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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
temperature on the final products of separation was investigated. The level of contamination of the
concentrate, intermediate, and waste obtained as a result of the application of fixed, determined
electrostatic 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 characterised 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 electrostatic separation, one
should strive to obtain a feed composed of grains <1000 um and, optimally, <800 um.

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
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 disassembly
(i.e., removal of hazardous products, such as batteries and capacitors), treatment (i.e.,
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reduction of PCB dimensions), and finally, processing of the obtained products. This
approach 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
consumption 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
generated. 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
composed 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
hereinafter 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, (approximately 40%),
CaO (approximately 20%), and smaller amounts of Al,O3, MgO, and BaO [12]. This
type of boards allows for the use of high operating temperatures (130 °C and above). To
improve this property of PCBs, flame retardants are used, which include bromine and
antimony 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
properties, 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 multilayer capacitors and connectors as well as hard disks, thermocouples, and fuel
cells, respectively [17]. As a seminoble (but the most abundant) metal, copper is used in
the production 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
concerns 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
interference 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 signif-
icant impact on the natural environment, including water and air pollution and waste
generation [25-27]. Compared with other chemical methods, bioleaching has a negligible
impact on the environment; however, these are long-term methods [28]. Therefore, the pos-
sibility 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
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materials. This process is characterised by high energy consumption [9,29]. PCBs are
characterised 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
materials 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
grounding 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 conductivity
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
selection 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 efficiency
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 contamination of the concentrate, intermediate, and waste obtained as a result of the
application of fixed, determined electrostatic separation parameters was assessed using
inductively coupled plasma atomic emission spectroscopy (ICP-AES), specific density
analysis using a pycnometer and ethyl alcohol (PN-EN 1097-7 No. 2001), scanning electron
microscope (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 disturbed 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),
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 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:

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;
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e  option 4—3 mm screen perforation, mill load: 10 g/min.

The other process parameters remained unchanged and were as follows:

rotator speed: 2815 min~1;

gap between the knives in the mill: 0.5 mm.

During the PCB grinding, the mill was not allowed to overload, which could con-
tribute to high temperatures in the grinding working chamber, causing the formation of
conglomerates—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
reduce 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
consisting 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 design
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—electrode,
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 concentrate,
while nonconductive grains (plastics and ceramics) will detach last or will be pulled 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



Minerals 2021, 11, 281

50f21

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 um, 500 um, 355 pum,
250 pm, 180 um, 125 um, and 90 um.

e ANALYSETTE 22 MicroTec Plus Laser Particle Sizer (Fritsch, Idar-Oberstein, Germany)
—the measurement 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:

o  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
previously 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?.

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 intermedi-
ate 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).

e  Qualitative phase analysis was performed with the use of a Panalytical X'Pert Pro
MPD diffractometer (Panalytical, Almelo, The Netherlands), utilising filtered radiation
of a cobalt anode lamp (A, = 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 electrostatic
separation and the possibility of damaging the equipment, SEM-EDS and XRD analyses
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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Table 1. Yield of grinding product grain classes.
Grain Yield of Product, %
Class, mm  Qption 12 Option1? Option2? Option2? Option3? Option4?
>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 19.5 221 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

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

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

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 0.25 mm and <0.09 mm, while for option 2, the grains were generally slightly smaller
(Table 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), increases 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 concentrate
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.

Table 2. Yield and density of electrostatic separation products.

Grinding Yield of Product, % Density, g/cc

Option 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 3.5 5.51
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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
minimised. 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.

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).

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) consisted
mainly of fibrous and needle-shaped grains. Compared with other separation products,
the greatest diversity of grains was observed in terms of their size, from less than 50 pm
(fibre/needle thickness) to over 2000 pm. However, in the waste for options 1 and 2, grains
larger than 1000 pm 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 intermediates
(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 (Figure 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 composite 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 polyhedral,
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 properties 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 um. 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
optimised 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 mentioned 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 movement of the separator shaft.

The grains of metals, probably copper, with dimensions of 450, 800, and 1200 um,
visible 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
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and electrostatic 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 remaining unidentified part of the feed probably consists of the components of epoxy
resins, which mainly include polyphenols, less often polyglycols, and epichlorohydrin or
oligomers [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, respectively,
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 identified.
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, magnesium,
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 separation
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 identified
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 valuable 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, Si (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, es-
pecially in options 1 (1.99%) and 2 (0.54%). In this end product, apart from unidentified
organic 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 Concentrate Intermediate Waste
Feed
ee Option1 Option2 Option3 Option4 Optionl Option2 Option3  Option4 Option1l Option2 Option3  Option 4
C 17.70 + 64.17 £ 68.50 + 54.29 + 38.45 + 514 + 6.68 £ 642 + 747 £ 124 + 0.17 £ 3.20 £ 3.89 £
u 1.77 6.42 6.85 5.43 3.85 0.51 0.67 0.64 0.75 0.12 0.02 0.32 0.39
Al 1.95 £ 528 + 6.82 + 458 + 4.08 £ 1.18 £ 1.34 £ 0.84 + 0.54 + 02 4+ 0.02 0.07 + 0.48 + 0.29 +
0.20 0.53 0.68 0.46 0.41 0.12 0.13 0.08 0.05 ' ’ 0.01 0.05 0.03
0.39 £ 2.04 £+ 254 + 1.74 + 1.28 + 0.74 £ 047 £ 0.08 £ . 0.001 + " 0.02 +
Pb 0.04 0.20 15015 0.25 0.17 0.13 0.07 0.04 0.01 BDL 0.0001 BDL 0.002
0.69 £+ 122 + 1.87 + 0.87 £ 0.74 £ 0.94 + 040 £ 0.94 + 0.14 £ " 0.08 £ .
Zn 0.07 0.12 254025 0.19 0.09 0.07 0.09 0.04 0.09 0.01 BDL 0.01 BDL
. 0.19 + 1.28 £ 0.75 + 0.49 + 0.34 + 0.75 + 0.31 + 041 + 021+ . . 0.18 £ .
Ni 0.02 0.13 0.08 0.05 0.03 0.07 0.03 0.04 0.02 BDL BDL 0.02 BDL
Valuabl
- Fe 038+ 2424+ 095+ 187+ 111+ 061+ 150+ 164+ 084+ 004+ 009+ 015+ 040+
0.04 0.24 0.10 0.19 0.11 0.06 0.15 0.16 0.08 0.004 0.01 0.02 0.04
Sn 292 + 9.54 + 115 + 9.78 £ 721+ 2.57 £ 1.18 + 1.88 + 0.58 + 0.15 + 0.02 £ 1.14 + 1.19+
0.29 0.95 1.15 0.98 0.72 0.26 0.12 0.19 0.06 0.02 0.002 0.11 0.12
Cr 0.06 + 0.18 + 0.15 + 0.09 + 0.04 + 0.02 + 0.04 + 0.47 + 0.27 + 0.001 + 0.001 + BDL * 0.04 +
0.06 0.02 0.02 0.01 0.004 0.002 0.004 0.05 0.03 0.0001 0.0001 0.004
Ti 0.26 £ 0.39 £ 051+ 051+ 0.51 + BDL * 0.39 £ 0.40 £ 022 £ 021+ 0.18 £ 0.28 + BDL *
0.03 0.04 0.05 0.05 0.05 0.04 0.04 0.02 0.02 0.02 0.03
0.030 £ 0.0647 + 0.1074 + 0.0221 +  0.0054 + . . 0.0007 + . . " . 0.0002 +
Ag 0.003 0.0067 0.0011 0.0022 0.0005 BDL BDL 0.0001 BDL BDL BDL BDL 0.00002
0.0029 =  0.0010 + 0.0092 + 0.0005+  0.0007 &+ . " . . . " " "
Au 0.0003 0.0001 0.0009 0.0001 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
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Table 3. Cont.

Content of the Element, %, in

Element Concentrate Intermediate Waste
Feed
ee Option1 Option2 Option3 Option4 Optionl Option2 Option3  Option4 Option1l Option2 Option3  Option 4
Sh 0.22 + 0.27 + 0.61 + 0.19 + 0.08 + BDL * 0.18 + 0.18 + 0.12 + 0.21 + 0.01 + 0.27 + 0.33 +
0.02 0.03 0.06 0.02 0.01 0.02 0.02 0.01 0.02 0.001 0.03 0.03
Ca 6.56 + 0.98 + 092 + 1.12 £ 224 + 2.81 + 241 + 478 + 391+ 8.43 + 7.51 + 6.93 + 9.05 +
0.66 0.10 0.09 0.11 0.22 0.28 0.24 0.48 0.39 0.84 0.75 0.70 091
Br 1.64 + 0.08 + 0.03 + 0.35 + 0.78 + 0.78 £ 1.12 + 1.49 + 1.21 + 211+ 1.28 + 1.69 + 141 +
0.08 0.01 0.003 0.04 0.08 0.08 0.12 0.15 0.12 0.21 0.13 0.17 0.14
Nonvaluable 031+ 0.10 + 0.15 + 0.41 + 012+ 032+ 0.64 + 0.77 + 0.59 + 0.59 +
. . . . . . . . . . . .
elements Ba 0.03 0.01 BDL 0.240.02 0.02 BDL 0.04 0.01 0.03 0.06 0.08 0.06 0.06
M 0.57 + 0.05 + 0.05 + 0.28 + 043 + 0.95 + 1.51 + 0.64 + 0.44 + 201+ 250 + 2.10 + 1.48 +
& 0.06 0.01 0.01 0.03 0.04 0.09 0.15 0.06 0.04 0.20 0.25 0.21 0.15
si 12.00 + 1.21 + 0.40 + 7.45 + 6.15 + 5.68 + 3.19 £ 6.78 + 7.28 + 14.48 + 13.92 + 11.21 + 121 +
1.20 0.12 0.04 0.75 0.62 0.57 0.32 0.68 0.73 1.45 1.39 1.12 1.21
0.01 + 0.03 + 0.03 + 0.03 + 0.03 + . . . . . . . .
Mn 0.001 0.003 0.003 0.003 0.003 BDL BDL BDL BDL BDL BDL BDL BDL
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 separator
(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 compounds,
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 intermediate
(Figure 6), the opposite was true; mainly nonhomogeneous grains appeared—all grains
are in two shades.

EHT =20.00 kv Signal A= SE2
WD =141 mm Mag= 75X

200 um EHT = 20.00 kv Signal A = QBSD

WD = 8.0 mm Mag= 100X
(b)

Figure 5. Concentrate from the electrostatic separation (SEM, QBSD mode (Table 4)) with marked
EDS analysis points: (a) A1-A3 and (b) A5-A9.
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Signal A = QBSD
|_i WD = 8.7 mm Mag= 100X
(a)

200 pm EHT = 20.00 kV Signal A = QBSD
WD = 81mm 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 4. Elemental concentrations (% at.) measured with EDS in the micro-areas marked in Figure 5.

Point of Analysis
Element

Al A2 A3 A4 A5 A6 A7 A8 A9

Mg - - - 6.2 - - - - -
Al 14 2.3 19.0 93.8 224 4.1 5.5 349 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 - - - -

Na - - 1.0 - - - - - -
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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 B8
Mg - - 1.5 - - - 1.8 -
Al 3.4 4.6 13.7 74.8 6.8 2.4 8.5 9.9
Si - - 20.4 4.6 - 1.2 - 1.2
Sc - - - - 0.3 - - -
Fe - - 23.1 1.7 - - - -
Ni 43 - 2.0 - - - - -
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 - - - - -

The concentrations of the elements measured for the selected micro-areas of the
concentrate 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 pm in size
were mainly homogeneous—they did not display any contrast. The patch grains and
the irregular grains obtained were mainly made up of copper (e.g., points Al and A2 in
Figure 5). In the case of patch grains >600 um in size (e.g., point A3 in Figure 5 marked on a
grain with a diameter of 900 um), an insufficient degree of metal release from nonvaluable
elements 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 connections
with plastic and ceramic materials, and their high copper content (Table 5) may indicate
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.

X-ray qualitative phase analysis was carried out for the concentrate and the intermedi-
ate also obtained from the most effective option for preparing the feed for an electrostatic
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, nonvaluable ele-
ments, 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 aluminium
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
significantly 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 materials.

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-
mentioned 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
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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
processes. 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 pen-
etration of inappropriate grains into individual products, and the presence of mixed grains
in them (i.e., conglomerates—solid metal-plastic—ceramic compounds). The concentrate
from electrostatic separation for the option of grinding using a 3 mm screen perforation in
the knife mill was the one most contaminated with plastic and ceramic materials. 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 insufficient, 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 temperature 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 (below 200 pm) that were trapped in the fibrous structure of the glass fibre grains
were identified 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.

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
efficiency, 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 research
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 required
for PCB processing. As can be seen from Table 6, gold and copper have the decisive share
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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

Others 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.

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 Content in the Metal Recovery L.eyel Prices of Metals
Price *, Related to the Initial .
Metal ($/Mg) Concentrate (Data PCB Mass (after Obtained from
from Table 3), % 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 19,128 115 3.01 0.576
Ag 7.91 x 10° 0.1074 0.0281 0.223
Au 6.01 x 107 0.0092 0.0024 1.4
Suma, $ 3.7

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

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 coating
of the mill elements and other grains of harder metals. When liquid nitrogen was used to
cool the feed, this unfavourable effect was minimised.

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 components
from PCBs. After grinding, the mixture of fine grains can be transferred to the electrostatic
separation process in order to separate metals in the free state from plastics and ceramic
materials, while before grinding, hazardous products, such as batteries, capacitors, 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
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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
ceramic 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
concentrate 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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