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Abstract: Discarded electronic materials (e-waste) contain economically valuable metals that can
be hazardous to people and the environment. Current e-waste recycling approaches involve either
energy-intensive smelting or bioleaching processes that capture metals in their dissolved forms. Our
study aimed to use Mn oxidizing fungi for recovering metals from e-waste that could potentially
transform recycled metals directly into solid forms. We hypothesized that Mn oxidizing fungi can
extract metals through chelation by siderophores and subsequent metal (or metal-chelate) adsorption
to Mn oxides produced by fungi. Pure cultures of the three fungal species examined were grown
on solidified Leptothrix medium with or without ground lithium ion batteries and incubated under
ambient room temperature. The results showed Mn and Co were recovered at the highest concen-
trations of 8.45% and 1.75%, respectively, when grown with Paraconiothyrium brasiliensis, whereas
the greatest concentration of Cu was extracted by Paraphaeosphaeria sporulosa at 20.6% per weight
of e-waste-derived metals. Although metal-siderophore complexes were detected in the fungal
growth medium, metal speciation data suggested that these complexes only occurred with Fe. This
observation suggests that reactions other than complexation with siderophores likely solubilized e-
waste metals. Elemental mapping, particularly of P. brasiliensis structures, showed a close association
between Mn and Co, suggesting potential adsorption or (co)precipitation of these two metals near
fungal mycelium. These findings provide experimental evidence for the potential use of Mn oxidizing
fungi in recycling and transforming e-waste metals into solid biominerals. However, optimizing
fungal growth conditions with e-waste is needed to improve the efficiency of metal recovery.

Keywords: e-waste; Mn oxidizing fungi; siderophores; metals

1. Introduction

Globally, discarded electronic materials, or e-waste, are generated at approximately
50 million tonnes per year [1], with USA production reported at 6.92 metric tonnes in
2019 [2]. E-waste presents a largely untapped resource for valuable materials, including
valuable transition metals and rare earth elements [3]. However, of all the e-waste generated
globally, less than 13% is recycled, with the bulk landfilled, incinerated, or exported to other
countries [4]. Owing to its highly variable and potentially toxic contents, the recycling of
e-waste involves intensive manual sorting and ultimately energy-intensive smelting. These
processes can pose a major hazard to occupational safety and the environment. To better
protect human health and the environment and conserve the use of metal resources, novel
microorganism-based strategies for recycling e-wastes are needed [5,6].

The use of microorganisms or biomolecules to solubilize metals from e-waste, known
as bioleaching, has garnered attention as a potential alternative to conventional recycling
processes [7,8]. Because of the simplicity and lower energy requirements, the bioleach-
ing of e-waste is considered a promising sustainable technology [9]. However, the end
product of this technique may require further processing to produce the more desirable
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solidified form of reclaimed metals. Given an established market for solid metals, there is a
need for microorganism-based approaches capable of transforming solubilized metals into
concentrated solids.

Fungi are widely used in technological applications and have been identified as key
players in developing circular economies [10]. Moreover, Mn oxidizing fungi are known to
exude organic complexing agents, which are capable of binding certain metals (known as
siderophores [11-14]) and are also known to produce Mn biominerals. Naturally produced
Mn oxides, such as birnessite, are strong metal sorbents [15] and are referred to as the
“scavenger of the sea”, owing to their high sequestering capacity for metals in marine
water [16]. In the same manner, fungal Mn biominerals may retain siderophore-bound
metals [17], including those solubilized from e-waste metals. However, currently, the
effect of siderophores and manganese oxide production on the bioleaching process and the
ultimate fate of recovered metals is largely unknown. This study aimed to determine the
ability of Mn oxidizing fungi to grow on e-waste, mobilize its useful metals, and produce
Mn biominerals to capture e-waste metals in an easily reusable form.

2. Materials and Methods
2.1. E-Waste

A sample of ground Li ion batteries provided by Retriev Technologies (Lancaster,
OH, USA) was used as received. The metal contents of the ground e-waste are shown in
Figure 1.
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Figure 1. Metal contents in the ground Lithium (Li) battery residues.

2.2. Fungal Cultures

Manganese oxidizing fungi were isolated from NC State’s Lot 86 superfund site, and
identified by microscopic morphology and ITS rDNA sequence analysis [18]. At this site,
unwanted biogenic birnessite had precipitated from the oxidation of dissolved Mn(II)
present in the groundwater of the site. The birnessite deposited in the treatment system
also effectively adsorbed several metals, including Cu, Zn, Co, Ni [19,20].

We selected fungal cultures for experiments because these fungi oxidized manganese
that could sorb metals and were presumably tolerant to potentially toxic metals based
on the location of isolation. Pure cultures of three fungal cultures—Paraconiothyrium
brasiliensis (accession number PP101868), Phoma herbarium (accession number PP101869),
and Paraphaeosphaeria sporulosa (accession number PP101870) [21]—were regenerated from
frozen cultures (kept under —80 °C). The isolates were cultured at room temperature on
Petri dishes containing solidified Leptothrix medium [22], which was chosen because it



Minerals 2024, 14, 111

30f13

has been used previously to grow these and related fungi such that they produce Mn
oxides [19,21] and does not interfere with the chrome azurol S (CAS) assay [23,24]. The
fungi were transferred two consecutive times between 7 and 14 d of incubation [19,21,23,24].
After which, the second fungal cultures were stored at 4 °C and used as the fungal sources
for the incubation and extraction experiments. In preliminary experiments, these isolates
were determined to produce both manganese oxides and siderophores in the presence of
the e-waste, evaluated visually by using the layer plate chrome azurol S (CAS) assay [23].

2.3. Incubation Experiment and Extractions

The fungal isolates were tested for metal recovery from the ground Li ion battery
e-waste. Four replicates of the selected isolates were grown on top of Whatman No. 1
filter paper on a solidified Leptothrix medium [22] with (1 g e-waste L~! culture medium)
or without the ground battery. After 2 weeks of room temperature incubation (23-25 °C),
filter papers from the three replicates were removed from the underlying agar plate. Metal
recovery from the fungal mycelium on the filter papers was obtained through total digestion
and metal analysis of digestate for each of the three replicates via inductively coupled
plasma optical emission spectroscopy (Perkin Elmer 8000 inductively-coupled plasma-
optical emission spectrometer, Waltham, MA, USA; ICP-OES) at the Environmental and
Agricultural Testing Service Laboratory (EATS, NC State University, Raleigh, NC, USA).

The fourth plate from each culture (with or without e-waste) was harvested by splitting
the residual medium into two equal halves. One half of the medium was extracted two
times sequentially with 20 mL of 100% methanol followed by 30 min sonication and
centrifugation. The supernatants from the two sequential extractions were combined in
50 mL Falcon tubes for metal speciation by liquid chromatography—inductively coupled
plasma-mass spectrometry (Section 2.4). The other half was extracted similarly using
0.1% formic acid in methanol for siderophore analysis by colorimetric assays and liquid
chromatography-electrospray ionization-mass spectrometry (Section 2.5).

2.4. Analysis of Metal Speciation by Liquid Chromatography—Inductively Coupled Plasma-Mass
Spectrometry (LC-ICP-MS)

Agar gel extracts in 100% methanol were syringe-filtered (0.2 um) and directly ana-
lyzed by liquid chromatography-inductively coupled plasma-mass spectrometry (LC-ICP-
MS) without additional sample preparation. The LC-ICP-MS platform consisted of a liquid
chromatography system (Ultimate 3000, ThermoFisher, Waltham, MA, USA) coupled to an
ICP-MS (iCAP RQ, ThermoFisher, Waltham, MA, USA). Reversed phase chromatography
was performed with a C18 column (ACE Excel 1.7 SuperC18, 2.1 x 100 mm). The injected
samples (25 pL) were separated at pH = 6.5 under a gradient of solutions A and B (solution
A: water, 5 mM ammonium acetate, pH 7; solution B: methanol, 5 mM ammonium acetate;
gradient 2%-100% B, flow rate 0.4 mL min~!). The column outflow was split using a flow
splitter (Analytical Scientific Instruments, 600-PO10-06, Richmond, CA, USA) to introduce
0.1 mL min~! into the ICP-MS with a zero dead volume PFA micro nebulizer (Elemental
Scientific, Omaha, NE, USA). Oxygen was used as an added gas in the ICP-MS (flow
8.75 mL min~!) to minimize carbon deposition on the ICP-MS cones (Pt cones) at high
organic buffer concentrations. The instrument was operated in KED mode with He as a
collision gas to analyze element signals including 55Mn, 5Fe, %2Co, and 3Cu. Concentra-
tions of siderophores were calculated using peak areas of eluting iron peaks and external
standards of the ferric chelate of the siderophore ferrioxamine B (10-100 pM).

2.5. Siderophore Analysis by Colorimetric Assays and Liquid Chromatography—Electrospray
Ionization-Mass Spectrometry (LC-ESI-MS)

The Agar gel extracts for LC_ESI_MS (0.1% formic acid in 100% methanol) were evap-
orated to dryness in a SpeedVac (ThermoFisher, Waltham, MA, USA), and reconstituted
in 0.5 mL of methanol and 3.5 mL of high-purity water (18 M(), MQ). The reconstituted
samples were acidified with 0.1% formic acid and passed over reversed-phase solid-phase
extraction (SPE) cartridges (Oasis HLB, 400 mg). The cartridges were washed with 2 mL
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of 0.1% formic acid and eluted once with 2 mL of 30% methanol and twice with of 2 mL
of 80% methanol. The three eluate fractions were pooled and diluted 1:1 with water for
analysis with two assays: the CAS assay to quantify unbound siderophores [25] and the
Arnow assay to quantify catechol siderophores [26].

Siderophore analysis by liquid chromatography—electrospray ionization-mass spec-
trometry (LC-ESI-MS) followed previously reported methods [27,28]. A volume of 100 pL
of the extract (see above) was diluted 1:2 with water. A mass unit resolution single
quadrupole LC-MS (ISQ-EC, ThermoFisher, Waltham, MA, USA) which was coupled
with an ultraviolet—visible (UV-vis) spectrophotometer and a charged aerosol detector
(ThermoFisher, Waltham, MA, USA). A sample volume of 25 uL was injected and separated
under a gradient of solvents A and B (unless otherwise noted A: water, 0.1% formic acid,
1% acetonitrile; B: acetonitrile, 0.1% formic acid, 2% water; gradient: 0-1.5 min 0% B,
1.5-8 min 0%-100% B; 8-10 min 100% B; re-equilibration at 100% A for 4 min). Separation
was accomplished with an Agilent Poroshell 120 EC-C18 column (4.6 x 100 mm, 2.7pum)
and a flow rate of 1.2 mL/min and the column temperature was 30 °C. Additionally, to
acquire high-resolution MS and MS/MS data to enable siderophore identification, the
selected samples were additionally analyzed with a high-resolution LC-MS/MS platform
(Orbitrap Exploris 480, ThermoFisher). Sample volumes of 25 pL were injected and sepa-
rated using a Restek Raptor C18 (2.1 x 100) column with a flow rate of 0.4 mL/min and
the column compartment was kept at 45 °C. The LC gradient was identical to that used
with the ISQ-EC described above. Full-scan mass spectra (m/z = 85-1200) were acquired in
positive ionization mode with the resolution set to R = 60,000 (full width at half maximum
at m/z = 400) and data-dependent MS/MS acquisition of the top 5 most abundant ions in
each cycle. Product ions were generated in HCD mode with 35 eV collision energy and
an isolation window of 1.5 Da. The resolving power for MS/MS analysis was R = 15,000
(full width at half maximum at m/z = 400). Prior to injection, samples were syringe filtered
(0.2 um, PES membrane) and 150 uM of FeClj (addition of 3 pL of a 5 mM FeCl; stock)
was added to produce iron-siderophore complexes to screen siderophore by utilizing the
natural >*Fe->Fe stable iron isotope pattern [27]. There was no visible color change after
the addition of FeClj3 to the extracts.

2.6. Scanning Electron Microscopy with Energy Dispersive X-ray Spectrometry

To evaluate the morphology and elemental distribution on the fungal mycelium, por-
tions of intact cultures of unextracted replicates for each of the fungal isolates grown with
e-waste were analyzed using a Hitachi SU8700 scanning electron microscope (Hitachi
High-Tech, Tokyo, Japan) equipped with an Oxford Ultimax 65 energy dispersive X-ray
spectrometer (SEM-EDS) (Oxford Instruments NanoAnalysis, High Wycombe, Bucking-
hamshire, UK). Fibrous samples were secured to SEM stubs using double-sided carbon tape.
The thickness of the sample was sufficient to prevent any contribution from the carbon tape
background affecting the results. The SEM was operated with a 20 keV high probe current
beam under variable pressure conditions (70 Pa dry N, backfill) to prevent charging [29].
The probe current was not measured directly and was set to optimize X-ray data collection.

3. Results

Fungal recovery of metals in solids associated with vegetative mycelium from the
ground e-waste varied among the three species (Figure 2). P. brasiliensis recovered the most
Mn (at 8.45%) and Co (at 1.75%), followed by P. herbarium at (2.06% Mn and 0.76% Co) and
P. sporulosa (0.15% each for Mn and Co). In contrast, P. sporulosa recovered the most Cu at
20.59%, followed by P. brasiliensis at 5.24% and P. herbarium at 3.07%. The percentage of Ni
recovered by all fungal species was small (0.33%-0.45%).
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Figure 2. Percent recovery of metals from e-waste by Paraconiothyrium brasiliensis (orange), Para-
phaeosphaeria sporulos (blue), and Phoma herbarium (gray) cultured in solidified Leptothrix medium.

Images obtained from scanning electron microscopy (SEM) with energy dispersive
spectroscopy (EDS) show the close association between the Mn and Co hotspots in areas
where a network of fungal mycelium was highly concentrated, particularly for P. brasiliensis
rather than for P. sporulosa (Figure 3). In contrast, Cu and Ni were not observed in SEM-EDS
spectra samples of mycelium from both species, whereas none of these metals were detected
on mycelial samples from P. herbarium, which is consistent with its generally low recoveries.

P. sporulosa

Mn Kal Co Kal

P. brasiliensis ) Mn Kal Co Kal

~ 100pm T

100pum

Figure 3. Scanning electron microscope image and elemental maps (Mn and Co) of Paraconiothyrium
brasiliensis and Paraphaeosphaeria sporulos.

The speciation of metals recovered from the extracted medium is shown in Figure 4.
Based on the LC-ICP-MS results, Mn, Co, and Cu in the three fungal extracts eluted early
(retention time (RT) < 2 min), similar to the metals extracted from the sterile controls
(viz., plates with no fungi; Figure 4A-C). These results suggest that the recovered metals
occurred largely in their inorganic forms in the fungal mycelium. In contrast, although not
a major component of the e-waste, Fe in the culture medium had a small peak early in the
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chromatogram (RT < 2 min), but also showed peaks at longer retention times (RT > 5 min)
in all samples grown with fungi (Figure 4D), which had retention times more similar to
Fe(III)-DFOB standards. These peaks suggest that Fe was selectively bound in all fungal
extracts, except in the fungi-free controls, with a larger fraction of Fe bound in the presence
of e-waste, as demonstrated by the larger peaks at RT > 5 in Figure 4D.
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Figure 4. Metal speciation of (A) Fe, (B) Cu, (C) Co, and (D) Mn extracted from the biomass-
free residual fungal culture medium after 14 d of incubation at room temperature and analyzed
using LC-ICP-MS.

Information about the structure of Fe complexes in medium extracts was obtained
by LC-ESI-MS (Figure 4). Fungal Fe complexes with a RT of ~6.3 min were identified as
the siderophore ferricrocin based on high-resolution mass matches in MS and MS/MS
(Table 1, Figure 5). The ferricrocin complex had a mass of 771.2478, which matched
the expected mass of the iron—ferricrocin complex ([M+H]+ = CysHi5N9O;3Fe, expected
m/z=771.2481, Am/z = 0.4 ppm) [30,31] and showed the characteristic 54Fe-56Fe isotope
pattern. The MS/MS fragmentation was in agreement with a published MS/MS spectrum
a(GNPS CCMSLIB00005436133) [32]. The iron free form of ferricrocin was not detected
(m/z =718.3367). Although ferricrocin complexes were detected in all fungal extracts with
or without e-waste, concentrations were up to three times greater in the presence of e-waste
(Table 2). In addition to iron ferricrocin, several Fe complexes were observed in fungal
extracts in the presence of e-waste (RT ~5-6.3 min) (Figure 5). The MS and MS/MS spectra
were in agreement with different coprogen-type siderophores (dimethylcoprogen, 2-N-
methcylcoprogen B, and 2-N-methylcoprogen B with an additional oxygen group). The
MS/MS fragmentation of all of the coprogen-type siderophores showed m/z = 538.171 as
the most abundant fragment, which matched the substructure dimerum acid that is formed
during coprogen fragmentation [33].
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Table 1. Siderophores detected in culture agar extracts.
# mlz exp.  mlz calc. Appm Formula RT (min) Identity MS/(I\I/LSteF;:i%;I;entS Reference
398.088 (100);
455.110 (85); GNPS Library
. . 581.15 (74); Spectrum CCM-
1 771.2478  771.2481 0.4 CpgHy5013NgFe 6.4 Ferricrocin 599.164 (73); SIIB00005436133
370.098 (63); [30-32]
553.157 (45)
coprogen-type
2 808.3295 808.33 0.6 C35H55012NgFe 7.9 (dimethylcoprogen) 538.171 (100) [33]
coprogen-type
3 8103087  810.3098 14 C34H5,0,3NFe 54 (hydroxy-2-N- 538.171 (100) [33]
ydroxy
methylcoprogen)
coprogen-type (2-N-
4 794.3139 794.3144 0.6 C34H5401,NgFe 59 methylcoprogen) 538.171 (100) [33]
(A) LcIcp-ms LC-DAD LC-MS (B)
36Fe A=460nm
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Figure 5. Iron-siderophore complexes in culture medium with (red trace) and without (blue trace)

e-waste. (A) Chromatograms of the LC-ICP-MS experiment, LC-diode array detector data at 460nm

and LC-ESI-MS extracted ion chromatograms of the major detected siderophores. (B) >*Fe-°Fe

isotope pattern used to screen for iron-siderophore complexes in the LC-ESI-MS data, through the

example of the siderophore ferricrocin, as produced by all cultures. Ferricrocin was identified by a
match of MS/MS data with published MS/MS data (see Table 1). (C) Coprogen-type siderophores
detected in the culture media of P. herbarium and P. sporulosa based on analysis of the MS/MS spectra

(see text).
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Table 2. Concentrations of siderophores detected and measured in the culture agar extracts.

Culture Siderophore Conc((::;\tllr;l tion

3 67.5

P. sporulosa + e-waste 4 60.4

1 31.9

P. sporulosa — e-waste 1 10.8

P. brasiliensis + e-waste 1 18.2
P. brasiliensis — e-waste 1 7.1
P. herbarium + e-waste % 37Ai.96
P. herbarium — e-waste 1 13.0

4. Discussion

Metal recovery from the e-waste varied among fungal species and type of metal, with
recoveries ranging from 0.15 to 20.59%. P. sporulosa demonstrated the greatest percentage
of recovery for Cu whereas P. brasiliensis had the greatest recoveries of Mn and Co. Despite
the differences among the three fungi for specific metals, a general pattern was observed in
terms of their recoveries following the order: Cu > Mn > Co > Ni. We note that, because
these fungi produce Mn oxides, Cu having the greatest recoveries suggests differences in
the mechanisms of metal retention by fungi and biominerals, as discussed below.

4.1. Siderophores, Metal Speciation in Media, and the Mechanism of Dissolution

In media extracts, only Fe was complexed by fungal siderophores in our experiment.
The absence of siderophore complexes of Cu, Mn, Co, and Nj, this can be attributed to
competition for complexation by Fe despite the 25-575 x greater concentration of the
metal ions relative to Fe in the culture medium. Siderophores are known to preferentially
bind Fe with remarkably high stability constants (Kstapility = 102°-10°Y) [34-36], facilitating
preferential binding of Fe over divalent transition metals [37]. Fe is required by most
microorganisms at 0.05 to 1.8 uM [38,39], and siderophore production is typically increased
under iron depleted conditions, with specific siderophores often playing different roles
in iron transport. For instance, ferricrocin is known to be an intracellular iron storage
compound conserved across many fungal species, whereas coprogen is known to be an
extracellular siderophore secreted in response to low iron [35,40,41]. Conversely, when
Fe is abundant, siderophore production is typically suppressed, with inhibitory Fe con-
centrations specific to the organism and the siderophores produced [42,43]. In this study,
sufficent Fe supply in the culture medium (4 uM Fe) likely explains the lack of extracellular
siderophores produced even before e-waste was introduced. However, it is interesting to
note that, despite the high-Fe concentration, greater production of siderophores and greater
complexation of Fe occurred with e-waste addition.

Toxic metals alter siderophore-mediated mechanisms for both metal detoxification
and nutrient acquisition. For instance, enhanced siderophore production has also been
reported in toxic environments [44—46], in conformity with our findings. This appears to
be true for siderophores that bind to heavy metals outside the cell and prevent cellular
uptake of complexed metals [44]. However, for metals (such as Al) whose toxicity to fungi
is intensified by DFAM, a bacterial siderophore, fungal siderophore production decreased
with Al toxicity (Illmer and Buttinger, 2006). Interestingly, using the same fungi, Al toxicity
was diminished when 10 uM Fe was supplied [47], suggesting that metal toxicity to fungi
can be compensated for by nutrient bioavailability, particularly by Fe. It is worth noting
that siderophores are known to have several functions beyond iron transport [48], and their
cause for increased production in this system was not definitely determined herein.
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The presence of recovered metals in their inorganic forms suggest that the fungi had
released the e-waste metals via other means not involving chelation by siderophores or
other biogenic ligands. Although the physical action of fungi can contribute to weather-
ing [49], we did not observe the growth of fungi into our plates, suggesting a chemical
mechanism. Beyond complexation, other chemical mechanisms of fungal bioweathering in-
clude acidification and reduction [50]. These strategies both involve the exudation of small
organic acids to manipulate the chemistry of the hyphosphere [51]. Although we did not
examine small organic acidic exudation in this study, we speculate that the solubilization of
metals from e-waste may thus be driven by the exudation of small organics, such as citrate
and oxalate [52], that may broadly promote the dissolution of mineral phases [53].

4.2. Fungal-Associated Metal Speciation

Metal solubilized from e-waste may adsorb onto or be taken up by fungi [54], or ad-
sorbed onto Mn oxides [15]. The well-defined Mn-rich particles produced by P. brasiliensis
(Figure 3) are consistent with the formation of fungal Mn oxide biominerals [55]. Fur-
thermore, Co, whose trivalent form is similar in size to tetravalent Mn, is known to be
effectively incorporated into the structure of Mn oxides [56-58]. Although Ni has also been
associated with fungal Mn oxides [19], its low recovery may account for its absence in
SEM-EDS data. P. sporulosa, which had a lesser recovery of Mn, also showed Mn particles
but did not show collocated Co, possible due to lesser recoveries.

Interestingly, Cu, which had generally greater percentage recoveries, did not form
concentrated deposits on fungi. Although Cu may also associate with Mn oxides [22] or
form discrete metallic nanoparticles on fungi [59], our results suggest a diffuse distribution
on the fungal body, suggesting adsorption to biomass may be the dominant mechanism
of its sequestration [60]. Lesser recoveries and the lack of observed particles associated
with P. herbarium suggest that sorption may also be the dominant form of metal recovery
associated with this fungus in our experiments.

Overall, our findings show the contrasting potential of fungi to recover Mn, Cu, and
Co from e-waste that was incorporated directly into the solid fungal growth medium.
However, the magnitude of extracted metals in our tests are much lower in comparison
to the levels obtained from bioleaching approaches. Bahaloo-Horeh and Mousavi [61]
recovered up to 100% Cu, 77% Mn, 64% Co, and 54% Ni from a spent Li-ion cellular phone
battery (1%-2% w/v) after 8 days of incubation and bioleaching of the e-waste using organic
acid-rich (cell-free) medium from Aspergillus niger cultures. Similar levels of the metals (94%
Cu, 72% Mn, 38% Co and 45% Ni) were also extracted from bioleaching the same e-waste
materials and bioleaching solutions after an extended incubation period of 30 days [62].
Heydarian et al. [63] also reported 89.4% Ni and 50.4% Co recovered from Li ion batteries
from bioleaching with Aspergillus thiooxidans and A. ferrooxidans cultures. Bioleaching using
cultures of other microorganisms on various types of e-wastes typically ranges from 35 and
99.9% Cu (the most common metal recovered across different types of e-wastes) depending
on laboratory parameters controlled such as e-waste particle size and pulp density, leaching
pH, temperature, incubation/leaching period, and supplemental C or Fe [9,64].

It is worth mentioning that our experimental approach of supplementing our culture
medium with a high-Fe concentration may have decreased the amounts of siderophores
produced. Alternatively, if no Fe was added, siderophore production may have increased
and complexation may have influenced the speciation of other transition metals. However,
under this Fe-free scenario, fungal growth and survival may have been impacted due to
the lack of detectable Fe in the e-waste used. Hence, future studies aimed at optimizing
metal recovery should consider the optimum Fe supplement required without negatively
impacting siderophore production.

5. Conclusions

Our experiment showed the capacity of Mn oxidizing fungi to recover metals derived
from e-waste incorporated into a solid medium. Contrary to our hypothesis, metals
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were not recovered through complexation with any of the detected siderophores due to
preferential siderophore binding with the Fe supplied in the nutrient growth medium,
suggesting that reduction and acidification as the main mechanism of dissolution from
e-waste. The close association between Mn and Co in discrete particles observed from the
SEM images suggests the presence of Mn oxides with P. brasiliensis. In contrast, the diffuse
distribution of Cu suggests that it is not predominately associated with Mn oxides and thus
may bond to fungal assemblages via a different mechanism.

P. brasiliensis recovered the most Mn and Co at 8.45% and 1.75%, respectively, whereas
P. sporulosa extracted the most Cu at 20.59% w/w from e-waste. None of the fungi recovered
significant amounts of Ni (0.33%—-0.45%). Although the efficiencies of our fungal cultures
were lower compared to bioleaching approaches, optimizing fungal growth conditions
with the e-waste might increase their e-waste metal recovery in the future. For example,
experiments with different media [65], including Fe-depleted media, may change fungal
exudation and stimulate solubilization. Furthermore, physical changes to fungal growth,
such as growth in liquid media or direct contact between fungi and waste [61,62], may
also produce increased recoveries. We also note the need to determine recoveries for
other trace metals to reduce the possibility of mobilization of potential toxins during the
bioleaching process.
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