ACADEMIE
DES SCIENCES

INSTITUT DE FRANCE

Comptes Rendus

Chimie

Nicolas M. Charpentier, Dong Xia and Jean-Christophe P. Gabriel

Printed circuit board recycling: a focus on a novel, efficient and sustainable process
for spent critical metals recovery

Volume 27, Special Issue S4 (2024), p.5-15
Online since: 13 May 2024

Part of Special Issue: GDR Prométhée — French Research Network on
Hydrometallurgical Processes for Primary and Secondary Resources

Guest editors: Laurent Cassayre (CNRS-Université de Toulouse, Laboratoire de Génie
Chimique, France) and Hervé Muhr (CNRS-Université de Lorraine, Laboratoire
Réactions et Génie des Procédés, France)

https://doi.org/10.5802/crchim.291

[cOCE This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.

http://creativecommons.org/licenses/by/4.0/

MERSENNE

The Comptes Rendus. Chimie are a member of the
Mersenne Center for open scientific publishing
www.centre-mersenne.org — e-ISSN : 1878-1543


https://doi.org/10.5802/crchim.291
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org

ACADEMIE Comptes Rendus. Chimie
DES SCIENCES 2024, Vol. 27, Special issue S4, p.5-15
https://doi.org/10.5802/crchim.291

INSTITUT DE FRANCE

Review article

GDR Prométhée — French Research Network on Hydrometallurgical
Processes for Primary and Secondary Resources

Printed circuit board recycling: a focus on a novel,
efficient and sustainable process for spent critical
metals recovery

Nicolas M. Charpentier ®“, Dong Xia®? and Jean-Christophe P. Gabriel ® *%?

@ Université Paris-Saclay, CEA, CNRS, NIMBE, LICSEN, 91191, Gif-sur-Yvette, France

b SCARCE Laboratory, Energy Research Institute @ NTU (ERI@N), Nanyang
Technological University, 637553, Singapore

E-mail: jean-christophe.gabriel@cea.fr (J.-C. P. Gabriel)

Abstract. In this article, we present a novel and sustainable approach for recycling printed circuit
boards (PCBs), potentially enabling the complete transformation of collected waste into reusable raw
materials. Our methodology starts with the disassembly of PCBs for the extraction of all electronic
components (ECs). These ECs are then subjected to a classification process using advanced sorting
techniques, including machine vision and multi-energy X-ray transmission spectroscopy powered by
artificial intelligence, which allows ECs with similar elemental composition to be accurately sorted to-
gether. This sorting approach can effectively enrich the target elements up to 10,000 times their orig-
inal content, enabling their subsequent recovery through dedicated physico-hydrometallurgical pro-
cesses. These tailored methods offer enhanced efficiency and improved environmental sustainability
for recycling valuable and critical elements such as rare earth elements, tantalum, and platinum group
metals. Notably, our approach not only demonstrates superior sustainability but also offers increased
economic viability, making it a more financially profitable solution.
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1. Introduction currently, this need is accompanied by an increas-

ing demand for raw materials for their manufactur-
ing, the extraction of which is also a source of en-
The proliferation of electronic devices is leading to ~ vironmental and societal concerns. Furthermore,
the fastest growing issue of waste management. Con- many raw materials required for electronic device
production are exploited only in specific regions of

the world, challenging the supply independence of

* Corresponding author other countries. This is, for example, the case for

1.1. Background on e-waste challenges
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rare earth elements (REEs: neodymium, yttrium, lan-
thanum, dysprosium...) [1] or metals like tantalum,
cobalt, or nickel, which are fundamental compo-
nents of many electronic devices [2]. Such metals
and materials have therefore been identified as criti-
cal raw materials [3].

Facing this dual environmental and strategic chal-
lenge, research is committed to developing new so-
lutions for recycling elements found in electronic
waste. However, traditional recycling methods fail
to recover many such key elements due to their of-
ten too low and variable concentration in the over-
all mass of electronic waste to be processed and the
complexity of the associated mixtures of chemical el-
ements. Currently, only about a dozen elements, out
of the more than sixty present in electronic waste, are
being recycled (see Table 1). Moreover, these tradi-
tional recycling methods can potentially be polluting
and hazardous because they rely on hydrometallur-
gical and pyrometallurgical processes [4,5]. Most of
the current recyclers have recycling processes based
on these technologies (see Table 1) [6,7]. The re-
maining elements are neither recycled nor valorized
and mostly end up mixed and diluted in landfilled
ashes (bottom and fly), although sometimes used as
landfill fill (an application banned in some coun-
tries due to the potential leaching of toxic metals by
rainwater).

Therefore, today, the primary obstacle to recycling
these strategic elements is their low and variable con-
centrations in the waste stream to be treated. To
solve this, it is essential to develop economically vi-
able new strategies for electronic waste management
that can simplify the composition and enrich the in-
put materials, allowing us to access these elements
and thus reduce the environmental impact of their
production while enabling certain regions to access
strategic metals that would otherwise be lost.

1.2. Importance of sustainable resource recovery
in e-waste management

To achieve this, our analysis of the situation led us
to modify the current PCB recycling strategy by com-
bining: (i) a step for disassembling printed circuits,
followed by (ii) an advanced component sorting en-
abling the recovery of targeted elements by the tai-
lored process. The novelty of this approach lies in the
technology used for sorting, which, for the first time,

allows it to be done based on the elemental compo-
sition of the objects to be separated, in order to en-
rich the outgoing streams with targeted elements [8].
Although various industrial methods already exist
for the disassembly phase, which we recently re-
viewed [9], component sorting is still insufficient, as
itis either too rudimentary (done manually), or when
optically sorted lacks elemental composition knowl-
edge to sort based on the elements of interest [10];
or too slow (3s per tantalum capacitor recovery using
laser desoldering, optical recognition and robotic EC
picking) [11]. Two main process families are opposed
here: “look and pick” processes, which first evaluate
the interesting components on printed circuit boards
(PCBs) and then selectively disassemble them, focus-
ing on valuable components, and the “disassemble
and sort” strategy, which involves simultaneous dis-
assembly of all components, followed by their sort-
ing, taking into account the total value of the com-
ponents. Although promising, this sorting strategy
based solely on visual recognition quickly reaches its
limits when visually similar components have differ-
ent compositions. Moreover, these approaches are
often either too slow or require too much robotic
equipment, and hence capital expenditures, to be
adopted by a wide majority of recyclers.

To address this problem, several methods for char-
acterizing PCBs and components have been devel-
oped and described in the literature. For example,
infrared spectroscopy, traditionally used to differen-
tiate plastics, can be applied to the sorting of elec-
tronic components [12,13]. The use of Laser-Induced
Breakdown Spectroscopy (LIBS) [14] has also been
explored for sorting plastics from electronics, which
are often contaminated with flame retardants [15,16].
These methods can be used to map PCBs and com-
ponents, creating images in which each pixel repre-
sents a spectrum. These hyperspectral images (HSI)
contain a large amount of information that can be ex-
ploited for component sorting from both spatial and
spectral perspectives. However, these methods only
allow the analysis of a thin layer at the surface of the
component and do not represent the internal com-
position of materials often encapsulated in plastic,
epoxy or ceramics.

To obtain elemental information on the internal
composition of often heterogeneous objects, X-ray
Transmission Spectroscopy (XRT) at few energy lev-
els (2 to 5 energy bins) has been developed in various
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Table 1. List of some existing recycling processes and elements they can recover, updated from Refs [6,7]

Company Process Elements recovered
Umicore Pyrometallurgy, hydrometallurgy and Fe, Al, Cu, Ag, Au, Pd, Pt, Ir, Rh, Ry, In, Se,
electrochemistry Te, Pb, Sn, Sb, Bi
Noranda Hydrometallurgy and electrochemistry Fe, Pb, Zn, Cu, Ag, Au, Pd, Pt, Se, Te, Ni
Boliden Pyrometallurgy Cu, Ag, Au, Pd, Nj, Se, Zn, Pb, Sb, In, Cd
DOWA Pyrometallurgy, hydrometallurgy and Au, Ag, Cu, In, Pd, Pt, Sn, Pb, Sb, Bi, Se, Te
electrochemistry
Aurubis Hydrometallurgy and Pyrometallurgy Cu, Pb, Sb, Bi, Te, Zn, Sn, Ni

Boliden’s Ronnskar Pyrometallurgy

Outotec Pyrometallurgy

Cu, Ag, Au, Pd, Nj, Se, Zn, Pb
Zn, Cu, Au, Ag, In, Pb, Cd, Ge

fields, mainly in mining, allowing the differentia-
tion of ores through the study of their atomic den-
sity [17,18], as well as in airport luggage scanners.
However, this low energy resolution would not allow
for the prerequisite capacity to differentiate between
chemical elements that are present in PCBs. To ad-
dress this issue, we present an original method for
sorting electronic components that combines optical
sorting and multi-energy XRT (MEXRT) relying on ar-
tificial intelligence (Al). These new-generation detec-
tors, initially developed at CEA/LETI, have only been
commercially available for a few years, under a CEA
licensing agreement, from Detection Technologies.
Other makers are now also providing such detectors.
Indeed, thanks to the 128-level energy resolution of
the MEXRT detector used, it is possible to differen-
tiate components based on their elemental compo-
sition, hence simplifying the elemental mixture and
enrich the final streams with the elements of interest.

This crucial step is highly significant because
PCBs exhibit a complex, heterogeneous, and variable
composition. Indeed, numerous studies have con-
sistently demonstrated a substantial variation in the
composition of different PCBs. Upon careful com-
parison of these studies, it becomes apparent that,
for many elements, the standard deviation for their
concentration average can be equal to or even exceed
their average concentration (Table 2). Moreover, it
should be noted that in some cases, certain element
concentrations are not reported from the analysis, ei-
ther because they were not present or possibly due to
the inherent difficulty in quantifying them. Hence,
it is worth mentioning that, in the majority of the

studies reviewed, refractory elements like Tantalum
(Ta) [19], are often not analyzed/reported, the reason
is unclear as it is not discussed in these articles. This
table highlights the high variability in PCBs compo-
sition depending on their type and year of produc-
tion. Indeed, in most recycling plants, PCBs are re-
ceived without previous sorting. Therefore, the need
for a versatile analytical tool capable of distinguish-
ing and characterizing elements within PCB compo-
nents is undeniable, as it could play a crucial role in
advancing the field of e-waste recycling and critical
metals recovery.

2. Advanced sorting technics

For the components to be sorted, they first need to
be dismantled from the PCBs through a disassembly
process. Various industrial or pre-industrial meth-
ods are already available for this disassembly, ei-
ther chemical, by dissolving solder joints using acids,
by solder fusion, or by simple mechanical means
[1]. These methods all have advantages and draw-
backs depending on what constraints are applied to
the components, sometimes burning them, corrod-
ing them, or possibly breaking them. This is not to-
tally neutral as these alterations can have an impact
on the visual aspect of the ECs and therefore on the
downstream optical-based sorting process steps and
more specifically when it comes to recognizing the
components [24]. In our studies, we mostly relied on
oven-baking PCBs to melt the solder, followed by vig-
orous shaking to loosen the ECs and render them free
from the bare board.
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Table 2. Average and standard deviation of
metals content in PCBs calculated from ana-
lytical values reported in twenty-three differ-
ent studies [20-23]; full table and references are
available in Supplementary Table S1

Metal content  Average Standard Dev.
Cu (%) 22.26 9.46
Al (%) 3.67 3.32
Pb (%) 2.50 2.70
Zn (%) 2.51 3.58
Ni (%) 1.99 2.89
Fe (%) 6.41 10.42
Sn (%) 2.61 1.48
Sb (%) 0.06 0.01
Cr (%) 0.18 0.25
Na (%) 0.48 N/A
Ca (%) 3.05 3.30
Ba (%) 3.05 N/A*

Ag (ppm) 1170.95 1570.28
Au (ppm) 991.50 1210.19
Pt (ppm) 0.00 N/A*
Cd (ppm) 1183.00 N/A*
K (ppm) 180.00 N/A*
In (ppm) 500.00 N/A*
Mn (ppm) 4593.67 4836.90
Se (ppm) 21.00 N/A*
As (ppm) 11.00 N/A*
Mg (ppm) 750.00 353.55
Pd (ppm) 101.00 103.41
Co (ppm) 350.00 70.71
Ti (ppm) 400.00 N/A*
Ta (ppm) 200.00 400.00
REEs (ppm) 30.47 N/A*
Total Metals (%) 32.47 7.38

* N/A indicates that none or only one report
of concentration has been found for this ele-
ment in PCBs.

2.1. Physical sorting process

Although not always efficient as an elemental sort-
ing method, physical methods are simple to use and
can easily segregate some similar components [25],

and already allow for a simplification of the bin’s el-
emental composition. Despite the diversity of elec-
tronic components, it is important to note that simi-
larities can be observed among components of simi-
lar sizes. Therefore, the use of sieve sorting proves to
be both easy and effective for removing large compo-
nents, such as connectors or heat exchangers gener-
ally homogenous in terms of composition. Further-
more, this process also eliminates components that
are too small for further processing or broken parts of
components. This size-based sorting step also con-
tributes to reducing the heterogeneity of the incom-
ing stream by limiting the diversity of components to
a few types in each size class, facilitating further sort-
ing processes.

2.2. Presentation of the 10 kg/h sorting prototype

In order to then sort the different electronic compo-
nents, we chose to convey them on a belt to take them
in front of the different cameras, detectors and ejec-
tion mechanisms. The prototype has been previously
described in detail, and a picture of it can be seen
in Figure 1 [26]. In brief, it is composed of a white
conveyor belt, measuring 10 cm wide and 2.5 m long,
transporting the components under the optical cam-
era and then into the MEXRT spectrometer for classi-
fication before they are ejected from the belt into the
appropriate sorting bin by a pneumatic air propul-
sion system.

2.2.1. Machine vision-based optical sorting

The components are first subjected to optical sort-
ing. This method utilizes a combination of a high-
resolution camera and a convolutional neural net-
work (CNN) specially trained on a dataset created
from real components. This optical sorting allows
for the precise identification of components by type,
leveraging their appearance. With a camera captur-
ing 75 images per second, component image acqui-
sition occurs in real-time. These images are then
sent to the computer for classification by the CNN.
Optimization of image processing and the recogni-
tion algorithm enable the sorting of 60 components
per second on a single line with an accuracy above
97%. While this method already separates certain
components with relatively homogeneous composi-
tions (CPU, cylindrical aluminum-based capacitors,
or copper-rich induction coils), it suffers from a lack
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Figure 1. Picture of the 10 kg/h Electronic Components sorting prototype with (A) the bowl feeder; (B) the
Optical camera/Light fixture; (C) the MEXRT housing and imaging system; and (D) Four sorting bins.

of information about the chemical composition of
other components, such as resistors, other types of
capacitors, or highly integrated electronic compo-
nents, which are often visually similar but may con-
tain a multitude of different elements.

2.2.2. Multi-energy X-ray transmission spectroscopy

To address this issue of elemental composition-
based sorting, components that cannot be differ-
entiated by optical sorting are then subjected to
MEXRT sorting. When compared to X-ray Fluores-
cence (XRF), MEXRT has various advantages. First,
since we are looking directly at the absorption of the
direct beam, we have the largest possible signal-over-
noise-ratio, whereas it is orders of magnitude smaller
with XRF when using the same sampling time [27].
Second, we can easily perform an imaging of the de-
vices by combining the 128-pixel 1D detector with
the movement of the conveyor belt, which renders a
2D image of the passing ECs. Hence, MEXRT proves
to be a rapid method for performing composition-
based sorting by using their absorption spectra. In-
deed, this method not only relies on studying the
atomic density of the material, as a denser material
absorbs more radiation at a constant thickness, but
also has the ability to study the energy of absorbed
radiation. Hence, it is possible to more precisely de-
fine the material’s composition by studying the en-
ergy of the absorption k-edge of the elements it com-
prises. The k-edge corresponds to the binding en-
ergy of electrons in the k-shell of an atom, represent-
ing the minimum energy required for a photon to be

fully ejected from this shell. This phenomenon re-
sults in a sharp decrease in photon transmission at
the corresponding energy, as these photons are ab-
sorbed by the electrons. Each chemical element has
a unique structure, with binding energies of its core
electrons that are specific to it, thus allowing for its
identification. By comparing the local maxima of ab-
sorption spectra and referencing the theoretical val-
ues of these thresholds, it is thus possible to deter-
mine the elemental composition of a material from
its transmission spectrum (Figure 2).

To achieve this, the components are moved on
the conveyor belt at a constant speed of 15 cm/s be-
tween the X-ray source (V] X-RAY (NY) LLC MODEL:
IXS160BP200P107 equipped with a tungsten anode,
working typically at 100 kV and 0.3 mA) and the de-
tector (ME100, Detection Technologies under CEA li-
cense). X-rays penetrate the material, and their ab-
sorption represents the total radiation absorbed by
the elements composing the material. The transmit-
ted radiation is then detected on the other side of the
component by the detector. Moreover, the detector
used allows for multi-energy spectroscopy. It con-
sists of a line of 128 pixels, with each pixel capable
of detecting photons and their energy from 20 keV
to 160 keV, with a precision of 1.1 keV (128 levels of
energy). By stacking the acquisition lines, it is possi-
ble to reconstruct a hyperspectral image of the com-
ponents, with each pixel representing the transmis-
sion spectrum of the material at that specific loca-
tion. With a pixel size of 0.8 mm and an acquisi-
tion speed of 2 ms per line, the image of a 40 mm
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Figure 2. Schematic description of the dual optical/ MEXRT based sorting process.

component can be obtained in 100 ms. Adding the
processing time for these hyperspectral images, it is
possible to sort up to 4 components per second using
MEXRT spectroscopy (and per line of ECs on the con-
veyor belt). It should indeed be noted that our proto-
type currently works with a single line of ECs. Faster
sorting rates could easily be obtained using multiple
lines and an end-of-belt sorting mechanism.

3. Tailored extraction methods and advance-
ments in hydrometallurgical processes

The extraction of electronic components with sim-
plified and specific compositions from the electronic
waste stream opens up new possibilities for recycling
processes. This is especially relevant when dealing
with spent critical metals that are not currently re-
covered and recycled. This is the case, for example,
with the recycling of rare earth elements such as the
highly-priced neodymium (Nd) found in ceramic ca-
pacitors (according to https://strategicmetalsinvest.
com/, its trading price has varied from $65,000 per
metric ton in 2020 to $265,000 at its peak in early
2022; it is currently traded around $126,000/Mt).
These capacitors use barium titanate (BaTiO3) as a
dielectric material, sometimes doped with rare earth
elements to adjust its electronic properties. Nd in
particular is used in these capacitors, either as a sole
rare earth or together with others. From a market

share point of view, if Nd is mostly used in perma-
nent magnets, it should be noted that in 2011 capac-
itors represented 12% of the overall Nd market [4].
PCBs from the urban mine therefore represent a very
significant potential source of it. However, no effi-
cient recycling strategy has been proposed nor im-
plemented yet due to its too low concentration in the
overall waste PCB supply due to the inaccessibility of
a concentrated source of such capacitors. Thanks to
the use of our dual optical/MEXRT sorting demon-
strator, sorting bins containing almost solely ceramic
capacitors containing Nd are now accessible. They
can indeed be separated from other electronic com-
ponents through optical sorting and from visually
similar ceramic capacitors using MEXRT sorting with
an accuracy of 100% [28]. Using this sorting pro-
cess, the Nd concentration in the sorting bin contain-
ing Nd-containing ceramic capacitors can reach 15%
by mass. One can then tailor a specific extraction
method based on simple physical and hydrometal-
lurgical processes [28]. In brief, the process begins
with a physical beneficiation step involving the con-
trolled fracturing of capacitors, facilitating the sepa-
ration of their various components through density-
based separation and subsequent magnetic sorting.
Following this, the fractions rich in Nd are subjected
to nitric acid leaching, selectively dissolving the Nd.
Subsequently, Nd is precipitated via oxalic acid and
ultimately undergoes calcination to yield Nd oxide
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Figure 3. Neodymium (Nd) recovery process from Nd-based ceramic capacitors.

(Figure 3). This process, tailored for Nd extraction
from ceramic capacitors, provides better control over
the quantity and reuse of solvents used.

Overall, by combining this sorting with a suit-
able process for extracting Nd from these capaci-
tors, we modelled that it is possible to establish an
economically viable and sustainable recycling pro-
cess. Indeed, this custom-developed process allows
for the recycling of 91.1% of the Nd present in the
capacitors into pure Nd oxide at 99.6% purity, and
the extra capital expenditure associated with imple-
menting this approach was modelled to be recov-
ered within three to five years (based solely on the
Nd recovery) [28]. By developing similar processes
or utilizing existing ones for the recycling of other
specific components/elements, this sorting method
opens up prospects for more sustainable and effi-
cient electronic waste recycling.

4. Large-scale validation and perspectives

The process described in the previous sections based
on sieving, optical and MEXRT sorting has then been
studied on a larger scale for better evaluation. The
performance of this sorting process can be evalu-
ated in two ways: firstly, by its accuracy in sorting
components based on a database of known compo-
nents; secondly, the process’s ability to enrich bins
with targeted elements was assessed to study the pro-
cess’s relevance from this perspective.

4.1. Validation and key figures of the process

Optical sorting allows distinguishing eight types of
component families with an accuracy of 97.4%. The
use of MEXRT sorting then allows distinguishing
other types of components and composition, within
any given optical-sorting bin. This is mainly the case
for ceramic capacitors, which for example can con-
tain (i) rare earth elements but whose visual appear-
ance provides no information about the composi-
tion, or (ii) Ta capacitors. By combining optical sort-
ing and MEXRT, the total process can sort up to four-
teen types of components with an average accuracy
of 96.9% (Table 3). The global sorting process has
been evaluated using a total of 442 ECs divided into
different size categories and types (~50 ECs for each
type).

The speed of optical sorting reaches 60 compo-
nents per second, while the acquisition and sort-
ing speed by MEXRT is 4 components per second.
The average mass of the studied components be-
ing 0.65 g, the average sorting speed of the proto-
type would be 9.36 kg/h if all the components were
processed both optically and by MEXRT. Although
slower than optical sorting, MEXRT sorting allows
for more precise differentiation of other types of
components. Due to its reduced speed compared to
optical sorting, MEXRT sorting is reserved for a sub-
fraction of components that cannot be sorted op-
tically. This dichotomy thus accelerates the overall
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Table 3. Electronic components with their respective MEXRT images, main elements and recognition

precision
Components Optical  X-ray transmission Main elements Accuracy Global process
image image or of interest (optical + MEXRT)
CPU Ay, Cu 92%
IC chips “ Au, Ni, Cu, Sn, Si 96%
Connectors s Au, Ni, Cu, Sn, Si 98%
Relays m Fe, Cu, Sn 100%
Fe, Cu 100%
Inductors ;m
MPC - Fe, Cu, Ca, Sn, Al 100%
Al capacitors ’ Al, Ni, Sn 97%
Nd-based ceramic | =
capacitors Ba, Nd, Ti, Ni, Sn, Ag 100%
Ba-based ceramic . Ba, REEs, Ti, Ni, Sn, Ag 92%
capacitors
Non Ba-based :
ceramic capacitors . Ca, Mn, Ni, Sn, Ag 90%
Ta-based capacitor ‘ Ta, Ni, Mn, Ag, Co, Fe 100%
Ba-based MLCC ‘ Ba, REES, Ti, Ni, Sn, Ag 100%

(continued on next page)



Nicolas M. Charpentier et al. 13

Table 3. (continued)

Components Optical

image

¢

Non Ba-based
MLCC

Resistors

X-ray transmission Main elements
image

Accuracy Global process

]

or of interest (optical + MEXRT)
Ca, Mn, Nj, Sn, Ag 86%
Ni, Cu, Sn 100%

Adapted with authorisation from [26].

sorting speed by minimizing the use of MEXRT sort-
ing. Furthermore, it should be noted that this strat-
egy appears reasonable as our current observation
is that only 10% of the ECs requires a MEXRT sort-
ing step. Since this step is roughly ten time slower,
this indicates that a cascade sorting process for 100%
of the ECs is achievable at industrial sorting rates
requirements.

Compared to traditional sorting methods, this
process combining optical sorting and MEXRT there-
fore represents a promising solution to meet the
needs of electronic waste sorting in the recycling pro-
cess. This method offers several significant advan-
tages. Firstly, it provides access to a greater num-
ber of components, thus expanding the range of recy-
clable chemical elements. Furthermore, this method
allows components to be sorted based on their el-
emental composition with increased precision. By
combining the advantages of fast optical sorting and
the capability of MEXRT sorting to differentiate ele-
ments, this process represents a major advancement
in the field of electronic waste recycling, providing
access to classified and chemically simplified com-
ponents, and enriched in targeted critical elements,
once sorted.

4.2. Large-scale sorting evaluation

The process’s ability to sort components and concen-
trate elements of interest was proven on a larger scale
on a mixture of 9.05 kg of waste PCBs [26]. The re-
sults of this study demonstrate a significant enrich-
ment of target elements such as Au, Pd, Mn, Ta, or
Nd in certain fractions. In particular, sorting CPUs
allows for the enrichment of the final stream to a
rate of 0.14 wt% in gold, while its concentration was

not even detectable in the initial stream (less than
0.1 ppm). Other components, for which recycling
processes already exist, were also separated, such as
Ta capacitors [24], aluminium electrolytic capacitors
[29], Nd ceramic capacitors [28], or multilayer ce-
ramic capacitors (MLCCs) [30]. Although recycling
processes for some of these components already ex-
isted, a means of accessing them was lacking, and
that is precisely what this sorting process now ac-
complishes and enables.

In addition to its role in enriching streams with
certain targeted components and elements, this sort-
ing process also reduces the chemical complexity
of sorting bins. Indeed, after sorting, the frac-
tion containing inductors exhibits a composition of
45.6 + 2 wt% of iron, 38.5 + 2 wt% of copper,
and 20.82 £ 2 wt% of tin. This significant simpli-
fication of the composition of the streams greatly
facilitates the recycling of various elements, mak-
ing the streams less complex to process and the
recovery rates higher. By eliminating the presence
of undesirable elements and enriching the streams
with targeted elements, the process contributes to
creating more homogeneous streams, thus facilitat-
ing their subsequent treatment. Furthermore, the de-
velopment of microfluidic platforms [31] fully inte-
grated with on-line characterization methods, such
as FTIR [32] and XRF [8], will ensure the cost effective
and fast development of new hydrometallurgy pro-
cesses, whether liquid-liquid [33-35], solid-liquid
[36] or for the measurement of thermodynamic data
such as components chemical activities, including
for the solvent [30,32].

The larger-scale modeling of this sorting process
has demonstrated its effectiveness and relevance for
electronic component sorting on Nd-based ceramic
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capacitors [28]. This process simplifies recycling
and access to various elements present in electronic
waste by reducing the complexity of the final streams.
This approach opens up new prospects for more sus-
tainable electronic waste management and the re-
cycling of previously overlooked and therefore spent
chemical elements.

4.3. Perspectives

This prototype enables a sorting speed of 10 kg/h
of sorted components on a single line. Extrapolat-
ing this technology to an industrial scale enabling
50 components to be classified in parallel, the av-
erage sorting speed could reach 500 kg/h. In com-
parison, plastic sorting lines have a speed comprised
between 100 kg/h and 1000 kg/h [37]. In 2020,
France generated 849,097 metric tons of electronic
waste [38], which translates into ~23,000 metric tons
of electronic components (PCBs represent ~6 wt%
by weight of global electronic waste [39]). With
the sorting process presented here, all the electronic
components discarded in France could be sorted in
46,000 hours using a 500 kg/h sorting speed. To
achieve this task, six 500 kg/h capacity sorting lines
would be sufficient to sort all the electronic compo-
nents generated in France over one year. Extrapo-
lated worldwide (52 Million Mt of waste from electric
and electronic equipment), a minimum of ~725 ma-
chines would be needed (with the hypothesis of a
24 h-a-day 365-days-a-year running time). These
results suggest considerable market potential for a
large-scale usage and application in the field of e-
waste recycling. However, collection rates and vol-
umes of e-waste production can vary considerably
geographically (from almost 50% at present in the
best cases to zero in the worst). For these reasons,
different types and sizes of treatment facilities may
be needed, whether in the form of large centralized
facilities or smaller facilities spread over an area, ei-
ther in fixed or containerized form, allowing for a no-
madic facility that can move to the waste. We are cur-
rently expanding our library of economically viable
complete processes to as many chemical elements
possible (targeting the critical ones first), as well as
searching for a tool manufacturer to scale it up and
bring it to the market. It should be noted that the
output of the developed processes is not only the tar-
geted metals but also allows for the recovery of all

the chemical elements in a composition that can be
traded. This solution for EC recycling is a paradigm
shift in the recycling industry and will require a pro-
cess upgrade compared to current recycling meth-
ods, with the addition of two new upstream pro-
cess steps (dismantling and sorting). While indus-
trial tools for the first step are already available on the
market, we are looking for industrial partners to com-
mercialize this smart sorting tools. The many discus-
sions we have had with recyclers have made it clear
that they are eager to have access to this technology.

5. Conclusion

In conclusion, the described prototype and the asso-
ciated processes, have been validated at a technolog-
ical readiness level of 4 and they represent a signifi-
cant advancement in the field of electronic waste re-
cycling. The combination of physical sorting meth-
ods, optical characterization, and MEXRT supported
by AI allows for the first time to precisely target el-
ements of critical interest to enrich the sorting out-
put streams. This sorting process provides access to
strategic and critical elements that were previously
lost during recycling processes due to their overall
low concentration. Furthermore, this process en-
ables a more environmentally friendly recovery of the
targeted elements by tailoring specific process that
limits energy and chemicals usage. Finally, this pro-
cess has been modeled to be economically viable on
an industrial scale, thereby opening the door to nu-
merous new business opportunities in the field of
electronic waste recycling.
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