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Special issue on hydrometallurgical processes for the
integrated management of primary and secondary

resources: Foreword

Laurent Cassayre ® and Hervé Muhr

This special issue is the initiative of the Prométhée
GDR, a national research group dedicated to the
study of hydrometallurgical processes for the inte-
grated management of primary and secondary re-
sources. This GDR was created in January 2016 and
renewed in 2021, and brings together around 150 re-
search actors from 27 academic laboratories, as well
as CEA, IFPEN and BRGM teams. It contributes to
structure French research community on hydromet-
allurgical processes, for a better management of non-
energy mineral resources, from mining to recycling.
The CNRS, via its two institutes “Chemistry” and “En-
gineering’, is funding this GDR.

The community was invited to submit part of their
work for this special issue of the journal Comptes
Rendus de I'Académie des Sciences. Following a
standard review process, 13 of these articles have
been published, among which four review articles
and nine research papers. They cover and com-
bine a wide range of scientific fields, from chemi-
cal engineering, separation chemistry, electrochem-
istry, biometallurgy, physical chemistry or mechano-
chemistry, and address a various range of metal el-
ements, such as noble metals, transition metals,
lithium, rare earths, uranium and actinides. More
specifically, this special issue starts with a presen-
tation of a specific classification process for elec-
tronic wastes [1]. Then four articles are dedicated
to leaching and bioleaching processes [2-5], three

ISSN (electronic): 1878-1543

articles deal with both leaching and precipitation
operations [6-8], two focus on precipitation [9,10],
two consider chemical aspects of solvent extrac-
tion [11,12] and a last paper is dedicated to elec-
trometallurgy of noble metals in deep eutectic sol-
vents [13].

We would like to thank all authors for their impli-
cation in this Special Issue, as well as the >30 review-
ers who provided many valuable insights on these
papers.

Laurent Cassayre

Laboratoire de Génie Chimique
Toulouse

France
laurent.cassayre@ensiacet.fr

Hervé Muhr

Laboratoire Réactions et Génie des Procédés
Nancy

France

herve.muhr@univ-lorraine.fr
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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
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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.

Keywords. Recycling, Waste PCBs, Machine vision, Multi-energy X-ray transmission.
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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, N;j, Se, Zn, Pb, Sb, In, Cd
DOWA Pyrometallurgy, hydrometallurgy and Ay, 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)
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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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site. The main results from each of these steps are presented as well as the challenges that have to be
addressed for the integration of this process into the existing flowsheet. They allowed to get insights
into the upscaling of a biotechnology at an industrial scale.
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1. Introduction

Over 200 different minerals have been reported in
the literature to host uranium, but only 20 of them
are of economic importance (from which uraninite,
coffinite, brannerite and orthobrannerite) [1]. Ura-
nium is generally finely disseminated within the ore,
in a tetravalent or hexavalent form, meaning that
concentration steps to remove the gangue material
is not possible since it would result in loss of ura-
nium in tailings. The ore is then usually completely

*Corresponding author

ISSN (electronic): 1878-1543

leached after crushing or grinding. In the leaching
process, sulfuric acid is mainly used, and the dissolu-
tion equations from U(IV) and U(VI) are respectively
listed in Equations (1) and (2).

U0, +4H' — U +2H,0 @)
UO3 +2H" — UO5" + H,0 2)

UQO3 dissolution (Equation (2)) occurs in dilute sulfu-
ric acid while UO, dissolution (Equation (1)) requires
an oxidizing reagent. The choice of the reagent de-
pends on several factors such as the composition of
the solid, the economy of the process and the avail-
ability of the reagents at the mining site. Ferric iron is
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one of the cheapest oxidizing reagents and is there-
fore the principal oxidant of U(IV) in acid leaching
circuits [2]. The dissolution reaction of tetravalent
uranium with ferric iron leads to soluble hexavalent
uranium, as described in Equation (3).

U0, +2Fe*" — U05* + 2Fe®* 3)

Iron can come directly from the ore since it can be
present under different mineral phases or it can be
added as chemicals. Ferric iron Fe* can then be
regenerated from ferrous iron Fe?* using an oxidant,
MnO; being often used for such purpose [2], or using
microorganisms, following Equation (4).

4Fe®* +4H" + 0, — 4Fe3* +2H,0 4)

Bio-oxidation of iron uses chemolithotrophic mi-
croorganisms (various Leptospirilli and Thiobacilli),
which take their energy exclusively from the oxida-
tion of ferrous iron by oxygen, using dissolved CO,
as the unique source of carbon, and need for their
growth a high level of acidity in solution with pH val-
ues below 3. These microorganisms participate in
the natural biogeochemical cycles related to sulfide
metal deposits. Acidophilic bioleaching, i.e., cataly-
sis of sulfur and ferrous iron oxidation by microor-
ganisms, is a recognized industrial scale process used
for the dissolution of Au, Cu, Ni or Co from con-
centrates, ores, and mining waste (see BIOX or KCC
operations [3,4]). Through the oxidation of sulfides
into sulfates and ferrous into ferric iron, microor-
ganisms enhance metal dissolution. In the presence
of a low sulfide content or in the absence of sul-
fides, bioleaching can still be used, the main action
of the microorganisms being the bio-oxidation of fer-
rous iron (Equation (4)). Bioleaching presents the ad-
vantages of in situ generation of the leaching agent
(ferric iron and protons), mild operating conditions
in terms of pH (around 1-2) and temperature (20—
50 °C), and low operating costs [5]. The main draw-
back is a longer residence time compared to chemi-
cal leaching [6]. The potential of bioleaching for the
recovery of uranium from ores was recognized since
the 1950s [7]. However, uranium was reported to in-
hibit microorganisms growth and activity, the toxic
threshold concentration depending on the species
and strains. This toxicity can be addressed using an
indirect leaching approach in which the production
of the acidic ferric iron solution and the leaching of
the ore are separated in two-stage processes [7]. This

indirect approach is quite unusual for conventional
bioleaching operations, where the minerals to leach
often serve as a solid support for microorganisms.
This means that the use of the indirect approach re-
quires overcoming several scientific bottlenecks such
as O, supply, attachment of the microorganisms on a
solid support, and management of the precipitates.

This work aims to investigate the indirect bio-
oxidation of ferrous iron into ferric iron on two case
studies, the KATCO mine in Kazakhstan and the So-
mair mine in Niger, with the objective of increas-
ing uranium recovery yields and kinetics. This paper
summarizes the different steps undertaken to study
the process and to perform its scale-up on the two
case studies. It also provides insights into the main
lessons learned in bringing a biotechnology process
from laboratory to industrial scale.

2. Presentation of the case studies

The two case studies are mining sites predomi-
nantly owned by Orano Mining: the KATCO min-
ing site (Kazakhstan), owned at 51% by Orano Min-
ing and 49% by Kazatomprom; and the Somair min-
ing site (Niger), owned at 63.34% by Orano Mining
and 36.66% by SOPAMIN (SOciété du PAtrimoine des
MINes du Niger). Table 1 provides some general in-
formation about these two mining sites.

2.1. KATCO case study (Kazakhstan)

KATCO is the world’s largest in situ uranium mine,
accounting for 15% of Kazakhstan’s annual uranium
production and 7% of world production. At this site,
a leaching solution containing dilute sulfuric acid
is injected through wells into the uranium deposit.
Uranium is dissolved as the leaching solution passes
through the deposit and is pumped to the surface.
Uranium is then extracted from the leachate with ion
exchange resins, followed by steps of refining, con-
centration, and precipitation leading to the produc-
tion of the so-called yellowcake. The raffinate is re-
injected into the wells after acidification, continuing
the closed circuit process.

An iron-oxidizing bioprocess was investigated in
order to increase uranium recovery. To allow the
adequate integration of this process into the cur-
rent flowsheet (Figure 1), the following requirements
were considered: a bio-oxidation kinetics of at least
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Figure 2. Uranium leaching flowsheet for the Somair case study including the investigated bio-oxidation

processes.

Table 1. Case studies description (data from Orano Mining)

KATCO Somair
Average content of U 0.2to0.5kgU/tore 1.8kgU/tore
Annual production capacity 4000 t/year 2000 t/year
Starting production year 2006 1971
Total uranium production 46,000 t >75,000 t
% of annual world production 7% 3.5%

1 g-L1h7!, since the ferrous iron concentration in
the leaching solution reaches around 1 g-L™! after
U recovery and the Hydraulic Residence Time (HRT)
of the current flowsheet is 1 h, no addition of nutri-
ents to enhance microbial growth, and no tempera-
ture regulation. The latter requirement is all the more
important that the temperature at the KATCO mining
site varies from —5 °C to 20 °C (data from Suzak city,
60 km away from the KATCO site).

2.2. Somair case study (Niger)

In Somair, the deposit is a horizontal sedimentary de-
posit at a depth of around 50 to 70 m. Extraction
is performed from an open pit mine. The ore is
then treated either by heap leaching or pugging-and-
curing leaching, depending on its uranium grade
(Figure 2). The static treatment (acid heap leaching)

is operated on the low- or very low-grade ore (<1 kg
U/t ore). It consists in crushing the ore, agglomerat-
ing it with sulfuric acid and then stacking it in sealed
areas to be dripped with an acid solution for sev-
eral months. By percolating the ore, a leachate en-
riched in uranium is obtained. For the higher grade
ore, a dynamic treatment (pugging and curing) is per-
formed. In dynamic treatment, the ore is crushed
and ground before undergoing a sulfuric acid and ni-
trate leaching for several hours. Uranium leachate is
then recovered. After both leaching steps, solvent ex-
traction is performed, followed by purification steps
and precipitation. A concentrate of sodium uranate
called yellowcake containing 75 wt% of uranium is
produced.

In order to increase uranium recovery, MnO; is
currently used as the oxidizing reagent for heap
leaching on-site. The use of iron-oxidizing bacteria
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Preliminary studies

- Definition of the Intellectual Property Rights and Literature review

- Thermodynamic study

- Development of heat balance models to evaluate the influence of the
ambient temperature on the temperature within the bio-oxidation process
Laboratory-scale tests on the KATCO case study

- Investigation of the potential of the KCC consortium for bio-oxidation,
performed on synthetic solution

- Influence of ferrous iron bio-oxidation on uranium recovery

2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 2020|2021‘2022
T T

Both case studies

KATCO case study

Laboratory-scale tests on the Somair case study

- Investigation of the potential of the KCC consortium for bio-oxidation,
performed on synthetic solution

- Prefeasibility study

- Risk assessment
Transfer of microorganisms on site
On-site tests performed at the Somair mine

- Laboratory-scale tests in shake flasks

- Laboratory-scale tests in 6 L reactors

- Pilot-scale tests in 30 L reactors, including the update of the prefeasibility
study and of the risk assessment

- Pilot-scale tests in a 700 L reactor, including the update of the
prefeasibility study and of the risk assessment

Somair case study

Figure 3. Schedule of the study related to bio-oxidation of ferrous iron to ferric iron to improve uranium

recovery.

was investigated with the objective to reduce the con-
sumption of MnO; (Figure 2). In particular, it was es-
timated that implementing bio-oxidation would al-
low to save more than 43% of MnO,, leading then
to a reduction in the related operating costs of more
than 547 k€/year [8]. As for the KATCO case study,
the implementation of bio-oxidation should be per-
formed without any nutrients addition nor tempera-
ture regulation, the temperature at the Somair min-
ing site varying from 5 °C to 45 °C. Regarding the pro-
cessing conditions, the ferrous iron concentration is
much higher in Somair than in KATCO, reaching 10
t020 g'L 7!, and the HRT is also higher with a value of
24 h. A bio-oxidation kinetics of 0.5 g-L™!-h~! should
thus be reached. Another important parameter to
consider is the use of solvent extraction to recover U
which may lead to traces of organic solvents in the
depleted effluent containing Fe?* as these traces may
inhibit microbial activities [9].

3. Main steps of the study

The study of the potential of an iron-oxidizing bio-
process for improving uranium recovery and of its
on-site implementation started in 2013. This study
was performed in close collaboration between Orano
Mining and the BRGM (French Geological Survey),
which has a great expertise in bioleaching pro-
cesses [4]. Figure 3 presents the main steps of this

study. Firstly, theoretical studies were performed on
both case studies in order to get valuable informa-
tion on the process such as the theoretical increase
in uranium recovery, the formation of precipitates,
and the influence of the ambient temperature on the
evolution of the temperature within the bioprocess.
Experimental works were then performed using the
KCC consortium, mainly composed of the genera
Leptospirillum, Acidithiobacillus and Sulfobacillus,
which are either iron or sulfur oxidizers or both.
This consortium was chosen as it previously demon-
strated high efficiency for sulfides bioleaching and
ferrous iron bio-oxidation [10]. These first experi-
mental works were performed with a focus on the
KATCO case study as it presents a higher potential
for the bio-oxidation process (details are given in
the following paragraphs). In 2018, due to an Orano
Mining internal decision, it was decided to perform
the implementation of this innovative process on
the Somair case study and to no longer work on the
KATCO case study. All these steps are detailed in the
following paragraphs.

3.1. Preliminary studies

The first objective of the preliminary studies was to
define the intellectual property rights, by reviewing
the commercial operations and the associated
patents. The Total Patent database was used with
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the following key words: “Iron oxidation AND ferrous
AND bio”, “Iron III production AND bio”, “Ferrous
iron oxidizing bacteria’, “Uranium leaching AND
bio AND oxidation”. Several patents were found
on the use of ferrous iron bio-oxidation, such as
US4139456A 1979-02-13 [11] or US6043022A 2000-
03-28 [12], but no patents were found on its applica-
tion for uranium recovery. Moreover, no commercial
operation related to such process was identified.

Another objective of the preliminary studies was
to perform thermodynamic calculations in order to
get valuable information, even if theoretical, on the
bio-oxidation process. These calculations aim at
(i) describing the various reaction equilibria affect-
ing the dissolution of uranium when an acidic fer-
ric iron solution is used, (i) obtaining a quantitative
description of the compositions of the solutions, in
terms of dissolved species in particular, and (iii) pre-
dicting the formation of precipitates during the bio-
oxidation of ferrous iron to ferric iron. Simulations
were performed with the PhreeqC 7.3 software, which
uses the llnl database developed for uranium specia-
tion complexation equilibria. Simulation results con-
firmed the increase in U(IV) recovery by using acidic
and oxidizing solutions and indicated that precipi-
tates of iron hydroxides or jarosite (K, Na) may occur.
These precipitates will have to be taken into account
for the design of the pilot and the industrial processes
since they can lead to clogging and then require the
definition of a dedicated cleaning strategy.

The last objective of the preliminary studies was
to evaluate the influence of the ambient temperature
on the evolution of the temperature within the bio-
process and to check if it is compatible with micro-
bial activity. For the KATCO case study, the heat bal-
ance modeling was carried out following the method-
ology used by Talati and Stenstrom [13] and consid-
ering that the bio-oxidation is performed in a pond of
3000 m? since this pond was used for the recovery of
leachates. The equipment chosen for performing the
bio-oxidation was a floating agitation system recently
developed by Milton Roy Mixing and Air Liquide for
wastewater treatment applications. This system al-
lows both mixing and suspending solids in the solu-
tion as well as injecting gases into the solution. It was
chosen as it was proven that it allows decreasing the
costs of bioleaching processes when implemented in
stirred tank reactors [14]. Results showed only small
variations of the temperature in the pond regardless
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Figure 4. Air and pond temperatures simu-
lated for the KATCO case study.

of the atmospheric conditions (from less than —5 °C
in January to 20 °C in July), the pond temperature
varying between 24.2 °C and 24.8 °C (Figure 4), and
these temperatures are compatible with the growth
and activity of mesophilic or moderate thermophilic
microorganisms. This is due to the short HRT in the
pond, which was 1 h. Indeed, a longer HRT in the
pond would have led to a higher amplitude in the
temperature evolution, as showed in Figure 4. This
is because main thermal losses are linked to the aer-
ation of the pond and surface convection.

A heat balance model was also developed and im-
plemented for the case study of Somair. Similarly
as for the KATCO case study, results showed that the
temperature of the pond is very close to the tempera-
ture of the inlet effluent even if the HRT is 24 h. This s
because the main parameter controlling the temper-
ature of the pond considered in the Somair case study
is the temperature of the inlet effluent with only a mi-
nor influence of the aeration of the pond.

3.2. Laboratory-scale tests at the BRGM and at
Orano Mining's Innovation Center for
Extractive Metallurgy (CIME)

3.2.1. Laboratory-scale tests on the KATCO case study

3.2.1.1. Objectives. The first experimental works
were performed on the case study of KATCO since it
presents a higher potential for the bio-oxidation pro-
cess (considering the mineralogy of the deposit) and
some operating conditions are more favorable for
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Figure 5. Schematic diagram of the experimental devices used to assess bio-oxidation kinetics with KCC

consortium, (a) STR and (b) bubble column.

such a process compared to the case study of Somair.
This is in particular the case of the lower Fe concen-
tration, which reduces the process piloting issues
associated with the formation of Fe-precipitates, and
of the use of ion exchange resins instead of solvent
extraction for uranium recovery, therefore avoiding
the presence of traces of organic solvent which could
inhibit the microorganisms.

The laboratory-scale tests were performed with a
threefold objective:

(1) To assess the feasibility of reaching and
maintaining bio-oxidation rates with a well-
known microbial consortium in continuous
mode at a temperature of 20 °C.

(2) To determine the influence of the HRT on
bio-oxidation rates.

(3) To demonstrate the increase of uranium re-
covery yield and rate in the presence of bio-
genic ferric iron.

3.2.1.2. Methods. Experiments were performed in
two steps. First, 2 L stirred tank reactor (STR) exper-
iments were performed at the BRGM laboratory on a
synthetic solution with a composition in major ele-
ments similar to the KATCO effluent (Fe, Ca, Mg, Al,
S03%™ and C).

As mentioned before, the KCC consortium was
chosen for these tests. It is important to mention

that similar acidophilic microorganisms (same gen-
era and species) were previously found in Kaza-
khstan [15-17]. One test was also performed in abi-
otic conditions in order to assess the influence of
the biomass on the bio-oxidation of the ferrous iron.
A solid support made with coal particles was intro-
duced into the STR in a basket (Figure 5) in order
to allow the biomass to create biofilms. Indeed, at-
tached bacteria are often more efficient than plank-
tonic cells due to higher resilience of biofilms to-
wards potential inhibitions [18]. As O, and CO> sup-
ply are key parameters for the bio-oxidation of fer-
rous iron (Equation (4)), STRs were equipped with
baffles and a Rushton turbine to ensure high mass
transfers. The temperature was regulated to 25 °C as
the preliminary study showed that this would be the
operation temperature in KATCO. The reactor was
first launched in batch mode to allow the fixation of
the microorganisms on the solid support and then
operated in continuous mode by progressively reduc-
ing the HRT. HRT is related to the liquid phase in all
the works performed in this study since the solid sup-
port was kept within the reactor in order to allow the
biomass to grow.

Secondly, tests coupling the ferrous iron bio-
oxidation and the KATCO ore leaching were per-
formed. A bubble column, considered as fluidized
bed reactor, was considered for the bio-oxidation
reactor. This choice was motivated by the small
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Figure 6. Bio-oxidation rates and yields in the STR experiments (left) and bubble column (right) with a
KATCO synthetic effluent and for various operating conditions (from [19]).

volume of the bubble column which allows contin-
uous coupling with the uranium leaching test since
its input flow rate was 100 mL-h~! (Figure 5). The
bubble column was operated at 20 °C with coal as
solid support. The reactor was first launched in batch
mode to allow fixation of the microorganisms on the
solid support and then operated in continuous mode
by progressively reducing the HRT. Bio-oxidation in
bubble columns was optimized at the BRGM lab-
oratory and then operated in close loop by Orano
Mining in their laboratory. Tests were performed
with a real effluent from KATCO. Uranium leaching
was performed in columns, each column contain-
ing about ten kg of ore each. Fe®'-enriched solu-
tion was injected at a flow rate of 100 mL-h™! al-
lowing an ascending volumetric flow rate per unit
area of 4 L-h™1-m™2, close to the one used at the
KATCO mine. Effluents were acidified to pH 1.6 with
dilute sulfuric acid, before passing through anionic
resins to recover uranium. Uranium-depleted solu-
tions were then treated in the bio-oxidation column
for ferrous iron oxidation.

Each reactor was monitored daily for pH, re-
dox potential and temperature. Sampling was
performed daily in the Fe3*-enriched solution in
order to analyze the total Fe concentrations—by
Atomic Absorption Spectroscopy (AAS)—and the
Fe2* concentrations—by titration with Ce(IV) sulfate
0.001 M. Bacterial cells were also counted occasion-
ally in the Fe3*-enriched solution. In order to de-
termine the dynamics of microbial populations,

DNA extraction followed by CE-SSCP (capillary
electrophoresis with single-strand conformation
polymorphism) was performed at the end of each
test. Results related to the biomass are not given here
due to confidentiality issues.

3.2.1.3. Results. STR experiments performed in abi-
otic conditions, i.e., without microorganisms, led
to an oxidation rate of about 0.1 g-L™'-h™!, show-
ing that the air oxidation of ferrous iron does not
allow to reach industrial requirements (here set at
1g-L~1-h™!). When using the KCC consortium, an ox-
idation rate of about 1.1 g-L.-!-h~! was obtained at a
HRT of 1 h, confirming the potential of the biomass to
perform the bio-oxidation of ferrous iron into ferric
iron. It should be mentioned that this performance
was obtained at 25 °C, whereas the optimal temper-
ature for the KCC consortium is 40-42 °C [10], con-
firming the robustness of this consortium (Figure 6,
left). Similar results were obtained with the bubble
column (Figure 6, right). Itis then interesting to high-
light that it was possible to adapt the biomass for ox-
idizing 100% of Fe?* at a HRT of 1 h and at 20 °C,
as shown in Figure 6. Moreover, no washout of the
biomass was observed, confirming that the use of a
solid support enables the biomass to be maintained
in the reactor even if the HRT was lower than its dou-
bling time since, for example, the doubling time of
L. ferriphilum is around 3.1 h [20-22]. During these
tests, the clogging of the biomass support by a biofilm
growth and/or by precipitates remained moderate.
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A high reproducibility was observed between the
results obtained with the STR and with the bub-
ble column, confirming the robustness of the pro-
cess. Moreover, the bio-oxidation rate showed only
small variations when the oxidation yield reached its
maximum value. For example, at a HRT of 3 h in
the STR, the relative standard deviation of the bio-
oxidation rate was 1.2% during 6 days, which corre-
sponds to 48 HRT and 6 measurements of the kinet-
ics. At a HRT of 1 h in the bubble column, the bio-
oxidation rate varied by 2.4% during 14 days, which
corresponds to 336 HRT and 10 measurements of the
kinetics.

When the bio-oxidation of ferrous iron was cou-
pled with uranium leaching, an increase in uranium
recovery was observed compared to acid leaching
only (Figure 7).

This was accompanied by a decrease in acid con-
sumption of 0.6 kg/t ore, which represents a reduc-
tion of 6.4% in the total acid consumption. These
tests were performed on a real effluent from the
KATCO case study and therefore showed that the
presence of traces of radioelements did not signifi-
cantly affect the bio-oxidation performances.

3.2.2. Laboratory-scale tests on the Somair case study

3.2.2.1. Objectives. As mentioned previously, a
change in the case study occurred in 2018 due to
an Orano Mining internal decision and the Somair
case study was chosen for the on-site implementa-
tion of the bio-oxidation of ferrous iron. Since the
composition of the Somair effluent markedly differs
from the KATCO one, in particular regarding the Fe?*
concentration with values up to 20 g-L~!, comple-
mentary laboratory-scale tests in bubble columns
were performed in Orano Mining’s Innovation Cen-
ter for Extractive Metallurgy (CIME). The objectives
of these tests were to assess the influence of the
change in effluent composition on the bio-oxidation
performances and to collect reliable data to design
the pilot-scale experiments.

3.2.2.2. Methods. Tests were performed ina 5 L STR
similar to the one described in Section 3.2.1.2 with a
similar monitoring. A synthetic solution with a com-
position similar to that of the Somair effluent was
used, in particular regarding the content in iron, nu-
trients (K, Mg, B NHI) and potential inhibitor ele-
ments (Al, NO3, CI7). Continuous tests were per-
formed at 30 °C, the mean temperature of the efflu-
ent, and the pH was regulated at 1.2. The reactor
was first launched in batch mode to allow the fixa-
tion of the microorganisms on