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Abstract: The increasing world population and the development of technology have boosted the
demand for electrical and electronic equipment (EEE). Equipment that has completed its life cycle
causes serious damage to the environment due to its toxic components. In addition, it contains many
more base metals (copper, aluminum, nickel, lead, tin, etc.) and precious metals (silver, gold, palla-
dium, platinum, etc.) compared with a run of mine ore. Recycling these values with an economic
and environmental understanding will ensure sustainability and prevent the rapid depletion of nat-
ural resources. Specific gravity, magnetic, electrostatic, optical, surface, thermal, and other property
differences between particles as well as the shape, size, and distribution of individual particles di-
rectly determine the success of the recycling process. By determining the behavior of the particles
during enrichment and producing grains suitable for enrichment with better performance in the
size reduction stage, the quality of the concentrate to be subjected to the final chemical/metallurgical
treatment will be enhanced. The main aim of this study is to reveal the effect of particle size and
shape properties on the recovery of valuable metals from two different waste electrical and elec-
tronic equipment (WEEE) sources, end-of-life printed circuit boards and waste electric wires, using
environmentally friendly, easier-to-use, and cost-effective mechanical, physical, and physiochemi-
cal processes. Deciding on the most suitable enrichment process after detailed characterization of
the products obtained from different comminution equipment and their particle size and shape di-
rectly affected the amount, content, and recovery of the final concentrate.

Keywords: characterization; particle size and shape; physical; physicochemical; valuable metals;
recycling

1. Introduction

Electrical and electronic equipment (EEE) is defined as a broad product group with
circuit or electrical components with a power or battery source. Innovations in technology
and the rapid expansion of the market cause EEE to be frequently replaced by consumers.
This situation has become a very critical issue for both the production of electronic equip-
ment and the disposal of waste. Globally, the amount of e-waste is increasing at an alarm-
ing rate of about 2.5 Mt per year [1] and is predicted to reach 74.7 Mt in 2030 [2]. In 2026,
the global electronics recycling market will rise to $65.8 billion with a Compound Annual
Growth Rate (CAGR) of 12.7% [3]. EEE contains many heavy metals and toxic substances
consisting of Pb, Ni, Sb, Hg, Co, Cd, Be, polyvinyl chloride (PVC), brominated flame re-
tardants, etc. In addition, it is a very important reservoir containing significant amounts
of precious and base metals such as gold, silver, copper, iron, aluminum, and nickel [4].
Waste management systems include processes for the recovery of materials to reduce the
production cost of many products such as metal, plastic, glass, and paper, to prevent
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health and environmental problems and to preserve natural resources. They are quite dif-
ferent from conventional mining operations because the physical structure and chemical
composition of the wastes differ greatly [5].

In recent years, it has been widely recognized that it is essential to use and reuse raw
materials to recover metal from waste and ensure residual waste approaches zero. There-
fore, recycling, defined as the addition of secondary raw materials to the economy by
searching for secondary sources, recovering valuable components, and processing mate-
rials necessary to produce salable products, has become important [6]. Since secondary
resources have a heterogeneous content of metals, glass fibers, plastics, and ceramics, re-
cycling valuable metals requires advanced technologies and a different multidisciplinary
approach such as separation, collection, transport, treatment, and disposal [7]. Unlike the
run-of-mine ores, there is no specific size fraction for their liberation and special treatment
techniques are needed, such as segregation, collection, transport, treatment, and disposal.
Some countries have announced their descriptions of the term for waste electrical and
electronic equipment (WEEE). According to the European Union (EU) Directive, WEEE
includes all components, subassemblies, and consumables that are part of a product [8].
The purposes of this regulation are limiting the use of certain harmful substances in elec-
trical and electronic goods to protect the environment and human health from the pro-
duction of electrical and electronic goods to their final disposal, determining the applica-
tions to be exempted from these restrictions, controlling the import of electrical and elec-
tronic goods, and the formation of electrical and electronic wastes and the amount of
waste to be disposed of, to regulate the legal and technical principles regarding reuse,
recycling, recovery methods and targets to reduce.

Around the world, about 40 million tons of electronic waste is generated every year
and this amount constitutes approximately 5% of the total solid waste [9]. WEEE includes
about 10% accessories, 14% electronic equipment, 34% communication equipment, and
42% household appliances consisting of information technology and communication
equipment, large and small household appliances, consumer equipment, lighting devices,
control and monitoring units, toys, sports, and medical equipment [1]. The rate of con-
sumption of electronics and other complex products, which generates large volumes of
waste, further complicates the problem of bulk recycling. Iron and steel form the major
portion of WEEE, while plastics are the second largest group. Metals and alloys, mostly
copper, brass, aluminum, and steel, make up roughly 50% of this waste. Non-ferrous met-
als (copper and aluminum) and precious metals (gold, silver, and platinum) rank third in
abundance and have outstanding commercial value [10]. Copper makes up about 25%—
30% of the total metal used in printed circuit boards (PCBs) and contains about 20—40
times higher content than exploitable copper ore [11]. Copper is a key component of the
energy transition to carbon neutrality due to its superior electrical conductivity. The tran-
sition heavily relies on the electrification of energy end uses (such as heat pumps and
electric vehicles) and renewable power generation (such as wind and solar PV), both of
which utilize significant amounts of copper. Because copper can be recycled indefinitely
without losing its properties, copper metal of the same quality can be obtained from cop-
per-containing scrap as from copper ore production. The yearly demand for global refined
copper is projected to quadruple by 2050 compared with 2020 as a result of the energy
transition, population increase, and economic development. The production of refined
copper is anticipated to double, reaching 50 million tons per year, with copper scrap ac-
counting for 10 million tons of the total [12]. Plastics, which have a large share in the waste
matrix, are used as polystyrene (PS), Acrylonitrile butadiene styrene (ABS), High Impact
Polystyrene (HIPS), Polypropylene (PP), Polycarbonate (PC), and Polyurethane (PU) [13].

PCBs have a 3%-5% share in e-waste composition and mainly contain 28% metal and
23% plastic materials; the remaining portion is mostly ceramic and fiber materials [14].
Organic materials mainly include plastics and flame retardants, while glass-reinforced
epoxy resin and metallic materials are predominantly used in PCBs [15,16]. PCBs are com-
posed of high amounts of base metals such as copper, iron, aluminum, and tin, as well as
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very high concentrations of precious metals such as Au, Ag, and Pd. Ceramic components
mainly include alumina, alkaline earth oxides, silica, mica, and barium [17,18].

Waste electrical cables, which have a significant share in e-waste, are mainly com-
posed of plastics, copper, and aluminum. The wire and cable recycling markets are prog-
nosticated to be valued at USD 30.5 Bn by 2031 [19]. According to their structure and us-
age, they are partitioned into five main categories which are magnetic wires, non-insu-
lated wires, electrical wires and cables, power cables, and communication cables [20,21].
The cable consists of an electrical conductor (copper or aluminum metal core), an insulator
(plastic), auxiliary elements (cable shielding material), and an outer sheath (covering all
materials). Insulating material consists of thermoplastic (mainly PVC, polyolefins, poly-
ethylene, and polyurethane) and thermoset (ethylene propylene, cross-linked polyeth-
ylene, ethyl vinyl acetate, silicone, neoprene, and natural rubber) [22]. Ceramic terminal
blocks are used for power and thermocouple wiring in high-temperature locations. Cable
recovery processes, which are carried out especially for economic and environmental rea-
sons, represent an important field of industrial activity. The most valuable component in
cable recycling is copper and the main purpose is to obtain high-purity copper by sepa-
rating the metals from the insulating layers and sheaths. Copper is used as a conductor
material in cables in different coatings and alloys. For example, tinned copper wire is pre-
ferred in applications where corrosion resistance and electrical connectivity are a priority
and can last much longer than bare copper. These strands are slightly silvery in color and
are quite flexible [23]. Brass wire, an alloy of copper and zinc, is used in the manufacture
of electrical components due to its corrosion resistance and conductive properties. Due to
their durability, these wires are well-suited for electrical connectors [24]. Depending on
the cable type, the price of a PVC-coated electrical cable is around USD 3000 per ton. The
price of the electrical wire produced after cutting and plastic separation varies according
to the Cu content. For example, a mixed copper wire containing 95% Cu and 5% Al can be
sold for approximately USD 5000 per ton in April 2023, while the price of the copper wire
rises to approximately USD 8000 per ton when the Cu purity is increased by 99%. In ad-
dition, recycled aluminum can be sold for between USD 1500 and 1700 per ton, depending
on its quality [25]. As a result, the value of a ton of recycled material can be increased by
approximately USD 2680 with an effective copper—aluminum separation.

The recycling of WEEE is a very current and important issue in terms of environmen-
tal, economic, legal, and technological aspects. The biggest challenge experienced today
is the systematic implementation of the collection, transportation, separation, and recy-
cling of e-waste [7]. The complete recycling of the PCB components requires sequential
application, involving mechanical, physical, and chemical processes. Automatic cable cut-
ting is the most viable way to recover metal from cable scrap in developed countries. The
separation of electric cables can be performed through gravity separation techniques
(based on density/size/shape difference, such as air gravity, jigging, shaking table separa-
tion, etc.), electrostatic separation, flotation, etc. [26]. Today, there are many simple and
effective techniques for recycling thick waste cables. They are easily stripped or crushed
into small scrap ingots and then sorted. However, it may become necessary to use multi-
step techniques for recycling fine waste electric cables (WECs). Due to their size, selectiv-
ity may decrease in the separation process, thus increasing metal loss [27].

In particular, the physical processes, which are applied effectively before the final
chemical processes, provide many benefits in economic, technological, and environmental
terms [28]. Unlike ores, PCBs cannot have a specific size fraction for liberation. Zhang and
Forssberg (1999) and Li et al. (2010) investigated the degree of liberation, shape, and size
of PCB particles [29,30]. They reported that metallic fractions in PCBs started to be re-
leased from plastics below 3 mm after shredding/crushing. The majority of copper wires
have an elongated shape, while the plastic and ceramic particles are cubic or flat. In the
study by Sarvar et al. (2015), it was found that —2.38 + 1.68 mm plastic particles were sep-
arated from the metallic fraction, but ceramic and board particles were liberated at —0.42
+ 0.21 and -0.21 mm, respectively [31]. The behavior of particles in a medium is
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significantly affected by their shape and particle size distribution (PSD) properties [32].
For this reason, it is necessary to determine the morphological properties of the particles
together with the particle size, especially in the enrichment processes. As a result of com-
minution such as crushing and grinding to reach a sufficient grain liberation rate (over
80%) before the enrichment processes, the particles become smaller and change shape [33].
Particles with different morphological properties can be produced in the size reduction
process using different equipment. In this sense, the enrichment method, to be made after
the shape of the particles is determined, is one of the most basic elements that increase the
success of the process.

Two of the methods aimed at recycling WEEE in this study are gravity separation,
where separation is based on the density difference of the materials, and froth flotation,
where separation is based on the hydrophobicity difference of the materials. Shaking ta-
bles, which are one of the most used gravity equipment in the ore preparation industry
due to their simple, environmentally friendly, and inexpensive properties, basically con-
centrate the particles according to their specific gravity and also by their sizes and shapes
[34-36]. The separation process depends on the displacement of the particles in the me-
dium, so the shape of the particles greatly affects their movement. Since the rolling move-
ment of the flat particles is limited, the possibility of mixing with the other product in-
creases and the separation process becomes difficult. Between two particles of the same
mass, a plate and/or needle-like one precipitates more slowly than a spherical particle. For
example, naturally, laminated mica particles can be separated from feldspar using a shak-
ing table [37]. Also, the velocities of the moving particles, which have different shapes in
the fluid medium, will change as they are subjected to different resistive forces. Cui and
Forssberg (2003) performed metal/nonmetal separation using a shaking table for cop-
per/plastic separation [38]. They suggested that the gravity separation of metals and plas-
tics liberated in coarse sizes after primary crushing has very important advantages for the
downstream processing stages. The comminution process to ensure the liberation of metal
and nonmetals that make up the waste matrix causes the production of a large amount of
fine fraction. The fine fraction below about 75 um, which still has a significant metallic
value, cannot be adequately captured by conventional gravity separators, and as a result,
losses increase due to metals escaping into the light product, and selectivity is severely
reduced [39]. Ofori-Sarpong and Amankwah (2011) investigated the effects of disc mill,
ball mill, vibratory pulverizer, and hammer mill outputs on gold recovery in their enrich-
ment studies using a Knelson concentrator. It has been revealed that the hammer mill
produces spherical-shaped particles, while the ball mill causes the formation of flat gold
particles [40].

Froth flotation, in which the separation is performed based on the physicochemical
surface difference of the particles, is an enrichment technique that was developed espe-
cially for the recovery of the fine fraction that cannot be captured by conventional gravity
equipment. Plastic particles with low free surface energy move to the floating product due
to their non-wetting properties [41,42], while metal particles with higher free surface en-
ergy get wet and remain in the sink [43]. However, the selective flotation separation of
plastics from metals is not only based on different wettability properties, but is also related
to their surface roughness, heterogeneity, particle shape, and particle size. Metallic parti-
cles with ductile properties can turn into different shapes during crushing and grinding.
Irregular particles have higher flotation recovery, velocity, contact area, flotation kinetics,
and bubble-particle angle than spherical particles [44]. In particular, the flat-shaped ones
are easily transported upwards in the pulp regardless of their high specific gravity. With
the selection of appropriate size reduction equipment, spherical-shaped metal particles
can be generated so that they remain in the sinking product during the reverse flotation
process and can be prevented from floating with plastics. Ogunniyi and Vermaak (2019)
researched the effects of variables such as flow rate and impeller speed on the flotation of
fine-size WPCBs [39]. They successfully concentrated the valuable metal fraction in the
sinking product using reverse flotation and separated the plastics in the floating product.
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One of the main drawbacks of flotation is the use of different kinds and amounts of chem-
icals, the shape of the particles, and their behavior in the particulate system. Based on this
information, the main purpose of this study is to reveal the effect of particle size and shape
on physical and physicochemical processes for the recovery of precious metals in two dif-
ferent secondary sources such as end-of-life printed circuit boards (EOL PCBs) and waste
electric wires (WEWs). Particle shape in each size reduction step should be characterized
to determine the mechanism and forces that cause the particle shapes to be formed. Thus,
the behavior of a grain with a specific shape in the separation process (shaking table and
flotation) and how it should be produced to achieve an advanced enrichment performance
will be revealed.

2. Materials and Methods
2.1. Material Preparation

Experimental studies were carried out using two different WEEE samples to examine
the behavior of particles in the enrichment processes. The photos of the secondary mate-
rials (EOL PCBs and WEWs) used in experimental studies are illustrated in Figure 1.

(b)
Figure 1. The samples used in experimental studies: (a) EOL PCBs and (b) WEWs.

2.1.1. End-of-Life Printed Circuit Boards (EOL PCBs)

About 100 kg of EOL motherboards of printers from different brands and models
were collected from Exitcom Recycling Co. located in Kocaeli, Tiirkiye. Primarily, the
components of the cooler, processor, chips, pins, slots, resistors, condensers, and batteries
located on boards whose base was made of composite fiberglass material were manually
disassembled. In this way, possible breakdowns and contaminations in the crushing and
enrichment processes were inhibited. The gradual comminution and beneficiation pro-
cesses applied on the dismantled PCB samples are illustrated in Figure S1.

Dismantled and manually sorted PCBs were shredded into finer pieces using a four-
bladed rotary cutting shredder. Crushed materials of different sizes can be produced
through replaceable sieves with different aperture diameters located under the single-
shaft shredder. The material trapped between the rotating blades and the sieve was con-
tinuously and superficially fragmented under the influence of compressive and shear
forces. Thus, composite materials with a layered structure were easily separated from each
other. After the first stage crushing process, the material was sorted using a 2 mm stand-
ard sieve. The visual examinations showed that the -2 mm fraction mainly contained cop-
per, aluminum, and alloy wires and was defined as a metal-dense product (MDP). The +2
mm fraction containing mostly locked plastic, glass fiber, and ceramic particles, along
with metals, was subjected to the hammer crusher (by Unal Co.) for further liberation of
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components. To achieve sufficient liberation of metals, especially from the locked board
pieces, the material was ground to finer sizes using a disc mill. The particle size distribu-
tion of the comminuted products was managed using wet sieve analysis.

2.1.2. Waste Electric Wires (WEWs)

A sample containing approximately 50 kg of mixed WEWs was obtained from a re-
cycling company in Ankara. As seen in Figure S2, firstly, the waste material that mainly
contained electrical wires and cables, power cables, and communication cables was fed to
the cable-cutting equipment in the recycling plant to provide an efficient particle libera-
tion of plastics and metals. The shredded material was then subjected to the air gravity
separator to concentrate the particles according to their specific gravity difference. Insu-
lated fractions (plastics) with a low specific gravity compared with the metals were re-
moved from the upper part as a light product by being caught in the airflow moving from
the bottom up. The heavy product, which was mostly wire-shaped and had different grain
size distributions containing high amounts of metals, was obtained from the compartment
at the bottom. This heavy fraction, in which the metal particles were almost liberated, was
used in the characterization and enrichment studies using the differences in the specific
gravity and surface properties of the WEW particles.

After drying, the samples were dissolved in hot aqua regia (HNOs (5 mL, 69%), HCI
(15 mL, 36%), and H20: (2 mL, 30% at about 45°C for 12 h) to ensure that metallic parts
were completely dissolved. The insoluble fraction (e.g., plastic, thermoset resins) was fil-
tered out, and the filtrate was analyzed using atomic absorption spectrometry (AAS) and
inductively coupled plasma (ICP) (margin of error = +2%).

2.2. Beneficiation Methods

The shape and surface properties of the particles, the density, and the magnetic and
electrostatic property differences between precious and gangue materials determined the
selection of the proper physical enrichment method. The specific gravity of the metals in
WEEE is substantially higher than that of plastics, which essentially make up most of the
waste matrix. In the first part of the study, physical separation experiments were carried
out through the gravity technique. The large specific gravity difference between metals
and plastics and the suitable particle size difference brought up the idea of using the shak-
ing table because of its simplicity, ease of use, effectiveness, high capacity, environmental
friendliness, and cheapness.

The laboratory-type Wilfley shaking table used in the enrichment studies of PCB and
WEW samples crushed below 1 mm was made of a fiberglass deck with a rectangular
shape (800 mm in length and 400 mm in width). The inclination of the table can be ad-
justed easily. With the help of differential movement, the particles in contact with the sur-
face of the table were moved via friction from the feeding zone on the right to the left. The
riffles, which were 6 mm high on the right side of the deck (the feed section), decreased
toward the left side (the concentrate section). Two water sources were placed on the deck
as feed and wash water. With the water current moving from top to bottom, the light and
coarse grains were caught by the drag force of the water and left the table faster by cross-
ing the riffles. Heavy and fine grains, on the other hand, were taken from the farthest point
on the left of the table by not passing over the riffles. The test conditions were as follows:
10 L/min wash water, 2 mm stroke length, 300 cycles per min frequency, 3° lateral angle,
30 kg/h feed rate. At the end of the experiments, three products, namely, concentrate
(heavy), middling, and tailing (light) were obtained using two splitters.

A series of systematic tests were carried out to determine the most suitable working
conditions in flotation studies using two WEEE samples with different physical and chem-
ical properties. For the behavior of the shape of the copper particles in flotation, firstly,
after the plastics were removed using reverse flotation, the shape characterization of the
copper particles in the concentrate and residual products, which were fed into the copper
flotation, was carried out. In other words, due to the natural hydrophobic properties of
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plastics, the reverse flotation method in this study emerged as an environmentally
friendly and effective solution for the enrichment of WEEE. A self-aerated Denver-type
flotation machine with a volume of 1.5 L was used in the flotation experiments [44,45].

In particular, fine-sized plastics that came into contact with water after grinding eas-
ily formed large-sized aggregates. These agglomerated particles can also trap fine metal
particles which are in free form. Therefore, 100 g of WPCB powder was mixed with 1000
mL of tap water at high speed (1500 rpm) for about 15 min to prevent this agglomeration,
which causes problems in the enrichment process, and to create free particles and clean
surfaces. Methyl isobutyl carbinol, MIBC, (DOW Chemical Company) was added to pro-
duce more stable and smaller bubbles. Potassium amyl xanthate (KAX, from Solvay
Group), was used as a collector agent for copper particles. After the flotation reagents
were adequately contacted with the pulp, the air valve was opened, and floating plastic
particles were collected. The flotation experiments for the PCB sample were conducted
under the following conditions: impeller speed of 1100 rpm, airflow rate of 3 L/min, con-
dition time of 3 min, and flotation time of 3 min. Only copper flotation was performed in
the WEW sample since the plastic was separated beforehand and there were small num-
bers of plastic particles in the sample. Because there were heavy and thick copper wires
in the sample, the impeller speed was increased to 1500 rpm to transport these particles
to the froth zone more easily. Each test used 50 g of a sample that was conditioned with
KAX for about 3 min. MIBC was added into the cell about 1 min before the flotation. After
the collector and frother reagents were sufficiently in contact with the particles, the air
valve (4 L/min air flow rate) was opened and the floated product was collected for 4 min.
The recovery rate used to evaluate and discuss the experimental results was calculated
with the following, Equation (1).

R (%) = (Cc/Ff) x 100 1)

where C is the weight of the concentrate, c is the metal content of the concentrate, F is the
weight of the feed, and f is the metal content of the feed.

2.3. Particle Shape Characterization

Characterization studies of PCBs with the aid of a microscope were provided after
comminution, size classification, and beneficiation. Image analysis is based on the princi-
ple of observing and measuring two-dimensional photographs of sections obtained from
rock samples or mineral fragments. Measurements of the size of individual mineral parti-
cles and/or the distributions of grain sizes in samples are extremely important to deter-
mine the degree of liberation of minerals during beneficiation. The knowledge about size
distribution allows for the prediction of liberation characteristics and the use of minimal
amounts of energy comminution. Samples prepared after each size reduction process
were separated into different size fractions after sieve analysis. Material from each size
fraction was taken and placed in the observation glass and examined under a microscope
(Leica brand). The obtained images were transferred to digital media via a camera as an-
alog signals. According to the results obtained from the image analysis, the particles in
the size groups were categorized as shown in Figure S3.

Microscopic images not only help to see the color differences of particles in the sam-
ples, but also give insight into the characterization of the shape of the valuable and gangue
minerals in the various products as well as liberated particles [46]. The general shape of
the particles for each sample was characterized by performing 2D manual measurements
of the axis of each particle on the microscope images of the representative samples taken
from the sampling locations shown in the flow charts (Figures S1 and S2).

As shown in Figure 2, the axes of the particles were measured using the Corel Draw
10 program. After importing the images, only the examination of the particle projection
was used to determine the form of the particles. The major axis length (L) and width (W)
of each particle were measured in millimeters and utilized as input for the Microsoft Excel
application under the assumption that the projection of the particle had an elliptic shape



Minerals 2023, 13, 847

8 of 22

[47]. Five measurements were made for the major (L) and the minor (W) axis of each par-
ticle, and the arithmetic mean of the five values was then calculated for each particle.
Then, the average length (L) and width (W) values of those particles were computed based
on the scale of the image. For each product, the same process was applied to about all
particles for all images. As a result, using the measured average length and width as input,
the basic parameters of the particle projection, such as area (A) and perimeter (P), were
determined [48].

Area (A) =% @)

3(L+W)—/(LW) 3)

. T
Perimeter P = 3 2

Two shape factors (Equations (4) and (5)) were derived from these fundamental
measurements and calculations to characterize the shape of the particles from each sam-
pling point, including elongation (E) and roundness (R) [49-51]. The perfect rounded par-
ticle had a maximum roundness of 1.0.

Elongation (E) = L/W (4)

Roundness (R) = 41A/P2 5)

Figure 2. Measurement of the length (L) and width (W) of each particle projection exported from a
microscope image on the COREL Draw program.

3. Results and Discussion
3.1. End-of-life Printed Circuit Boards (EOL PCBs)

After the gradual size reduction process was completed, the representative PCB sam-
ple was prepared using the quartering method for characterization and beneficiation stud-
ies. The sieve analysis was performed on the output product of each crusher using stand-
ard screens of different sizes. PSD curves of the PCB samples after the primary (shredder),
secondary (hammer), and tertiary (disc mill) crushing are given in Figure S4. The dso and
the dso sizes of the shredded material were found as 7.2 mm and 4.7 mm, respectively.
-4.76 + 2 mm was the most dominant fraction with a share of 50.2%. Only about 10% of
the shredded product had a particle size of less than 1.5 mm. The microscope images of
the particles in different fractions after the shredder are presented in Figure 3.
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Figure 3. Optical micrographs of the PCB particles ((a): +4.76 mm; (b): —4.76 + 2 mm; (c): -2 + 1 mm;
(d): -1 + 0.5 mm; (e): -0.5 + 0.212 mm; (f): -0.212 + 0.106 mm; (g): —0.106 + 0.053 mm; (h): -0.053 mm)
in different fractions after the shredding.

It was observed that the particles in the +4.76 mm and -4.76 + 2 mm fractions were
mostly composed of interlocked board pieces and that the metals adhered between the
plate, which had a layered structure, could not be stripped sufficiently. Especially at the
-2 + 0.212 mm fraction, large amounts of free plastic and metal particles were detected;
however, there were still interlocking board particles in the -2 + 1 mm fraction. Based on
observations, it is recommended to use gravity separation methods below 1 mm, since it
contains a large number of free plastic particles with low densities compared with other
components. In addition, the number of free plastic, ceramic, and board particles below
0.106 mm is much higher than free metals. Due to their malleable structure, metals could
not pass to finer sizes and generally remained above this fraction as liberated particles.

Since many coarse particles existed and the ratio of locked particles was higher than
70%, the hammer mill was used as a secondary crusher, and the dso and the dso sizes were
decreased dramatically to 4 mm and 1.8 mm, respectively. Approximately half of the ma-
terial fed in the hammer crusher, which had a curved screen with a 6 mm sieve opening
in its lower compartment, passed below 2 mm. In the first stage of crushing, only 12% of
the total fed could pass below 2 mm. Although the amount of material in the fractions was
more uniform, a large number of locked board samples were observed, especially in the
4.76 + 2 mm size range (Figure 4).

After secondary crushing to achieve a higher liberation rate, a large number of acic-
ular glass fibers, scaly plastic particles of different colors, and rod-shaped metals were
detected. Especially below 1 mm, with the impact effect of the hammer crusher, the metal
and nonmetal particles were largely separated from each other; malleable soft metals tak-
ing the form of plates, metals, and plastics were largely liberated; and the number of
locked grains decreased. The materials constituting the waste fraction and metals were
separated from the slot they were attached to, and some locked plastic, ceramic, and board
particles of various colors and sizes were found, especially in the +0.5 mm fraction. In the
-0.5 + 0.212 mm fraction, the metals plated by the impact and the copper wires still
clamped with the board drew attention. In sizes smaller than 0.212, plastic, ceramic, and
board particles forming the waste matrix were highly liberated, the number of fiber par-
ticles increased, and the metallic particles became sparse.
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Figure 4. Optical micrographs of the PCB particles ((a): +4.76 mm; (b): —4.76 + 2 mm; (c): 2+ 1 mm;
(s): =1 + 0.5 mm; (e): -0.5 + 0.212 mm; (f): -0.212 + 0.106 mm; (g): —0.106 + 0.053 mm; (h): —0.053 mm)
in different fractions after the hammer crushing.

The dso and the dso sizes of the ground PCBs were determined as 530 and 110 microns,
respectively. Microscope images of the particles in different fractions after the disc mill
are illustrated in Figure 5. As a result of grinding this fraction with a disc mill, small metal
particles with rounded corners and spherical shapes were produced because the discs in-
side the device rotate in a circular direction and grind the material with the compression
force.

The cut-off size for the enrichment processes was determined by the degree of metal
liberation and the operating parameters of the equipment. The data in the publications of
Burat, one of the authors of this study, in which metal recovery from PCBs on computer
motherboards was investigated, were compiled in Figure S5 and explained with the cap-
tured images of printers’” PCBs [15,34,45]. As a result of the two-stage crushing process,
the shaking table was adopted to the comminuted product with a d80 size of 4 mm for
concentrating the metallic values, while the sample that was crushed below 500 microns
in a disc mill was used for the froth flotation. Preliminary mechanical experiments showed
that most needle-like and rod-like metallic fractions can be concentrated using a simple
classification operation (using a 2 mm sieve). Despite the high metallic fraction, the MDP
fraction was fed to the shaking table to investigate the enrichment possibilities. A heavy
product assaying 59.9% Cu, 259 g/t Au, and 677 g/t Ag was obtained by feeding the MDP
fraction containing 49.8% Cu, 253 g/t Au, and 587 g/t Ag. Free acicular and filamentous
metallic particles could not spread on the table surface due to these shape features and
mostly moved interlocked. While they were moving in clumps, they also imprisoned the
waste matrix inside them. As a result of the shaking table test performed in the -4 + 0.5
mm size group with 45.5% Cu content, a heavy and a light product containing 56.1% and
5.6% Cu were obtained, respectively. In particular, resins and glass fibers that were still
locked together with metals reduced selectivity (-4.76 + 1 mm fraction in Figure 4), while
fine-sized liberated metal particles escaped into the light product with the drag force of
fluidizing water, reducing the total recovery rate to some extent. Koyanaka et al. (1999)
reported that glass fibers and epoxy resins, which are more brittle than metallic materials,
passed into the fine fraction and their concentrations increased after the impact grinding
process of PCBs [52]. In line with their findings, the -0.5 mm fraction had the lowest Cu
content (19.3% Cu); however, metallic particles were more liberated compared with
coarser fractions. As a result of the gravity separation, a heavy product with a Cu content
of 61.4% was obtained, while the light product was removed with a Cu content of 1.5%.
As can be seen in the —0.212 + 0.106 mm fraction in Figure 4f, some metal particles became
flattened with the impact force of the hammer crusher and mixed into the light product.
For this reason, it was necessary to carry out the enrichment process in the largest size
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where each material was sufficiently free, and the remaining locked particles should be
included in the re-enrichment process (as froth flotation) after the gradual grinding pro-

cess.

Figure 5. Optical micrographs of the PCB particles ((a): =1 + 0.5 mm; (b): —0.5 + 0.212 mm; (c): -0.212
+0.106 mm; (d): -0.106 + 0.053 mm; (e): -0.053 mm) in different fractions after the disc milling.

The PCB sample, which was reduced below 1 mm after the gradual crushing pro-
cesses, was fed to the shaking table for metal-plastic separation, and the results are given
in Table 1. About 28.4% by weight of the feed was concentrated as a heavy product assay-
ing 62.46% Cu, 53 g/t Au, and 1884 g/t Ag. Due to the high specific gravity difference
between plastics and metals, the total metal content of the heavy product was found to be
69%, while the light product was only 27%. The separation efficiency of aluminum is quite
high compared with that of other metals. Due to its low specific gravity and plate-shaped
structure, it was taken from the light product with a recovery rate of about 91%. However,
the metal contents of the light product were still high, especially due to the formations
observed as large locked grains.

Table 1. Metal contents and recoveries after gravity separation of PCBs.

Products Amount, % Cu Au Ag Sn Al
’ C, % R, % C, g/t R, % C, g/t R, % C, % R, % C, % R, %
Heavy 28.4 62.46 52.1 53 58.4 1884 51.0 5.46 58.92 0.7 9.3
Light 71.6 22.74 479 15 41.6 719 49.0 1.51 41.08 2.72 90.7
Total 100.0 34.02 100.0 26 100.0 1050 100.0 2.63 100.0 2.15 100.0

C: Content; R: Recovery.

Compared with minerals, the grindability of a typical WPCB is very low. Due to the
ductility of metals, the comminution process generally produces flat-shaped metal parti-
cles [45]. More than one metal grain can come together and generate larger or thicker
grains. Additionally, depending on the working principle of the grinding system, these
metal particles can acquire a spherical shape. Liberated and thicker plate-shaped (Figure
6a), rod-like (Figure 6b), and spherical (Figure 6c) metal particles were easily obtained
from the concentrate compartment with the aid of riffles on the shaking table. On the con-
trary, in the light product, locked board particles (Figure 6d,e) were mostly observed to-
gether with liberated plastic and fiber particles. Despite having a high specific gravity, the
flat-shaped fine metal particles did not collapse easily and were mixed with the light prod-
uct by being carried due to the drag force of the water (Figure 6f). Ulusoy and Atagun
(2023) found that the rounder chromite particles were collected in the concentrate product,
whereas the most elongated gangue particles were accumulated in the tailing product
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[51]. It has been understood from characterization studies and gravity tests that the grind-
ing process plays an important role in the change of particle shape. It can be turned into
an advantage in the flotation process of metal particles with a layered structure, which
creates problems in gravity separation and mixes with the light product.

Figure 6. Optical micrographs of the particles in the heavy ((a—c)) and the light fractions ((d-f)) of
PCB sample after the shaking table test.

Multi-stage flotation experiments were carried out with the addition of a collector
and frother, taking advantage of the difference in surface properties of plastic and metal
particles. For this purpose, the printer’s PCB powder ground below 1 mm was fed into
the flotation cell. Without the addition of any reagent, the neutral pH of the pulp averaged
8.1. In the first stage, the plastic particles were floated without a collector or frother. In the
second stage, a total of 300 g/t MIBC was used to float the larger and hydrophilic plastic
particles that did not float in the previous flotation stage, and no collector was added. In
the last stage, a total of 900 g/t KAX was used to float the copper particles. The results of
the flotation experiment are shown in Table 2.

Table 2. Metal contents and recoveries after the flotation of PCBs.

Products Amount, % Cu Au Ag Sn Al
’ C, % R,% Cuglt R% Cuglt R % C, % R, % C, % R, %
Float 1 26.4 1.58 1.2 47 49.6 381 9.6 0.7 7.3 4.15 48.0
Float 2 29.5 12.32 10.6 16 18.7 426 12.0 0.87 10.1 2.68 34.6
Float 3 214 82.11 51.4 14 11.9 1025 21.0 1.5 12.6 0.75 7.0
Sink 22.7 55.4 36.8 22 19.8 2642 574 7.85 70.0 1.05 104
Total 100.0 34.17  100.0 25 100.0 1045 100.0 2.54 100.0 2.29 100.0

C: Content; R: Recovery.

Float 1, which corresponded to 26.4% of the total fed and was almost composed of
plastic particles, was removed with a metal loss of approximately 4%. With increasing
KAX concentration, copper particles whose surfaces became hydrophobic were success-
fully floated and a copper concentrate assaying 82.11% content was obtained. The copper
content of the sink product was still relatively high due to the large-sized copper and its
alloys. Due to the spherical shape and more hydrophilic nature of the particles consisting
of tin and its alloys, they remained in the sinking product and increased the Sn content.

The micrographs in Figure 7 indicate that the froth product was mainly composed of
light materials such as plastics and fibers, while a big part of the metallic components and
ceramics were found in the sink. The free metals, whose corners were rounded and spher-
ical by the disc mill (Figure 7d), could not be transported to the froth zone by bubbles and
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remained in the cell. It was found that PCB particles with higher elongation and less
roundness had higher flotation recovery than particles with lower elongation and more
roundness. Therefore, much fewer and finer flattened metal particles were observed in
the floating product. In addition, regardless of their shape, some metal particles can be
mixed with the floating product by being physically trapped in the rising waste matrix by
clinging to air bubbles.

Figure 7. Optical micrographs of the particles in the float ((a): float 1; (b): float 2; (c): float 3) and the
sink (d) fractions of the PCB sample after flotation tests.

Fine-sized PCB particles are defined by their small mass and large specific surface
area, as with other primary sources. Coarser, plate-shaped, light, and hydrophobic plas-
tics, independent of their grain size, were easily captured by air bubbles moving from
bottom to top and carried upwards. Some non-flat, rounded metal particles, on the other
hand, can be caught by the hydrophilic fiber material and plastics and finally lost in the
floating product. The flotation of the hydrophilic fiber material was due to the non-wet-
ting resin used for the board manufacturing stage. Reducing the material to a finer size
than necessary will increase the metal content in the floating product, and the total metal
recovery will be significantly reduced in the reverse flotation process [53].

According to Han et al. (2018), He and Duan (2017), and Allan and Woodcock (2001),
plastics with low free surface energy reported to the float product due to their hydropho-
bic properties in the flotation of WPCB, whereas metal particles with higher free surface
energy got wet and remained in the sink product [54-56]. In this study, elongated copper
particles were observed in the float product, while rounded copper particles were ob-
served in the sink product. This indicates the role of particle shape as well as hydropho-
bicity and size effect.

On the other hand, metal particles that acquire a cubic or spherical shape with pro-
longed grinding will sink by resisting the upward flow. In the first stage of the flotation
process, if the plastic product will be floated and the metal fraction will be sunk, a com-
minution system that produces spherical-shaped particles must be selected. If the single
metal in the sinking product is given a sheet-like feature after plastic flotation, metal par-
ticles can be floated and separated from the other metals. Despite some challenges, the
reverse flotation results indicated that metallic values could be gained successfully from
PCB powders.



Minerals 2023, 13, 847

14 of 22

3.2. Waste Electric Wires (WEWs)

After the quartering procedure, the representative sample was obtained and the par-
ticles were sieved into five fractions, +1 mm, -1 + 0.5 mm, -0.5 + 0.3 mm, —0.3 + 0.212 mm,
and -0.212 mm, using an electric shaker with standard sieves. The PSD curve of the sam-
ple and the images of the fractions are given in Figure S6. About 99% wt. of the sample
was cumulatively less than 1 mm. The dso and the dso sizes were determined as 480 and
270 microns, respectively. The -0.5 + 0.3 mm and —0.212 mm fractions dominated with a
portion of 29.4% and 36.1%. As a result of chemical analyses, it was determined that the
metal contents of the WEW sample were 85.81% Cu, 8.62% Al, 0.51% Zn, 0.35% Sn, and
0.06% Fe. Single microscope images of WEW particles in various fractions after the sieve
analyses were captured and are presented in Figure 8.

It was observed that the particles were mostly tinned and bare copper wires and alu-
minum wires. While copper particles originate from the core of the cable, aluminum and
iron metals or alloys are shielded on these wires for protection. These wires, which are
widely used in many industries and EEE applications, can turn into different shapes and
sizes as a result of cutting processes. While the +1 mm fraction was mainly composed of
the plate and angular-shaped plastic and ceramic particles, there were fewer bent coarse
copper wire particles. While the number of coarse and gray-colored metal particles in-
creased in the -1 + 0.5 mm size group, only a small amount of plastic and ceramic particles
were observed. As can be seen in Figure 8b, although the copper particles indicated with
# 1 had similar spherical diameters, there was a significant difference in their shapes.
While the two copper grains in the upper left corner of this picture had an angular shape,
wire-like copper was seen just below them. Since natural or processed colloidal particles
often have irregular or non-spherical shapes, the theoretical assumption was based on
ideal spherical particles. The formation of aspherical particles was expected to change the
interaction between the particles, liquid, and surface, thereby changing the behavior or
properties of particles in processes or applications. In addition, while the material was
distributed heterogeneously in the -0.5 mm size group, plenty of fine copper particles
were found, especially below 0.3 mm. For this reason, the color of this fraction was more
copper-red (see Figure 56) than the others. In the smallest fraction (0.212 mm), thin metal
particles were seen in abundance, which were not bent and, therefore, easily passed
through the sieve gaps.

Figure 8. Optical micrographs of particles (1: copper, 2: plastic, 3: aluminum, 4: tinned copper; 5:
brass, 6: fiber, 7: ceramic) at different fractions ((a): +1 mm; (b): -1 + 0.5 mm; (c): —0.5 + 0.3 mm; (d):
-0.3 +0.212 mm; (e): —0.212 mm) in the various fractions of WEW sample.
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As a result of the shredding and air gravity separation processes carried out in the
recycling facility, the heavy fraction, which was obtained with a high content of metallic
fraction, was fed to the shaking table for selective separation of Cu from other metals. As
seen in Table 3, 87.5% by weight of the feed was concentrated as heavy product assaying
92.84% Cu and 2.98% Al, while the light product contained 35.27% Cu and 48.55% Al.
Because of the large specific gravity difference between the plastic and metal particles, the
success of the gravity process could be obtained more easily. However, it was very chal-
lenging to selectively separate metallic particles from the pre-concentrate. In particular,
due to their acicular and filamentous shape features, the metal wires could not spread
sufficiently on the surface of the shaking table and moved as clamped.

Among the metallic fraction, the copper particles with the highest specific gravity
(8.95 g/cm?), especially the finer ones, were taken from the heavy section, as expected,
while the thicker wires with the largest length/width ratio were taken from the middle
section by moving slower on the table. Since Al is the metal with the lowest specific grav-
ity (2.7 g/cm®) among the metals in the rough fraction, the Al particles moved to the mid-
dle separation zone and were separated as a light product. However, due to the thicker
copper wires in this fraction, selectivity could not be achieved. As can be seen in Figure
9a,b, while heavy copper wires and angular copper grains that became round by bending
with crushing and impact forces moved with the heavy product, plate and wire-shaped
aluminum and thin copper wires with low specific gravity plastic, ceramic, and fiber par-
ticles were obtained from the light product (see Figure 9¢,d).

Table 3. Metal contents and recoveries after the gravity separation of WEWs.

Products Amount, % Cu Al Fe Sn Zn
. C, % R, % C, % R, % C, % R, % C, % R, % C, % R, %
Heavy 87.5 92.84 949 2.98 30.1 0.04 63.6 0.39 97.5 0.56 95.6
Light 12.5 35.27 5.1 48.55 69.9 0.16 36.4 0.07 2.5 0.18 44
Total 100.0 85.64 100.0 8.68 100.0 0.06 100.0 0.35 100.0 0.51 100.0

C: Content; R: Recovery.

Figure 9. Optical micrographs of the particles in the heavy (a,b) and the light fractions (c,d) of the
WEW sample after the shaking table test.
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Copper flotation was performed with the addition of a collector and frother, taking
advantage of the differences in the surfaces of the metal particles. The neutral pH of the
pulp was 7.65 without the addition of any reagents. In the copper flotation tests carried
out in four stages, a total of 900 g/t KAX was used, with 300 g/t in the first stage and 200
g/t in the other three stages. A total of 20 g/t MIBC was added at each stage to collect the
copper particles, whose surfaces were rendered hydrophobic by the collector, to the flota-
tion zone. The results of the copper flotation experiment are shown in Table 4 and the
images of flotation products are presented in Figure 10.

It is clear from Table 4 that the floatability of the copper particles was improved by
increasing the collector dosage. About 28.9% of the weight of the feed was floated with
the addition of 300 g/t KAX and the amount of the total floats increased to 82.1% when
the collector concentration increased to 900 g/t. A copper concentrate assaying 93.54% Cu
could be obtained with 31.4% Cu recovery in float 1 product.

Table 4. Metal contents and recoveries after the flotation of WEWs.

Products Amount, % Cu Al Fe Sn Zn
. C, % R, % C, % R, % C, % R, % C, % R, % C, % R, %
Float 1 28.9 93.54 31.5 0.01 0.1 0.01 5.0 0.03 2.4 0.32 18.1
Float 2 18.1 87.05 18.3 8.14 17.3 0.02 6.3 0.08 4.1 1.25 44.2
Float 3 23.7 85.12 23.5 9.25 25.8 0.05 20.7 0.24 16.0 0.65 30.2
Float 4 114 81.51 10.8 14.14 19.0 0.06 11.9 0.64 20.4 0.18 4.0
Sink 17.9 76.54 15.9 18.08 37.8 0.18 56.1 1.14 57.1 0.1 3.5
Total 100.0 85.95 100.0 8.52 100.0 0.06 100.0 0.36 100.0 0.51 100.0

C: Content; R: Recovery.

Figure 10. Optical micrographs of the particles in the float ((a): float 1; (b): float 2; (c): float 3; (d):
float 4) and the sink (e) fractions after the flotation test.

It is seen in Figure 10a that the fine-sized copper particles, whose non-wetting prop-
erties were increased by the addition of the collector, were transferred to the froth zone
and recovered with high efficiency and selectivity. The small number of plastic particles
that displaced the heavy product in the gravity separation process were moved to float 1
due to their high hydrophobicity property. With the increase in the collector amount,
coarser and thicker copper particles that could not float previously due to their weight
were floated in the second stage. In addition to the effect of particle size and shape, the
surface properties of the particles directly affected the success of the flotation. The number
of brass grains (yellow grain in Figure 10b) in the float 2 product was the highest. This
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clearly explains the high content of Zn in this product. Thin aluminum wires, which are
more hydrophilic compared with copper, stood out in float 4.

As the selectivity decreased with increasing collector amounts, a more complex struc-
ture was observed. Since the content of float products was improved by adding more re-
agent dosages, some copper grains in particular were still relatively heavy for the bubbles,
and especially large and thicker ones remained in the cell, increasing the Cu content in the
tailings. Also, in the sink product, mostly coarse and pressed-shaped aluminum particles,
together with hydrophilic ceramic particles and very thick copper wires, were observed.
Furthermore, the Sn content in the sink product was quite high. The reason for this is that
the copper particles whose surfaces were covered with tin did not float and remained in
the sink product.

3.3. Shape Characterization of Copper Particles in Gravity and Flotation Separation Stages

The recovery of copper metals from PCBs and WEWs is not only necessary, but also
mandatory using the circular economy principle and for economic and ecological consid-
erations (Suponik et al., 2021) [57]. Since the motion of a particle in a fluid is dependent
not only on the particle’s density, but also on its size and shape, with large particles being
affected more than smaller ones, a thorough investigation should be conducted to thor-
oughly understand the role of particle shape for copper in concentrate and tailing prod-
ucts of both PCBs and WEWSs, which are significantly heterogeneous and complex in
terms of the type, size, and shape of components and materials [38].

As seen from Figure 11, for both PCB and WEW materials, the role of particle shape
on gravity separation using a shaking table is the opposite of the role of particle shape on
flotation, i.e., the round copper particles were mostly observed in the concentrate product
(heavy) in gravity separation (see Figure 11a,e), whereas elongated copper particles were
observed in the tailing product (light) in gravity separation (see Figure 11b,f). These re-
sults are vice versa for flotation separation. In other words, concentrate products of flota-
tion had mainly elongated copper particles, while the tailing products had rounder copper
particles (see Figure 11c,g). Ulusoy and Atagun (2023) showed that particle geometry, in-
cluding particle size and shape as well as density of the minerals, plays a crucial role in
separation using a shaking table. Additionally, as the particle shape deviates from an ideal
spherical shape, their behavior will be different in the separation process [35].
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(a) E=1.25 and R=0.98 (b) E=2.32 and R=0.78

(g) E=4.16 and R=0.51 (h) E=1.34 and R=0.97

Figure 11. Shape characterization of copper particles (a) at the concentrate product using a shaking
table for PCB, (b) at the tailing product using a shaking table for PCB, (c) at the concentrate product
using copper flotation for PCB, (d) at the tailing product using copper flotation for PCB, (e) at the
concentrate product using a shaking table for WEW, (f) at the tailing product using a shaking table
for WEW, (g) at the concentrate product using copper flotation for WEW, and (h) at the tailing prod-
uct using copper flotation for WEW.

These results are attributed to the different mechanisms of the separation techniques
used in this study. Particles with different shapes were subjected to different drag forces
in the water medium. This caused different movements of particles in the water medium
in shaking table separation [40].
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4. Conclusions

Particles with different morphological properties can be produced according to the
size reduction processes applied in the recycling of WEEE. The separation of particles with
different particle shapes and sizes in pre-concentration processes can be turned into an
advantage. Thus, the coarse metallic concentrate directly contributes to process improve-
ment and environmental issues in downstream metallurgical processes. Gravity separa-
tion of metals and plastics which are liberated in coarse sizes after primary crushing can
be easily achieved at relatively coarse sizes. The remarkable shape differences between
the particles in the material fed to the shaking table have a distinctive effect on their sep-
aration in the fluid medium. It has been understood from characterization studies and
gravity tests that the grinding process, especially with a disc mill, plays an important role
in the change of the grain shape. Despite their high specific gravity, metal particles acquire
a laminar shape, especially in the crushing process with compressive force, and mix with
the light product on the shaking table, reducing the recovery efficiency. The recovery of
metal particles with a layered structure, which creates problems in gravity separation, can
be turned into an advantage in the flotation process. Metallic particles with ductile prop-
erties can be formed into different shapes during crushing and grinding. In particular,
flat-shaped particles are easily transported upwards in the pulp despite their high specific
gravity. With the appropriate selection of size reduction equipment, spherical-shaped
metal particles can be produced so that they remain in the cell during the reverse flotation
process and can be prevented from floating with plastics. The free metals, whose corners
were rounded and spherical with the disc mill, could not be easily transported to the froth
zone by bubbles and remained in the cell. In the floating product, mostly, fine and flat
metal particles were observed. In the first stage of the flotation process, if a plastic product
with a low metal content is to be floated, a comminution system should be chosen that
will give the metal particles a spherical shape. If a specific metal in the sinking product is
given a plate-like property after plastic flotation, metal particles can be separated from the
others using flotation.

In conclusion, this study showed that particle size and shape play a crucial role in
secondary source recycling processes. Deciding on the most suitable enrichment process
after detailed characterization of the products obtained from different comminution de-
vices will directly affect the amount, content, and recovery of the final concentrate.
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