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Modern society is heavily dependent on critical raw materials, such as rare earth
elements (REEs), for use in electronic devices. The increasing demand for these
materials has led to the need for environmentally friendly methods of processing
non-recycled materials from e-waste and wastewater, as well as waste streams from
cleaning and manufacturing facilities. Modern society’'s dependence on such
materials is growing by the day, and with it, the need for environmentally friendly
processing of non-recycled materials from e-waste and wastewater in the form of
“end-of-life” products, as well as waste streams from cleaning and manufacturing
facilities, also increases. As these are problematic indications for modern isolation
methods in the industry, these sources may be more suitable for new techniques as
they have low concentration and high throughput for bioaccumulation. Chemical
methods using nanomaterials are already being tested for their possibilities but still
depend on acids and harsh chemicals. Microorganisms, on the other hand, can
adsorb/absorb REEs in a more ecological way. Previous studies could already show
that it is possible to accumulate REEs in the precipitates of bacterial cultures spiked
with REEs to a value of over 50%. However, the question arose whether rare earths
were spun into the pellets by centrifugation, adsorbed, or really incorporated in the
cells. Therefore, we established a new easy-to-use experimental design in which the
microorganisms were spiked with an REE standard and washed to minimize the
falsification of measurements by peripheral binding of ions before being analyzed for
REE contents by ICP-OES. The bioaccumulation of rare earths in microorganisms
was monitored, yielding an uptake rate of up to 53.12% of the overall present ionic
REE concentration. In this manuscript, we present the different concentration
measurements that were taken during the process, before and after washing of
the cells, to create a full picture of the localization, binding, incorporation, and
occurrence of the ions of interest. The setup also showed a correlation between the
introduction method of rare earths and the uptake of certain elements that might be
correlated with the differentiation between light and heavy rare earth elements, while
Y and Sc often seem to represent outliers.

KEYWORDS

REEs (rare earth elements), WEEE (waste electrical and electronic equipment), EOL product
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1 Introduction
1.1 Bioaccumulation

Rare earth elements (REEs) belong to the lanthanide group (the
sixth period of the periodic table of elements), which also includes
scandium and yttrium (Giese, 2020). These elements share very
similar chemical properties (Jowitt et al., 2018; Giese, 2020). With
the exception of europium and cerium, they generally exist in a
trivalent form and their ionic radius decreases with the increasing
atomic number, which is also known as “lanthanide contraction” and
may be a reason for the complexity of their separation and purification
(Krishnamurthy and Gupta, 2015; Jowitt et al., 2018; Picone and Op
den Camp, 2019).

In their 2015 publication, Gupta and Krishnamurthy updated
an earlier report stating that the crustal abundance of REEs as
transition metals, which is the representative of the proportional
amount of the element in question found in the Earth’s crust, is
even higher than that of carbon by approximately 20%
(Krishnamurthy and Gupta, 2015). The comparative distribution
usually follows the Oddo-Harkins rule, which still holds truth in
modern times (Oddo, 1914; Harkins, 1917; Herrmann et al., 2016).
REEs are not particularly rare but have long been poorly separated
because of their similar chemical properties (Charalampides et al.,
2015). It is elaborated that the larger ionic radii that come with the
lower atomic numbers of the light REEs render them less
compatible and allow for higher concentrations, which in turn,
have an indirect proportionality to the abundance of the elements
itself (Krishnamurthy and Gupta, 2015). The complexity of ore
extraction, the problematic ways of isolation, and the low
concentration in environmental sources still seem to render the
term “rare” true (Hampel and Kolodney, 1961; Krishnamurthy and
Gupta, 2015; Jowitt et al., 2018), which also might be the reason
why they are mostly mined and refined in China (Charalampides
and Vatalis, 2015).

Rare earths are often divided into LREEs (light rare earth
elements), from lanthanum to europium or gadolinium, and
HREEs (heavy rare earth elements), from gadolinium or terbium
to lutetium and Yttrium (Jackson and Christiansen, 1993; Picone
and Op den Camp, 2019; Giese, 2020). Some sources even
introduce MREEs that include samarium, europium, and
gadolinium (Sakamoto et al., 2008; Chen, 2011; Hatch, 2012;
Suli et al., 2017).

Although considered inert to biological life, several studies have
now found that REEs affect the enzymatic activity of certain proteins
and can form active sites of enzymes like some alcohol dehydrogenases
or be able to upregulate “normal” enzyme activities like with
lanthanide-dependent methane dehydrogenases in methano- and
methylotrophs (Huang et al, 2019; Picone and Op den Camp,
2019). It has also been demonstrated that the growth rate of
microorganisms and the enzymatic activity of proteins are directly
influenced by the lanthanides present with a preference for LREEs
(Lumpe et al., 2018; Picone and Op den Camp, 2019). The uptake of
lanthanides is also altered by several different biotic and abiotic factors
and seems to be highly dependent on the proportion of species
(Herrmann et al., 2016).

Kegl et al. suggest that nanomaterials, small materials with unique
properties, could be useful for removing rare earths from wastewater.
The authors discuss different types of nanomaterials that have been
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used for rare earth element removal, including carbon-based materials
or metal oxides, acknowledging the need for acidic solvents for ionic
content desorption and nanomaterial reuse and the influences of
several factors that correlate with adsorption, such as pH,
temperature, and contaminants in wastewater (Giese, 2020; Kegl
et al., 2020).

These types of discoveries could shed new light on the
possibilities of the biological uptake of lanthanides and on the
separation of elemental metals. Following the results of Lumpe
et al., 2018, the enzyme activity of REEs and the correlating
lanthanide contraction, especially with LREEs, might be a viable
strategy for the purification of single elements during fractionation
of cell materials (Lumpe et al., 2018).

1.2 Environmental toll

According to the publication of Packey and Kingsnorth from
2016, there is significant financial and regulatory benefit for illegal
mining. The environmental impact can be immense and can be
even backed by local authorities, for the benefit of tax increases and
employment in China (Packey and Kingsnorth, 2016) , responsible
for more than 90% of global rare earth supply, and most legal
mining is faced with trouble in uncovering new REE deposits
(Binnemans et al., 2013). Adding to this, the Chinese REE
market includes approximately 40% of the uncontrolled mining
in the country, triggering significant unmonitored adverse effects
in terms of environmental pollution, only overshadowed by
increasing difficulties for the mining process itself, due to
systematic depletion of most profitable ores (Mudd, 2010a;
Mudd, 2010b; Norgate and Haque, 2010; Banks, 2013; Weng
et al., 2016; Balaram, 2019).

Recycling is a widely used term for the active reuse, collection, or
treatment of certain materials and products that may seem to be
worthless, before they can be made useful again and, therefore, may
have been discarded (Krishnamurthy and Gupta, 2015). For industrial
purposes, recycling must have energy and cost-saving benefits to be
included in a process, and for it to be beneficial to society, it must also
have a positive impact on the environment. Several publications
suggest different ways of rare earth element uptake, such as
biosorption, as selective sequestration from the aquatic solution via
non-metabolically mediated pathways or hypernymically termed
2014;
Krishnamurthy and Gupta, 2015; Giese, 2020). It can also be

bioaccumulation in a Dbiological system (Tsezos,
defined as the removal of substances from the solution by
biological materials (Gadd, 2009; Fomina and Gadd, 2014; Breuker
et al., 2020).

A well-documented circular economy system is the reuse of raw
materials from spent lithium-ion batteries. They are industrially
recycled, and even the wastewater from the production is treated to
maximize material yields and financial benefits, which in turn, could
be a formidable example of rare earth element treatment (Huang et al.,

2018).
1.3 Importance in modern society

In a time when electric cars and smart devices are overwhelmingly
present, the supply of rare earth elements is crucially relied on in the
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background (Balomenos et al., 2017; Jowitt et al., 2018). From smaller
enterprises to big tech companies, everyone depends on the flow of
these precious metals (Xavier et al., 2019), while few are the people
knowing their importance. Scarce resources getting progressively
more difficult to obtain due to an increase in demand, in contrast
to the difficulties of ore exploitation and harsh conditions needed for
metal extraction, draw an alarming picture (Binnemans et al., 2013;
Jowitt et al, 2018). Ayman Elshkaki’s report summarizes the
dependence on rare earths and focuses on possible future
overproduction of rare earths in hopes of meeting the ever-
increasing demand and the associated energy and water
consumption and increased CO, emissions (Elshkaki, 2021). More
ecological models, such as the application of circular economy, for the
reuse of rare earths in production lines seem to be a widely accepted
option for improvement (Favot and Massarutto, 2019; Veldzquez et al.,
2019; Xavier et al., 2019).

Independently, the return in the form of recycled REEs
observed is incredibly low. The regeneration of lanthanides from
electronic supplies (i.e. microchips) is difficult, due to the low
concentrations used, while highly concentrated products (i.e.
neodymium magnets) are used for an extended period of time
before again being included into the recycling procedure. However,
end-of-life products increasingly gain importance as a sole or main
means of source for raw materials (Binnemans et al, 2013;
Blanchette and Lund, 2016; Li et al., 2017; Jowitt et al., 2018;
Kumari et al., 2018).

Already, there were plenty of research efforts in recycling of
rare earth elements; still, up until 2011, less than 1% of REEs were
reintroduced into the production cycle. As already mentioned,
this might be mainly due to the diminishingly low cost-to-benefit
ratio and the lack of incentives (Binnemans et al., 2013;
Gupta, 2015). REEs are
components in the production of technology and are rising in

Krishnamurthy and critical
importance, due to the use in “green technology,” and further
technological advances will keep pushing the demand in REEs and
even exceed the current supply within the next few years,
unrelated to the export restrictions from China. The only
feasible solution from this point on would be the substitution
of rare earth metals through the efficient recycling of REE-
containing materials (Binnemans et al,, 2013; Krishnamurthy

and Gupta, 2015; Kumari et al., 2018).

2 Materials and methods
2.1 Laboratory work

Escherichia coli K12 was selected as the model organism for the
uptake tests from a range of environmental strains as it is available to
our research facility and most closely resembles the wild type. This was
due to concerns about genetically modified organisms and the desire
to implement a relatively common and easy-to-culture
microorganism. LB broth (Roth, LB Broth (Lennox), granulated,
Art. No0:6669.3) was prepared to suffice for the whole experiment
and adjusted to pH 6.7-6.8.

For the initial bolus testing setup, the Sy-Lab BacTrac4300°
system, a multi-fermenter unit measuring impedance in up to
64 vials in a short sequence, was used as a measurement and a

cultivation device. The temperature setting was adjusted to 30°C,
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TABLE 1 Sample labels with corresponding descriptions (if not stated differently
in the graphs and figures).

C1 Negative control without microorganisms @120 rpm
C2 Positive control without microorganisms @0 rpm
C3 Positive control without microorganisms @120 rpm
C4 Negative control with microorganisms @120 rpm

S1 Sample 1 @0 rpm

S2 Sample 2 @0 rpm

S3 Sample 1 @120 rpm

S4 Sample 2 @120 rpm

TABLE 2 Operating parameters for Agilent 5110 ICP-OES VDV.

Parameter Value

Read time, s 10

RF power, kW 1.2

Stabilization time, s 15

Viewing mode Axial
Replicates 3

Nebulizer flow [L/min] 0.7

Plasma flow [L/min] 12

Aux flow [L/min] 1

while impedance measurements were taken every 10 min

throughout 24 h. The vials were filled to 10 mL and adjusted to a
starting ODgqq of 0.1.

The microbes were prepared in an overnight culture in LB
medium before inoculating into 100 mL of the medium in 250-mL
baffled screw-top shaker flasks at a starting ODgo of 0.01
(Eppendorf BioSpectrometer kinetic, firmware-ver: 4.3.6.0). For
the initial bolus testing experiment, ODgg was adjusted to 0.1.
Samples were incubated at 30°C at 120 rpm on a horizontal shaking
incubator (New Brunswick Scientific, INNOVA 42). The samples
were treated with the rare earth element mix for ICP (Merck,
67349-100ML, TraceCERT®) to a final concentration of 2 ppm for
the bolus testing experiment and 2.25 ppm for all the following
experiments, respectively. The flasks were taken out for sterile
sampling at previously defined timepoints (see respective setup
descriptions) at which each sample’s ODgg and pH were measured
and noted. A volume of 10 mL of each sample was spun down at
2500 g for 45min at 4°C (Beckman Coulter, Allegra® X-12R
Centrifuge) to split the supernatant from the pellet and stored
accordingly. At the end of experiments, the bacteria-positive
samples were taken and used for washing steps. A measure of
10 mL of the final volumes was filtered through a nitrocellulose
filter (Sartorius, cellulose nitrate filter, pore size: .45 um, order no:
11406-50----ACN) and washed twice with the same LB medium
stock used previously, before being resuspended into another 10-
mL medium (each step is stored in a fresh test tube for further

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1112612

Rassy et al.

TABLE 3 Wavelengths used for the ICP-OES measurement of samples.

10.3389/fenvs.2023.1112612

Element Wavelength(s), nm Element Wavelength(s), nm

Ar 420,067; 433,356 Lu 219,556; 261,541; 289,484; 291,139
C 193,027 Nd 386,341; 401,224; 410,945; 430,357
Ce 407,347; 407,570; 418,659; 446,021 Pr 406,281; 410,072; 417,939; 422,293
Dy 340,780; 353,171; 353,602; 387,211 Sc 335,372; 361,383; 363,074; 424,682
Er 326,478; 337,275; 349,910; 369,265 Sm 356,827; 360,949; 442,434; 446,734
Eu 381,967; 397,197; 412,972; 420,504 Tb 350,914; 367,636; 370,285; 387,417
Gd 335,863; 336,224; 342,246; 358,496 Tm 313,125; 336,261; 346,220; 384,802
Ho 339,895; 341,644; 345,600; 348,484 Y 324,228; 360,074; 361,104; 371,029
La 333,749; 379,082; 379,477; 408,671 Yb 222,447; 289,138; 328,937; 369,419

analysis). Afterward, another 30-40 mL of the final volume was
transferred into 50-mL falcon tubes to be spun down at 2500 g for
30 min at 4°C. The tubes were decanted, and each of the pellets were
resuspended into 10-mL LB medium and spun down at the same
settings. This washing procedure is then repeated for the second
time, and the samples were stored at 4°C, before further treatment.
Each flask,
centrifugation samples in tubes of respective sizes.

therefore, resulted in four filtration and four

For analytical measurement, all samples were treated with
concentrated HNO; (Honeywell Fluka, nitric acid, ACS Reagent,
Reag. ISO, >69%, Cat. 30702-2.5 L) and incubated at 60°C o/n
while arranging for the final concentration to be 2%. Each sample
was sonicated (Bandelin, Sonorex RK 100 H, 35 kHz) for 30 min
and filled up to a previously decided amount. For analysis, ICP-
OES (Agilent 5110 ICP-OES with an attached Agilent
Technologies SPS 4 Autosampler) was used for the quantitative
and qualitative measurement. All test tubes were labeled,
according to their description (see Table 1) and their
respective time of sampling.

The analytical measurement was set up by the proprietary Agilent
software application (Agilent Technologies ICP Expert, Version
7.5.4.11997). Parameters for samples were put to the axial
measurement in triplicates, after 15s stabilization time (for more
precise information, see Table 2). The rare earth element mix for ICP
(Merck, 67349-100ML, TraceCERTQ), used to treat the samples, was
also used as a standard for ICP measurement at concentrations of 0
(2% HNOs as blank), 0.1, 0.5, 1, 2.5, and 5 ppm. Elements of interest
were measured at four wavelengths each, as well as two argon and one
carbon wavelength as internal standards (see Table 3).

For the purpose of facilitating explanations, this manuscript will
be holding up the definition of light and heavy REEs (LREEs and
HREEs), as stated by Picone and Op den Camp, 2019 and Giese, 2020.
Therefore, LREEs are defined as La, Ce, Pr, Nd, Sm, Eu, and Gd, while
HREEs will be defined as Tb, Dy, Ho, Er, Tm, Yb, and Lu. For
evaluation, we used heatmaps for visual depiction of the full set of
measured lanthanides (see Supplementary Data) while extracting six
single representative measurements, namely, La, Nd, and Eu for
LREEs, Dy and Yb for HREEs, and Y for the non-lanthanides of
the rare earth elements.

To minimize interferences in the

possible analytical

measurements, a special water dispenser system (Sartorius
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Arium” Pro coupled with the Sartorius Arium Smart Station
ultrapure water dispenser) was used to provide ultrapure ddH,O
for all solutions.

The experiments were conducted without any environmental
adjustment or genetic alteration to the microorganisms to ensure
ecological tolerance, as a proof of concept for a possible application in
waste processing.

2.2 Data analysis

Result analysis was performed using Microsoft Excel 2019 for
calculation and simplification and GraphPad Prism 9 for the creation
of homogenous and easily legible depictions.

The dataset created by the Sy-Lab BacTrac4300” system was
composed of measurements of quadruplicates. The device readings
were transferred to Excel, and an average [Excel function
AVERAGE ()] and standard deviation were calculated based on
a sample [Excel function StDev.S ()] taken. Due to the amount of
measuring points, error bars depicting the standard deviation were
deemed unsuitable.

The datasets created by ICP-OES were composed of
measurements of triplicates at four wavelengths for each
element, respectively, resulting in 12 values for each measured
sample and element. The wavelengths in question were chosen in
order to minimize interference and optimize the signal-to-noise
ratio. All of these values were background normalized by the
Agilent Technologies ICP Expert program before an average and
a standard deviation based on a sample were applied in Excel. The
measurement values, which were not relevant for depiction and
solely served as an in-experiment control measure, were omitted in
order to simplify the reading of resulting graphs. Some elements of
choice were then selected as representatives for all the lanthanides
measured as a means to further simplify the prohibitively large
datasets. The calculated and simplified datasets were then
transferred into GraphPad files and plotted, and the colors were
adjusted to enhance the contrast. The standard deviation was given
as positive and negative error bars for each measurement. Further
statistical analysis of the datasets was not considered necessary for
understanding the relationships of individual experimental
measurements and was, therefore, removed.
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B Bolus after 3h
M Bolus after 6h
M Bolus after 9h

(A) Depiction of the growth of E. coli K12 shows change in relative impedance over the course of the bolus testing run. (B) Relative uptake of REEs in
biomass in correlation with the total retrieval given for three different feeding timepoints after inoculation (100% = 2.25 ppm).
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Depiction of pH and ODggo propagation over the course of the first experimental run.
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FIGURE 3

Comparison of the uptake of six chosen elements as the representation of the full set of lanthanides (concentrations given as a percentage of 2.25 ppm).
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3 Results
3.1 Initial bolus testing

As a possibility to evaluate the overall uptake of microorganisms, a
screening experiment was set up, representatively shown in Figure 1.
Figure 1A depicts the growth curves measured as changes in relative
impedance every 10 min throughout 24 h of range. Each curve has a
short-lived growth inhibition, shown by a slight dip in u at the
respective time of bolus introduction. Testing for the relative
uptake, in comparison with the total retrieval, shows a benefit for
the 3-h bolus incubation in contrast to 6 and 9 h (followed by 21, 18,
and 15 h incubation time, see Figure 1B).

3.2 Bolus after 3h

Following the assumption that the increased contact time might
enable better uptake, the next experimental arrays were set up
accordingly, adjusting ODgpo to 0.01 to be able to observe the
proceedings for approximately 3.5 additional generation times
introducing a shaking better oxygen
distribution and enhanced growth. The remainder of parameters
was left unaltered, although growth seemed to be further inhibited
when comparing ODgj, measurements over the course of the

while incubator for

incubation, as can be seen in Figure 2. The most probable cause
for this alteration is shown in the approximated pH values plotted,
measured using the pH indicator paper for this first fully monitored
trial. The samples incubated at 0 rpm only exhibited a slight growth
and pH adjustment difference compared to the samples at 120 rpm,
but this might be due to the low final biomass generated. The uptake
depiction for six selected elements in Figure 3 proved higher than the
previously finalized runs, peaking at 43% uptake in contrast to 27% in
Figure 1B, in relation to total retrieval for lanthanum, in the cultivation
setting with 120 rpm during incubation (further also described as
“shaken “versus 0 rpm or non-shaken).

3.3 Bolus after 6 h

By delaying the bolus timing further back to 6 h after initial

10.3389/fenvs.2023.1112612

with the untreated control

group. The adjustment abilities concerning the pH increased as

proliferation, even comparable
well, especially for the shaken samples, as can be seen in Figure 4.
As can be seen in Figure 5, we could further observe an improved
uptake of lanthanides throughout the ranks, especially with
lanthanum, where we surpassed 50% uptake somewhere between
the 9 h and the 24 h sampling points, which also seemed to be the
stagnation level, before dropping after the 27 h mark. The peak uptake
was expressed in the case of La at 53.1% at 120 rpm and 34.7% at
0 rpm. If we observe Figure 4, we could argue that this could have to do
with growth stagnation due to nutrient or oxygen depletion at an
ODyggo of 6.2 in a baffled shaker flask. The experimental setup was,
therefore, further adjusted to a run time of 24 h.

3.4 Comparison of cell origins

To minimize deviations in growth and uptake, we introduced a
set of experiments in which the differences in the origins of o/n
cultures could be elucidated. For one set, the o/n cultures were
originated from streak plates (Figure 6A), while the other set was
taken from cryo cell solutions (Figure 6B). The starting cell density
was kept at a planned ODgoy of 0.01, as all were residual
parameters.

Even with such a seemingly minor change, we could observe an
influence on the overall growth and proliferation time, which might
then again be caused by an offset in generation cycles. On the other
hand, the microorganisms did not seem to adjust the pH as efficiently
as shown in previous trials (e.g. Figure 4), whichever sample was
compared to the untreated control group. As expected, we could also
determine growth differences between the trials at 120 rpm and 0 rpm.
Surprisingly yet, the trials presented differences in the uptake, while
the streak plate-originated cells only showed marginal differences in
the uptake between 120 rpm and the 0rpm subgroups, namely,
49.10% shaken and 37.14% non-shaken, for the exemplary
lanthanum concentration (Figure 7A). At the same time, the
discrepancies were enhanced with the elevated final cell densities in
Figure 6B, such as 50.49% shaken and 18.48% non-shaken, as shown
in Figure 8A. These differences in the uptake seem to decline with the
increasing atomic number, which could lead to the conclusion that
even though lanthanide contraction might be an influence, the heavier
REEs still pose a more challenging adsorption and absorption target.

0OD600

— Neg + K12
— Pos + K12 @Orpm
— Pos + K12 @120rpm

incubation, we could achieve significantly higher biomass
pH
9 %
8 2 6
[}
&
7 °
5 ki 4
6 g
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FIGURE 4

5 10 15 20 25 30
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Depiction of pH and ODgoo propagation over the course of the second experimental run.
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3.5 Localization of rare earth elements

In order to determine the REE whereabouts, we decided to introduce
washing steps for samples taken after 24 h; see Figure 7B and Figure 8B. The
results were compared between the 120 rpm and 0 rpm subgroups, as well
as overall to each other (streak plate and cryo-originated cells). The better
cut-off could be witnessed with separation by centrifugation, which led to
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the upkeeping of the original experimental set up. The uptake values
measured in the biomass samples were comparable, while the
concentrations in the supernatant differed greatly. The filter wash could
not achieve the same cut-off as the washing by centrifugation, which
fortified the plausibility of centrifugal separation in our experimental
setup. The uptake values for the biomass show absorbed concentrations
that are overall higher in shaken cultures but seem to differ in proportional
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X-axis: time [h]). (B) Analysis measurements of the uptake of six chosen elements after each washing step in the percentage of total retrieval. All measurements

are given as percentages of the calculated final concentration of 2.25 ppm.

distribution in the measured specimen. In contrast to this, the non-shaken
cultures show a nearly homogenous distribution of all REEs.

Heatmaps depicting the uptake of each element at the sampled
timepoints referenced with a color scale given in % of the total retrieval
during each experiment can be found in the Supplementary Data
provided with this manuscript.

4 Discussion

Filling the ranks of theories, we observed colloidal precipitate
formation in smaller cultures. These phosphates seem to be insoluble
in combination with trivalent lanthanides which could be confirmed
with their respective solubility products, found in the literature. Most
publications taken into consideration seem to be unaware of this fact,
or simply omit it, due to possibly negligible importance. These
precipitates, however, were not present in larger volumes, which
led to believe that either the concentrations for molecule formation
were too low or the microorganisms adjusted to their environment, by
shifting the equilibrium of concentrations toward the ionic form since
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pH was being monitored, to ensure the preservation of ionic REE
substrates for the uptake.

The comparison of heavy and light REEs shows that slightly
different parameters might yield an easy-to-use capacity to trigger
the pre-concentration of some or pre-thinning of other elemental rare
earth elements before further processing. A series of such passages
might even yield the wanted filtration effect with a certain amount of
differentiation enabling close to pure elemental fractions for
reintroduction into the production chain.

The concentrations used (around 2 ppm) are comparable to Jalali
and Lebeau (2021), which in turn, led to some questions to further
elucidate if the found differences in single elements uptake might
prove advantageous for separation and isolation of pure compounds.
The hypotheses proven in the preliminary results used in this
manuscript have yet a long way to go to be applied in a useful
setting, but we are looking forward to the upcoming challenges.

Rethinking might be due in terms of environmental toll. Mining loci, as
well as the miners, who do not fall in line with guidelines of the legislative
bodies and might not even be registered. Considering the environmental
damage that even legal mining has, it is safe to say that change is of utmost
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importance. Our research is targeted toward tackling this. It might be the
waste stream, a production facility or even a device that was thrown away,
deemed to be irreparable or too costly to isolate single components or raw
material. Recycling has become imminent to the well-being of our modern
civilization and ongoing technological success.
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