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Abstract

This study explores the potential of utilizing biogenic manganese oxides (BMOs) produced
by Mn-oxidizing Pseudomonas putida MnB1 to facilitate metal cation uptake for rare earth ele-
ment (REE) sequestration and the synthesis of novel materials. Previous studies have shown
that P. putida MnB1 efficiently oxidizes environmental Mn(II) to Mn(IV)-oxides, producing
BMOs with unique physicochemical properties. Unlike their abiotic counterparts, BMOs
exhibit high surface area, reactivity, and amorphous, poorly crystalline structures, making
them promising platforms for adsorbing metal cations. This research study, building on
the prior work, demonstrates the incorporation of ten different main group, transition,
and rare earth metals into the BMO material, with structural characterization conducted
via scanning electron microscopy and powder X-ray diffraction. Compositional charac-
terization was determined by inductively coupled plasma optical emission spectroscopy
and energy dispersive X-ray spectroscopy via scanning electron microscopy. Following
the initial screening of these ten cations, batch adsorption studies were performed for a
representative light REE, heavy REE, and transition metal-spiked sample prepared with
real wastewater effluent indicating that the BMO material in this study is promising for
sequestering REEs from real water streams. These findings advance the understanding of
biologically mediated metal adsorption and open pathways for designing new functional
materials with potential applications in rare earth sequestration and catalysis. To highlight
this later point, the BMO materials with an incorporated main group (AI**, Ca?*) or transi-
tion metal cation (Fe**, Cu*) were tested electrochemically for their ability to act as water
oxidation catalysts, and each of these materials’ activity was comparable to BMO except for
the material with incorporated iron, which showed significantly enhanced activity.

Keywords: biogenic manganese oxide; metal oxide; MnOy; Mn-oxidizing bacteria; MnB1;
rare earth elements; critical element sequestration; wastewater effluent; water oxidation;
oxygen evolution; catalysis
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1. Introduction

Manganese oxides (MnQOy) are versatile materials recognized for their roles in catal-
ysis and environmental remediation of metal and organic pollutants. Their catalytic
activity in redox chemistry [1,2], the oxygen evolution reaction (OER) [3-7], and or-
ganic pollutant degradation [8-12] arises from multiple Mn oxidation states (Mn?*, Mn3*,
Mn**), structural polymorphism, and redox-active surfaces [13]. Additionally, MnOy
materials serve as effective adsorbents for metal cations, including rare earth elements
(REEs) [14] and heavy metals [15-19]. While abiotic manganese oxides may be synthe-
sized via several routes including hydrothermal, colloidal, and electrochemical methods,
which allow for precise control over phase, morphology, and composition through doping
and nanostructuring [20-22], biogenic manganese oxides (BMOs) are formed by Mn(II)-
oxidizing fungi or bacteria such as Pseudomonas putida MnB1 and Bacillus sp. under ambient
conditions. These BMOs typically exhibit layered MnO, structures with poor crystallinity,
high surface areas, and enhanced reactivity. For example, they have been shown to oxidize
contaminants like diclofenac at rates significantly higher than their synthetic analogs [9],
and due to the presence of vacancies and/or Mn(IIl) sites, BMOs facilitate adsorption of
metal cations with a wide range of charges, sizes, and bonding geometries [23-26].

This study investigates the propensity for biogenic manganese oxides produced by the
organism Pseudomonas putida MnB1 to adsorb a wide range of metal cations including criti-
cal metals such as rare earth elements. This study screens for the adsorption of ten different
metal cations and, using inductively coupled plasma optical emission spectroscopy (ICP-
OES), scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX),
and X-ray diffraction (XRD), confirms successful metal integration, stable morphology, and
retention of disordered structures upon metal uptake by our BMO material. This initial
screening for adsorption of main group, transition, and rare earth metal cations suggests
that this is a possible approach for metal sequestration and also provides a straightforward
route to prepare mixed metal BMO materials. The ability for the BMO material to per-
form metal adsorption under real world conditions was probed through batch adsorption
studies using representative light REE (Nd>*), heavy REE (Dy>*), and transition metal
(Cu®") cations in real wastewater effluent and indicates that the material is promising for
sequestering REEs from real water streams. Finally, to explore one application related to
renewable energy, four of the mixed metal BMO materials produced via the metal uptake
studies were tested for their ability to serve as water oxidation catalysts. In these elec-
trochemical studies, three of the mixed metal BMO materials showed activity similar to
BMO. However, the material that had adsorbed iron showed significantly improved OER
activity. This work establishes a scalable, green approach that merges the advantages of bio-
genic manganese oxide with the functional benefits of metal doping, yielding sustainable
materials for potential energy and environmental applications.

2. Materials and Methods

2.1. MnOy Material Preparation
2.1.1. Preparation of Whole-Cell BMO

Cultures of 10 mL of Pseudomonas putida (Trevisan) Migula MnB1 supplied by Amer-
ican Type Culture Collection (ATCC #23483) (Manassas, VA, USA) were prepared and
grown at room temperature or 30 °C for 3 days. Liquid growth media (250 mL) was
prepared according to Jiang et al. [27]. The Liquid growth medium’s composition was
0.5 g/L yeast extract, 0.5 g/L casamino acid, 1 g/L glucose, 2.38 g/L HEPES buffer,
0.222 g/L CaCly, 0.8118 g/L MgSO4-7H,0, 0.001 g/L FeCl3-6H0, 0.1145 g/L MnCl,, and
1 mL/L trace element solution. The trace element solution composition was 6.4 mg/L
CuSOy, 44 mg/L ZnSO4-7H,0, 20 mg/L CoCly-6HyO and 13 mg/L NayMoO,-2H,0.
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Cultures were added to the liquid growth media and incubated at 24 °C while shaking for
four days. Dark-brown or black precipitates formed, indicating the formation of BMOs.
Cell material containing the BMO was collected through centrifugation at 3000 rpm for
10 min. Roughly 80-100 mg of cell material was produced. Supernatant was removed as
much as possible and the remaining solid was stored.

2.1.2. Synthesis of Birnessite

Birnessite was prepared as a synthetic reference material for comparison to biogenic
manganese oxide. The synthesis was carried out according to the procedure used by
Tao and Britt and described by Villalobos et al. [3,24]. Briefly, an aqueous solution of
MnCl,-4H,0 (Spectrum Chemical, Gardena, CA, USA, 3.166 g dissolved in 32 mL of water)
was added dropwise to an aqueous solution of NaOH (Flinn Scientific, Batavia, IL, USA,
11.0321 g in 36 mL of water) and stirred vigorously to produce a peach/pink precipitate.
Next, an aqueous solution of KMnOy (Fisher Chemicals, Fair Lawn, NJ, USA, 1.0035 g
in 32 mL of water) was added dropwise to the mixture. The mixture was stirred for
1 h and a dark gray/brown solid formed. The mixture was covered in foil and stirred at
55 °C for 24 h. The supernatant was decanted and discarded, and the remaining mixture
was centrifuged. The solid was washed five times with a 1 M NaCl solution followed by
washing 10 times with distilled water. The birnessite was dried via lyophilization and
stored in the dark.

2.2. Metal Uptake Studies

The ability of BMO samples to adsorb the metal cations AP, Ca?t, Fe?t, Cu?t, La%t,
Ce3t, Pr3t, Nd3*, Eu®*, and Dy?’Jr was investigated through a series of metal uptake studies.
Metal salts were obtained from commercial sources and used without further purification.
The compounds used were Aly(SO4)3-16H,0, CaCly, (NHy)2Fe(SO4),-6Hp0, CuSO4-5H;0,
La(N03)3-6H20, Ce(NO3)3'6H20, PI‘(NO3)3'6H20, Nd(N03)3'6H20, EuCl3~6H2O, and
Dy(NO3)3:6H,0O. The BMO material used was the whole cell material, described in
Section 2.1.1, containing MnOy and cellular material. To test each metal, a 100 ppm solution
of each was prepared in DI water, and 10 mL of this solution was added to the BMO
material (~80 mg). This mixture was vigorously shaken for 5-10 min before centrifuging at
3000 rpm for 10 min. The metal solution was carefully decanted without disturbing the
BMO pellet, and the resulting material was vacuum dried. This procedure was followed to
test each of the 10 metal cations independently, and an additional two competition-type
studies were also performed. A metal uptake study with a 100 ppm metal solution of
1:1 cerium and europium was carried out, as was an analogous study with 1:1 lanthanum
and dysprosium.

2.3. Powder X-Ray Diffraction

Powder X-ray diffraction (XRD) data on birnessite, BMO, and BMO samples after
metal uptake experiments were collected at room temperature with a Rigaku Smart-
Lab SE diffractometer (Rigaku Corporation, Tokyo, Japan) using a copper anode (with
Kol = 1.54056 A and Ka2 = 1.54439 A) fitted with a nickel K filter. Samples were placed
on a zero-background sample holder and analyzed between a 26 range of 5 and 80° with a
step size of 0.01 degrees and scan speed of 1 degree/min.

2.4. Scanning Electron Microscopy

Scanning electron microscope (SEM) images with complementary energy-dispersive
X-ray (EDX) spectroscopy data were collected using a JEOL JCM 7000 scanning electron
microscope (JEOL Ltd., Tokyo, Japan). Samples for analysis were deposited onto carbon
tape and secured on an atomically flat silica wafer, that was precoated using 10 nm Au
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nanoparticles to reduce charging. EDX was used to quantify and map relevant elements.
For all samples, manganese, calcium, and potassium were measured. For M BMO samples,
the metal used in the uptake study was also measured, and a BMO control sample was also
tested for Mn, Ca, K, and that metal at the same time. For example, for the La BMO sample,
SEM-EDX was used to measure the relative amounts of Mn, Ca, K, and La in the material,
and a BMO sample was also tested for Mn, Ca, K, and La at the same time.

2.5. Determination of Metal Content via ICP-OES

Inductively coupled plasma optical emission spectroscopy was performed with a
Perkin Elmer Optima 8000 instrument (PerkinElmer, Inc., Shelton, CT, USA). To prepare
the samples, around 10 mg of BMO material was dissolved in 1 mL of concentrated nitric
acid for 18-24 h, and resulting solutions were diluted to 10.0 mL in volumetric flasks.
When necessary, these solutions were then subjected to further 10-fold or 100-fold dilutions.
All samples were analyzed for Mg, Al, K, Ca, Mn, Fe, and Cu. Calibration standards
with concentrations between 1 ppm and 100 ppm were prepared by diluting a 100 ppm
multi-element standard (Instrument Calibration Standard 2, SPEX CertiPrep, Metuchen,
NJ, USA). Samples expected to contain rare earth elements were also analyzed for La, Ce,
Pr, Nd, Eu, and Dy, and calibration standards with concentrations between 1 and 50 ppm
were prepared by diluting a 50 ppm rare earth multi-element standard (rare earth element
mix for ICP, Sigma Aldrich, Buchs, Switzerland).

2.6. Batch Adsorption Studies and Adsorption Isotherms

A series of batch adsorption studies was conducted to obtain adsorption isotherms
for three representative metal types: light rare earth elements, heavy rare earth elements,
and transition metals, namely, Nd3+, Dy3*, and Cu?*, respectively, in real water streams
to demonstrate practical compatibility of BMO for REE sequestration. The wastewater
sample matrix used in this study was collected by a grab-sample method from the treated
discharge of a municipal wastewater treatment facility in Southern Wisconsin, serving a
residential population of ~12,000 and an additional post-secondary student population of
~6500. The effluent collected had a pH of 7.4 & 4 and a conductivity of 1600 uS/cm. The
treated wastewater contained Ca, Mg, K, and Na at 44, 15, 4, and 65 mg/L, respectively,
and traces of transition metals including Cu, Fe, Mn, and Zn at 110, 90, 2, and 1.4 ug/mL,
respectively, whereas the nitrate concentrations can vary depending on the time of the
day and days of the week the discharge is collected. To test the adsorption capacity of
BMO for REEs and transition metals from real and complex water matrices, the treated
wastewater sample was dosed with 15 mg/L of Nd>*, Dy®*, and Cu?* to represent transition
metals. The pH was adjusted to a pH of 4.5 £ 2 to ensure solubility of metals, resulting
in a conductivity of 2500 uS/cm. These metal concentrations are typically observed in
industrial wastewater streams.

The batch adsorption studies were performed by dosing 10 mL of Cu?*/Nd**/Dy>*-
spiked wastewater with powderized BMO at a dosage of 0.5, 1.1, 2.1, 5.2, 10, and 14.9 g/L.
The suspension was agitated on a platform shaker at 25 °C for 20 min. The suspension
was allowed to settle and the resulting supernatant was filtered with a 0.45 um filter, then
analyzed for metal content by ICP-OES. The isotherms for Nd**, Dy®*, and Cu®* were
generated using the same data set, fitting the experimental data from the batch adsorp-
tion experiments into the non-linearized Langmuir and Freundlich isotherm described in
Equations (1) and (2), respectively, in OriginPro 2026 v10.3 software (OriginLab Corpora-
tion, Northampton, MA, USA) to obtain the maximum adsorption capacity of these metals
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In these equations, qe is the equilibrium adsorption capacity (mg/g), Ce is the equi-
librium concentration (mg/L), qm is the maximum adsorption capacity (mg/g), Ky, is the
Langmuir constant, Kg is the Freundlich constant, and b is the exponential constant to the
Freundlich equation.

2.7. Electrochemical Water Oxidation

Electrochemical water oxidation experiments were modified from the procedure de-
scribed by Stahl et al. [6]. Catalyst inks were prepared by combining 5 mg of catalyst (BMO
or M BMO), 5 mg of carbon black acetylene (Thermo Scientific Chemicals, Ward Hill, MA,
USA), 45 uL of 5% wt% Nafion (Thermo Scientific Chemicals, Ward Hill, MA, USA), and
350 pL of ethanol. The ink was sonicated for 10 min. Glassy carbon electrodes (3 mm, BAS;,
West Lafayette, IN, USA) were polished with an alumina slurry on a felt pad and rinsed
with water and ethanol prior to the deposition of 5 uL of the catalyst ink. The electrode was
dried at room temperature for 10 min followed by 70 °C for 10 min. The electrodes were
allowed to cool to room temperature and were wetted with a few drops of water before
electrochemical analysis.

Electrochemical experiments were performed with a CH Instruments 620E Electro-
chemical Analyzer (CH Instruments, Inc., Austin, TX, USA) using a standard three-electrode
cell. A Ag/AgCl reference electrode and platinum wire counter electrode were used in
addition to the glassy carbon working electrode with the ink. Linear sweep voltammetry
(LSV) was performed in a stirred aqueous 0.1 M NaOH solution at a scan rate of 5 mV/s.
Scans were performed by scanning from 0 mV to 1200 mV vs. Ag/AgCL. For each electrode,
two LSV scans were performed, and in all cases, data from the second scan were used.
Reported LSV data are the average of three electrodes.

3. Results

The biogenic manganese oxide material used in this study was produced by the
organism Pseudomonas putida MnB1. As previously described, cultures of the bacteria were
incubated with a liquid growth media containing Mn(Il). After four days, dark brown
or black precipitate was visible, and the solid containing the BMO and cell material was
isolated, washed, and dried under vacuum [5]. This whole-cell BMO material containing
MnOy and cellular material was used without further purification or workup and is referred
to as BMO. The ability of BMO samples to adsorb main group (A1**, Ca?*), transition (Fe>*,
Cu?*), and rare earth (La%*, Ce3*, Pr3*, Nd3*, Eu®*, Dy3+) metals was investigated through
a series of metal uptake screening studies in which BMO material was vigorously shaken
with a 100 ppm metal solution for 5-10 min. Each of the 10 metal cations were tested
independently, but two competition-type studies were also performed. A metal uptake
study with a 100 ppm metal solution of 1:1 cerium and europium was carried out, as was an
analogous study with 1:1 lanthanum and dysprosium. For all studies, following exposure
to the 100 ppm metal cation solution, BMO material was isolated by centrifugation and
characterized by powder X-ray diffraction, ICP-OES, and SEM-EDX to determine the effect
on BMO'’s structure and composition. Following the uptake studies, the resulting materials
are referred to as M BMO, where M is the chemical symbol for the metal used in the
uptake experiment.

The structures of the M BMO materials following the metal uptake studies were
investigated by powder X-ray diffraction and compared to the structures of synthetic
birnessite and BMO that had not been subjected to additional metals. The diffraction
patterns of the BMOs exposed to main group and transition metal cations are shown in
Figure 1 and those exposed to rare earth cations are shown in Figure 2. The synthetic
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birnessite pattern shows peaks consistent with a crystalline layered 5-MnQO; structure,
while the pattern from the BMO sample shows no well-defined peaks and is consistent
with an amorphous material, which has been widely reported for biogenic manganese
oxides [23]. Following the metal uptake experiments, all of the diffraction patterns from the
resulting M BMO materials are unchanged, indicating that the structure of BMO remains

amorphous and is not affected by exposure to the metal solutions in a way that is detectable
by XRD.
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Figure 1. Powder X-ray diffraction patterns of birnessite, BMO, and M BMO materials following
metal uptake studies with a 100 ppm main group or transition metal cation solution.
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Figure 2. Powder X-ray diffraction patterns of birnessite, BMO, and M BMO materials following
metal uptake studies with a 100 ppm rare earth metal cation solution. For the Ce/Eu BMO and
La/Dy BMOs, the solutions used were a 1:1 mixture of the two metal cations.

Images of the BMO material and the BMO samples after the metal uptake stud-
ies were obtained with a scanning electron microscope and are shown in Figure S1,
Figures 3 and 4 for the BMO, main group and transition metal M BMO, and rare earth
M BMO, respectively. The resulting SEM images show amorphous materials. The EDX
element maps of BMO and M BMO samples indicate that manganese is present and evenly
distributed throughout all of the samples, and for the M BMO samples, the second metal
is also present uniformly throughout the image. The possible exceptions are Ce BMO
and Ce/Eu BMO where the cerium appears to be more concentrated along the edges of
the features. For comparison, the SEM images of MnB1 cellular material grown in the
absence of manganese before and after a metal uptake study performed with a 100 ppm
iron solution are shown in Figure 52, and images of birnessite following a metal uptake
study performed with 100 ppm iron are shown in Figure S3.
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Figure 3. SEM images and EDX element maps of M BMO samples where M is a main group or
transition metal.

(A)

O 10um = 10um 3 10pm = 10um

Figure 4. SEM images and EDX element maps of M BMO samples where M is a rare earth element
(A), and M BMO where the sample was exposed to a 1:1 mixture of two rare earth elements (B).

The elemental compositions of the BMO materials following metal uptake screening
experiments were quantified using ICP-OES and SEM/EDX to determine both the amount
of manganese as well as the propensity for other metals to be incorporated. Elemental
compositions for M BMO where M is a main group or transition metal are provided in
Tables 1 and 2, and data for M BMO where M is a rare earth element are presented in
Tables 3 and 4. BMO samples for ICP were prepared by dissolving ~10 mg of the solid in
concentrated acid and diluting with water to a volume of 10 mL; further dilutions were
performed, if needed. All samples were tested for the elements Mg, Al, K, Ca, Mn, Fe, and
Cu. Any samples exposed to rare earth cations were also tested for La, Ce, Pr, Nd, Eu,
and Dy. A summary of these results is shown in Table 1 for the main group/transition
metal M BMOs and Table 3 for the rare earth M BMOs; additional ICP data are provided in
Tables S1 and S2 in the Supplemental Materials. The results indicate that prior to the metal
uptake studies, manganese makes up around 7% of the BMO material by mass and the
alkali and alkaline metals magnesium, potassium, and calcium account for 2.76% of the
mass. The remainder of the sample mass is expected to be composed of oxygen in the
MnOy and cellular material.
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Table 1. Composition of M BMO materials, where M is a main group or transition metal, determined
by ICP-OES. Samples were tested for magnesium, aluminum, potassium, calcium, manganese, iron,
and copper. Reported mass percentages for an element are calculated based on the total mass of
the sample.

Sample Mass% Mn ! Mass% M Mass% Mn + M M:Mn Mole Ratio

BMO 7.08 N/A 7.08 N/A
Al BMO 9.78 1.36 11.14 0.283
Ca BMO 8.16 1.21 9.37 0.203
Fe BMO 9.71 5.20 14.91 0.175
CuBMO 7.11 491 12.02 0.599

T In all samples, the amounts of metal detected other than Mn and the secondary metal, M, are minimal (each is
<0.8% of the total mass with the exception of K in the BMO sample, which is 1.27%).

Table 2. Composition of M BMO, where M is a main group or transition metal, determined by
SEM/EDX. For each sample, manganese, calcium, and potassium were measured as well as the M.
Reported mass percentages for an element are calculated based on these metals that were measured.

Sample Mass% Mn Mass% M Mass% Mn + M1 M:Mn Mole Ratio

BMO 75.36 — 75.36 —
Al BMO 81.41 17.14 98.55 0.429
Ca BMO 88.11 8.99 97.10 0.140
Fe BMO 63.63 33.73 97.36 0.521
CuBMO 68.95 29.29 98.24 0.368

I The remainder of the measured mass is composed of Ca and K such that the total mass% sums to 100%.

Table 3. Composition of M BMO, where M is a rare earth metal or a combination of rare earth metals,
determined by ICP-OES. Samples were tested for manganese and the rare earth elements lanthanum,
cerium, praseodymium, neodymium, europium, and dysprosium. Reported mass percentages for an
element are calculated based on the total mass of the sample.

Sample Mass% Mn 1 Mass% M Mass% Mn + M M:Mn Ratio
BMO 7.08 N/A 7.08 N/A
La BMO 8.62 3.92 12.54 0.180
Ce BMO 7.03 2.80 9.83 0.156
Pr BMO 9.75 3.18 12.93 0.127
Nd BMO 8.57 4.15 12.72 0.185
Eu BMO 12.56 4.83 17.83 0.139
Dy BMO 7.76 4.88 12.64 0.212
1.67 (Ce) 0.076 (Ce:Mn)
Ce/Eu BMO 8.63 2.88 (Eu) 13.18 0.121 (Eu:Mn)
455 (Ce + Eu) 0.189 (Ce + Eu:Mn)
2.59 (La) 0.124 (La:Mn)
La/Dy BMO 8.24 2.36 (Dy) 13.19 0.097 (Dy:Mn)
4.95 (La + Dy) 0.221 (La + Dy:Mn)

nall samples, the amounts of other rare earth metals detected, other than M, are minimal (each is <0.2% of the
total mass).
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Table 4. Composition of M BMO, where the additional metal(s) M is a rare earth metal, determined
by SEM/EDX. For each sample, manganese, calcium, and potassium were measured as well as the M.
Reported mass percentages for an element are calculated based on these metals that were measured.

Sample Mass% Mn Mass% M Mass% Mnand M1 M:Mn Mole Ratio
BMO 75.36 N/A 75.36 N/A
La BMO 64.60 29.38 93.98 0.180
Ce BMO 61.70 29.51 91.21 0.183
Pr BMO 68.13 26.63 94.76 0.152
Nd BMO 64.89 31.49 96.38 0.240
Eu BMO 80.99 13.84 94.83 0.062
Dy BMO 74.19 20.35 94.54 0.093
15.66 (Ce) 0.093 (Ce)
Ce/Eu BMO 65.99 8.97 (Eu) 0.049 (Eu)
24.63 (Ce + Eu) 90.62
17.39 (La) 0.102 (La)
La/Dy BMO 67.59 10.24 (Dy) 0.051 (Dy)
27.63 (La + Dy) 95.22

! The remainder of the measured mass is composed of Ca and K such that the total mass% sums to 100%.

Following metal uptake, the ICP data indicate that the main group/transition metal
M BMOs contain 7.11-9.78% Mn by mass, and that aluminum, calcium, iron, and copper
are all incorporated into the material. In all cases, the metal uptake studies result in an
increase in the mass of total metal present (Mass% Mn + M ranging from 9.37-14.91%).
The M:Mn mole ratios of the M BMO materials indicate that the added metal is present in
a lesser amount than Mn, and copper is incorporated to the greatest extent of the metals
tested (M:Mn mole ratio of 0.599 compared to 0.283, 0.203, and 0.175 for Al, Ca, and Fe,
respectively). The ICP data for the rare earth metal M BMOs indicate that all of these
metals are also incorporated into the samples during the metal uptake experiments and
manganese is present in 7.03-12.56% by mass. The M:Mn mole ratios of the rare earth
elements in the M BMO materials are similar across all metals tested (M:Mn mole ratios
ranging from 0.127-0.212) indicating comparable affinities for the BMO. Additionally, the
competition studies show both metals are incorporated into the material; the BMO exposed
to a 1:1 solution of Ce/Eu yielded a sample with Ce:Mn mole ratio of 0.076, Eu:Mn mole
ratio of 0.121, and (Ce + Eu):Mn mole ratio of 0.189. Likewise, the BMO exposed to a
1:1 solution of La/Dy produced material with a La:Mn mole ratio of 0.124, a Dy:Mn mole
ratio of 0.097, and a (La + Dy):Mn mole ratio of 0.221.

The composition of the BMO and M BMO materials was also measured using
SEM/EDX. These data are presented in Tables 2 and 4 for the main group/transition
metal M BMOs and rare earth BMOs, respectively. These data are consistent with the
ICP results in that all of the metals tested are incorporated into the BMO material during
the uptake experiments. For the main group and transition metals, the range of M:Mn
mole ratios is similar to the ICP results (0.140-0.521), but the top metal is iron instead of
copper. The rare earth data from SEM/EDX is also similar, with all rare earth elements
being incorporated to roughly the same extent. However, the M:Mn mole ratios for Eu and
Dy are smaller for the EDX measurement compared to the ICP value.

Adsorption isotherms for a representative light REE (Nd3"), heavy REE (Dy3+), and
transition metal (Cu?*) were experimentally obtained from a series of batch adsorption stud-
ies performed on treated discharge water samples from a municipal wastewater treatment
facility that were spiked with Nd3*, Dy>*, and Cu?* and treated with different dosages
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of BMO. The data (Figure 5) were fitted into the Langmuir and Freundlich empirical
isotherm shown in Figure 6. Dy** and Nd®* fit better with the Langmuir isotherm, obtain-
ing a maximum adsorption capacity of 2.4 and 2.0 mg/g, respectively. REE adsorption
onto BMO can be speculated to occur at a 1:1 REE to adsorption site ratio, where adsorp-
tion equilibrium is not influenced by the adsorption of other metals. On the other hand,
Cu?* adsorption onto BMO fits with the Freundlich isotherm, while the experimental data
set did not converge with the Langmuir isotherm. This could be indicative that other
metals from the wastewater adsorbed onto BMO, other than Cu?*, influence Cu?* adsorp-
tion. These potential adsorption phenomena of REEs and Cu?* are constrained within the
equilibrium concentration range of 0-15 mg/L and specific system condition described.
Although an initial rationalization about the adsorption activities has been made, further
investigations including kinetic and thermodynamics studies need to be conducted to
produce concrete evidence that elucidates the adsorption mechanism of metals onto BMO.
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Figure 5. Comparison of different metals’ concentrations in the wastewater effluent treated with
BMO at different BMO dosages. The wastewater was dosed with 15 mg/L of Nd3+, Dy3+, and Cu?*
prior to the experiment. * The concentration of Mn in the wastewater after 5.2 g/L and 10 g/L BMO
dosing were out of the instrument’s detection limit.
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Figure 6. Adsorption isotherms for Dy3+, Nd3*, and Cu?*. The experiments were replicated and
collectively overlaid to produce the isotherms.

Characterization data for the M BMO materials indicate that all ten metals tested
are incorporated into the BMO material. The resulting mixed metal materials may dis-
play properties that are altered or enhanced compared to the original BMO material. To
further explore one case related to catalysis, the main group and transition metal BMO
materials, Al BMO, Ca BMO, Cu BMO, and Fe BMO, were tested for their activity as
water oxidation electrocatalysts. Catalyst inks for each M BMO material were deposited on
glassy carbon electrodes, and linear sweep voltammetry (LSV) was performed in alkaline
aqueous solutions with a pH of 13. The LSV voltammograms are shown in Figure 7; each
electrode was scanned at a rate of 5 mV/s and each trace is the average of the results from
three electrodes. The LSV data indicate that all catalyst inks show OER activity greater than
the blank glassy carbon electrode, and that Al BMO, Ca BMO, and Cu BMO show activity
similar to BMO. However, electrodes coated with the Fe BMO catalyst ink show higher
water oxidation activity. For example, the current density for Fe BMO at a potential of
1000 mV vs. Ag/AgCl is more than double that of BMO (3.2 mA/cm? vs. 1.2 mA/cm? for
Fe BMO and BMO, respectively, for an overpotential of 1 = 734 mV).

Cu BMO

Current Density (mA/cm?)

BMO
0+
200 300 400 500 600 700 800 900 1000 1100 1200

Potential vs. Ag/AgCI (mV)

Figure 7. Linear sweep voltammograms for OER activity performed at a scan rate of 5mV/sin 0.1 M
NaOH solution using BMO and M BMO catalysts where M is a main group or transition metal.
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4. Discussion

Biogenic manganese oxides are of interest for many applications that take advan-
tage of their ability to adsorb or intercalate metal cations. These interactions play a key
role in biogeochemical metal cycling [28], toxic metal remediation [15-17,29], and recov-
ering critical and rare earth elements [14]. Biotic MnOy produced by fungi or bacteria
typically exhibit layered structures with poor crystallinity, and the presence of vacancies
and/or Mn(III) sites promotes metal cation adsorption with a wide range of cation charges,
sizes, and bonding geometries accommodated. Results from this present study are consis-
tent with and expand upon these past results by demonstrating that BMO produced by
Pseudomonas putida MnB1 readily adsorbs all ten of the metal cations investigated in the
metal uptake screening studies. This encompasses main group metals: calcium and alu-
minum, transition metals: iron(Ill) and copper(ll), and rare earth elements: lanthanum,
cerium, praseodymium, neodymium, europium, and dysprosium. This is a wider range of
metals than has typically been screened in a single study, and of particular interest are the
REE results.

As the recovery and sequestration of critical metals becomes more important to meet
global energy and environmental demands [30], the need to identify systems and materials
to facilitate these processes will become more important. In fact, a recent report that high-
lighted the ability of biotic hydrous MnOy to adsorb a wide range of metals focused on
materials produced by the fungi Paraphaeophaeria sporulosa and Stagnospora sp. to recover
rare earth elements as well as cobalt and yttrium from acid mine drainage [14]. The batch
adsorption/isotherm studies performed in our work are proof-of-concept that the unfunc-
tionalized BMO produced by Pseudomonas putida MnB1 using the current study’s protocol
has potential in REE sequestration from real water streams. Separation and concentration
of REEs were not attempted, but in this study, the authors preliminarily demonstrated that
the unfunctionalized BMO was able to adsorb REEs in a real water stream, as highlighted in
Table 5. Sequestration of REEs using non-biogenic MnOy typically involves precipitation [31].
Phosphorylated non-biogenic MnO, was reported to remove total rare earth elements
(TREESs) of 7.1 mg/g from a synthetic acid mine drainage solution [32]. When phosphate
groups are introduced into BMO, Wang et al. reported La(IIl) adsorption capacity of
538 mg/g extracted from a synthetic mixed metal solution [33]. The BMO described in
this current work demonstrates adsorption activity for REEs in treated wastewater effluent
despite the presence of other competitive adsorbing metals shown in Figure 5, in addition
to residual nitrate and other anions typically present in the wastewater effluent that varies
temporally. Strategies to enforce selectivity, improve concentration, and enhance purity
of REEs from BMO are outside the scope of this screening study but can involve pretreat-
ment of the wastewater to remove Group II and transition metals followed by leaching or
incineration of BMO to liberate the REEs.

Table 5. Relevant literature for REE sequestration with MnOx.

Max Adsorption Aqueous Adsorption

MnO, Type Capacity (mg/g) Medium Conditions Reference
Real wastewater effluent Contact time: 20 min
- spiked with 15 mg/L Dy**, Temperature: 25 °C
Unfunctionalized biogenic IBId3+ N %2% Nd3*, and Cu?* with trace Dosage: 2 g BMO/L This stud
manganese oxide (BMO) T ly RE'E 3 5.56 REE impurities from pH of medium = 4.4 y
ota S 9. Dy3Jr /Nd3*, salt used Conductivity of
for spiking medium = 2.5 mS/cm
Contact time: 3-130 h
Temperature: 25 °C
Chemical 5-MnO, (Precipitation) Synthetic seawater Dosage: 1 g 5-MnO, [31]

precipitate/g TREE
pH of medium = 4.8-6.8
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Table 5. Cont.
Max Adsorption Aqueous Adsorption
MnO, Type Capacity (mg/g) Medium Conditions Reference
Contact time: 20 h
PO4-functionalized . Synthetic acid Dosage: 33 L MnSOy4(aq)/mg
chemical MnO, Total REEs: 7.07 mine drainage total REE-containing solution (3]
pH of medium = 2.21-2.36
Contact time: 45 h
. . Synthetic mixed Temperature: 25 °C
- 3+. Y P
PO4 functionalized BMO La”*: 537.9 metal solution Dosage: 0.013 g P-BMO/L [33]

pH of medium = 4.0

Of note, the BMO material used in this study is composed of manganese oxide pro-
duced by Pseudomonas putida MnB1, as well as the bacterial cells from the organism. The
manganese oxide material is produced on the surface of the cells and all attempts to re-
move the cellular material to isolate manganese oxide resulted in changes to the MnOx
structure. Therefore, this material was used without purification. While this provides a
straightforward, convenient path to produce BMO, the presence of cellular material in
the BMO material potentially complicates the interpretation of the metal cation uptake
experiments due to the many possible interactions with organic and inorganic components.
However, previous studies on bacterial biofilms indicate that the presence of organic matter
does not impact the adsorption of trace zinc or lead cations onto MnOy, and that the metals
adsorbed preferentially to the manganese oxide [16,18]. Nonetheless, two other recent
studies indicate that biomass may play an important role in and facilitate adsorption under
some conditions [14,34]. Therefore, it appears that the identity and concentration of the
metal, type of biomass, and pH of the system all contribute to the extent that the organic
component contributes to the adsorption process. Our preliminary SEM/EDX results on
MnB1 cells grown in the absence of manganese show that this material does adsorb iron
when exposed to a 100 ppm Fe3* solution (Figure S2 and Table S3) indicating that the role
of the cellular material in our system should be investigated further.

In addition to our BMO material providing a promising pathway for metal seques-
tration and recovery, the resulting mixed metal BMO materials may also be useful in
their own right, for example, as catalysts or electrocatalysts. Several MnOy materials with
additional metals incorporated into them have significant activity for different catalytic
processes [35-39]. Our initial focus is on catalyzing the water oxidation half-reaction,
which is a challenging component of water splitting [40]. Inspired by the oxygen-evolving
complex in photosystem II [28,41-44], manganese oxide catalysts have been the focus
of many OER studies [4,6,45], and more recently, biogenic manganese oxides have been
targeted [3,5]. We previously demonstrated that the BMO material reported in this study
showed promise for electrochemical water oxidation [5]. Since OER catalysts based on
mixed metal oxides often outperform single metal oxide materials [44,46—48], the M BMOs
produced in this study represent an easily accessible collection of materials that can be
tested. The LSV data in Figure 7 show a catalytic wave corresponding to water oxidation
for all of the M BMO materials tested. The Al BMO, Ca BMO, and Cu BMO materials are
indistinguishable from BMO alone. However, Fe BMO electrodes show a lower potential
for the onset of the catalytic wave and higher current densities. Based on this enhanced
OER activity, the Fe BMO material will be the focus of future studies, and additional mixed
metal BMO materials will be investigated.

5. Conclusions

In this study, biogenic manganese oxide material produced by Pseudomonas putida
MnB1 was investigated for its ability to uptake metal upon exposure to a metal cation
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solution. Ten metal cations, which included main group, transition, and rare earth metals,
were tested, and all were readily incorporated into the BMO material. This indicates
that this is a promising method for metal sequestration and a straightforward route to
prepare mixed metal BMO materials. Several of the mixed metal BMO materials were
tested electrochemically for their catalytic activity towards water oxidation, and the Fe
BMO material demonstrated significantly higher current densities than the BMO material.
Additionally, proof-of-concept batch adsorption studies were performed for a representative
light REE (Nd?*), heavy REE (Dy?"), and transition metal (Cu?*) using real wastewater
effluent. The results indicated the REEs on BMO best fit a Langmuir isotherm while Cu?*
was better modeled by the Freundlich isotherm, and they suggest that the BMO material in
this study is promising for sequestering REEs and other metals from real water streams.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/oxygen6020013/s1: Figure S1: SEM images and EDX element
maps of BMO samples; Table S1: Additional ICP-OES data for M BMO materials, where M is a main
group or transition metal; Table S2: Additional ICP-OES data for M BMO materials, where M is a rare
earth metal or a combination of rare earth metals; Figure S2: SEM images and EDX element maps of
MnB1 cell material samples grown in the absence of manganese, and the same MnB1 material after
exposure to a 100 ppm iron solution; Table S3: Composition of MnB1 cell material after exposure
to a 100 ppm iron solution as determined by SEM/EDX; Figure S3: SEM images and EDX element
maps of birnessite following exposure to a 100 ppm iron cation solution; Table S4: Composition of
birnessite following exposure to a 100 ppm iron cation solution as determined by SEM/EDX.
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The following abbreviations are used in this manuscript:

MnOy Manganese oxide

REE Rare earth element

OER Oxygen evolution reaction
BMO Biogenic manganese oxides
XRD X-ray diffraction

ICP-OES Inductively coupled plasma optical emission spectroscopy
SEM/EDX Scanning electron microscopy/energy-dispersive X-ray spectroscopy
TREE Total rare earth elements

LSV Linear sweep voltammetry
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