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Introduction

Selective bacterial separation of critical metals:
towards a sustainable method for recycling
lithium ion batteries+

Virginia Echavarri-Bravo, 2 ®€ Houari Amari, 1> Jennifer Hartley, (2 ¢©
Giovanni Maddalena, ) ®© Caroline Kirk,® Maarten W. Tuijtel, © §°
Nigel D. Browning®®"9 and Louise E. Horsfall 2 ¥2©

The large scale recycling of lithium ion batteries (LIBs) is essential to satisfy global demands for the raw
materials required to implement this technology as part of a clean energy strategy. However, despite what
is rapidly becoming a critical need, an efficient and sustainable recycling process for LIBs has yet to be
developed. Biological reactions occur with great selectivity under mild conditions, offering new avenues
for the implementation of more environmentally sustainable processes. Here, we demonstrate a sequen-
tial process employing two bacterial species to recover Mn, Co and Ni, from vehicular LIBs through the
biosynthesis of metallic nanoparticles, whilst Li remains within the leachate. Moreover the feasibility of Mn
recovery from polymetallic solutions was demonstrated at semi-pilot scale in a 30 L bioreactor.
Additionally, to provide insight into the biological process occurring, we investigated selectivity between
Co and Ni using proteomics to identify the biological response and confirm the potential of a bio-based
method to separate these two essential metals. Our approach determines the principles and first steps of
a practical bio-separation and recovery system, underlining the relevance of harnessing biological specifi-
city for recycling and up-cycling critical materials.

national governments incentivising the transition to electric
vehicles (EV) for mobility. These pressures and incentives are

It is well established that one of the most important measures
to slow climate change is a reduction in CO, emissions. Road
transportation is highly dependent on carbon-based fuels and
responsible for 20% of CO, emissions worldwide." Therefore,
there is mounting pressure to move towards transportation
alternatives with lower carbon footprints, leading to many
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resulting in an increasing demand for lithium ion batteries
(LIBs),? currently the best technological solution to power EV
based on energy density.? Life cycle assessment of LIBs shows
that the availability of raw materials needed to fulfil the
demand for EV LIBs by 2050 is estimated to be ‘very critical’
for both lithium and cobalt, and ‘critical’ for nickel.*> Thus,
the development of efficient technologies to enable selective
recovery and recycling of the components and materials
present in spent LIBs is vital for minimising risks in the
supply chain and reducing the waste burden.® Moreover,
moving to a circular economy for LIBs would reduce reliance
on the current sources of raw materials associated with human
rights abuses and decrease mining activities reported to nega-
tively impact upon human and environmental health.”"®
Adaptive and flexible recycling solutions are needed to
address the wide variety of continuously evolving cathode
chemistries in a highly competitive market. Current recycling
methods are multi-step processes, often starting with physical
separation of the various battery parts, or shredding and com-
minution, followed by a combination of other physical, hydro-
metallurgical and/or pyrometallurgical processes.>®” Pyrolysis
involves the calcination (>400 °C) of the battery and although

This journal is © The Royal Society of Chemistry 2022
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it is a mature technology it has been decreasing in popularity
for EV LIB recycling. It results in high CO, and toxic emis-
sions, and the significant loss of value to the materials
streams including Li and Al” Hydrometallurgical methods
involve the dissolution of battery parts, often using sulfuric
acid or hydroxides,” with other secondary treatments (e.g.
thermal, sonication) that result in the production of battery
leachates with varying concentrations of metals dependent on
the chemistry of the cathode. Development of more efficient
recycling options continues at all stages of the recycling loop,
with new technologies investigated, such as high powered
ultrasound with increasing potential for the rapid delamina-
tion of electrodes and to facilitate direct recycling of the
cathode.’® Nevertheless, hydrometallurgy is always being
applied to some extent and polymetallic solutions that require
metal separation and refining are generated.

As such, this too is an evolving area of study and novel solu-
tions have been reported such as ferro-chemistry-based
approaches and bio-electrochemical reduction to separate Li
from Co.'™'> However when other elements are also present in
the cathode, such as Mn and Ni (e.g. LiNi,Co,Mn,0,, NCM) the
downstream recovery and separation of metals contained in the
battery leachates is commonly achieved by solvent-exchange
(SX) and chemical precipitation. The energy inputs and the use
of hazardous chemicals are then major limiting factors for
achieving a cost effective and sustainable process.’” SX
methods using organophosphorus solvents are the most fre-
quent approach to selectively separate and purify metals, with
D2EHPA being the most common method for Mn separation
and Cyanex®272 for Co and Ni. However SX involves the use of
toxic solvents to treat aqueous polymetallic streams'® and Mn
removal using SX is not cost-efficient unless subsidised by the
recovery of Co and Ni.'* Other limitations of SX include the
treatment of heterogeneous feedstocks that may hinder the
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control of the process; the potential environmental impacts of
organic solvents if the reuse rates are low, and the wastewater
generated.' There are other chemical alternatives to SX which
may first involve the selective leaching of Li using organic acids
(e.g. tartaric, formic, oxalic) followed by precipitation as Li,CO3
from the addition of NaOH and Na,CO;.">'® The remaining
metals in the cathode once dissolved in inexpensive acids (e.g
H,S0,) are precipitated as hydroxides'” or carbonates' to be
used as precursor material for new active electrodes. The high
requirements of alkaline compounds (e.gz NaOH, NH,OH,
Na,CO;) with an elevated environmental footprint is one of the
major drawbacks of the chemical precipitation approach.'® The
energy inputs of the chemical reactions vary within a wide
range, as solvent extraction takes place ~25 °C, while chemical
precipitation as hydroxides or carbonates may require
40-65 °C™™"7 or above (80 °C) to shorten reaction times,
enhance metal specificity and evaporate the solvent. Multiple
combinations of optimised parameters are reported in the lit-
erature dependent upon the initial concentration of metals,
leaching process, target efficiency and purity.'® Nowadays the
development of greener methods that enable the selective separ-
ation of metals from battery leachates and allows for their
return to use is a major challenge for the industry.?

Here the incorporation of biological methods into the
process (Scheme 1) may provide the key, as bioprocessing
occurs at relatively low temperatures (<30 °C), in aqueous solu-
tions and does not involve the use of hazardous solvents or
compounds such as NaOH to raise the pH due to other alkaline
compounds (e.g. carbonates and ammonia) produced by the
bacteria.*® In this study, bacteria were used for metal bio-re-
cycling, as they grow quickly and are engineered more easily in
comparison to other microorganisms, should the process
require such optimisation. We examined the selective separ-
ation and recovery of the most relevant metals (Co, Li, Mn and

1 pIReLe: L — R DROME AL R Y i METAL SEPARATION & REFINING NEW LI
EECELLS METALL ALLOY METALS IN SOLUTION METERIAE
SLAG
\
PHYSICAL BIOLOGICAL CHEMICAL
TREATMENT Metals separation/ Bacterial Organophosphorus
BLACK MASS Precipitation synthesis of NPs compounds (SX)
Hydroxides, carbonates
\ (CHM)
NEW METHODS
(e.g. ultrasound) ) pH Biologically synthesised Alkaline compounds
ELECTRODE adjustment (e.g. carbonates/ NH,) (e.g. NaOH, NH,0H)
MATERIAL )
‘ Solvent/diluent H,0 Organic (SX)
DIRECT Temperature 20-30 °C 25 °C (SX) -
CATHODE 40-65°C (CHM) E
RECYCLING

Scheme 1 Recycling scheme depicting conventional and novel recycling processes for end of life LIB cells and resulting fractions (underlined) con-
taining metals. The reaction conditions of the metal bioseparation process presented in this study (green box) is depicted side by side with conven-
tional chemical separation methods (SX: solvent exchange; CHM: chemical precipitation with e.g. hydroxides, carbonates).
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Ni) present in EV LIB (NMC) leachates prepared with strong
mineral acids using two bacterial species, Shewanella oneidensis
MR-1 and Desulfovibrio alaskensis G20. These bacteria reportedly
precipitate dissolved Mn and Ni ions in the form of Mn oxide®*
and Ni sulfide nanoparticles (NPs)** respectively and addition-
ally, during the course of this work, we confirmed the synthesis
of Co NPs by D. alaskensis G20. The biological mechanisms
responsible for metal removal such as biosorption, bioprecipita-
tion and bioreduction are ubiquitous but, in the main, are
metal and bacterial species-specific.>®> Metal oxido-reduction
reactions resulting in nanoparticle synthesis are usually associ-
ated with the production of metal reducing and metal binding
compounds such as enzymes and non-enzymatic proteins.*
Thus we interrogated the proteome of D. alaskensis G20 to gain
insight into the biological pathways responsible for the precipi-
tation of Co and Ni. It is crucial to recycle both metals as they
are currently essential in the majority of EV LIB chemistries; Co
is a critical element and there is an increasing demand for Ni
due the rapid adoption of high-Ni cathodes.>***

Results and discussion
Bioprecipitation of nickel, manganese, and cobalt complexes

In order to determine the efficiency of Mn bioprecipitation by
S. oneidensis MR-1, experiments using single-metal solutions
were carried out at 20 °C, over a period of 20 h. Manganese
recovery was investigated in systems (pH 7-8.5) containing 10
to 1000 ppm of dissolved Mn** ions based upon the compo-
sition of real EV LIBs leachates. It was observed that while
total Mn recovery increased with increasing initial Mn>" con-
centration (Fig. 1A), the highest recovery efficiency was
observed from the 100 ppm solution, with 83% of the dis-
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Fig. 1 Removal of dissolved Mn?* expressed as mean + SD (n = 3)
measured as (A) ppm and (B) percent with cell cultures of S. oneidensis
MR-1 and abiotic control. TEM images of nanoparticles produced by
S. oneidensis MR-1 incubated with 1000 ppm of Mn?* (C) coating the
bacterial cells and (D) detached from bacterial biomass.
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solved Mn** recovered (Fig. 1B). The low recoveries at 10 ppm
suggests that there is a minimum dissolved Mn*" concen-
tration threshold for recovering Mn efficiently. However, not
all of this Mn recovery is associated with bacterial activity, as
Mn precipitates were also detected in the abiotic control (27%
recovery at 100 ppm incubation concentration). Nevertheless,
taking incubation times (20 h) and cell densities into account,
the removal rate obtained in this study is encouraging com-
pared to previous work with Shewanella putrefaciens which
required longer incubation times, up to 10 days, to achieve
80% removal at an incubation concentration of 125 ppm.>®
Analysis by X-ray powder diffraction (XRPD) identified the
white precipitate obtained at the end of the incubation period
as MnCO; (ESI, Fig. S1Af). Transmission electron microscopy
(TEM) imaging confirmed that this biogenic MnCOj; was in the
form of nanoparticles both coating the bacterial cells (Fig. 1C)
and was also detached from cell biomass (Fig. 1D). This latter
material has the greater potential for resynthesis into LIB elec-
trode active materials.””*® It is very likely that Mn>" precipi-
tated as MnCO; due to carbonate species produced during bac-
terial growth (ESI, Fig. S2Aft). The synthesis of carbonates
increases the pH of the culture during bacterial growth (ESI,
Fig. S2Bt) supporting Mn biomineralisation and bioprecipita-
tion. S. oneidensis does not produce urease, the enzyme
known for mediating fungal synthesis of MnCO;*® and
the molecular mechanisms responsible for the synthesis of
carbonate by this bacterium are still unknown® and deserve
further investigation.

Following the work with Mn we extended our investigations
with S. oneidensis MR-1 to precipitate other relevant metals, Li,
Co and Ni, without success. This confirmed this bacterium
was a suitable candidate for the selective recovery of Mn from
LIBs leachates.

With a similar batch process approach, we demonstrated
that D. alaskensis G20 was able to remove both Co®>" and Ni**
from the dissolved fraction with an efficiency above 70% at
10 ppm of metal ions. The net mass recovery of Ni varied little
across the different incubation concentrations (Fig. 2A). While
the removal of Co did increase with higher incubation concen-
trations, the removal efficiency for both metals was most
efficient at lower concentrations (Fig. 2B).

Unlike the Mn systems, there was no Co or Ni precipitation
observed in either of the abiotic control solutions. As vehicular
LIBs leachates can often contain both Co and Ni, the removal
of Co and Ni from bimetallic solutions was also studied. It was
found that in general the presence of Ni** significantly
decreased the removal of Co®" at all three incubation concen-
trations tested (Fig. 2A). Significant differences in the removal
of Co were found between the single and bimetallic treatments
(two-way ANOVA, p-value <0.001). The differing removal pro-
files of these metals underpins the existence of different bio-
logical molecules and mechanisms responsible for Co>" and
Ni** precipitation which were investigated with a proteomics
study (ESI, proteomics analysis, Fig. S3f). For instance the
abundance of the UPF0173 metal-dependent hydrolases
(Dde_0151) and MJ0042 family finger-like proteins (Dde_0116)

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Removal of Co?* and Ni?* with D. alaskensis G20 expressed as
mean + SD (n = 3) measured as (A) ppm and (B) percent.

increased after 2 h incubation with 100 ppm Co>" compared to
the control treatment, but decreased in the bimetallic treat-
ment. These two protein families bind Zn>*, but can also bind
Co>" without significant loss of functionality.*>*" To reduce
the risk of mis-metallation with Ni, or perhaps to remedy
such, it is understandable that a decrease in their abundance
is observed and this might then also explain why Co removal
from the dissolved fraction dropped when Ni*" was present at
concentrations >50 ppm.

Characterisation of Co and Ni nanoparticles

Upon examination of the bacterial cells post-treatment using
cryo-electron microscopy (cryo-EM), areas of high-density were
observed in the bacterial envelope of cells incubated with
50 ppm Co”* (Fig. 3B) compared to cells in the control treat-
ment (Fig. 3A).

High resolution scanning transmission electron microscopy
(STEM) imaging also showed the presence of high-density
areas covering the surface of bacterial cells incubated with
Co”" (Fig. 3C) and Ni** (Fig. 3D) at 10 ppm, depicting the for-
mation of metallic nanoparticles. To our delight the character-
isation revealed zero-valent Co NPs attached to the cells
(Fig. 4A), the first time, to the best of our knowledge, that bio-
synthesis of such nanoparticles of this critical metal have been
reported. The absence of oxygen in the electron energy loss
spectroscopy (EELS) (Fig. 4B) and sulfur in the EDXS (Fig. 4C)
spectra rules out the possibility that the NPs are sulfides. The
synthesis of biogenic zero-valent Co NPs by the bacterium

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Cryo-EM images of D. alaskensis G20 (A) in the control treatment
and (B) after incubation with 50 ppm of Co?*. STEM image of samples of
D. alaskensis G20 incubated for 20 h with 10 ppm of (C) Co®* and (D) Ni?*.
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Fig. 4 Characterisation of Co nanoparticles by STEM, EDXS and EELS.
(A) STEM image, (B) EELS and (C) EDXS spectra taken from the spot high-
lighted with red square on image (A), on the surface of D. alaskensis G20
incubated for 20 h in Co?* 10 ppm, and re-suspended at a final concen-
tration of ethanol 50% v/v. Cu peaks in the EDXS are associated to the
TEM grid.

Geobacter sulfurreducens had been previously speculated but
not demonstrated.”® The biological mechanisms involved in
the formation of zero-valent Co NPs are unknown and deserve
further investigation that has commenced with the proteomics
work presented in this study. From this we hypothesise that
certain proteins, such as quinone-interacting membrane-
bound oxidoreductases (ESI, Fig. S3A and B,} Dde_1113), and

Green Chem., 2022, 24, 8512-8522 | 8515
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other redox active elements (e.g. cytochromes, flavins®**%)
could be involved in the reduction of Co*" to Co° during the
anaerobic metabolism, under negative oxidation-reduction
potential conditions. Other metal-binding proteins in the
membrane (ESI, Fig. S3,f Dde_0155, Dde_2208, Dde_3518)
may play a role in the nucleation of Co resulting in nano-
particle formation and stabilisation. Cryo-EM images show
that Co nanoparticles are synthesised in the bacterial envelope
eventually compromising the integrity of the membrane
(Fig. 5A). The bacterial envelope under the STEM presented
different degrees of degradation depending on the fixative
used, ethanol 50% v/v was less aggressive than acetone 50%
v/v. The images obtained from samples of D. alaskensis G20
incubated with Co salts and fixed with acetone showed meso-
porous nanostructures of a diameter ~50 nm (Fig. 5B and 6A).
EELS analysis confirmed the presence of Co in these meso-
porous nanoparticles. The increased concentration of metal-
binding proteins during incubation with Co in different
locations of the bacterial envelope (ESI, Fig. S3f) such as
Dde_2670 in the inner membrane and Dde_0155, Dde_2208,
Dde_1113, and Dde_3518 in the periplasm, support the
hypothesis that these Co-based nanostructures are formed due
to biological processes. We could not confirm the oxidation
state of Co in this instance because elemental edges associated
to C, Ca and O were also present in the EELS spectra (Fig. 6B
and C). The presence of Ca could be attributed to accumu-
lation as a result of the direct electron transfer from cyto-
chromes and hydrogenases®® or alternatively may be associated

Fig. 5 Characterisation of Co nanoparticles. (A) Cryo-EM images of
D. alaskensis G20 incubated for 20 h in Co?* 50 ppm, yellow arrows
point at high-density areas in the bacterial envelope where Co-based
nanoparticles were formed. (B) STEM image of mesoporous nano-
structures synthesised on the bacterial envelope of D. alaskensis G20
cells incubated for 20 h in Co?* 50 ppm.
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Fig. 6 Characterisation of the mesoporous nanostructures using (A)
STEM and (B and C) EELS spectra obtained from regions (A) 1 and 2 high-
lighted with red squares.

to the degraded bacterial envelope surrounding the NPs.?® In
addition to the biological mechanisms of metal bioprecipita-
tion, the formation of nanocrystalline cobalt and nickel sul-
fides must be considered due to the presence of biogenic
hydrogen sulfide (H,S).*” Whilst the cells were thoroughly
washed and resuspended in nutrient-free buffer prior to the
beginning of the metal ion removal experiments, biogenic H,S
was produced ([H,S] <160 pmol L™') (ESI, Fig. S41) during
maintenance of the bacterial cell steady-state.>® The formation
of nanoparticles made of Co and S (ESI, Fig. S5At), and Ni and
S (ESI, Fig. S5BT) on the surface of the bacterial envelope was
confirmed by STEM/EDXS. Precipitation of Co and Ni as nano-
crystalline metal sulfides by the activity of sulfate reducing
bacteria (SRB) has been reported previously and is attributed
to the presence of biogenic H,S.>” However, the presence of
sulfur in the nanoparticles could also be due to the presence
of cysteinyl ligands in relevant proteins binding iron-sulfur
clusters. Some proteins binding 4Fe-4S were significantly
more abundant after incubation with Ni** (ESI, Fig. S3B and

This journal is © The Royal Society of Chemistry 2022
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C,t Dde_0718, Dde_2176, Dde_1830, Dde_2943). There is a
possibility that the iron sites within these metalloproteins
have been replaced by Ni** and/or Co>*, as observed in rubre-
doxins-related studies,*® and thus end up serving as an anchor
and metal nucleation site for the nanoparticles synthesised as
observed on the bacterial outer membrane.*® Metal removal by
H,S is relatively efficient and in the bacterial cell-free super-
natant was above 70% due to the presence of dissolved H,S
(24.5 mmol L"), however it exhibits no selectivity for Co or Ni
(ESI, Fig. S6t).*!

Selective bioprecipitation of dissolved Mn from vehicular LIBs
leachates

To investigate metal removal/precipitation from vehicular
battery leachates, two commercial LIB cathodes (Nissan Leaf)
were leached with two different mineral acids, H,SO, or HC],
both widely used in hydrometallurgy.*> These -cathode
materials contained either Li, Ni, Mn and Co in a ratio of 50%
nickel, 30% manganese, and 20% cobalt (NMC-532), or a
mixture of approximately 70% lithium manganese oxide spinel
(LMO) with 25% lithium nickel manganese cobalt oxide,*’
referred to hereafter as A1C and B1C, respectively. The concen-
tration of metals (Al, Co, Mn, Li and Ni) in these LIB leachates
was dependent upon the origin of the cathode material,
solvent used and leaching temperature (ESI, Table S17).
Prolonged leaching times, from 5 to 30 minutes in 0.1 M
H,S0, at 50 °C doubled the concentration of Co, Li and Mn,
and increased Al and Ni concentrations even further. The final
dissolved metal composition of the leachates was very
different according to the battery type, cathode chemistry and
acid used. The leaching data for these cathodes in H,SO, and
HCl at 20 °C is available in ESI, Fig. S7.}

The specificity for dissolved Mn and the removal rates
achieved by S. oneidensis MR-1 with vehicular leachates were in
agreement with the results we obtained in the previous experi-
ments using metal salts, i.e. higher concentrations of metal
ions resulted in greater total metal precipitates. The capability
exhibited by this bacterium for the selective precipitation of
Mn*" out of the mixed metals contained in the crude leachates
is extremely relevant for establishing the principles of a bio-
separation process (Fig. 7, ESI Table S2f). The removal
efficiency of Mn peaked at 75% (154 ppm) from leachates of
the cathode material B1C dissolved in 0.1 M H,SO, for
30 minutes at 50 °C (Fig. 7iv). The removal of the other metals
was low, generally well below 5% total precipitated mass,
except for Co when present at concentrations above 70 ppm
(Fig. 7ii) and Al contained in HCI leachates (Fig. 7v and vi).
Fortunately, a recent advance using selective hydrometallurgi-
cal methods combined with high-intensity ultrasonication can
now be employed to provide leachates with a lower concen-
tration of Al through delamination of the active materials from
the foil current collectors."®

Two bacterial treatment bioprocessing approach

In order to ensure a complete and selective bio-recycling
process, a two-bacterial bioprocessing approach was developed

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Bioprecipitation of metals contained in vehicular LIBs using
S. oneidensis MR-1. Selected leachates: cathode A1C at 50 °C in 0.1 M
H,SO4 for (i) 5 min and (ii) 30 min; cathode B1C at 50 °C in 0.1 M H,SO,4
for (iii) 5 min and (iv) 30 min; cathode B1C at 20 °C in 0.1 M HCl for (v)
5 min and (vi) 300 min. Metal concentration in the raw leachate (T1A)
and metal removal/precipitated (T1B) expressed as the mean (n = 3 bio-
logical replicates).

by using S. oneidensis MR-1 to selectively precipitate out Mn
(treatment 1, Scheme 2), followed by treatment of the stripped
solution using D. alaskensis G20 to precipitate Ni and/or Co
(treatment 2, Scheme 2).

To enable the use of leachates with higher acid content (0.5
M H,SO,), a carbonate-bicarbonate buffer was added to
S. oneidensis MR-1 cell culture. Small-scale (2 ml) experiments
confirmed this buffer would aid the biological removal of Mn
from leachates prepared in 0.5 M H,SO, (ESI, Fig. S8t). The
results obtained were very encouraging with the B1C leachate
(Fig. 8A(i)-T1B, ESI Table S31) as the precipitation of Mn was
enhanced to 89% and the dissolved Mn present in the down-
stream fraction (T1C) was reduced to just 10 ppm (mass
balance ESI Fig. S97). A higher (97%) Mn removal was achieved
from the A1C leachate, however the precipitated Mn exhibited
lower purity (63% total precipitated metal mass) due to co-pre-
cipitation of Al (4%), Co (22%) and Ni (10%) (Fig. 8B(i)-T1B,
ESI Table S4,1 mass balance Fig. S107).

Recovery of Co and Ni. After precipitation of Mn from the
battery cathode leachates using S. oneidensis MR-1, the frac-
tions containing the remaining dissolved metals (T1C) for
both B1C and A1C leachates were processed with D. alaskensis
G20 to precipitate Ni and Co. The initial concentration of dis-
solved Co and Ni (fraction T2A) was lower in the B1C leachate

Treatment 1 (T1)
S. oneidensis MR-1

Treatment 2 (T2)

. Dissolved D. alaskensis G20y, pissolved

i. Raw leachate metals after T1 Mo sy
A TIC/T2A T2C
iil. Precipitated Mn iv. Precipitatgd
TiB Co and/or Ni

T2B

Scheme 2 Two-bacterial metal bio-separation and recycling approach.
T1A: initial dissolved metals from the raw leachate; T1B: precipitated
metals after treatment 1(T1); T1C: metals remaining in dissolved fraction
after T1; T2A: initial concentration of dissolved metals (different volumes
of T1C) before treatment 2 (T2); T2B: precipitated metals after T2; T2C:
metals remaining in the dissolved fraction after T2.
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Fig. 8 Bio-separation of metals contained in leachates prepared with
(A) B1C 0.5 M H,SO4 (B) A1C 0.5 M (C) A1C 0.1 M H,SO4. Metal concen-
tration expressed as the mean (n = 3 biological replicates) associated to
different stages of (i) T1 and T2 (ii and iii) cell-only treatment (thoroughly
washed bacterial cells in MOPS buffer) and (iv) whole bacterial cell
culture.

(Fig. 8A, ESI Table S3f) than in the A1C (Fig. 8B, ESI
Table S4t) due to the differences between the cathode chem-
istries. When working with the whole bacterial culture, Co and
Ni extraction was improved compared to the cell-only treat-
ment (thoroughly washed bacterial cells in MOPS buffer). This
could be related to higher concentrations of H,S enhancing
metal precipitation as Ni and Co sulfides. While this increase
in precipitation is a positive result for metal recovery, it does
however introduce impurities into the process via the presence
of multiple metal species that must be separated afterwards.
Therefore, optimization of the cell-only treatment was investi-
gated further to demonstrate that by adjusting the concen-
trations and ratios between Co and Ni, the metal specificity of
D. alaskensis G20 can be altered. Higher selectivity towards Ni
removal was observed when this metal was present at concen-
trations above 50 ppm (conditions with A1C 0.5 M H,SO, lea-
chate, Ni and Co were in the ratio 8:3) in agreement with the
results obtained during the bimetallic experiments at
50-100 ppm. The release of extracellular proteins with high Ni-
affinity as a mechanism of bacterial stress response caused by
this metal may also explain differences between Co and Ni
removals.** Our proteomics study showed proteins that might
be involved in metal reduction processes, such as
oxidoreductases,*>*® which were significantly more abundant
after 20 h incubation with 10 ppm of Ni*" compared to the
treatment with Co”>* (ESI, Fig. S3Ct) confirming a distinctive
cellular response depending on the metal. Some of these
oxidoreductases, such as the FAD/NAD (P)-binding domain
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Metal  T1A T1B TIC

Co 263 149 114

Mn 197 189 7.35

[ | [ | Ni 341 019 341

TIA T1B TIC
Fraction

Fig. 9 Scale-up of Mn removal with synthetic leachates. (A) Semi-pilot
reactor vessel (FlexBio, IBiolC) and (B) Mn recovery (ppm) from a syn-
thetic leachate based on B1C cathode dissolved in 0.5 M H,SO,.

protein (Dde_1381) and the FAD-dependent pyridine nucleo-
tide-disulfide oxidoreductase (Dde_2176), are classified within
the xenobiotics biodegradation and metabolism pathways and
might be responsible for reducing Ni*>* into a less toxic form.
Since Ni was present at toxic concentrations for D. alaskensis
G20 in the A1C 0.5 M H,SO, leachate, the removal of Ni and
Co from a leachate (A1C, 0.1 M H,SO,) containing lower con-
centrations of both metals was investigated (Ni:Co ratio of
2:1). This time D. alaskensis G20 showed preference for preci-
pitating Co, and by increasing the volume of leachate from 25
to 50% v/v, the removal increased by 70% for Co, 12.2 ppm,
and 40% for Ni, 7.9 ppm (Fig. 8C, ESI Table S5t). The removal
yields of Co and Ni presented here are still low as experiments
have been developed in a single batch process in 2 ml volumes
as a first step to show the fundamentals of the approach and
to provide benchmark data for process optimisation. The Li
that remains in the dissolved fraction at pH > 8, with simi-
larities in terms of composition and concentration to some
lithium salar brines,”” could then be recovered by chemical
precipitation as Li,CO;.

Scale-up. The feasibility of scaling-up the first treatment
(T1) of the bioprocess was successfully confirmed with a semi-
pilot bioreactor (30 L vessel) (Fig. 9) using model metal solu-
tions comparable to the metal concentration and acid compo-
sition of the leachate obtained from dissolving the B1C in 0.5
M H,SO,. The removal of Mn was 96.3% demonstrating the
scalability of the process. Precipitated metals and biomass
were separated from the dissolved fraction by centrifugation.
The sedimentation rate of Mn, in the form of bio-MnCOj3, was
faster than bacterial mass due to its higher density. Thus two
distinct layers were formed (ESI, Fig. S117).

Conclusion

The need for more efficient and greener methods for recycling
metals contained in LIBs is driving research to consider the
application of less conventional methodologies. For decades
microorganisms have been used extensively in the areas of
metal bioremediation and bioleaching however their uses for
metal bio-separation are still in the early stages. Our work with
two different bacterial strains shows the potential for the sep-
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aration and recovery of all the relevant metals contained in
LIBs. First S. oneidensis MR-1 precipitates dissolved Mn fol-
lowed by the use of D. alaskensis G20 for the recovery of Co
and/or Ni, leaving Li in the downstream leachate as could be
found in a lithium salt brine. The results presented here show
the principles for establishing a bio-based technology and will
be used as the benchmark to define areas of research needed
for enhancing removal yields and improving metal selectivity.
To date there is a wide range of synthetic biology tools avail-
able for manipulation of S. oneidensis MR-1 that could be
applied for improving the removal efficiency of Mn**. The
removal of Co and Ni was higher with whole bacterial culture
treatment however no selectivity for either metal was observed.
In contrast, the utilisation of bacterial cell-only treatment
offers greater advantages such as better control of the physico-
chemical properties of the nanoparticles produced and the
potential for enhancing the specificity for Co or Ni by using
D. alaskensis G20 engineered strains with their design
informed by the proteomics analysis provided herein.
Biological approaches are ideally suited for implementation
alongside existing technologies and could form part of battery
recycling processes to provide a sustainable incentive for
industry and as a solution to fit EV LIB technology within a cir-
cular economy. The implementation of life cycle assessments
(LCAs) will ultimately be the tool to compare the sustainability
of the methodologies for recycling end of life LIBs.*®

Another exciting finding achieved in this work was the syn-
thesis of novel nanoparticles. The identification of biogenic
zero-valent Co NPs shows the potential of biology for produ-
cing unique nanoparticles with perhaps novel physicochemical
properties. This finding provides us with new insight into the
nanoparticle synthesis pathways of D. alaskensis G20 and
deserves further investigation due to the relevance of bio-
based Ni and Co nanoparticles as electrocatalysts in Hydrogen
Evolution Reactions (HER).***°

Experimental
Bacterial cultures preparation

S. oneidensis MR-1 was cultured aerobically in Luria Bertani
(LB) media without NaCl, LB no salts (LBNS).”" Overnight cul-
tures (5 ml) were used to inoculate larger volumes
(100-200 ml) at 200 rpm and 20 °C until stationary phase
(ODggp ~ 6). Cultures of D. alaskensis G20 were grown in
Postgate Media C (PGMC) as described elsewhere,>> washed
with MOPS buffer (pH 7.5, 10 mM) and re-suspended in fresh
MOPS buffer (ODggo = 1).

Measurement of dissolved carbonate

Bacterial cultures of S. oneidensis MR-1 were collected at
different growth levels (monitored by ODggo) and centrifuged
for 20 min at 4500 rpm, 20 °C. Afterwards supernantants were
filter-sterilised (@ < 0.2 pm) and stored at 4 °C until analysis.
The carbonate analysis of the bacterial supernatant was per-
formed by coulometric titation using a CM 5012 CO, coul-
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ometer (UIC Inc., Joliet, IL, USA) and CM 5130 acidification
unit. The coulometer measured the inorganic carbon mass
(Myc) which was converted to the equivalent mass of CO;*~
(1 pg C = 5 pg of CO;>7, under the assumption that most of
the inorganic carbon is in a bicarbonate/carbonate form)
using eqn (1) where V (ml) is the volume of the sample:

[CO5*7] = (Mic x 5)/V (1)

Measurement of dissolved H,S

The concentration of H,S was measured in fully grown cultures
of D. alaskensis G20 and cells resuspended in MOPS in the
absence of metal using a H,S microsensor following manufac-
turer’s guidelines (UNISENSE).

Bioprecipitation of nickel, manganese, and cobalt complexes

Stock metal solutions were made in ultrapure water to a con-
centration of 10 g L™* using Co-Cl,-6H,0, LiCl, MnSO,-H,0
and NiCl,-6H,0 as a source of Co*’, Li*, Mn** and Ni*' ions
respectively. Bacterial cell cultures and abiotic controls, fresh
media and buffers, were incubated with metal solutions in
15 ml falcon tubes at a final volume of 2 ml, pH was not
adjusted. S. oneidensis MR-1 treatments took place aerobically
(20 °C and 200 rpm), whereas D. alaskensis G20 treatments
took place in an anaerobic atmosphere (10% CO,, 10% H, in
N, atmosphere, static, 30 °C).

Metal removal analysis. After a 20 h incubation 1 ml aliquot
samples were collected for metal removal analysis. A volume of
100 pl of this aliquot was acidified with 900 pl of 20% HNO;
(v/v) to analyse for the total metal concentration. The remain-
ing sample was centrifuged (2 h, 20 000g and 4 °C), and 100 pl
of supernatant (dissolved fraction) acidified with 900 pl of
20% HNO; (v/v). The acidified samples were digested for 5 h at
80 °C and diluted in ultrapure water prior to inductively
coupled plasma optical emission spectrometry (ICP-OES) ana-
lysis on an Optima 8300 (PerkinElmer).”" Metal removal (%)
from the dissolved fraction was calculated as the difference
between the total concentration (7.) of the metal added and
the concentration of metal that remained in the dissolved frac-
tion (D) as depicted in eqn (2):

Metal removal (%) = ((T. — D.)/T.) x 100 (2)

Differences between Co and Ni precipitation across
different conditions were analysed with ANOVA.

Selective bioprecipitation of dissolved Mn from vehicular LIBs
leachates

The LIB leachates used were prepared with two different
cathode materials: A1C (NMC-532) and B1C (70% lithium
manganese oxide spinel (LMO) with 25% lithium nickel
manganese cobalt oxide) obtained from uncycled electric
vehicle batteries. The cathode materials were dissolved in
H,S0, (0.1 M) at 50 °C over a period of 5 to 30 minutes with
no agitation. Leachates of B1C cathode were also produced in
HCI (0.1 M) at 20 °C for up to 5 h with no agitation. The bio-
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precipitation of metals contained in vehicular LIBs leachates
was investigated following the same methodology used to
investigate metal removal from single-metal solutions.
Cultures of S. oneidensis MR-1 were incubated with 10% v/v of
raw leachates (2 ml final volume) prepared in H,SO, (0.1 M)
and HCI (0.1M) for 20 h at 20 °C and 200 rpm. The concen-
tration of metals was analysed by ICP-OES.

Nanoparticle characterisation

X-Ray powder diffraction. Samples of S. oneidensis MR-1
incubated with Mn>" were collected by centrifugation at 20 °C
and 4500 rpm for 10 min. Pellets containing bacterial biomass
and bioprecipitated Mn were washed consecutively with ultra-
pure water, 70% v/v ethanol and then ultrapure water to
remove any remaining dissolved forms of Mn and to inactivate
the bacterial cells. Washed pellets were then freeze-dried,
ground in a pestle and mortar and mounted in a silicon deep-
well mount prior to XRPD analysis. XRPD data was collected
using a Bruker D2 Phaser X-ray powder diffractometer, config-
ured in reflection geometry, using Cu Ko radiation (1.541 A)
and a LynxEYE X-ray detector. Data was collected over the two
theta range 5-60° for 15 minutes.

STEM, EDXS and EELS. Aliquots of bacterial cultures were
collected after 20 h incubation with metal salts, and resus-
pended with ethanol or acetone (both 50% v/v) to inactivate
bacterial processes. Afterwards samples were stored and pre-
served at 4 °C in an anaerobic atmosphere until characteris-
ation. Nanoparticle production was investigated by using high-
resolution aberration-corrected STEM, to resolve their density
and shape, and EDXS and EELS were used to investigate their
elemental distributions. Samples for TEM were dispersed for
10 minutes in an ultrasonic water bath and then small drops
of nanoparticle solution were taken on to the carbon coated
copper grid. Ni and Co nanoparticle characterisation was
carried out on these thin films using the aberration-corrected
JEOL JEM-2100F at 200 kV. ADF-STEM images were obtained
using a JEOL annular field detector with a fine-imaging probe
and a current of 50 pA with a convergence semiangle of
~25 mrad and an ADF detector inner angle of 50 mrad. EELS
was recorded using a Gatan GIF Quantum SE (model 963).
Measurements were performed at a total energy resolution of
~3 eV, determined by measuring the full width at half-
maximum (fwhm) of the zero-loss peak. The following con-
ditions were chosen for the EELS spectra acquisition: conver-
gence semi-angle 30 mrad, collection semi-angle 100 mrad,
exposure time 0.05 s, dispersions of 0.5 and 1 eV per ch, and
probe size <0.5 nm. EDXS was recorded using EDAX Octane T
Optima system, with a windowless 60 mm? SDD EDX detector.

Cryo-EM. Cryosamples were prepared immediately after
incubation with and without metal salts using a Vitrobot Mark
IV (Thermo Fisher Scientific). Teflon sheets were used between
the blotting pads and blotting paper to reduce contamination
of the pads. 4 ul of sample was applied to freshly glow dis-
charged lacey carbon grids (300 mesh copper grids, C269/C
TAAB), blotted and plunged automatically into liquid ethane.
Freezing conditions were set to: blotting force-1, blotting time
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2 s, drain time 1 s and 5 s wait time with conditions in the
sample preparation chamber set to 100% humidity and room
temperature. Samples were stored under liquid nitrogen until
imaging. Cryo-EM was performed using a Tecnai F20 200 kV
electron microscope (Thermo Fisher Scientific). Samples were
loaded into the EM using a cryoholder model 626 (Gatan).
Imaging was carried out under low dose conditions, with a
defocus value of —5 pm. Images were acquired using a CMOS
F816 camera (TVIPS), using 8 kb2 settings.

Two bacterial-treatment bioprocessing approach

The different stages of the bioprocess approach are summarised
graphically in Scheme 2 showing the two-bacterial treatments
and the resulting fractions involved. The first treatment (T1)
consisted of processing the raw leachate mixed with
S. oneidensis MR-1 to precipitate mainly Mn (T1B). Afterwards
the fraction containing the remaining dissolved metals (T1C)
was further processed with D. alaskensis G20 (treatment 2, T2)
to precipitate Ni and/or Co. The study was developed with lea-
chates prepared with A1C and B1C cathode material delami-
nated with H,SO, (0.5 M, 20 min at 50 °C). Carbonate-bicarbon-
ate buffer (final concentration 91 mM) was added to the
S. oneidensis MR-1 cell suspension just before the addition of
the acidic leachate (10% v/v). Once treated with S. oneidensis
MR-1 the precipitated metals (T1B) were separated from the
metals in the dissolved fraction (T1C) by centrifugation (10 min
at 4500 rpm). Fraction T1C was filter-sterilised (@ < 0.2 pm)
before incubation with D. alaskensis G20 cells (cell-only treat-
ment, ODg = 2, resuspended in MOPS buffer, pH 7.5) for 20 h
at different concentrations of the pretreated leachate (T1C), by
volume, 25% and 50%, labelled as T2A. The metal removal
using the whole bacterial culture of D. alaskensis G20 (cells and
extracellular matrix) was investigated with 50% v/v of leachate.
Removal of dissolved metal was calculated as the difference
between the total concentration of metal and the remaining
concentration in the supernatant after centrifugation as
described previously (eqn (2)) using ICP-OES.

Scale-up. The scale-up of the first step of the bioprocess was
investigated with a semi-pilot 30 L bioreactor vessel (Industrial
Biotechnology Centre (IBioIC) FlexBio) and model metal solu-
tions prepared in 0.5 M H,SO, mimicking the metal compo-
sition of the leachate obtained from dissolving the B1C in 0.5
M H,S0,. Once an 18 L culture of S. oneidensis MR-1 (final
ODgpp = 5) was grown in LBNS the carbonate-bicarbonate
buffer (final concentration 91 mM) was added to the culture
followed by the addition of the acidic metal solution (2 L).
After 20 h incubation, aliquots were collected for metal
removal and selectivity analysis.
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