on the manufacturer, the type of technology used to
produce them, and their intended use. It is estimated that the average PCB contains about
35% of metals such as copper, aluminum, gold, silver, and traces of palladium and platinum
(Fig. 1). As can be seen, gold, palladium, silver, and copper are the most valuable metals
used in PCBs, and their recovery can bring significant economic benefits to companies
recycling PCBs. In addition, the protection of the earth’s natural resources and the security
of raw materials must be kept in mind. Therefore, the Royal Society of Chemistry has
developed an index of relative supply risk to assess the problems of future raw material
availability. As can be seen from Figure 1, most metals in PCBs have an index above six on a
10-point scale, where 1 means very low supply risk and 10 means very high supply risk (Royal
Society of Chemistry, 2022). Therefore, to protect metal deposits, manufactured PCBs
should be treated in accordance with the principles of a circular economy and sustainable

development.
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Metal content in PCBs, % ! Metal value per Mg PCBs, USD ! Relative supply risk®
6-27 507 -2280 4.3
20-72 48 - 171 4.8
1-42 23-93 6.2
02-22 6 - 66 4.8
0.3-54 91-1643 6.2
1-5.6 247 -1385 6.7
0.011-0.45 84 -3 446 6.2
0.025 - 0.205 14 516 - 119 034 5.7
0.005-0.4 2868 - 229 428 7.6
0.0005 -0.003 164 - 984 7.6
10.54 - 52.66 18 553 - 358 531 -
®

[@) Relative supply risk: up 1 (very low risk) to 10 (very high risk).

Figure 1. Estimates of metal content in printed circuit boards, their economic values, and
relative supply risk (Kaya, 2017; Royal Society of Chemistry, 2022; “The London Metal

Exchange,” 2022).

The lack of locally-available WPCB recycling facilities is at the root of the growing problem of
WEEE management. It is estimated that almost 83% of the world’s electronic waste has no
clearly-documented treatment history. The situation is slightly better for WPCBs, as the
management of around 66% is unknown, partly due to the high value of the metals they
contain (Baldé et al., 2022; Forti et al., 2020). This waste is mainly processed in domestic
facilities, poses a high risk to people and the environment, and is exported to countries

where recycling or management costs are lower and often more environmentally damaging.
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The recovery of metals from WPCBs can be carried out using chemical methods, i.e.,
(bio)hydrometallurgy, pyrometallurgy, and plasma, or physical methods, which include
grinding and separation, e.g., electrostatic or air separation (without using water). Each of
these methods has different environmental impacts (Fig. 2) and specific characteristics (Fig.
3). Among the most common chemical methods is hydrometallurgy, which has a high
environmental impact due to the use of toxic chemical reagents (Yaashikaa et al., 2022).
However, it is one of the few methods by which full separation of metals is possible. A
variant of this method is biohydrometallurgy, which uses microorganisms as catalysts. Due
to its speed, pyrometallurgy is another frequently used chemical method, but it also has a
significant environmental impact, mainly due to the emission of fumes and gases into the
atmosphere and the generation of industrial waste (Ma, 2019). To reduce emissions,
expensive filters are required, which significantly reduces the cost-effectiveness of
installations. Chemical methods result in the loss of some non-metallic PCBs, which in turn
produces additional waste streams. In the two WPCB recycling methods presented above,
neither plastics nor glass fiber are treated or recovered — they are either a waste or a source

of various emissions to the natural environment.

In contrast to the above, physical methods have the lowest environmental impact, and
recovery is carried out according to the principles of a closed-loop economy and sustainable
development. They are also low-cost methods (Franke et al., 2022; Suponik et al., 2021), and
the separation processes allow valuable substances to be recovered and the remaining
substances to be used to manufacture new products without creating waste. Part of the
shredded WPCB composites from which the metals have been removed remains chemically
unchanged, which creates a wide range of possible applications, e.g., to produce other

composite materials. Thus, recycling in this way can be considered waste-free. It should be
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111  borne in mind that the use of physical methods in WPCB recycling does not allow obtaining

112  separated metals, and they produce a mixture of metals free of non-metallic parts.

113  Therefore, taking into account the cumulative impact of WPCB recycling methods on the
114  environment, the need to incur costs, and the regulatory conditions regarding the

115 technology, physical recycling methods provide the best solution.

TYPE OF IMPACT AND ASSESSMENT
® ® ®
Risk to Emissions of greenhouse Pollution of water Production of
WPCBs human life gases and flue gases into by hazardous additional
RECYCLING METHOD or health ambient air substances hazardous waste

CHEMICAL
ﬂ hydrometallurgy 8 Q 8
& bioleaching

CHEMICAL
pyrometallurgy
& plasma

PHYSICAL

®
. . negligible or no impact . medium impact x significant impact

116

117  Figure 2. Assessment of the environmental impact of selected WPCB recycling methods
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WPCBs
RECYCLING METHOD ADVANTAGES DISADVANTAGES

high installation cost

high cost of consumables

need for additional environmental permits
high environmental impact

dangerous for human life and health

long process

CHEMICAL full |
hydrometallurgy U IS
ﬁ YO 2 high recovery efficiency
& bioleaching

¢ emissions of fugitive metal dust,
CHEMICAL * no prior preparation of WPCBs : dioySancians
- incomplete recovery
pyrometallurgy o qu#lred tfici ¢ the need for high temperatures
& plasma I COMETETICIERe Y] * high maintenance costs
* loss of non-metallic fraction
* negligible environmental impact
* low installation costs ¢ incomplete recovery (inability to separate
* low process energy intensity individual metals) - a mixture of metals is
* minimal costs for consumables obtained free of plastics and glass fibre. Hence
* the non-metallic part remains the need for subsequent processes to
PHYSICAL chemically unchanged produce individual metals.
* methods colply with the “do no ¢ the need to grind WPCBs in preparation for
significant harm” principle written in separation
Regulation EU No 2020/852 - * long process

environmentally sustainable action

118

119  Figure 3. The main advantages and disadvantages of selected WPCB recycling methods (Ma,

120  2019; Maurice et al., 2021; Yaashikaa et al., 2022)

121  This paper presents the physical WPCB recycling methods to separate metals from plastics
122  and glass fibers and their economic applications, in accordance with the principles of a

123  circular economy and sustainable production. The article also presents the results of

124  environmental assessments, efficiency analyses, and financial aspects of the applied physical
125  separation methods. This serves as a foundation for the selection of components in the

126  designed eco-efficient WPCB recycling technology.
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2. Material and methods

2.1. Unit processes of WPCB recycling technology

Considering the relatively high environmental impact of WPCB recycling by chemical
methods and the high potential for the application of physical methods, the authors of the
publication decided to assess the applicability of selected mineral engineering methods. As
part of the research, it was decided to apply and evaluate methods characterized by
different physical interaction modes, i.e., electrostatic separation (Franke et al., 2020;
Suponik et al., 2021), gravity separation (Franke et al., 2021), and flotation (Franke et al.,
2022) to select the most eco-efficient method. Before separating metals from the WPCB
composite, the WPCBs were properly prepared and ground. For this purpose, the different
processes (stages) leading to efficient separation of metals from WPCBs by the above-

mentioned methods have been developed and verified on a laboratory scale:

Stage | - disassembly

The first stage of the research was to remove components from the surface of the PCBs that
may interfere with subsequent processes, i.e., sockets, resistors, transistors, processors,
RAM, and others. Disassembly was carried out using handheld workshop tools. An initial
selection was made of components with a high potential for reuse, such as processors and
their cooling systems, various types of connectors, and RAM. The removal of these

components is also possible using physical stripping methods.

Stage Il — shredding

Disassembled WPCBs were crushed in a disintegrator to obtain pieces no larger than 1 x 1
cm. The size reduction of the WPCBs was necessary due to the size limitations of the mill

feed.
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Stage Ill — grinding

The appropriate release level of metal grains from the rest of the WPCB composite is one of
the most critical measures for successfully recycling by all physical methods and for
achieving high separation efficiencies. Previous work by the authors noted a significant
positive effect of the use of liquid nitrogen on WPCB grinding. However, the process of
cooling the WPCB pieces cannot take place directly in the working chamber of the mill, so
this step was divided into two parts. First, the ground WPCB pieces were cooled to below
150 °C using liquid nitrogen (stage Il1A) and a special liquid nitrogen tank equipped with a
sieve. The cooled WPCB pieces were then ground in a Testchem LMN-100 laboratory knife
mill (Radlin, Poland) equipped with a sieve with a mesh size of 1 mm (stage IIIB). The result

was a WPCB powder with a maximum particle size of 1.5 mm.

Stage IV — separation

The separation of metals from the WPCB composite was carried out using four pieces of
laboratory equipment with different modes of interaction, i.e., an electrostatic drum
separator, a shaking table, a cyclofluid separator, and a flotation machine. The machines
were fed with the same material from which four representative samples were separated.
Gravity separation and flotation used water for separation, so the resulting products had to

be dried.

The first separation process studied was electrostatic separation, which is based on
differences in surface charge storage capacity and conductivity of the particles. In
electrostatic drum separators, non-conductive particles adhere to a rapidly rotating drum,
which is electrified by friction against a brush that also acts to mechanically scrape these

particles (plastics). The conductive particles (metals) rapidly release their surface charge,
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allowing them to be easily ‘stripped’ from the drum surface. To increase the efficiency of this
process, the electrostatic separator is equipped with a high-voltage electrode that bombards
the particles with electrons. A Boxmag-rapid (Aston, Birmingham, UK) laboratory
electrostatic drum separator was used, which was designed to receive three products, i.e.,
metal grains, conglomerates, and plastic grains. Separation was carried out with the
following parameters: a shaft speed of 100 rpm, a voltage of 17 kV, and a distance between

the electrode and drum of 0.03 m (Franke et al., 2020).

The second method of separation investigated was gravity separation, and it was used to
separate grains with different densities. Due to the wide range of devices and different
designs within this type of separation, it was decided to use two types of equipment that
interacted with the grains in different ways. In both cases, the separation took place in an
aqueous medium. The first piece of equipment used in gravity separation was a shaking
table. In this case, the separation of the grains took place on a longitudinal working plate
that was inclined up to 10° transversely to the axis. The plate made reciprocating
movements so that the particles in suspension, which were fed onto the plate surface, were
separated along the plate according to their density. The lightest particles (plastics) were
stripped from the plate surface the fastest, while the heaviest particles (metals) overcame
the hydrostatic pressure of the liquid and were carried along the plate as a result of its
movement. Spray nozzles were placed at the top of the plate to increase the efficiency of the

separation process.

Separation was carried out using a laboratory shaking table equipped with a grooved plate.
The separation parameters were as follows: table load of 9 dm3/min (slurry of water with

material), water flow rate of the first nozzle of 5.7 dm3/min, water flow rate of the second
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nozzle of 5.4 dm3/min; table stroke of 1.5 mm, table movement frequency of 260
strokes/min, longitudinal inclination angle of 1°, and transverse inclination angle of 6°

(Franke et al., 2021).

The second device was a laboratory cyclofluid separator, in which separation was achieved
by vertical fluidization of the particles, where the vertical movement of the liquid caused the
particles to separate according to their density. The heaviest particles (metals) fell to the
bottom of the separator, while the lightest particles were lifted to the surface. The principle
of operation of the laboratory cyclofluid separator involved the use of a semi-industrial U-
shaped cyclofluid separator with continuous movement (patent application No. P.424161,
Poland). This separator was equipped with a water-filled tank in which a cylinder was placed.
The cylinder that contained the WPCB powder suspension was closed at the bottom by a
sieve with a mesh size of 0.5 mm and performed a vertical reciprocating motion. This
created a cyclical fluid thrust in the cylinder and allowed for density separation of the
particles. In the cyclofluid separator, separation was achieved by fluidizing the particlesin a

vertical direction.

A laboratory cyclofluid separator was used for the separation. The following parameters
were used: volume of water of 13 dm3, cylinder stroke of 4 cm, and frequency of cylinder

movement of 53 movements/minute (Franke et al., 2021).

The final separation process studied in the research was flotation, which involved the
separation of grains based on differences in their ability to either repel or attract water
molecules. The flotation process took place in aerated water so that hydrophilic grains
(metals) could ‘stick’ to air particles and float to the surface of the vessel. During flotation, it

is possible to use various flotation reagents that change the surface properties of the grains
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or form a froth in which the floated grains will remain. However, due to the relatively low
density of the plastics, with estimated densities ranging from 0.9 g/cm3to 3.5 g/cm?, a

reverse flotation process was used in the studies.

Flotation was carried out using a laboratory flotation machine Mechanobr, from IMN Gliwice
(Instrumentation Building Plant of the Institute of Non-Ferrous Metals, Gliwice, Poland), with
a 1 litre flotation tank. During the flotation process, a flotation reagent (dipropylene glycol
dimethyl ether) was used at a concentration of 157 mg/dm?3. The rotation speed of the
magnetic stirrer and the rotation speed of the rotator in the flotation tank were 100 rpm,

approximately 400 rpm, and 5 minutes, respectively (Franke et al., 2022).

Stage V — Distribution and usage

A final step that also needs to be considered when designing eco-efficient technology is
securing products for transfer to others and their distribution and sale. This is because the
packaging of products can have hazardous effects on people and the environment, and,
because of the aggregate form of the products, they should be secured in a way that

prevents them from being scattered or wasted.

The obtained products represent significant economic value and possess considerable
income-generating potential for enterprises involved in WPCB recycling. Based on data
sourced from the Polish WEEE recycling company - Enviropol (Poland, Gliwice), it has been
estimated that the annual accumulation of WPCBs in Poland amounts to 27 metric tons per 1
million residents. Consequently, the potential annual value of recovered metals approaches
approximately 1.8 million USD per 1 million residents (computed according to the mean
metal contents in WPCBs, without accounting for operational, investment, and maintenance

expenses). The plastics remaining after the separation process can be utilized as additives to
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242 epoxy or polyester resins, up to a maximum of 10% by weight, to manufacture composite
243  materials. These products can be applied as surface materials for flooring or other items,
244  such as composite boards. The method for producing composite materials based on epoxy
245  or polyester resins with the inclusion of plastics has been described in a patent application

246  (patent application No. P.438999, Poland).

247 2.2. Evaluation of unit processes

248  All unit processes of the proposed technology concept (Stages |1-V) were subjected to a
249  comprehensive assessment to determine the most eco-efficient recycling method. The
250 analyses were carried out only for processes and equipment integrated at the laboratory

251 scale.

252  As part of the work, a comprehensive assessment of occupational hazards was conducted.
253  When extrapolated to a larger technical scale, this process enables the identification of
254  potential hazards and the formulation of suitable countermeasures to ensure the safety of
255  workers. It should be noted that the introduction of appropriate procedures and protective
256  measures in workplaces is legally required by most European countries and directly

257  contributes to minimizing accidents and hazards. Workplace hazard identification was

258 conducted by a meticulous analysis of hazardous factors present in each unit process.

259  Harmful factors such as dust and noise, as well as hazardous factors, were identified. The
260  dust level was determined by measuring the mass of fallout accumulated over a one-hour
261  period on the surface of a glass plate placed 1 meter from the dust source. These values
262  were subsequently adjusted for an eight-hour workday (the estimated exposure time to this
263  factor). Noise intensity was measured using a Bentech GM1356 Sonometer. Hazardous

264  factors encompass elements of equipment that may cause accidents. It is important to note
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that these studies were not conducted by accredited entities; therefore, the results

presented are solely indicative.

An analysis was also carried out in the context of potential factors that may negatively
impact the environment. Recycling processes may produce harmful emissions, generate
toxic waste, or consume excessive natural resources, which is contrary to the requirements
of an eco-efficient technology. Furthermore, accurate identification of potential
environmental impacts will allow appropriate preventive measures to be taken to minimize

negative environmental impacts.

An important part of the assessment of the unit recycling technology processes was the
assessment of the technical and economic parameters for both operations and investments.
A thorough evaluation of these parameters made it possible to determine the effectiveness
of the recycling technology in terms of both operating and investment costs. Technical and
economic parameters were presented per kilogram of WPCBs to allow informed decisions to
be made regarding the implementation of WPCB recycling processes. Investment costs were
limited to the necessary equipment required during recycling processes, excluding the costs
of administration and premises, space rental, provision of welfare facilities, lighting, and
maintaining the internal climate. The prices for consumable equipment were established
through market research. Energy costs were computed by considering the energy intensity
of the equipment and the current market price of electricity in Poland (Polskie Sieci
Elektroenergetyczne, 2023). The cost of labor was determined by factoring in the labor
burden associated with the projected process productivity and the average monthly
employer cost in 2023 in Poland, which was approximately 1,000 USD per month. The

mentioned amounts do not include taxes.
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One final facet of the analysis, yet one of paramount significance from a business
perspective, involved studying and assessing both qualitative and quantitative parameters of
the products obtained using different separation methods. The chemical composition of the
separation products was assessed using different analytical techniques, i.e., ICP-AES, XRF,
SEM-EDS, and XRD. The yields of the different recycling processes were also determined. The
guantitative and qualitative data of the products obtained were essential for assessing the
effectiveness of the separation technology and will be used in the future to make decisions

on further developments and industrial implementation feasibility.

3. Results

The first analysis was the identification and assessment of hazards in the workplace, as
presented in Table 1. The harmful factors identified were dust present in the workplace and
the noise generated by the equipment. The highest level of dust per eight-hour working day
occurred during electrostatic separation and was 0.064 g/m?x8 h, followed by 0.048 and
0.016 g/m?x8 h during the grinding and packing processes, respectively. The highest noise
intensities were measured during gravity separation on the concentration table, followed by
grinding, comminution, and flotation, whose values did not exceed 133 dB, 132 dB, 117 dB,
and 116 dB, respectively. An important element of worker safety is the risk of personal
injury. In the recycling process, based on the opinion and knowledge of the senior health and
safety inspector, the main hazards identified were moving and sharp machine parts.
However, during electrostatic separation, there is also a risk of high-voltage shock (> 15 kV),
and during grinding, there is a risk of direct contact with very low temperatures due to the

use of liquid nitrogen.
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Each of the proposed process steps had an indirect or direct impact on the natural
environment, e.g., through the depletion of natural resources or the consumption of non-
renewable energy sources due to the need to manufacture machinery or equipment.
However, as part of the work undertaken, it was decided to assess the impacts resulting
directly from the operation of the equipment and the emission of pollutants into the
environment, i.e., dust and process water emissions. The highest dust emissions capable of
contaminating the atmosphere were found for electrostatic precipitation and grinding at
0.008 g/m?xh and 0.006 g/m?xh, respectively. Gravity and flotation separations gave rise to
process water emissions. The highest water flow required for management occurred during
separation on a concentration table and amounted to more than 1000 I/h, while water
emissions were about three times lower when a cyclofluid separator was used (about 375
I/h). It should be noted that flotation uses a chemical reagent that does not contain
components that are considered toxic and bioaccumulative, but it does require appropriate
management. In the case of the electrostatic separator, there are no process water

emissions due to the dry nature of the separation.

One of the main technical parameters examined was the estimated throughput of each
process (Table 2). The highest efficiency was achieved during shredding with a disintegrator,
with an estimated value of 20 kgweces/h. The next step after shredding was grinding, whose
capacity was estimated to be about 2.5 kgwecss/h. For the separation processes, the highest
efficiency was obtained for the cyclofluid separator (7.5 kgwecss/h) and the concentration
table (6 kgwrcss/h). However, the efficiency of the stage associated with these devices was
limited by the need to dry the resulting products, with a yield of 2.5 kg kgwecss/h, which was
comparable to that of electrostatic separation (2 kgwecss/h). The lowest efficiency was

obtained using a flotation machine at 0.15 kgwecss/h. All processes were carried out by the
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author, and only one operator was assumed for each step. Another important technical
parameter is the energy consumption of the equipment used during the recycling process.
The highest energy demand (7.5 kW/h) was found during the shredding of WPCBs due to the
operation of the disintegrator. Another energy-intensive process was the drying of the
separation products, which required 3 kW/h of dryers. Similar energy requirements (3 kW/h)
were determined for the flotation process, which consisted of two pieces of equipment: a

flotation machine and a compressor.

An important aspect to consider when planning a recycling technology is the investment
costs, which can be a critical parameter in determining the establishment of a WPCB
recycling facility. As mentioned above, the investment costs refer only to the necessary tools
and equipment used during the recycling processes. In the case of the first stage, these costs
were set at approximately 715 USD and consisted of a disassembly table equipped with
workshop tools, a soldering iron, and containers for segregating the elements disassembled
from the WPCB surface. The next process, shredding, required the highest investment of the
identified stages of 15,715 USD. This was due to the special design of the shredder, which
allows shredding of other WEEE, such as hard disks containing neodymium magnets, which
would not be shredded if traditional ferromagnetic materials were used in the design of the
shredder. For grinding, the costs of vessels and tanks for procedures involving liquid nitrogen
and a knife mill were considered. The cost of the equipment required for electrostatic
separation consisted of an electrostatic separator and a high-voltage generator. The capital
cost for flotation was the price of the flotation machine and compressor. In contrast, the
capital cost for gravity separation was only the price of the cyclofluid separator and shaking
table. The last and smallest capital expenditure was the purchase of a precision and certified

scale, which was required during the packing stage.
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Another aspect included in the economic parameters was the cost of operating equipment,
i.e., the cost of energy, water, workforce, and other consumables required for the proper
functioning of equipment. Taking into account the operating costs of all stages except
separation, almost 80% of the costs were incurred during grinding and feed cooling. The
average total operating cost of preparing WPCB for separation was 10.7 USD/kgwecss, of
which almost half was the cost of purchasing mill knives. The highest eclectic energy cost per
kg of WPCBs was calculated for the flotation process, which was more than 2.4 USD/kgwecss
and also required filtration (3.6 USD/kgwecss), product drying (0.15 USD/kgwercss), and the use
of a flotation reagent (7.7 USD/kgwecss). Flotation also had the highest calculated cost per
employee (27.8 USD/kgwercss). In view of the above, the total operating costs resulting from
the flotation process alone were more than 41 USD/kgwecss. On the other hand, the lowest
total operating costs were incurred for the cycloid separation process, which amounted to

about 0.9 USD/kgwercas.

The aspect that determines the monetary value of the printed circuit board recycling process
is the efficiency of the separation process, determined based on the qualitative and
guantitative parameters of the resulting products (Fig. 4). The effectiveness of the
separation process was determined by comparing the content of valuable (Cu, Al, Pb, Zn, Ni,
Sn, Cr, Ti, Ag, Au) and other (mainly Ca, Si and Br) elements in the obtained products called

metals, middlings, and plastics.

The best products, evaluated in terms of the above parameters, were obtained by
electrostatic separation. The metallic product was about 26% by weight and consisted of
more than 93% valuable metals and about 2% impurities. In contrast, almost 0.5% of

valuable metals were identified in the plastic product, demonstrating the very high level of
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recyclability and efficiency of the device. Electrostatic separation also resulted in an
intermediate product of about 3%, which consisted of conglomerate grains containing about
13% valuable metals. In view of the above, the efficiency of recycling precious metals using
an electrostatic separator was estimated to be over 95%. In the case of other separation
processes, the obtained products were characterized by a lower purity and content of
valuable metals. For example, the metal product obtained using a shaking table was
characterized by a metal content of 71% and a contamination level of approximately 7.5%,
while the product containing plastics contained more than 5% of valuable metals. The worst
product quality parameters were obtained by flotation. The metal product contained about

53% valuable elements and more than 11% impurities.
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Table 1. Evaluation of unit technology processes for their impact on workers and the natural environment.

Impact categories

Identification of harmful and hazardous factors in

the workplace

Impact on the natural

environment

Hazardous factors Harmful factors Dust
Dusting, emission to Process water
g/m?x8h Noise, db Type of harmful air (dust emissions, I/h
factor fallout),
Stages g/m?xh
| Disassembly no no sharp tool parts no no
Il Shredding no <89, peak moving parts of the no no
<117 disintegrator
Il Grinding IIIA Cooling no no temperatures of - no no
198°C (liquid
nitrogen)
IlIB Grinding 0.048 <94, peak sharp moving parts 0.006 no
<132
0,064 <71 separator moving 0.008 no
ELECTROSTATIC SEPARATOR parts, high voltage
approx. 15kV
IVA SEPARATION no <133 separator moving no 1020
SHAKING TABLE parts
IV Separation IVB DRYING no <50 no no no
CYCLOELUID IVA SEPARATION no <102 :):[;::Srator moving no 375
SEPARATOR IVB DRYING no <50 no no no
ELOTATION IVA SEPARATION no <116 :e:::srator moving no 3
MACHNIE IVB DRYING no <50 no no no
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392
393
394

395

V Distribution and usage*

0.016

no

0.002

no

1 Only the impact of packaging was assessed. The manufacturing processes of the composite materials were not evaluated due to the
experimental level of the research work, and the ways of further processing the metal mixture were not assessed due to the different

processes of the enterprises.

Table 2. Evaluation of unit processes of technologies in terms of technical, operational, and economic parameters

Impact categories
Stages Technical specifications Economic parameters
Investment costs Operation and maintenance
Estimated aspects
rocess Energy
Efﬁcien consumption, Purchaseof Energy Process Employee Costs of
e cy'h " kWh equipment,  costs, water costs,  costs, Consumables consumables,
usD USD/kgwecas  USD/kgwecas  USD/kgwpces USD/kgwpces
| Disassembly 12 no 715 0 0 0.59 no
cutting shaft
. components
I1Sh 2 7. 15,71 ] . 11
Shredding 0 5 5,715 0.05 0 0.36 (36 ps./2
Mgwrcs)
liquid
lIA Cooling no 1,071 0 0 nitrogen 1
1l
lll Grinding 25 2.85 (1/igurcs)
mill knives
lIB Grinding 22 5,952 0.12 0 (pcs./50 4.66
kgwecas)
electrode
v ELECTROSTATIC
. ) . . <0.
Separation SEPARATOR 2 15 7,380 0.1 0 209 (Lpcs. /4 001
Mgwrcs)
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VA

EarATION © 20 6,190 004 052 0.70 no 0
SHAKING Bag for liquid
TABLE IVBDRYING 25 30 1,071 015 0 gtr;m” 0.77
1pcs./250l
VA 75 0.7 4761 001 015 056 no 0
SEPARATION ' ' ' ' '
CYCLOFLUID Bag for liquid
SEPARATOR \ BDRYING 25 30 1071 015 0 glltjr;t'on 018
1pcs./250I
IVA flotation
cearaioy O15 30 4,285 252 006 27.90 reagent 7.7
FLOTATION Bag for
MACHNIE  \BDRYING 25 30 1,071 015 fitration 364
5um,
1pcs./250l
V Distribution and usage? nfa3 571 0 0 0 no 0

396

397 2 Not applicable. Due to the very short packing time, which depends on the user’s efficiency.
398 3 Only the impact of packaging was assessed.
399
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400  Figure 4. Summary of the obtained qualitative and quantitative parameters of the separation

401 products (Franke et al., 2021, 2022; Suponik et al., 2021)
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4. Discussion

WPCBs are one of the most problematic types of electronic waste due to their complexity
and content of valuable raw materials and environmentally hazardous substances (Liu et al.,
2021). In a publication by Hischier et al. (Hischier et al., 2005), an LCA analysis of WPCB
recycling processes showed that the recycling of secondary raw materials has a significantly
lower impact on the natural environment than conventional raw material extraction.
However, it is important to remember that every recycling process has some impact on the
natural environment. Furthermore, as the analysis by Pokhrel et al. (Pokhrel et al., 2020)
showed, despite the economic benefits and conservation of natural resources resulting from
WPCB recycling, the environmental costs may be higher than when raw materials are
extracted from deposits. Therefore, the development of eco-efficient WPCB recycling
technologies represents a huge potential for the recovery and reuse of these raw materials
and may help reduce dependence on imported raw materials and reduce negative

environmental impacts.

The results presented in this paper show that efficient recycling of WPCBs can be achieved
using physical methods, particularly electrostatic separation. Thus, the negative
environmental impacts of recycling can be reduced. A similar conclusion can be found in the
publication by Hao et al., which further emphasized the need for further processing of the
metal mixtures obtained by physical separation to separate them into elemental forms (Hao
et al., 2020). In addition, a number of authors have pointed out that the chemically
unchanged non-metallic part of the WPCB composites can be a valuable product. Powder
containing plastics, resins, and glass fibers can be used to strengthen new resin-based

composites (Ma et al., 2021) and asphalt materials (Li et al., 2022), and it is also possible to
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recover the resin (Wei et al., 2021) and use it in other processes. In view of the above,

physical methods appear to be the most appropriate option for WPCB recycling.

One of the most important processes for separating metals from plastics is grinding. Our
previous results indicate that near-complete release of metals occurs for grains below 0.3
mm, with small impurities found for grains below 0.8 mm, but effective separation was still
possible (Suponik et al., 2021). According to Li et al. (Li et al., 2007), complete metal release
occurs for grains < 0.6 mm, while Kaya (Kaya, 2016) showed that it only occurs for grains <
0.15 mm. Both studies involved multi-stage grinding in hammer mills without the use of
liquid nitrogen, which may have had a significant influence on the results obtained. In
addition, the use of liquid nitrogen during grinding was found to significantly increase the
efficiency of the process and reduce dust levels. As grinding is one of the most energy-
intensive processes, it is detrimental to grind too deeply, and this process, in particular,
should be optimized when moving to a technical scale. Grains that are too small can also
adversely affect the separation efficiency. It has been observed that very small metal grains

(< 0.1 mm) can become stuck in glass fiber grains and enter plastic products, causing losses.

Another important aspect of the work was an evaluation of physical processes. It was
important to use the same feed when comparing the products obtained from different
separation processes. PCBs are characterized by highly variable chemical compositions
(Yazici et al., 2010), which can significantly affect the efficiency of separation processes (Hou
et al., 2010) and make it difficult to reliably select the most effective method. Evaluation of
the products showed that the most efficient separation was electrostatic separation, while
the least efficient was flotation. The efficiency of electrostatic separation was about 95%,

and the metallic product (26% by weight) consisted of more than 93% valuable metals and
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about 2% impurities. The efficiency of electrostatic separation was also confirmed by Mir
and Dhawan (Mir and Dhawan, 2022), De Oliveira et al. (De Oliveira et al., 2022), Hamerski et
al. (Hamerski et al., 2019), and Dascalescu et al. (Dascalescu et al., 1992). The outputs of the
electrostatic separation products were also similar to this work, i.e., about 25% metals, 5%
intermediates, and 70% non-metallic parts. In the case of an intermediate containing
conglomerate grains, it is possible to return it for regrinding to minimize metal losses. One of
the key parameters of electrostatic separation is the voltage across the electrode. Wu et al.
(Wu et al., 2008) indicated that the maximum efficient voltage was 20 kV, while higher
voltages can lead to a high risk of spark discharge, which may damage the equipment or
reduce the separation efficiency. As mentioned above, electrostatic separation was carried
out with a voltage across the electrode of 17 kV and high-purity products were obtained.

This reduced the risk of spark discharge.

The next subject of evaluation was the products of gravity separation methods. The highest
efficiency of these methods was obtained using a shaking table. The metallic product, with
an output of about 25%, contained more than 70% metals, but more than 28% of the
intermediate product was obtained, which must be reseparated or transferred to other
processes. De Oliveira et al. (De Oliveira et al., 2022) also used a concentration table and
obtained higher efficiencies, but the separation process was carried out only for selected
grain classes. For feeds with particle sizes of 0.3-0.6 mm and 0.6—1.18 mm, metal contents
of 89% and 76%, respectively, were found in the metal product. In the study by Burat and
Ozer (Burat and Ozer, 2018), it was necessary to integrate a concentration table with an
electrostatic and magnetic separator, as the use of gravity alone was insufficient. Separation
was also carried out for three selected grain sizes. The processes resulted in a metal

recovery efficiency of 95.4%, similar to the electrostatic separation in this study. It should be
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noted that grain size had a significant effect on the separation efficiency using physical
methods. Narrower grades allowed the process to be optimized more precisely, but this
increased the complexity of the technology. Flotation produced the worst products in terms
of purity. The metallic product of 43% by weight contained approximately 53% metals, while
approximately 8% metals were identified in the non-metallic product (57% by weight),
indicating high losses of valuable materials. Attempts to separate WPCBs by flotation can be
found in the literature, but this method is used for very fine grains and requires precise
chemical dosing, mixing speeds, and air flow rate (Mir and Dhawan, 2022). Yao et al. (Yao et
al., 2020) also used a reverse flotation process and achieved a metal recovery of 92.7%, but
the feed consisted of grains between 0.25 mm and 0.5 mm in size and used anhydrous
alcohol as the reagent. In the work of Jeon et al., the Au recovery increased from 32 to 51%
using MIBC as a foaming agent (40.5 g/Mg) and paraffin as a collector (405 g/Mg) (Jeon et
al., 2018). Han et al. achieved a copper recovery of almost 91% using tannic acid at a
concentration of 60 mg/cm? (Han et al., 2018). It is important to stress the need to use
chemical reagents during flotation, the use of which is questionable when designing eco-
efficient technologies. Not all reagents have toxic or carcinogenic effects, but this creates
problems with the management or treatment of process water and, in some cases, the

concentration of substances can be detrimental to human health.

Operating costs are also an important consideration when designing a technology. The most
demanding process in this respect was cooling and grinding, which accounted for almost
80% of all costs associated with preparing WPCBs for separation processes. Taking all stages
together, the costs of dismantling, grinding, milling, and electrostatic separation were 4%,
10%, 60%, and 25% respectively. This means that the preparation of the feed to the

separator accounted for % of the operating costs. Therefore, these processes, especially
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grinding, can determine the economic viability of WPCB recycling. When moving to the
technical scale, the proportion of costs may be different, but grinding will definitely be the
costliest process. Another factor affecting the economic viability of recycling is energy
consumption (Pokhrel et al., 2020), which, depending on the energy mix (for Poland, more
than 70% of energy comes from fossil sources), may contribute to higher environmental
burdens than the traditional mining of certain metals. When water was used for separation
processes, a longer drying time was required for the resulting products, which increased the
energy consumption of these methods. In an era of volatile energy prices and the drive to
decarbonize industries, a low energy consumption should become the standard for modern
recycling technologies. Furthermore, according to Kaya (Kaya, 2016), electrostatic separation

is relatively easy to scale up and achieves high efficiencies of 95-99%.

Another aspect to consider when designing a technology is its potential impact on workers’
health. Ahirwar et al. pointed out that WPCBs may contain substances toxic to humans and
the environment (Ahirwar and Tripathi, 2021). It is, therefore, important to identify
potentially harmful factors in the workplace, such as dust and noise. It has been found that
the amount of dust emitted from equipment does not depend on the material load of the
equipment but on the duration of its operation. The highest dust concentrations were
observed during electrostatic separation, which may be caused by a leaking separator
housing. In the case of crushing, the use of liquid nitrogen significantly reduced the dust, and
no dust was detected during gravity separation and flotation. It should be remembered that
uncontrolled emissions of WPCB dust can be harmful to humans and the environment (Kaya,
2018), making it necessary to use protective masks during work, as well as a ventilation
system to capture airborne particles. Another identified harmful factor was noise, the

highest intensity of which was studied during the use of a shaking table that was driven by a
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motor. In the case of crushing and grinding, the source of the noise was the crushing of
WPCB parts, while in the case of flotation, the source of the noise was the compressor
generating the compressed air needed to produce aerated water. According to Polish
legislation, earmuffs are required for the noise levels found during the tests. The use of
water during the gravity separation and flotation processes was an important factor and had
a significant environmental impact. Therefore, when moving to a technical or semi-technical
scale, it is necessary to close the water circuit. However, it should be borne in mind that
WPCBs contain aluminium and magnesium in metallic form, which, when fragmented and in
high concentrations, can cause chemical reactions when in prolonged contact with water

(Corcoran et al., 2013).

5. Conclusions

The recycling technologies for WPCBs were analyzed using various methods, each
characterized by different environmental and human impacts, cost-effectiveness, and
efficiency. Therefore, it is essential to choose the most efficient method in terms of these
aspects. Based on the analyses conducted in this study, it can be concluded that the

proposed recycling technology employing electrostatic separation is eco-efficient.

The presented technology consisted of five primary stages (Fig. 5) and was characterized by
a relatively low environmental impact, minimal effects on human health, modest financial
investments, and high efficiency. The selected components of this technology did not involve
complex or challenging procedures. Hazardous chemicals that pose risks to the environment
and human health were not used. Furthermore, no process water was utilized, which, if not

properly treated, may release hazardous metals into the environment.
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ECO-EFFICIENT TECHNOLOGY FOR RECOVERING
METALS FROM PRINTED CIRCUIT BOARDS

MAIN STAGES

DISASSEMBLY

2,

SHREDDING

(%

SEPARATION

5,

DISTRIBUTION
& USAGE

The stage entails In the first step, the With a drum The final step involves
reducing the size of the WPCB pieces are electrostatic separator securing the products,
WPCB by means placed in a tank filled (shaft speed of 100 which are
of a disintegrator with liquid nitrogen rpm, voltage of 17 kV, subsequently
to a maximum and then ground in a distance between the transported to the
of 1x1cm. knife mill equipped electrode and drum specified facilities. The
with a mesh 0.03 m), the WPCB metal amalgamation
perforation of 1 mm. powder is separated can be directed to
into concentrate, metal smelting
intermediate product facilities, and the
and plastics. plastics can be utilized

in the process of
manufacturing
composite materials.

543

544  Figure 5. The main stages of an eco-efficient WPCB recycling technology.

545  The obtained metal mixture can be sold to metal smelting facilities, while the plastics can be
546  used for composite production. As a result, over 95% of pure WPCBs become products that
547  find applications, rendering this technology nearly waste-free. Therefore, the proposed

548 technology aligns with the principles of sustainable production and the closed-loop economy
549 and thus holds significant implementation potential, particularly in economies lacking

550 reserves of the metals found in WPCBs.
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Abstract: The article presents the assessment of solutions and dried residues precipitated from
solutions after the bioleaching process of Printed Circuit Boards (PCB) utilizing the Acidithiobacillus
ferrooxidans. The obtained dried residues precipitated from bioleaching solution (leachate) and
control solution were tested using morphology, phase, and chemical composition analysis, with
particular emphasis on the assessment of crystalline and amorphous components. The analysis of
the dried residues from leachate after bioleaching as well as those from the sterile control solution
demonstrated a difference in the component oxidation—the leachate consisted of mainly amorphous
spherical particles in diameter up to 200 nm, forming lacy aggregates. In the specimenform control
solution larger particles (up to 500 nm) were observed with a hollow in the middle and crystalline
outer part (probably Fe,O3, CuFeS,, and Cu,O). The X-ray diffraction phase analysis revealed that
specimen obtained from leachate after bioleaching consisted mainly of an amorphous component
and some content of Fe;O3 crystalline phase, while the dried residue from control solution showed
more crystalline components. The share of the crystalline and amorphous components can be related
to efficiency in dissolving metals during bioleaching. Obtained results of the investigation confirm
the activity and participation of the A. ferrooxidans bacteria in the solubilization process of electro-
waste components, with their visible degradation—acceleration of the reaction owing to a continuous
regeneration of the leaching medium. The performed investigations allowed to characterize the
specimen from leachate and showed that the application of complementary cross-check of the micro
(SEM and S/TEM) and macro (ICP-OES and XRD) methods are of immense use for complete guidance
assessment and obtained valuable data for the next stages of PCBs recycling.

Keywords: metals recovery; recycling; bioleaching; scanning electron microscopy (SEM); high
resolution transmission electron microscopy (S/TEM); X-ray diffraction (XRD)

1. Introduction

Year after year, a significant increase in the amount of produced waste of electrical and
electronic equipment (WEEE) is recorded, and in 2014, its mass equaled 41.8 Mt (metric
ton), in 2016—44.7 Mt, and 53.6 Mt was generated in 2019 [1-3]. In 2014, approximately
35% of electro-waste was recycled [4]. One of the electro-waste components is Printed
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Circuit Board (PCB). It is a laminate and constitutes about 3% of the mass of the whole
electronic equipment [5-7]. A printed circuit board is manufactured from materials belong-
ing to metals (about 30—40% of the whole component) and non-metals (plastics, ceramics,
composites, about 60-70% of the whole component) [3,8-10]. It is possible to identify the
diversified element composition: Cu, Zn, Ni, Al, Fe, Si, Ca, Pb, Sn, Cr, Mn, Mo, Ti, Pd, Pt,
Ag, Au, etc. In some cases, a PCB consists of even as much as 60 elements, also toxic and
hazardous [3,9-13]. Actions related to the recycling of WEEE and PCB protect the natural
environment by limiting the use of ores, as well as reducing the amount of generated
waste and pollutants (storage of heavy metals and other toxic substances). Additionally,
recovery processes are less energy-consuming than the extraction of metals from primary
sources [4,14]. Metal recycling from printed circuit boards is a complex issue, mostly
due to the complicated construction of these components. The difficulty in developing
effective methods of processing and recovery of those materials is connected mostly with
the toxicity of some of the elements used to manufacture PCB, which is mentioned, among
others, by Priya et al. [3] and Sohalili et al. [5], as well as a small concentration of metallic
elements [3,5].

This paper is a continuation of research [15] aimed at the application of physical
methods of metal recovery from PCB, which are economical and environmentally friendly.
For this purpose, the material was prepared with a knife mill and in the next stage the
fine grains were subjected to electrostatic separation. This method allows to separate
grains into three products: concentrate (a mixture of metals), waste (mainly consisting of
plastics and ceramics) for which two applications have been found, and a small amount
of a difficult-to-manage intermediate (mixture of metals, plastics, and ceramics combined
by strong connections). Due to its complicated structure and chemical composition, its
processing with simple and cheap methods was difficult. Therefore, for this small amount
of intermediate, it was decided to use bioleaching, which is also environmentally friendly,
but its disadvantage is the long-term impact of micro-organisms on the components of PCBs
during the catalysis of the metal recovery process. As a result of bioleaching, a metal-free
sludge is to be formed, which will be combined with the waste (plastics) to produce com-
posites and a solution containing metal ions that will be recovered in the next stage of the
research [15]. It is a cost-effective process, and there are no required high energy inputs or
advanced technology apparatus. Bioleaching with Acidithiobacillus ferrooxidans is a bacteria-
assisted course (they provide and accelerate Fe ions oxidation), yielding solubilization of
metals from material to leachate. Biological processes are inherently environment-friendly,
but the kinetics are long-lasting. A. ferrooxidans, “iron bacteria”, are usually used both in
laboratorial tests and industrial processes of bioleaching of copper, gold, nickel, or cobalt.
They are chemolithoautotrophs, which live in the optimal temperature of 20-45 °C and
pH = 1.3 + 4.5. These bacteria take energy by oxidizing the reduced sulfur compounds (in
the case of the oxidation of pyrite), but mostly from the oxidation of Fe?* ions to Fe3*, thus
ensuring continuous regeneration of the leaching agent, which is not possible in the case of
traditional leaching [14,16-24]. The Fe?* ions oxidize chemically with oxygen to Fe>* ions
for a very long time in a strongly acidic environment, but it is they who are responsible for
the occurrence of the leaching reaction when bioleaching sparingly soluble sulfide minerals,
whereas the presence of iron bacteria significantly accelerates the oxidation processes and
Fe?* regeneration with the pH value below 4, and only iron bacteria are capable of acceler-
ating the oxidation with the indicated pH value. The process characterizes in high elasticity,
due to the high adaptation ability of the microorganisms to extreme living conditions. The
adaptation process, consisting in a gradual increase of the agent’s concentration in the
bacterial environment makes it possible for the microorganisms to adapt to high metal
concentrations. However, with a properly high concentration of heavy metals or some
salts, the bacteria’s metabolism becomes disturbed, which may lead to their death [16]. In
their study, Zhu et al. [17] emphasize also that plastics can contribute to bacteria’s faded
activity during the bioleaching process, which, without the strain’s adaptation to such
conditions, can also result in their necrobiosis. The presence of iron-oxidizing bacteria also
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increases the probability of the formation of secondary iron compounds (mainly jarosites),
which are the undesirable products of bioleaching, as they form envelopes around the ore’s
particles, thus inhibiting the kinetics of mineral solubilization [25]. In turn, solutions from
bioleaching processes usually have very low pH values and high concentrations of sulfates
and iron (III). Especially solubilized iron can disturb the further processes of separation
and recovery of the metals [26,27]. After bioleaching, leachate (solid crystals of metals
dispersed in liquid) and residue (non-metals and non-digested metals) are obtained. In the
presented study, the leachate was the basis for metal recovery, hence the sludge has not
been analyzed in detail.

The article analyzes the dried residues precipitated from solution after bioleaching
using modern measurement techniques to evaluate and select applicable methods of
recovering metals from solutions, such as e.g., the reduction of metal ions in the reactor
in accordance with patent application No. P.410550 [28]. In order to properly design the
process of recovering metals from a bio-solution, the input material for this process, in
particular its chemical composition and morphology, should be identified. The aim of
the study was to present possible and necessary analytical methods for testing solutions
and the sequence of these analyzes. The intermediate in an amount less than 3% of total
electrostatic separator feed (Suponik et al. [15]), which was subjected to the bioleaching
process in this study, had a different chemical composition (especially in the amount of
plastics) and structure from typical PCBs waste undergoing biological oxidation.

Metal separation and recovery from solutions are commonly achieved by technologies
such as solvent extraction (SX), electrolysis/electro-winning (EW), or ion exchange (IX). The
effectiveness of these processes is diversified, and the range of results shows the influence
of many factors on their course. Therefore, in order to apply and select the best method of
recovering metals from solution obtained after bioleaching process of PCBs, these solutions
must be fully characterized not only in terms of chemical composition but also crystalline
and amorphous components should be assessed. This article was devoted to these issues.
A secondary goal of this work was to demonstrate the possibility of using bacteria for
effective leaching of PCBs waste materials.

2. Materials and Methods

This publication is a continuation of previous research presented in the paper
Suponik et al. [15], in which the electrostatic separation of grinded PCBs was conducted.
As a result, the following products were obtained: concentrate, intermediate, and waste,
with yields of 26.2%, 2.8%, and 71.0%, respectively. The obtained concentrate and waste
were pure and could be easily processed by known methods, unlike the intermediate, which
consisted mostly of conglomerate grains (metal-non-metals—ceramics material). The release
of metals from the conglomerate grains by mechanical means is time-consuming, costly,
and difficult, mainly due to strong and undefined connections. Therefore, this material
was biochemically processed with A. ferrooxidans bacteria in this study. A small amount of
intermediate product (less than 3% after electrostatic separation) makes it possible to apply
bioleaching as part of the recovery of metals from PCBs, which makes this long-lasting
method effective and cheap compared with other methods.

The bioleaching was carried out in Erlenmeyer flasks (0.3 dm?) containing 3 g of the in-
termediate fraction samples and 0.18 dm? of nutrient medium 9K (Silverman and Lundgren
medium, composition in g/dm?: FeSO,-7 Hy0—44.30, Ca(NO3),—0.01, (NH4),5S04—3.00,
Ky;HPO,4—0.50, KC1—0.10, MgSO4 -7 HyO—0.50) inoculated by 0.02 dm?3 of A. ferrooixdans.
A pure strain of A. ferrooxidans (F3-02) was isolated from the source of mineral water
coming from Glebokie (Nowy Sacz county, Poland) [29]. Metals concentration in the in-
termediate product of electrostatic separation (bioleached material) in %: Cu—6.68 £ 0.67,
Al—1.34 £ 0.13, Pb—0.74 £+ 0.07, Zn—0.74 + 0.09, Ni—0.31 £ 0.03, Fe—1.5 £ 0.15,
S5n—1.18 & 0.12, Ti—0.39 £ 0.04 [25]. The bioleaching process was conducted for 64 days
at ambient temperature, through systematic measurements of pH and Eh (every 3-5 days).
To maintain the optimal solution pH, the samples were acidified (5M H,5O4) to pH = 2.0.
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After the end of the bioleaching, the solutions were filtered, by way of separating the
remaining liquid with the use of medium filter papers (Macherey—Nagel, Allentown, PA,
USA, MN 640 d, 18.5 cm @) to separate the solutions and the residues from each other.
Simultaneously, the sterile control samples were performed, under identical experiment
conditions (chemical leaching).

For the pH and Eh measurements, a KnickPortamesstype 913 pH meter with an
electrode by WTW pH—ElectrodeSenTix 41 with automatic temperature compensation
(used to read off the liquid temperature) and an Elmetron CP—551 m with a Radelkis
OP—7171—1A electrode were used, respectively. The specimens made from the solu-
tions and the residue underwent further analyses—Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES), Ultra-high resolution Scanning-Transmission Electron
Microscopy (5/TEM), Scanning Electron Microscopy (SEM), and X-Ray Diffraction (XRD).

The main analysis was carried out on the following specimens: made from filtered
solution obtained after bioleaching process (described as leachate) and filtered solution
obtained in chemical leaching (described as control solution). In order to perform SEM,
S/TEM, and XRD analysis, dried residues precipitated from leachate samples and control
solution samples were examined. To obtain representative results of electron microscopy
analytical methods it was necessary to dilute the leachate and control solution with pure
ethyl alcohol (1:1000) before the samples were dried. Without this procedure, it would be
impossible to reveal the morphology of the particles placed in solutions, as well as obtain
full information about the qualitative phase and chemical composition. Residue (sediment
and solid phase filtered form leachate) from bioleaching process was tested only by using
ICP-OES technique to show the chemical balance after the bioleaching process.

A high-resolution scanning electron microscope (SEM) Zeiss Supra 35 (Carl Zeiss AG,
Aalen, Germany) was equipped with the EDAX Energy dispersive X-ray spectroscopy (EDS)
system (EDAX, Mahwah, NJ, USA) and enabled to analyze the chemical composition in
micro-areas. The voltage accelerating the electron beam reached 15 kV. The solutions were
mixed in a magnetic mixer for 15 min, then applied on a carbon band and dried at the tem-
perature of 60 °C. The tests have been carried out on the diluted (morphology and chemical
composition of selected areas) and undiluted solutions (only chemical composition).

In order to illustrate the morphology and structure of the examined specimens, a high
resolution transmission electron microscope S/TEM TITAN 80-300 (FEI, Hillsboro, OR,
USA) was used, the microscope was equipped with an X-ray energy dispersion spectrome-
ter (EDS). The electron beam energy was 300 kV. For the analysis of the obtained results, the
DigitalMicrograph by Gatan (v. 2.32.888), TEM Imaging & Analysis (v. 4.17) and Crystal
Maker (v. 4.0) software was applied. To prepare the specimens, a proper number of the
solutions was collected, which was then mixed in a magnetic mixer and applied in a small
amount onto a copper mesh. In the EDS analyses, light elements were excluded (Z < 11), as
their qualitative evaluation is burdened with too much error.

The X-ray diffraction tests were made on an X'Pert Pro diffractometer (Panalytical,
Almelo, The Netherlands), with the use of filtered X-ray lamp radiation (filter Fe) with a
cobalt anode (KaCo A = 1.7909 A), powered by voltage 40 kV, with the filament current
intensity = 30 mA. The examined specimens were applied on a non-reflective base made of
silicon mono-crystal. The X-ray diffraction measurements were performed in the Bragg-
Brentano geometry in the angular scope 10-70° [20] with the step 0.026° and the step count
time 70 s. The obtained diffractograms were analyzed by means of the X'Pert High Score
Plus software (v. 3.0e) with a dedicated Inorganic Crystal Structure Database—ICSD (FIZ,
Karlsruhe, Germany).

In order to check and confirm the metals concentration in leachate and residue ICP-
OES method was employed, using the Jy2000 spectrometer (by Horiba Yobin-Yvon, Hessen,
Germany). The source of the induction was a plasma torch coupled with a 40.68 MHz
frequency generator; the bioleaching products were previously dissolved.
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3. Results
3.1. Bioleaching Process

Figure 1 shows the changes in the potential of Eh and pH during bacterial and chemical
leaching. For the system inoculated with the bacteria, a constant increase of Eh was
observed—from the initial value of 255 mV to about 700 mV, obtained on the 52nd day of
the experiment. The A. ferrooxidans bacteria gradually oxidized Fe (II) to Fe (III), which, in
connection with a low pH during the bioleaching, points to growth of the microorganisms
and proves a biological course of the reaction. At the same time, the value of Eh in the
control solution remained in the scope of 300-400 mV. Due to the alkaline nature of the
PCB waste [26,27] and to provide favorable conditions for microorganisms, the pH of the
samples was corrected using 5M H,SOj. The reaction of the leaching solution inoculated
with the bacteria was corrected several times in the preliminary phase of the process. The
self-acidification effect with the maintained value of pH = 2 was observed on the 9th day
of the performed process. In the case of the control solution, the pH correction was made
regularly, thus ensuring an acidic environment during the 64 days of chemical leaching.

+—0—*/°

5 10 15 20 25 30 35 40 45 50 55 60 65
Time, days
(@)

Time, days
(b)

Figure 1. Graphs showing changes in: (a) redox potential (Eh), (b) pH, during bacterial (blue line)

and chemical (orange line) leaching.

3.2. Scanning Electron Microscopy

The observations of the dried residues precipitated from solution after the bioleaching
specimen made on a scanning electron microscope enabled an evaluation of the specimens’
morphology and chemical composition. Figure 2a,b shows the morphology of the dried
residues precipitated from diluted specimen of the leachate and the control solution. The
specimen obtained from leachate (Figure 2a) revealed mainly agglomerates with a spongy
structure, probably formed as a result of evaporation of the liquid from the colloidal
suspension. Similar structures, yet in a smaller content, were identified in the dried
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specimen from control solution. There was observed numerous agglomerates with a
compact structure.

20 pm EHT =20.00 kv Signal A= SE2 10 pm EHT = 20.00 kv Signal A = SE2
WD = 5.2mm Mag= 250K X — WD = 4.8mm Mag= 200K X
(a) (b)

Figure 2. Morphology of the: (a) leachate, (b) control solution, SEM (SE).

The chemical analysis in the micro-areas of the dried residues precipitated from
leachate (Figure 3 and Table 1) and control solution (Figure 4 and Table 2) revealed a content
of the following elements: Cu, Fe, Al, Mo, Si, Ca, S. In the dried residues form control
solution, Ag and K were also identified. A difference in the chemical composition between
the formulation from the dried specimens from diluted solution and the undiluted one
within the same test was observed as well. In the dried specimen from the solutions after
the bioleaching, after dilution, no copper, magnesium or sulfur were identified, whereas in
the specimen prepared from control solution, also silicon and potassium were not found,
which were present in the specimen from undiluted solutions. This could be associated
with the phenomenon of sedimentation of larger particles after the solution’s dilution.

+3a

+2a o~
M S0

(a)

Figure 3. Cont.
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Figure 3. SEM images of the dried residues precipitated from leachate with marked chemical
composition analysis points (results are presented in Table 1); (a) undiluted, (b,c) diluted.

Table 1. Results of chemical composition analysis of the dried residues precipitated from leachate
(EDS, SEM) at points shown in Figure 3; specimen from undiluted solution (Figure 3a); specimen
from diluted solution (Figure 3b,c).

Dried Residues Precipitated from Dried Residues Precipitated from
Undiluted Solution (Figure 3a) Diluted Solution (Figure 3b,c)
Element Point of Analysis
1a 2a 3a 1b 2b 3¢
% wt. % at. % wt. % at. % wt. % at. % wt. % at. % wt. % at. % wt. % at.

Cu 4 3 4 3 2 - - - - - - -

Fe 40 29 39 26 40 26 - - 32 40 25 29
Al 2 3 2 3 2 3 - - - - 4 14
Mo - - - - - - - - 64 60 64 43
Si - - - - - - - - - - 4 -

Ca 2 3 2 3 2 3 - - 5 - 4 14

S 53 63 54 65 55 68 - - - - - -

(a)

Figure 4. SEM images with marked chemical composition analysis points (results are presented in
Table 2), dried specimen made from the control solution; (a) undiluted, (b) diluted.
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Table 2. Results of chemical composition analysis of the dried residues precipitated from control
solution (EDS, SEM) at points shown in Figure 4; specimen from undiluted solution (Figure 4a),
specimen from diluted solution (Figure 4b).

Dried Residues Precipitated from
Undiluted Solution (Figure 4a)

Dried Residues Precipitated from
Diluted Solution (Figure 4b)

Point of Analysis

Element
1la 2a 3a 1b 2b 3b
% wt. % at. % wt. % at. % wt. % at. % wt. % at. % wt. % at. % wt. % at.
Cu 5 3 7 5 5 3 - - - - - -
Fe 46 34 52 45 48 35 - - 33 42 35 44
Al 2 3 2 - 2 3 - - 3 8 2 6
Mo - - - - - - - - 62 50 59 44
Ag - - - - - - - - 3 - 2 -
Ca - - - - - - - - - - 2 6
K 2 3 2 - 2 3 - - - - - -
S 46 58 36 50 44 58 - - - - - -

3.3. High Resolution Transmission Electron Microscopy

Figure 5 shows the results of TEM observations of the dried residues precipitated from
the solution obtained in the bioleaching process. The specimen from undiluted solution
(Figure 5a) are characterized by a spongy structure. More precise analyses could be per-
formed on dried specimen obtained from solution after dilution. Figure 5b shows particles
of spherical shape, with a diameter of several tens to 200 nm, forming lacy aggregates.
The diffraction made in this area (the example is marked by A in Figure 5b) confirms an
amorphous structure (Figure 5c). Additionally, there are visible fragments with a different
morphology (marked by B). Both the SAED (Selected Area Electron Diffraction) and the
dark field image confirm the nanocrystalline structure of these fragments (Figure 5d). The
analyses of the chemical composition (Figure 6a—e) obtained in STEM mode with the use
of EDS confirmed that the aggregates made of spherical particles contain mainly Fe, S,
and O (the presence of Cu in the recorded spectra may be omitted), while the irregular,
nanocrystalline fragments contain additional Ca and Na.

Figure 7a—d shows the structure of dried residues precipitated from the control so-
lution. A representative result of the specimen obtained from diluted solution is shown
in Figure 7b. It shows spherical particles of various diameters (several dozen to 500 nm),
which are not connected. Larger particles are hollow in the middle, while the outer part is
crystalline (Figure 7c), which can prove incomplete oxidation. Spherical particles consist
of Fe, S, and O. The presence of Ce is also visible in the spectra, which results from its
presence in the PCB. Between the spherical particles, there are visible fragments with an
irregular structure (marked as B in Figure 7d), which chemical composition that is similar
to the spherical particles (Figure 7f).
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(c)

Figure 5. Microscope images of the dried residues precipitated from leachate; (a) undiluted (STEM
HAADF—High-angle annular dark-field scanning transmission electron microscopy), (b) diluted
(TEM), (c) selected area diffraction SAED obtained for area indicated by A image (b), (d) dark field
image (TEM-DF), in right bottom part selected area electron diffraction from the area indicated by B
in image (b).
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Figure 6. STEM-HAADF images of the dried residues precipitated from leachate, diluted; (a,b) spher-
ical particle where EDS analysis were performed, (c) EDS result obtained in area indicated by 1 in (a),
(d) EDS result obtained in area indicated by 2 in (b), (e) EDS result obtained in area indicated by

3in (b).
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Figure 7. Microscope images of the dried residues precipitated from control solution; (a) undiluted
(STEM HAADF), (b) diluted (STEM B), (c) TEM image of the outer part of bigger spherical particle
from (b), (d) STEM-HAADF image consist of spherical and unregular fragments, where EDS analysis
were performed, (e) EDS result obtained in area indicated by A in (d); (f) EDS result obtained in area

indicated by B in (d).
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3.4. X-ray Qualitative Phase Analysis

In the diffractogram of the specimen from the dried residues precipitated from solution
after bioleaching (Figure 8) in the scope from 22 to 45° 2 Theta, we can see a very big, slightly
asymmetric hump, characteristic of the amorphous component. A diffraction line in an
angular orientation was also recorded, which corresponded to reflection from the crystalline
planes (222) of iron oxide (II)—Fep O3 (ICSD: 98-010-8905). The qualitative X-ray phase
analysis of formulation made from dried residues from the control solution (Figure 9)
revealed an amorphous component as well as diffraction lines which can be attributed to
the strongest lines of the standard CuFeS, (ICSD: 98-003-0289), Fe,O3 (ICSD: 98-010-8905),
CupO (ICSD: 98-017-3983). In the case of the examined specimens, diffraction lines are
characterized by low intensity, due to high content of an amorphous component.
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Figure 8. X-ray diffraction patterns of the leachate.
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Figure 9. X-ray diffraction patterns of the control solution.

3.5. ICP-OES Analysis
The chemical composition of leachate and residue is presented in Table 3. The theoreti-
cal maximum content of elements can be calculated in accordance with metals composition
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in the intermediate product of electrostatic separation which was later bioleached. The cal-
culated theoretical maximum content of Cu, Al, Pb, Zn, Ni, and Sn was 1000, 200, 110, 140,
50, and 180 in ppm respectively. It could be observed that in the case of copper, aluminum,
zinc, and nickel, the larger quantity of each substance appears in the leachate. Lixiviation
did not occur in all other cases (lead and tin), where a bigger amount of elements was
recognized in the residue. As regards copper, the bioleaching process was the most efficient,
subsequently: zinc, nickel, and aluminum.

Table 3. The chemical composition of the leachate and the residue (ICP-OES analysis).

Quantity of the Substance Quantity of the Substance
/Element in the Leachate /Element in the Residue
Element (ICP) (ICP)
ppm ppm
Cu 700 250
Al 150 60
Pb 20 70
Zn 75 60
Ni 34 20
Sn 10 200

4. Discussion

The tendency for a change in the level of oxidation-reduction potential and pH in time
(Figure 1) is in agreement with the studies published so far (Willner et al. [30]). During
the bioleaching procedure, the microorganisms were provided with the optimal growth
conditions; however, the experiment time was longer than it had been assumed. Probably,
the waste composition—a ground PCB fraction rich in metals and an unseparated metallic
fraction—had a slowing effect on the metabolism of the bacterial cells. The plastics present
in the sample could have extended the time of the bacteria’s adaptation to the environment,
which is mentioned by Zhu et al. [17].

Referring to the composition of metallic elements of the initial material (chemical
composition of ground PCB after the separation of the plastic fraction (Franke et al.) [12])
as well as the solutions after the bioleaching, it can be stated that the iron percentage in
the specimen increased significantly, which is related to the course of the leaching process
and continuous oxidation of Fe?* to Fe>* guaranteeing a transition of the metal from the
solubilized material into the solution. Analyzing the obtained SEM and TEM results, we
can assume that the demonstrated small differences in the chemical composition between
the obtained dried specimen from the undiluted solution and that from the diluted one
were mainly connected with the applied research technique (analysis in micro-areas) as
well as the preparatory procedure. The concentration of some elements in the formulation
was low, and, with heavier/bigger agglomerates in the specimen made from undiluted
solution, sedimentation could have taken place. However, the obtained results of the
chemical composition confirm the presence of elements used to manufacture PCB in the
solution, which is mentioned by Seif El-Nasr et al. [9], Liang et al. [10], Szalatkiewicz [11]
van Houwelingen [13], and de Andrade et al. [31].

Bioleaching with A. ferrooxidans bacteria provides acquiring elements such as cop-
per, zinc, and aluminum from leached material (Willner et al. [16], Kremser et al. [32],
Rouchalova et al. [33]). It was confirmed in the ICP-OES results in the solution samples.
Moreover, it was proved by SEM EDS and TEM EDS analysis results—in the dried residues
precipitated from solutions the following elements have been identified: Cu, Fe, Al, Mo,
5i, Ag, K, S, Ca, and Na. In the examined specimen from solutions, appearance of Pb and
Sn has not been supported as opposed to residue (ICP-OES analysis findings). Similar
observations were presented in previous papers by Brandl et al. [34], Ilyas et al. [35], and
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others—Bryan et al. [36], Willner et al. [30], Willner et al. [37], Hubau et al. [38]. It was
reported that during PCB bioleaching, Sn was detected in residues in the form of precipi-
tated SnO together with Pb in the form of PbSO,. Additionally, performed analysis results
validate that a strong combination of metal-nonmetal-ceramics conglomerate were broken
and elements from conglomerate probably entered the solution. The metal content in the
leachate (Table 3) is sufficient for the reduction and precipitation of metal ions from the
solutions using e.g., iron reactor (patent application No. P.410550, [28]), which is planned
to be carried out in the second stage of the research.

TEM observations show that the morphology of dried residues precipitated from
leachate after dilution consisted of mainly amorphous spherical particles in diameter up to
200 nm, forming lacy aggregates. Chemical composition confirmed that these aggregates
contain mainly Fe, S, and O. In the dried specimen from control solution larger particles
(up to 500 nm) were observed with hollow in the middle and crystalline outer part. The
obtained investigation allowed the conclusion that the differences in the morphology of
these spherical particles observed in the dried specimen made from leachate and the control
solution are the result of activity of the bacteria and their participation in the solubilization
of the waste components, with their visible degradation—acceleration of the reaction owing
to a continuous regeneration of the leaching agent (Cui et al. [39]). Also, Arshadi et al. [40]
point to the fact that the factor of the change in the morphology of the spherical particles
are the bacterial metabolites, which, through their chemical operation, intensify the process
of their degradation.

Qualitative X-ray phase analysis of ground PCBs performed by Erust et al. [41] and
Franke et al. [12] made it possible to identify mainly metallic phases (iron and copper). The
investigation results presented in this article point to the presence of mostly oxides and
sulfides of these metals in dried residues precipitated from solution, which is a consequence
of bioleaching. The specimen made from leachate is characterized by a spongy structure,
composed of spherical particles of iron oxide III, exhibiting features of an amorphous
substance, which was confirmed by XRD. The specimen made from control solution, in turn,
demonstrated the presence of Fe;O3 as well as a large content of fine-dispersive crystals,
probably CuFeS; and Cu;0, in the base of the amorphous phase. It can be assumed that
these compounds were formed during the leaching process, with participation of elements
present in nutrient medium, which also was confirmed by the study of Sethurajan et al. [8].

The application of such a variety of test methods has enabled comprehensive informa-
tion on the leachates. Each of the analyses complemented each other and gave different
data on the specimen. Neither could be omitted—without SEM it is impossible to perform
XRD data, and without XRD it is difficult to identify the phase composition only by TEM
analysis. The only difficulty in conducting the tests was the preparation of specimens
which must be dried under the same conditions. It required a lot of attempts to achieve
the intended goal—as indicated in the presentation of the results, it was necessary to
dilute the solution to reveal the morphology of the particles in dried specimen (SEM and
TEM), or multistage evaporation of water from leachate to prepare the specimen for XRD
testing. The chemical composition analysis was difficult in terms of identifying some heavy
elements that could fall to the bottom of the vial immediately after the mixing process was
completed. Therefore, it took several attempts to collect test materials to obtain clear results.
However, the obvious advantage of combining the above-mentioned research methods
is the simultaneous obtaining of information about the material on a micro and macro
scale. Previous publications on bioleaching have not used all the methods indicated in this
study, most often it was confined only to the analysis of the chemical composition. This
concerns in particular the intermediate obtained from electrostatic separation [28], which
had different chemical composition and structure from typical PCBs. The use of electron
microscopy made it possible to visualize the morphology of the specimen, which is inter-
esting information and could potentially be used to define bioleaching mechanisms that
are not yet explicitly defined. All the data obtained from the investigation using presented
analytical techniques allow to assess the applicability of the best method of recovering
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metals from bio-leachate and to select the best one. This study will be carried out in the
next step of the research.

5. Conclusions

The chemical composition of the leachate is similar to the composition of the elements
used to manufacture PCB boards (Cu, Al, Mo, Ca, Ag, Mg, Si). The dominating amount of
iron is involved with the continuous oxidation of Fe%* to Fe®*, which ensures the transition
of the metals from the solubilized material into the solution. According to copper the
bioleaching process was the most effective.

The application of comprehensive scientific techniques allowed to evaluate the mor-
phology of the obtained products and identify the components of the analyzed solutions,
mainly the oxide and sulfide phases (Fe;O3, Cu,O, CuFeS;), which were presented as a
consequence of the leaching processes. These complementary methods allow for a quick
and complex analysis that gives full information about the analyzed solutions (ICP-OES
analysis) and dried residues precipitated from leachate and control solution (SEM, S/TEM,
and XRD), which is needed in the next step of PCBs recycling to conduct a qualitative
and quantitative assessment of precipitates, obtained as a result of metal recovery from
leachates by e.g., reduction of ion metals using an iron reactor.

The morphology of the dried residues precipitated from leachate after bioleaching
consisted of mainly amorphous spherical particles in diameter up to 200 nm, forming lacy
aggregates. In the dried residues precipitated from the control solution larger particles
(up to 500 nm) were observed with hollow in the middle and crystalline outer part. The
obtained investigation allows to conclude that the differences in morphology and phase
composition of these spherical particles observed in specimen obtained from the leachate
and the control solution are the result of activity of A. ferrooxidans bacteria and can be
related to efficiency in dissolving metals during the bioleaching.

Obtained results of the investigation confirm the activity and participation of the
A. ferrooxidans bacteria in the solubilization process of electro-waste components, with their
visible degradation—acceleration of the reaction owing to a continuous regeneration of the
leaching medium.

Electron microscopy was useful to assess the chemical composition and to obtain
the images of solutions morphology, in order to examine the input and effectiveness of
metal-nonmetal-ceramics conglomerates bioleaching. However, in a full assessment of
the bioleaching process, complementary cross-checks of the micro (SEM and S/TEM) and
macro (ICP-OES and XRD) methods are required.
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Sposéb rozdzialu metali od tworzyw sztucznych z plyt obwodow

drukowanych

Przedmiotem wynalazku jest sposob rozdzialu metali 1 tworzyw sztucznych z
ptyt obwodéw drukowanych (PCB - ang. printed circuit board).

Szybki postep technologii komputerowych przyczynit si¢ do zmiany
wzorcoOw konsumpcyjnych, ktorych skutkiem jest masowa wymiana urzadzen na
nowe, o znacznie wyzszych wydajnosciach. Wynikiem tego jest wytwarzanie coraz
wigkszych ilosci zuzytego sprzetu elektrycznego i elektronicznego (WEEE — ang.
Waste from Electrical and Electronic Equipment). W roku 2019 wygenerowano
53,6 milionow ton takich odpadéow i bylo to o 9,2 milionow ton wigcej w
porownaniu do roku 2014 (Forti i in. 2020). Jednym z podstawowych elementow
budowy WEEE s3g ptyty obwodoéw drukowanych (PCB), w ktérych zawarto$¢
metali jest znaczaco wyzsza od ich zawarto$ci w naturalnych rudach (Sohaili 1 in.
2012, Tsydenova i Bengtsson 2011, Johnson 1 in. 2007). PCB zbudowane sg w
okolo 70% z czgsci niemetalicznych takich jak wtokno szklane, Zzywica
epoksydowa, poliester i w 30% z metali w stanie wolnym (Huang i in. 2009, Kumar
1 in. 2018). Cze$¢ niemetaliczna nazwana zostata w niniejszym wniosku
tworzywem sztucznym.

PCB w zaleznosci od producenta, daty produkcji 1 przeznaczenia zawierajg
rézne ilosci metali. Szacunkowa zawarto§¢ metali szlachetnych (Au, Ag, Pd) i
potszlachetnych (Cu) w PCB wynosi odpowiednio 0,05%, 0,03%, 0,01%, oraz
16%. W PCB wystepuja rowniez inne metale w niewielkich stezeniach: 3% Fe, 3%
Sn, 2% Pb, 1% Zn oraz w §ladowych ilosciach Al, Ni, Cr, Na, Cd, Mo, Ti, Co
(Kumar i in. 2018, Charles 1 in. 2017, Bizzo i in. 2014). Szacuje si¢, ze w roku 2019
warto$¢ surowych materiatow zawartych w WEEE wynosita 57 miliardow USD
(Forti 1 in. 2020), przy czym dotyczyto to okoto 17 procent udokumentowanych w
tym roku WEEE. Pozostata nieudokumentowana cz¢$¢ pozostajaca poza ewidencja
byla magazynowana ze wzgledu na brak skutecznych, proekologicznych
uniwersalnych 1 niskokosztowych technologii lub przetwarzana w sposéb

niezgodny ze standardami S$rodowiskowymi (Forti i in. 2020, Song 1 in,



2015). Poprawny recykling WEEE jest wigc konieczny nie tylko z powodu ochrony
srodowiska przyrodniczego 1 naturalnych zasobow, ale réwniez z
powodow ekonomicznych, tworzenia nowych miejsc pracy 1 ograniczenia
wplywu sktadowisk i magazynéw odpaddw na krajobraz.

Wsrod metod odzysku metali z PCB wyréznia si¢ metody chemiczne i
fizyczne. Stosowanie metod chemicznych czesto wigze si¢ z ingerencja w
srodowisko naturalne poprzez zuzycie energii, odprowadzanie zanieczyszczen do
wod 1 powietrza (Leung i in. 2007; Qiu 1 in. 2020; Xiang i in. 2007) oraz
powstawanie odpadow. Glownie stosuje si¢ metody pirometalurgiczne,
hydrometalurgiczne, biohydrometalurgiczne (Kaya, 2017) oraz z wykorzystaniem
plazmy (Changming et al., 2018). Dwie ostatnie mozna zaliczy¢ do przyjaznych
dla $rodowiska, jednak w przypadku biohydrometalurgii wada jest dlugotrwaly
czas oddziatywania mikroorganizmoéw na sktadniki PCB podczas katalizowania
procesu odzysku metali. W przypadku istniejagcej w danym regionie instalacji do
wytwarzania metali na drodze metalurgicznej zasadne jest wydzielenie z PCB
metali, tanimi fizycznymi metodami, i ich przetwarzanie w tej instalacji.
worzywa sztuczne moga by¢ wtedy, zgodnie z zasadami gospodarki obiegu
zamknigtego, wykorzystane do wytworzenia rdéznego rodzaju prefabrykatow.

Wsrod metod fizycznych wyr6zni¢ mozna m.in. separacje elektrostatyczng
(Dascalescu 1 in. 1992; Suponik i in. 2021; Jiang 1 in. 2009; Wu 1 in. 2008),
magnetyczng (Suponik i in. 2019; Veit i in. 2005) oraz grawitacyjng w osrodku
powietrznym (Eswaraiah i in. 2008; Yoo i in. 2009) i w o$rodku wodnym (Duan i
in. 2009; Zhu 1 in. 2020). Odzysk metali z PCBs moze by¢ prowadzony réwniez
za pomocg flotacji z wykorzystaniem odczynnikéw flotacyjnych (Gallegos-
Acevedo et al., 2014; Otunniyi et al., 2013) lub bez (Ogunniyi and Vermaak,
2009). W przypadku zastosowania wszystkich tych metod konieczne jest
dostosowanie stopnia rozdrobnienia i uwolnienia substancji uzytecznej, czyli
metali w stanie wolnym. Metody fizyczne charakteryzuja si¢ niewielkim wptywem
na §rodowisko przyrodnicze.

Istota wynalazku jest sposob rozdzialu metali od tworzyw sztucznych z

ptyt obwodéw drukowanych w osrodku powietrznym, roéznigcych si¢ zdolnoscia



do gromadzenia tadunkéw elektrostatycznych na powierzchni ziaren oraz
wlasno$ciami przewodnictwa elektrostatycznego, w ktorym plyty odwodéw
drukowanych sg uwolnione od pozostatosci niewbudowanych, charakteryzujacy
si¢ tym, ze uwolnione od pozostatosci plyty obwodow drukowanych tnie si¢ na
kawatki o wielko$ci do 5 cm, ktore nastepnie poddaje si¢ chtodzeniu do temperatury
kriogenicznej < - 150°C w komorze, nastgpnie mieleniu w mtynie nozowym do
wielkosci czastek <0,5 mm przy chtodzeniu komory roboczej mtyna, po czym ptyty
poddaje si¢ rozdziatowi na metale, tworzywa sztuczne oraz pétprodukt za pomoca
elektrostatycznego separatora elektrostatycznego, przy napigciu rozdzialu >17 kV,
W temperaturze otoczenia 1 materiatu w zakresie 10-30°C oraz wilgotnosci
materialu <1% 1 wilgotnosci wzglednej w komorze rozdzialu <5%, po czym
polprodukt ponownie chlodzi si¢ do temperatury kriogenicznej < - 150°C w
komorze nastepnie mieli w miynie nozowym do wielko$ci czastek <0,5mm, przy
chtodzeniu komory roboczej miyna, po czym rozdziela si¢ w separatorze
elektrostatycznym, przy napieciu > 17 kV, w temperaturze otoczenia i materiatu w
zakresie 10-30°C oraz wilgotno$ci materiatu <1% 1 wilgotnosci wzglednej w
komorze rozdzialu <5%.

Chtodzenie do temperatury kriogenicznej < - 150°C, kazdorazowo, prowadzi si¢ w
ciektym azocie.

Przedstawiony sposob separacji metali i tworzyw sztucznych z PCB
wykorzystuje metody fizyczne, ktore charakteryzuja si¢ niewielkim wplywem na
srodowisko przyrodnicze i powoduja powstawanie, poza potproduktem, dwoch
gtownych  produktéw  (metali  tworzyw  sztucznych) z  tatwosScia
zagospodarowywanych, co wpisuje si¢ w promowang w UE polityke zgodng z
zasadami gospodarki o obiegu zamknigtym. W przypadku poétproduktu mozna go
recyrkulowa¢ w ukladzie mielenia badz stosowa¢ inne proekologiczne,
niskokosztowe metody pozyskiwania metalii jak na przyktad biohydrometalurgie.

Sposéb umozliwia- skuteczny rozdziat metali. od' tworzyw sztucznych,

pochodzacych z ptyt obwodéw drukowanych.



Przedmiot wynalazku zostal przedstawiony w przyktadzie pokazanym na
rysunku, ktory przedstawia schemat sposobu separacji metali 1 tworzyw
sztucznych z PCB.

Sposéb opisano w przyktadzie realizacji zostal na 5 etapow.

W pierwszym etapie 1 z plyt obwodéw drukowanych nalezy usungé wszelkie
elementy elektroniczne 1 inne, korzystnie stosujgc dezintegrator tancuchowy. Nastepnie w
drugim etapie 2 tak przygotowane plyty obwodow drukowanych (PCB) poddaje
si¢ cigciu w dezintegratorze nozowym na cz¢sci o wielkosci mniejszej od 5 cm,
aby w trzecim etapie 3 schtadzajac je do temperatury kriogenicznej < - 165°C, za
pomoca cieklego azotu, nastepnie w czwartym etapie 4 zmieli¢ je do wielkosci
czastek 0 do 0,5mm, za pomocg miyna nozowego, stosujac perforacje w sicie
miyna 1lmm oraz szczeling migdzy nozami 0,5 mm. Tak powstaly materiat
stanowi nadaw¢ do pigtego etapu 5 na separator elektrostatyczny, w ktorym
tworzy si¢ optymalne warunki rozdzialu metali od tworzyw sztucznych tj:
Temperatura otoczenia 1 materialu wynosita 23°C, wilgotno$¢ materiatu oraz
wilgotno$¢ wzgledna w komorze rozdziatu wynosita odpowiednio 0,1% i1 3%, a

napigcie rozdziatu w komorze roboczej wynosito 17 kV.



Zastrzezenia patentowe

1. Sposob separacji metali od tworzyw sztucznych z ptyt obwodow drukowanych
w osrodku powietrznym, roznigcych si¢ zdolnos$cig do gromadzenia tadunkow
elektrostatycznych na powierzchni ziaren oraz wlasno$ciami przewodnictwa
elektrycznego, w ktoérym ptyty odwodow drukowanych sg uwolnione od
pozostatosci niewbudowanych, znamienny tym, ze uwolnione od pozostatosci
plyty obwodow drukowanych tnie si¢ (2) na kawalki o wielkosci do 5 cm, ktore
nastepnie poddaje si¢ chlodzeniu do temperatury kriogenicznej < - 150°C w
komorze (3) nast¢pnie mieleniu w miynie nozowym (4) do wielkos$ci czastek <0,5
mm przy chlodzeniu komory roboczej miyna, po czym plyty poddaje si¢
rozdziatlowi na metale, tworzywa sztuczne oraz potprodukt za pomoca separatora
elektrostatycznego (5), przy napi¢ciu rozdziatu > 17 kV, temperaturze otoczenia i
materialu w zakresie 10-30°C oraz wilgotno$ci materialu <1 % 1 wilgotnosci
wzglednej w komorze rozdzialu <5%, po czym potprodukt ponownie chtodzi si¢ do
temperatury kriogenicznej < - 150°C w komorze (3), nastepnie mieli w mtynie
nozowym (4) do wielkos$ci czastek <0,5 mm, przy chtodzeniu komory roboczej
mtyna, po czym rozdziela si¢ w separatorze elektrostatycznym (5), przy napilrciu
rozdzialu > 17 kV, temperaturze otoczenia i materiatu w zakresie 10-30°C oraz
wilgotnosci materiatu <1 % 1 wilgotnosci wzglednej w komorze rozdziatu <5%.

2. Sposoéb separacji metali wedlug zastrz. 1 znamienny tym, Ze chlodzenie do
temperatury kriogeniczne} < - 1 50°C, kazdorazowo, prowadzi si¢ w cieklym

azocie.
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Skrot opisu
Sposéb rozdzialu metali od tworzyw sztucznych z ptyt obwodow drukowanych w
o$rodku powietrznym, roznigcych si¢ zdolnoscia do gromadzenia tadunkéw
elektrostatycznych na powierzchni ziaren oraz wlasno$ciami przewodnictwa
elektrycznego, w ktorym plyty obwodoéw
drukowanych sg uwolnione od pozostatosci niewbudowanych, charakteryzuje si¢
tym, ze uwolnione od pozostatosci ptyty obwodow
drukowanych tnie si¢ (2) na kawatki o wielkosci do 5 cm, ktdére nastepnie poddaje
si¢ chtodzeniu do temperatury kriogenicznej < - 150°C
w komorze (3), nastepnie mieleniu w mtynie nozowym (4) do wielko$ci czgstek <
0,5 mm przy chtodzeniu komory roboczej mtyna, po
czym ptyty poddaje si¢ rozdzialowi na metale, tworzywa sztuczne oraz potprodukt
za pomocg separatora elektrostatycznego (5), przy napigciu
rozdzialu > 17 kV, temperaturze otoczenia i materiatu w zakresie 10-30°C oraz
wilgotno$ci materiatu < 1% 1 wilgotnos$ci wzglednej w komorze rozdziatu < 5%, po
czym potprodukt ponownie chlodzi si¢ do temperatury
kriogenicznej, - 150°C w komorze (3), nast¢gpnie mieli w miynie nozowym (4) do
wielkosci czastek < 0,5 mm, przy chtodzeniu komory roboczej
mtyna, po czym rozdziela si¢ w separatorze elektrostatycznym (5), przy napigciu
rozdziatu > 17 kV, temperaturze otoczenia i materialu w zakresie 10 - 30°C oraz

wilgotno$ci materiatu < 1% i1 wilgotnosci wzglednej w komorze rozdziatu < 5%.
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