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Among the different types of secondary post-consumption wastes, E-wastes or waste electrical and electronic
equipment represent the fastest growing and most problematic waste stream with printed circuit boards (PCBs)
constituting its major ingredient. Results from the extraction of Cu and Ni from PCBs using biogenic Fes(SO4)3
obtained from the original isolate Acidithiobacillus ferrooxidans 61 (KM819692) are presented. At. ferrooxidans 61
was grown at a temperature of 30 °C in a modified 9 K medium supplemented with ferrous iron. Two-stage
bioleaching was carried out at 600 rpm and 40 °C. Experiments were performed at 10% of pulp density (PD)
with 48-h duration (each stage of 24 h), under pH 1 and 20 g/L Fe®*. Under these conditions, overall recovery of
Cu and Ni of 95% and 87% respectively was achieved. The obtained results indicate that non-ferrous metals in
PCBs may be efficiently leached within two-stage bioleaching coupling bio-oxidation to subsequent redoxolysis.
Scanning electron microscope (SEM) images acquisition and elemental mapping were performed to assess the
liberation degree of essential phases after size-reduction steps and their implication on bioleaching efficiency.

1. Introduction

The generated volume of electronic waste (E-waste) is linked to the
rapid technological innovation taking place nowadays and the corre-
sponding growing demand inside the electronics sector. Shortening of
electronic devices economic lifespan, lack of international agreement on
E-waste management, and insufficient user awareness have all contrib-
uted to an unprecedented increase in accumulated E-waste (Naseri et al.,
2022a; Vermesan et al., 2019; Beiki et al., 2023).

According to recent reports, global E-waste production in 2021 was
52.2 million metric tons (Mt) and is expected to exceed 120 Mt. by 2050
(Kumar et al., 2021; Naseri et al., 2022b). Spent printed circuit boards
(PCBs) form one of the most important streams in the global E-waste flux
in terms of intrinsic value, although they account for merely 3%-6% (by
weight) of total E-waste (Kumar et al., 2017). In 2014, approximately 2
Mt. of this waste was generated. Furthermore, the amount of spent PCBs
grows in lockstep with the global increase in E-waste.

End-of-life PCBs are a complex assemblage of metals (nonferrous and
ferrous), polymers (epoxy resin or fiberglass-based, various silicate-
based phases), and ceramics (Sahan et al., 2019). The improper
disposal of PCBs can result in the release of potentially toxic elements
into the atmosphere, water, and soil, causing food chain toxicity risks
(Wang et al., 2017a, 2017b).

Recycling this waste bears a direct environmental benefit while
providing significant economic incentives (Pokhrel et al., 2020). The
latter is because spent PCBs could be sourced for valuable metals given
their average grades: 8-38% Fe, 10-27% Cu, 2-19% Al, 1-3% Pb,
0.3-2% Ni, 200-3000 g/t Ag, 20-500 g/t Au, and platinum group metals
(10-200 ppm Pd) (Pokhrel et al., 2020). PCBs are classified into three
categories based on their gold tenor: low (<100 ppm), medium
(100-400 ppm), and high (>400 ppm) (Hagelueken, 2006; Kaya, 2016).

It is an acknowledged fact that metal grades in spent PCBs are
significantly higher than in mineral ores (Cui and Zhang, 2008), there-
fore metal recovery from spent PCBs deserves much more consideration.

Abbreviations: E-waste, electronic waste; PCBs, printed circuit boards; PD, pulp density; SEM, scanning electron microscope; EDS, energy dispersive spectroscopy;
BSE, backscattered electrons; Mt, million metric tons; XRD, X-ray diffraction; FT-IR, Fourier transform infrared spectroscopy; Fe(IIl), ferric iron; Fe(Il), ferrous iron;
MPN, most probable number; PLS, pregnant leach solution; EDTA, ethylenediaminetetraacetic acid; ICP-OES, inductively coupled plasma optical emission

spectroscopy.
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Pyrometallurgical, hydrometallurgical, and biohydrometallurgical
methods are used to recycle spent PCBs (Naseri and Mousavi, 2022; Xolo
et al., 2021; I sildar et al., 2016; Baniasadi et al., 2019; Krishnan et al.,
2021; Zhou et al., 2009).

Brominated flame retardants, polybrominated biphenyls,
tetrabromobisphenol-A, and polybrominated diphenyl ethers are among
the hazardous and toxic pollutants found in E-waste. These are classified
as persistent organic pollutants because they are highly toxic, stable, and
bio-accumulative (Is ildar et al., 2018; Khanna et al., 2020; Robinson,
2009; Mir and Dhawan, 2022).

Reviews on PCB recycling have primarily focused on hydrometal-
lurgical processes (Akcil et al., 2015; Cui and Anderson, 2016; Sethur-
ajan et al., 2019; Tabelin et al, 2021; Tuncuk et al., 2012),
pyrometallurgical processes (Tabelin et al., 2021; Wang et al., 2017b),
pre-treatment approaches (Kang et al., 2021; Kaya, 2016; Moyo et al.,
2020; Qiu et al., 2020), and gold recovery (Rao et al., 2020; Syed, 2012).
However, very few focused on comprehensive metal recycling processes
(Hao et al., 2020), and to our best knowledge none of them deals with
the recycling of electronic components (an integral component) of PCBs
or the generation of value-added end-products.

The complicated structure (due to regular model upgrades) and
design of PCBs, as a result of the consolidated amalgamation of different
elements (valuables, hazardous, inert) make separation and, thus, ma-
terial recovery difficult. Furthermore, such a heterogeneous, non-
uniform compositional design presents a significant sampling chal-
lenge, and sampling results are frequently not a true reflection of the
elemental composition. The tendency of constituents to exhibit different
mechanical responses creates uncertainty because the estimation of
grades (composition) is highly dependent on the particle size and sample
mass used in analytical routines (Touze et al., 2020).

There is no proper characterization technique to quantitatively
evaluate the spatial difference and heterogeneous distribution or the
liberation/association of different components without performing
rigorous or energy-intensive milling (Otsuki et al., 2020). X-ray
diffraction (XRD), inductively coupled plasma (ICP) spectrometry, and
scanning electron microscopy/energy dispersive spectroscopy (SEM/
EDS) are used to identify inclusive phases, morphology, structure, and
compositional analysis of feeds, pre-treated products, or leach residues.
Fourier transform infrared spectroscopy (FT-IR) of solutions is typically
used to analyze the chemistry of regenerated solvents using the standard
KBr method (Verma et al., 2017).

Size reduction is required for the effective liberation of metal-
bearing carriers from associated non-metallic constituents in PCBs; the
process is accomplished through a variety of mechanical equipment. As
a rule, following milling down to 150 pm, complete liberation of
metallic and non-metallic values in PCBs was observed (Vidyadhar and
Das, 2013). After one or two steps of grinding, metals report mostly in
size fractions of below 1000 pm, according to other studies (Arshadi
et al.,, 2018; Kaya, 2016). A cryo-milling process (—119 °C) was also
investigated to obtain nano-sized particles (metals, metal oxides, and
nonmetals) (Tiwary et al., 2017). Mechanical size reduction processes,
however, are notoriously known to consume energy and are associated
with the loss of precious metals in the dust fractions (Barnwal et al.,
2020; Zhou and Qiu, 2010).

Bioleaching technology has the potential to become an environ-
mentally friendly method for metals recycling from E-wastes. It has been
extensively tested, notably in the extraction of metals from low-grade
ores (Dorado et al., 2012) and, more recently, from E-waste (Valix
et al., 2001; Brandl et al., 2008; Mishra et al., 2008; Ivanus, 2010; Hong
and Valix, 2014). Because of their ability to facilitate metal dissolution
via a series of bio-oxidation reactions, various chemolithotrophic mi-
croorganisms are used in bioleaching applications (Hong and Valix,
2014; Modin et al., 2017; Brandl et al., 2001; Yang et al., 2017; Zhu
et al., 2011; Xia et al., 2017). Inside the bioleaching system, iron serves
as an electron acceptor. The oxidized form of ferric iron (Fe(IIl)), pro-
duced by the microbial oxidation of ferrous iron (Fe(II)) substrate,

Hydrometallurgy 221 (2023) 106145

functions as an oxidant capable of oxidizing metal sulfides before being
chemically reduced to ferrous iron via redoxolysis (Mahmoud et al.,
2017). Acid leaching is supported by acidophilic autotrophs such as
Acidithiobacillus thiooxidans (Murugesan et al., 2020; Vardanyan et al.,
2022b), which produce sulphuric acid in the presence of thiosulphate/
sulfur/sulfide, whereas bio-oxidation is performed by acidophilic iron-
oxidizing autotrophs such as Acidithiobacillus ferrooxidans (Sodha
et al., 2019; Ilyas et al., 2007; Vardanyan et al., 2022a, 2022b), Lep-
tospirillum ferrooxidans (Sodha et al., 2019) and Leptospirillum ferriphilum
(Anaya-Garzon et al., 2021).

Several studies (Bas et al., 2013; Guezennec et al., 2018; Ilyas et al.,
2010; Sodha et al., 2020) have been published on the feasibility of PCBs
bioleaching in batch mode using shake flasks and bioreactors. However,
due to their notorious heterogeneity, PCBs bioleaching should ideally be
investigated using large-volume stirred tank reactors (>1 L), which can
handle a sufficient amount of material and offer an upscaling platform.
Such conditions ensure efficient reactant transport and closely resemble
industrial situations (Hubau et al., 2020). Staggered addition of PCBs
with continuous biological production of an acidic lixiviant containing
Fe(IIl) improves bioleaching efficiency, most likely due to reduced PCB
toxicity on microbial growth (Brandl et al., 2001; Hubau et al., 2020;
Liang et al., 2013).

Metal toxicity effects on microbial growth can be addressed using an
indirect leaching approach that decouples lixiviant production and E-
waste leaching. This two-stage concept has been successfully demon-
strated under a laboratory scale for the leaching of metals from lithium-
ion batteries (Boxall et al., 2018) and PCBs (Hubau et al., 2020; Yken
et al., 2020; Vardanyan et al., 2022a).

The degree of liberation indicating what amount of the targeted
component is liberated from the non-valuable PCBs matrix is an
important factor in determining the success of the subsequent valuable
materials recovery stage (Das et al., 2009). This key parameter was first
embraced by the mineral processing industry, with a goal to achieve
selective liberation of the minerals of interest at the coarsest particle size
possible, thus saving energy on the grinding process and reducing the
generated amount of undesirable fine fractions (Wills and Finch, 2016;
Ueda et al., 2017). In contrast to primary ore beneficiation, a specific
size range guarantying the optimum liberation of valuable metals from
non-metallic fractions in a discarded PCB assemblage is still unknown.
Published researches investigate the effect of particle size and shape on
liberation characteristics (Zhang and Forssberg, 1999; Koyanaka et al.,
2006), and high liberation degrees were reported with particle sizes
below 100 pm or between 100 pm and 3 mm. Such disparities could be
most likely attributed to the differences in PCBs origin and hence
compositions and likewise to the size reduction equipment used in
comminution processes (Chao et al., 2011).

In view of the aforementioned, the current study aims to investigate
the recovery of copper and nickel from PCBs using culture-bearing so-
lutions derived from an acidophilic iron-oxidizing bacterium, Acid-
ithiobacillus ferrooxidans 61. To counteract the potential toxicity of PCBs
on microbial growth and activity, an indirect bioleaching approach
practiced in double-stage mode was chosen. Metal leaching efficiency
was expected to increase by decoupling biolixiviant generation and
bioleaching steps. To follow material transformation patterns specific
fractions from the process were subjected to SEM-EDS inspection.

2. Materials and methods
2.1. Printed circuit board preparation

End-of-life PCBs delivered by the EXITCOM company based in
Turkey were manually depopulated and fragmented down to a particle
size below 22 mm by a hammer mill (Laarmann CHM4000) run at 1750
rpm. The analysis of the input PCBs revealed the following concentra-
tions of principal non-ferrous metals: Cu (24.6%), Zn (0.08%), Ni
(0.1%), and Al (2.6%). The surface passivation layer (green lacquer
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mask) was removed before the bioleaching by boiling the depopulated
PCBs in a 10% NaOH solution for 15 min at S/L ratio of 20. The samples
were washed with deionized water until neutral pH, dried at room
temperature, and preserved for leaching.

2.2. Biogeneration of lixiviant

The biolixiviant used for leaching was obtained using an iron-
oxidizing culture Acidithiobacillus ferrooxidans 61 (KM819692) isolated
from Tandzut ore (Armenia) acid drainage water (Vardanyan et al.,
2015). At. ferrooxidans 61 was grown in modified 9 K medium (0.5 g/L
(NH4)2S04, 0.5 g/L MgSO4 x 7H0, 0.5 g/L KoHPO4, 0.05 g/L KCl, 0.01
g/L Ca(NOs)3) containing 25 gL’1 ferrous iron (supplemented as FeSO4
x 7H20). The growth of bacteria as described previously (Vardanyan
et al., 2022a) was carried out inside a bio-fermenter (Bionet Baby 0)
coupled to a control unit, to follow gas supply, stirring rate, pH, Eh, and
temperature. The fermenter filled in with 2 L. medium was inoculated at
10% (v/v) with bacterial culture and pH adjusted to 1.8-1.9 using 10 N
H,S04. The fermenter was operated at a temperature of 30 °C, stirring
speed of 80 rpm, and 1 L/min air-flow. After 5-7 days of cultivation, a
reddish coloration of the culture medium was observed due to oxidation
of Fe?* to Fe>*. The redox potential of the lixiviant was around 700 mV
(Ag/AgCl ref.) with cell enumeration staying in the range of 2.5 x 10°
cells/mL. The quantitative determination of bacterial cells (enumera-
tion) was carried out by a serial end-point dilution technique known as
the “most probable number” (MPN) method (Erkmen, 2022).

2.3. Bioleaching experiments

Two-stage bioleaching of ground <2 cm size fraction of the PCBs was
performed inside a 2-L jacketed reactor coupled to a circulating bath
maintaining a constant operating temperature of 40 °C required to
sustain eventual bacterial growth. The reactor was connected to a
condenser to prevent excessive evaporation and a tunable compressor to
supply air (Vardanyan et al., 2022a). Leaching experiments were per-
formed under starting pH of 1 (10 N H2SO4 was used for pH adjustment)
and 20 g/L of Fe>* as an oxidizing agent. The duration of the bioleaching
experiment was 48 h, with each stage being fixed to 24 h. To realize this,
after elapsing the first 24 h of leaching, the pregnant leach solution (PLS)
was decantated and fresh lixiviant was added to the reactor. Solution
sampling was performed at start of the experiment, and further at 1 h, 2
h,3h,4h,5h,6h,7h, and 24 h of each stage. After bioleaching, the
residue was recovered as two different granulometric fractions: “coarse”
(1-2 mm) and “fine” (below 1 mm). The “coarse” fraction was obtained
after sieving, while the “fine” fraction was the one remaining on the
paper filter after the vacuum filtration of the PLS. Following separation,
“coarse” and “fine” fractions were dried and used for microscopic
inspection.

2.4. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS)

PCBs were observed with respect to morphology, chemistry and
phases liberation by a SEM-based automated mineralogy system - Zeiss
sigma 300 FEG “Mineralogic” coupled to two Brucker EDS x Flash 6|30
X-ray energy dispersion spectrometers (silicon drift detector). To this
end, raw PCBs and leached samples were cast into 30 mm diameter
mounts following an established procedure (Bouzahzah et al., 2015).
The section polishing was accomplished by polishing disks and diamond
suspensions of different finesses. The SEM-EDS analyses were carried out
using a probe current of 2.3 nA with an accelerating voltage of 20 kV ata
working distance of 8.5 mm. A mapping mode was performed using a 3
to 5 pm step size and a dwell time of 55 ms. Analytical conditions such as
contrast and brightness were set up manually to provide the best
possible contrast between the observed phases (plastics, composites,
metals). System magnification was set to 6000 X and voltage tension to

Hydrometallurgy 221 (2023) 106145

25 4
A @ |st stage = ©= 2nd stage ;
i
2 4
oy
o
1.5 A
P St I I -%-“%
1 == :
0 1 2 3 4 5 6 7 24
Time (h)
700 -~
B —#—1st stage = 4= 2nd stage !
650 1 I
600 4 :
550 1\ |
N I
500 | --+~-%_-%.__ . :
e
450 + !
]
400 +
350 A

300 1 1 1 1 1 1 1 I )

Time (h)

Fig. 1. Variation of pH (A) and ORP (B) during bioleaching of PCBs (PD 10%,
initial pH - 1, Fe3* — 20 g/L, 40 °C, air - 1 L/min, 600 rpm, overall duration -
48 h (each stage 24 h)).
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2.5. Analytical determination

Metals in the pregnant leach solution (PLS) were analyzed by
inductively coupled plasma optical emission spectroscopy (ICP-OES).
The solid residue after leaching was dried, oven treated at 900 °C for
240 min, ground in an agate mortar or a ring mill, and digested in aqua
regia before being analyzed, similar to the liquid samples. Ferrous and
ferric iron concentration was determined by an ethylenediaminetetra-
acetic acid (EDTA) based complexometric titration (Lucchesi and Hirn,
1960). Mineralogical inspection of the leached PCBs was realized on a
Bruker (Billerica, MA, USA) D8 ECO diffractometer using CuK o radia-
tion (A = 1.5418 }o\). A representative amount of the material was pul-
verized in an agate mortar and then deposited on a zero-background
silicon sample holder. The X-ray powder diffraction patterns were first
interpreted using the EVA 3.2 software. This software allowed us to
identify the phases and compare them to the International Centre for
Diffraction Data (ICDD) database, version PDF-2. Then, the powder
patterns were analyzed using the TOPAS 4.2 software which allowed
quantification of the mineral phases. The quantification procedure is
based on the Rietveld method.

Two replicates of tests were conducted. The standard deviation was
calculated using STDEV-S function available in MS Excel and error bars
were added.
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Table 1
Bacteria enumeration during the bioleaching (PD 10%, initial pH -
1, Fe3* — 20 g/L, 40 °C, air — 1 L/min, 600 rpm, duration - 24 h).

Duration (h) Number of cells (cells/mL)

0 2.5 x 108
1 0.6 x 107
3 2.5 x 102
5 N/D*
24 N/D

" N/D - not detected.
3. Results and discussion
3.1. Two-stage bioleaching of printed circuit boards (PCBs)

In our previous experiments, we studied the effect of different
oxidizing agent (Fe3h) concentrations, varying pH, and pulp density
(PD) on metal extraction efficiency (Vardanyan et al., 2022a). In this
study, apart characterising feed and residue material after bioleaching,
PCBs were subjected to a two-stage subsequent bioleaching via biolog-
ically obtained Fe>" by At. ferrooxidans 61. 10% of PD was chosen as to
approach industrially relevant conditions. The entire two-stage bio-
leaching (24 h + 24 h) at 10% PD, pH 1, and 20 gL~ ferric iron, has
secured metal recoveries of 95% for Cu and 87% for Ni and almost
complete recovery for Zn (data not presented). The recovery of Al was
about 3% (data not shown) which corresponds to our previous findings
(Vardanyan et al., 2022a). This low recovery level is most likely due to
the intrinsic refractoriness of the aluminum met in PCBs (e.g., as an
alloy), and the presence of surface coatings or encapsulation within the
PCB matrix.

Fig. 1A shows that the initial pH increases during the bioleaching
process. This phenomenon could be explained by the proton consump-
tion reactions (1-9), the main ones presented below:

Ni® + 2Fe*" - Ni*" + 2Fe?" (€]
2Fe’™ +0.50, + 2H"—»2Fe*" + H,0 2
Sum of the two reactions : Ni’ +0.50, + 2H" >Ni** + H,0 3)
Al +3Fe* S AP 4+ 3Fe?t @)
2Fe*t 4-0.50, 4 2H + —»2Fe*" + H,0 (5)
Sum of the two reactions : Al° +0.50, + 2H" A" + H,0 6)
Cu® + 2Fe** - Cu?* + 2Fe** ()
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2Fe*" 4+0.50, 4+ 2H" »2Fe*" + H,0 (8)

Sum of the two reactions : 2Cu’ + O, + 4H"—2Cu*" 4 2H,0 9

It is reasonable to assume, that the zero valence metals may have
been directly chemically or biologically leached, according to reactions
(10) and (11), with the resulting hydroxide ions being responsible for
the increase in pH during the leaching process (Fu et al., 2016; Pour-
hossein and Mousavi, 2018; Tapia et al., 2022).

4M° + 12H" +30,—4 M** + 6H,0 10)

2M° 4 2H,0 + 0,—2 M*" +40H" 11)

As shown in Fig. 1A, the initial pH increases from 1 to 1.9 in the first,
but drops back to 1.2 in the second stage, respectively. As pH was low,
only limited amount of jarosite was detected during EDS mapping in the
“coarse” fraction. It is assumed that the maximum recovery of metals
takes place mainly during the first stage, which was likewise reported in
our previous work (Vardanyan et al., 2022a). This explains the non-
substantial variation in pH observed during the second stage of leaching.

The oxidation-reduction potential (ORP) is also an important
parameter that reflects chemical reactions taking place during a leach-
ing process. As shown in Fig. 1B, the ORP of the bacterial solution
dropped sharply from 608 mV to 346 mV (Ag/AgCl), for 1 h of leaching
due to the reduction of Fe>* ions to Fe?* (redoxolysis). During the
second stage, ORP declined at a slower pace from 593 to 460 mV (Ag/
AgCl), which proves the assumption that leaching takes place mainly in
the first stage with the elevated ORP values indicating the prevalence of
Fe>" over Fe?" in the lixiviant.

As shown in Table 1, after 3 h of leaching there was a distinct drop in
bacterial population in the PLS - from 108 to 102 cells/mL. After 3 h of
leaching no growth of bacteria was observed due to the inhibitory effect
of PCBs on bacterial activity given their heterogenous composition
carrying a variety of hazardous compounds and possibly due to the
initial low pH.

3.2. Printed circuit boards (PCB) characterization by scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)

It was important to assess and trace visually the evolution of PCB
fragments and their morphology before and after leaching. The optical
microscope images before and after bioleaching are shown in Fig. 2. As
shown by the micrographs A and B, the bright and colored points depict
metallic particles, which are almost leached as demonstrated by the
“fine” fraction (image C) observation.

Due to the known disparities in phase composition, plastics (dark)
and metallic (bright) spots may be distinguished in the backscattered

0.5cm

Fig. 2. Optical microscopic views of PCBs: before bioleaching (A), “coarse” fraction residue after bioleaching (B), and “fine” residue fraction after leaching (C).
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Fig. 3. Characteristic micrographs (BSE-SEM) (A, B) of solid phases belonging to feed PCBs; 5, 6 - Cu; 7- Cu-Sn-Pb alloy; 25 - Fe; 26 - Sn; 27, 29 - Cu; 28 - Sn—Pb
alloy; EDS-SEM (C, D) elemental mapping.
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Fig. 4. Characteristic micrographs (BSE-SEM) of solid phases belonging to feed PCBs (A, B); 8, 18, 19 - Cu; 9-13, 16, 17 - Cu—Sn alloy; 14, 15 - Cu—Pb alloy. EDS-
SEM (C, D) images showing elemental mapping.



A. Vardanyan et al.

Ch 1 MAG: 1732x HV:21 kV WD:8.5 mm Px: 0.580 um

100pm
o

Hydrometallurgy 221 (2023) 106145

Ch 1 MAG: 1805x HV:21 kV WD:8.5 mm Px: 0.55 um | 100km

Fig. 5. Characteristic micrographs (BSE-SEM) of metals and alloys originating from feed PCBs (A, B), 20, 33 - Cu; 21, 22 - Ni; 23, 24, 32 - Ni-Cu-Au; 25 - Cu—Zn alloy;

30, 31 - Sn; 18, 19 - Cu; 9-13, 16, 17 - Cu—Sn alloy.
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Fig. 6. Characteristic micrographs (BSE-SEM) of metals originating from feed PCBs; 1, 2 - Br; 3-5, 34-36 - Silicon with metals alloy; 6, 7, 18, 19, 20, 33, 37 - Cu; 21,
22 - Ni; 23, 24, 32 - Ni-Cu-Au; 25 - Cu—Zn alloy; 30, 31 - Sn; 9-13, 16, 17 - Cu—Sn alloy.

Table 2
EDS mapping of leached PCB (feed pictured in Fig. 5).

Table 3
EDS mapping of leached PCB (“fine” fraction pictured in Fig. 8*).

Spectrum Metal content (%) Spectrum Metal content (%)
Ni Cu Zn Au Sn Al P S K Ti Fe Sn Pb
20 100 18 25.7
21 100 19 6.7 0.9 12.9 48.9
22 100 20 0.7 11 4.3 82.3
23 25.9 3.1 71.2 21 3.6 2.0 18.2 50.6
24 43.5 4.2 52.4 22 13.9 6.4 35.4
25 64.8 35.3 28 55.4
30 100 29 1.1 0.6 2.5 95.8
31 100 30 3.1 2.4 18.7 45.3
32 100 31 3.2 1.8 19.2 44.2
33 100

electrons (BSE) images, which present signals from a polished section in
greyscale. Commonly energy dispersive spectroscopy (EDS) is used to
obtain additional information in order to differentiate the composition
of the detected metallic particles. It is worth noting that PCBs have a
multi-elemental base composition (Korf et al., 2019), so a large number
of elements are expected to be found. The primary metals that comprise
PCBs, according to an EDS mapping, are Cu, Zn, Sn, Ti, Ba, Pb, Fe and
Au. It should be noted that these metals are usually met as alloys be-
tween each other.

Characteristic micrographs and microanalyses of the feed PCBs are
shown in Figs. 3-6. These micrographs suggest a strong material het-
erogeneity, which corroborates the known multi-material nature of
PCBs (Goncalves and Otsuki, 2019). Different alloy phases were iden-
tified, namely Cu—Sn, Cu—Zn, Cu—Ni, as well as such with Fe and
silicon. As illustrated in Fig. 3, non-liberated Cu (point 6 in Fig. 3A and

* -As Sr, Bi, K, Ti, and Silicon are not shown in Table 3.

point 27 in Fig. 3B) surrounds Sn and Pb bearing alloys (Supplementary
Table 1) with round or irregular-shaped globules. The EDS mapping
revealed that the copper fragments were also englobed by traces of
jarosite and Zn (Supplementary Fig. 1, Table 1), the former probably
originating from the alkaline composite matrix, the latter being part of
the PCBs mainframe.

In Fig. 4 tin (Sn) is pictured, belonging more likely to a soldering
material met in the fragmented PCBs as joined with copper assemblage
fragment (points 9-13 mapped in Fig. 4A, Supplementary Table 2) or as
a single fragment (point 16 and 17 mapped in Fig. 4B, Supplementary
Table 2). Carelse et al., 2020 identified based on EDS analysis identified
two Cu—Sn phases taking into account the Sn content of the feed
material.

Fig. 5 and Table 2 reveal a non-liberated native Cu (point 20 mapped
in Fig. 5A, and point 33 mapped in Fig. 5B) attached to Ni-Cu-Au alloys
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Fig. 7. Characteristic micrographs (BSE-SEM) of compounds found in leached PCBs (“coarse” fraction) (A, B), 1, 2 - Al-Cu-Sn-Pb alloy; 4, 5 - Br-Pb; 7, 8: Cu—Zn alloy;
9 - Cu; 10 - Cu—Br alloy; 3, 11 - Silicon with metals; 27 - Al-Cu-Sn alloy; 28, 29 - jarosite. EDS-SEM images (C, D) showing elemental mapping.
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Fig. 8. Characteristic micrographs (BSE-SEM) analysis of metals and jarosite remnants in leached PCBs (“fine” fraction), 18 - Ti; 19, 21, 30, 31 - Sn, jarosite; 20, 29 -

Sn—Pb alloy; 22 - jarosite; 28 - Al.

and also metallic Ni and Sn, respectively. Worth to note that spots
having high silica content complexed to metallic particles are often
detectable (Fig. 6, Supplementary Table 3). It could be assumed that the
fiberglass-silica laminates encapsulate the metals, which following the
attrition effects caused by the agitative leaching get eventually liber-
ated. This ultimately leads to a relatively high metal liberation degree in
the fine granulometric fractions, compared to the one observed in non-
leached PCBs (feed material).

The micrographs and surface mapping of a sample leached by the
lixiviant obtained from At. ferrooxidans 61 at 40 °C and 600 rpm for 48 h
are pictured in Figs. 7 and 8. The Br detected in the leached material —
Fig. 7A, originates by no doubt from a brominated flame-retardant
coverage commonly used in PCBs to avoid flammability (Zhou et al.,
2013). After leaching completion, the leached residue was recovered as
two different granulometric fractions: “coarse” (1-2 mm) (Fig. 7) and

“fine” (below 1 mm) (Fig. 8). It is supposed that the generation of “fine”
fraction is result of bacterial activity. Hyra et al., 2022 also reported on
the existence of a “fine” fraction (200 nm) in bioleaching residues, while
in the case of chemical leaching, agglomerates being significantly larger
(500 nm) were detected. The obtained results indicated bacterial ac-
tivity in the solubilization process of metals with visible degradation of
PCBs particles.

Fig. 7A and Supplementary Table 4 illustrate a Cu fragment inter-
locked with a Sn—Pb alloy. A small amount of Al and Br, as well as silica
laminate were also detected. In Fig. 7B, Cu—Zn alloy being interlocked
with Br and silica laminate (points 9, 10, 11) was detected, and another
piece of Cu fragment was found to be surrounded by Ni and Cu—Zn alloy
(points 6, 7, 8). Traces of jarosite and silica laminate were often found in
the leached fraction, both of which were deposited on the PCB com-
posite matrix (Supplementary Fig. 2, Supplementary Tables 4, 5). Zero-
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valent Cu, Ni, and Zn appear to have been released to some extent by the
liberation-inducing fragmentation, but some of them were apparently
trapped inside the PCB stacking. The results indicate that possible
passivation phenomena happen during the leaching or that the hydro-
dynamic conditions inside the reactor were not ideal, potentially
maintaining dead zones and allowing part of the material to escape from
contact with the lixiviant. The remaining “fine” grained material after
leaching was heterogeneous, made up of a mixture of all refractory-to-
leaching components found in the PCBs. The aforementioned findings
might be the reason for the non-complete Cu and Ni extraction in the
“coarse” fraction. The EDS data for the spots flagged in Fig. 8 are dis-
played in Table 3.

As shown in Table 3, PCBs “fine” fraction has lower metallic
deportment, likely due to the fact that metallic substances are generally
ductile in nature and do not shatter easily into dust fines during
comminution in contrast to their non-metallic counterparts. The EDS
analysis has not detected non-ferrous metals (Cu, Ni) in the “fine”
fraction of the leached residue, supporting the almost complete recovery
of these metals by the biolixiviant under the tested conditions. There is a
clear trend of higher liberation of metals from the PCBs matrix towards
the “fine” fraction. This trend agrees with previous studies (Goncalves
and Otsuki, 2019; Otsuki et al., 2019a). Otsuki et al., 2019b reported
that “coarse” fractions (0.125-2 mm) are more complex than “fine”
fractions (<0.5 mm) where agglomerates do not exist. Park et al., 2018
reported similar observations suggesting liberation of metals increase
with particle size decrease.

4. Conclusions

Conditions that have previously (Vardanyan et al., 2022a) been
found to be optimal (pH 1, 10% PD, and 20 g/L Fe>") were used for a
two-stage bioleaching of PCBs which allowed reaching up to 95%
extraction of copper, 87% of Ni and an almost complete extraction of Zn
in 48 h. The results obtained indicate that metals in PCBs may be effi-
ciently leached by a two-stage process involving bio-oxidation coupled
to subsequent redoxolysis.

The micrographs of the input and output products from the leaching
witnessed a diverse morphology and level of metal-bearing compounds
liberation while the microanalysis confirmed the presence of several
metals: Cu, Zn, Ni, Sn, Pb, Zn, Au and Al. Microscopic examination
showed that the metals inside the “coarse” fraction of the leached res-
idue were not fully liberated from the matrix, which provokes incom-
plete leaching. The intrinsic form under which metals are present in the
PCBs (alloys, oxides, etc.) plays an essential role in their leachability.
The EDS analysis has not detected Cu and Zn in the “fine fraction” (<1
mm) of the leached residue, supporting that the granulometric prepa-
ration of the feed material plays a key role for a complete extraction of
metals from PCBs. A compromise should be however found between the
efforts to grind the feed to a very fine size (< 1 mm) range and the
potential economic gain due to an additional metals recovery.

Once Cu, Ni and Zn have been removed the concentration of As, Sr,
Bi, and Ti becomes relatively high in the leached material which might
require specific handling or prevent valorization. The morphological
inspection of the leached material indicated jarosite-covered surfaces
due to the precipitation of alkali metals during the bioleaching regard-
less of the low pH value.

Upon size reduction by comminution, only partial release of the
metals from the PCBs silicate matrix was observed as witnessed from the
SEM-EDS images. Nevertheless, during the leaching, material weak-
ening might take place leading to an enhanced metal dissolution at the
end. Thus, the degree of bringing metals into solution depends not only
on the leaching conditions, but also on the level of metal liberation.
Therefore, the size-reduction step has to be judiciously chosen as to
liberate metals-bearing phases from the PCB matrix to a reasonable
extent and expose them to the leaching agent.
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