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

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

PCBs are estimated to contain 30% of metals (hereinafter referred to as metals) in a free state and
70% of components such as glass fibre reinforced epoxy resin and polyesters (hereinafter referred to as
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plastics) (Huang et al., 2009; Kumar et al., 2018a). PCBs are divided into different types depending on
the purpose, but the most popular and most frequently used ones are FR-4 (Weil and Levchik, 2004).
The plastic part of FR-4 mainly consists of SiO» (approx. 40%), CaO (approx. 20%), and, to a lesser extent,
AlLO;, MgO, and BaO (Muniyandi, 2014). In addition, to improve the thermal resistance properties of
PCBs, flame retardants (bromine and antimony compounds) are added (Duan et al., 2016). It is
estimated that the metallic part of PCBs is composed of approx. 16% Cu, 3% Fe, 3% Sn, 2% Pb, 1% Zn,
as well as Al, Ni, Cr, Na, Cd, Mo, Ti, and Co in smaller amounts (Bizzo et al., 2014; Kumar et al., 2018b).
What is worth noting is the share of noble metals such as Au, Ag, and Pd, mainly used as contact metals
(Cayumil et al., 2016), which is estimated to amount to 0.05%, 0.03%, and 0.01%, respectively (Charles
etal., 2017).

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

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

2. Materials and methods
2.1. Material

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

2.2. Grinding and preparation of feed for gravity separators

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

2.3. Gravity separation in an aqueous medium

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

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

2.4. Product analysis

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

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

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

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

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

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

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

3. Results and discussion

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

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

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

Yield of the feed, %

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

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

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

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

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

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

Products TO T1 T2 T3 T4

Yield of product, % 2.8 25.7 28.9 8.9 33.7

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

Specific density, g/cm3 1.9 8.0 45 2.9 2.4

TO - floating grains removed before the separation process

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

Products co a 2 c3 4 G5 C6 Cc7

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

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

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

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

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

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

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

C) (b) (©) (d

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

© e @

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

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

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

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

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

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

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

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

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

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




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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Based on the conducted research, it can be concluded that the correlations between the density,
yields, and the share of valuable and non-valuable elements may constitute a parameter determining
the quality of separation products (Fig. 7). In the most optimal separation process, the concentrate
should contain as many valuable elements as possible and thus should be characterised by the highest
possible density. It should be the opposite in the case of waste, which should contain the least valuable
elements and exhibit the lowest possible density. Comparing the quality of the products obtained from
the shaking table, cyclofluid separator, and electrostatic separator (Fig. 7), it can be concluded that the
best efficiency for the analysed material is provided by the electrostatic separator. It should be added
that for this device, the amount of the middling is minimised and does not exceed 3%. In comparison
with the other tested devices, i.e., the ST and CS, it is a value lower by more than 26% and 22%,
respectively. However, it should be noted that the critical factor determining the efficiency of
electrostatic separation is the size of the feed grains (Lu et al., 2008; Wu et al., 2009), unlike gravity
separators, where the tolerance to grain size changes is greater. The recovery rates of valuable elements
for the ST, CS and electrostatic separator were roughly 75%,70%, 95%, respectively, while metal losses
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Fig. 6. X-ray diffraction patterns of C1, C2, and T1 products
100 10 100 10 100 10
90 9 90 9 90 9
80 8 80 8 80 8
70 7 = 70 7 @ 70 7 %
52 é 82 £l .. é
% 60 6 2| 560 6 & %260 62,
g 50 5 2 85 5 | 850 5
c 40 4 2|0 40 4 2] 240 4 2
v 8 g |V g
30 3 A 30 3 A 30 3R
20 2 20 2 20 2
10 1 10 1 10 1
0 0 0 0 0 0
T1 T2 T3+T4
1 Yield of product, % Content of valuable elements, %
- Content of non-valuable elements, % Density, & /cm3

Fig. 7. Yield of separation products as a function of their density and quality parameters (valuable and non-
valuable elements); E1 - concentrate, E2 - middlings, and E3 - waste from electrostatic separation (Suponik et al.,
2021)

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

4. Conclusions

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



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

disadvantage of these processes was the high yield of middlings and the related losses of valuable
elements.

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