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ABSTRACT: Tellurium is a critical mineral for the foreseeable
future due to its scarcity and importance in future energy
technology. A biocathode of a bioelectrochemical reactor (BEC)
was used for the first time to extracellularly reduce TeO;*” in
simulated wastewater to elemental Te® nanorods, which could
potentially be recovered. Scanning transmission electron micros-
copy revealed that only 2% of the cells on the biocathode
contained intracellular Te® nanorods. In contrast, in the conven-
tional bioreactor, 40% of the cells contained intracellular Te°
nanorods. Raman spectroscopy determined that the Te® nanorods
were trigonal and amorphous Te’. Microbial community analysis
showed the dominance of Pseudomonas, Stenotrophomonas, and
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Azospira phylotypes in the cathode chamber, despite being <8% in the inoculum. They were all putative TeO;>~ reducers due to
their known ability to reduce tellurite and transfer extracellular electrons. The TeO;>~ removal efficiency in the BEC reactor reached
97% when the influent TeO;>” was 5 mg of Te/L. The reactor operating conditions, including the flow rate, the external resistor, and
the cation exchange membrane, were optimized. This work demonstrates the potential of BEC reactors for the continuous and green

synthesis of Te’ nanorods.
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1. INTRODUCTION

Tellurium is a scarce metalloid with a crustal abundance of
only 5 ppb."” The stable forms of tellurium in the environment
include tellurate (TeO,*”), tellurite (TeO;*”), telluride
(Te*”), and elemental tellurium (Te®).>* It exists in copper
ores as tellurides (i.e, copper telluride (Cu,Te) and silver
telluride (Ag,Te)) and gold ores as silvanite (AgAuTe,),
calvanite (AuTe,), and chalcogens (i.e., ferrotellurate
(FeTeO,), durdenite (Fe,(TeO;);:4H,0), and dunhamite
(PbTe0;))."™® During the copper refinery, tellurium as
telluride is oxidized in the slimes to sodium tellurite
(Na,TeO;) or sodium tellurate (Na,TeO,), which can leach
into the wastewater.”” Tellurium in wastewater is mainly in the
forms of TeO;>” and TeO,*” and varies depending on pH and
microbial and redox conditions.'” Tellurium has the potential
to harm the kidneys, heart, skin, lungs, neurological system,
and gastrointestinal system in rats and people.'”'” TeO,*" is
generally considered more soluble and toxic than TeO,>".
Elemental Te® is commercially produced as a byproduct of
copper electrorefining.”"? It is commonly used in solar
panels,"* ™" thermoelectric materials,'®"” semiconductors,***!
and alloys.">*” The growing demand for renewable energy
increases the demand for tellurium.'®'*?* In the 2021 strategy
report, the US Department of Energy (DOE) listed tellurium
as an “essential” element for the foreseeable future due to its
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scarcity and importance to future energy technology,
emphasizing the importance of tellurium recovery.”* According
to the materials circular economy principles, recovering minor
concentrations of critical and economically significant elements
such as tellurium is crucial."”

Common methods for removing tellurite from wastewater
comprise chemical precipitation, adsorption, ion exchange,
membrane filtration, and biological reduction.”>™* Certain
microorganisms have the ability to enzymatically reduce
tellurite to elemental Te’’" Baesman et al. reported growth
of Bacillus selenitireducens and Sulfurospirillum barnesii (S.
barnesii) using tellurite as an electron acceptor.”””> Ramos-
Ruiz et al. revealed that a methanogenic consortium exhibited
faster tellurite reduction than tellurate to elemental Te® in
batch experiments.”® A facultative bacterium, Rhodobacter
capsulatus, was able to produce elemental Te’ nanoparticles
outside their cells using malate as an electron donor.”
Pseudomonas sp.>* 7> and  Stenotrophomonas sp.”” reduced
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Table 1. Operating Conditions of Each Stage in the Main BEC Reactor

HRT loading rate acetate TeO,>”
cathode anode cathode anode anode cathode
sages  (day)  (days)  (mgTentday)  (mgCmidyy)  (mgC/L)  (mg Te/L) comments
I 1.45 1.45 660 1320 20 10
II 1.45 1.45 660 1320 20 10 new CEM“
1 1.45 1.45 660 1320 20 10 external resistor changed to 1000 Q
v 1.93 1.45 500 1320 20 10 cathode flow rate reduced to 0.15 L/
day
\' 2.90 1.45 330 1320 20 10 cathode flow rate reduced to 0.10 L/
day
VI 2.90 1.45 165 1320 20 S tellurite reduced to S mg Te/L

“Note: CEM is cation exchange membrane.

tellurite to elemental Te® in both extracellular and intracellular
ways. Nguyen et al. reported that strains of the Raoultella and
Escherichia genera produced tellurium nanorods both intra-
cellularly and extracellularly.”® These biological reductions
occur in anaerobic conditions and are considered an eco-
friendly approach for tellurite removal.”**%*’

Biorecovery of elemental Te® has increasingly gained
attention in recent years.””*’ The biorecovery of elemental
Te mitigates the risk of secondary contamination and
decreases treatment expense, given that tellurium finds broad
utility in industries like semiconductors and alloys.”***** A few
studies reported on intracellular production of elemental Te’
from tellurite by microorganisms in conventional bioreactors
such as up-flow anaerobic sludge blankets (UASB) and
fluidized bed reactors.”*”*"** Retrieving intracellular metal
nanoparticles from biomass is an energy- and chemical-
intensive process that may lead to further environmental
pollution.””** The intracellular nanoparticle separation process
involves cell lysis based on lysozyme solution, instruments such
as microfluidizers and sonicators for mechanical disruption of
the cells, and centrifugation systems for the separation of the
nanoparticles. To increase the extracellular reduction of
tellurite to elemental Te°, researchers added redox mediators
like lawsone and riboflavin into the conventional reactors.””
This decreased the energy use at the cost of adding chemicals
that represent high costs and secondary contamination.”***

Compared to the conventional tellurite-contaminated waste-
water treatment processes,” > the bioelectrochemical system
(BEC) is an emerging technology with significant potential for
simultaneously treating wastewater and recovering resour-
ces.**® BEC systems can be categorized into microbial fuel
cells, microbial electrolysis cells, microbial electrosynthesis
systems, and microbial desalination cells, depending on their
application and configuration.””**

BEC reactors are highly efficient, consume less energy, and
are safe for the environment."” Integrating microbial processes
with electrochemical strategies offers benefits such as kinetics-
dependent process yields, recovery, and low carbon footprint.>
The redox potentials for contaminants treated at the cathode
are critical in selecting a proper BEC reactor.***" Under anoxic
conditions, the degradation of organic matter by exoelec-
trogens in the anode chamber results in the release of
electrons, which are subsequently transported to the cathode
electrode via an external circuit to produce energy’””’ or
utilize the energy to reduce high redox potential metals such as
Se® to Se’, Cr* to Cr**, Te* to Te’, Ag* to Ag’, Cu®* to Cu’,
and Co?* to Co® in the cathode.***®5051:54=58 Eqr ingtance, in
a dual-chamber batch bioelectrochemical system with an
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abiotic cathode to transform tellurite to Te° the retrieval of
elemental Te® at the cathode reached 45.3%.”" The reduction
of metals in the cathode is usually based on precious metals
such as platinum and titanium as catalysts on the cathode.
Biocathode-based BECs use microbes instead of precious
metals as the catalyst. Biocathode-based BECs successfully
reduced Se®* to Se°, Cr® to Cr**, and Co®* to Col. #1545/

This study presents a novel approach by evaluating a
biocathode-based BEC reactor for the tellurite removal and
recovery of extracellular elemental Te® nanorods, eliminating
the need for redox mediators. The biocathode BEC reactor was
operated at varied tellurite loading rates to evaluate the
regulatory influence on the electrogenic microbial activity for
higher extracellular production of elemental Te’ nanorods
based on the oxidation—reduction rates. Therefore, the
objective of the study is to evaluate the use of the biocathode
in the BEC reactor for the extracellular reduction of tellurite to
elemental Te’ under various operating conditions.

2. MATERIALS AND METHODS

2.1. Experimental Setup. Four reactors were operated in
a closed mode to eliminate oxygen intrusion: three BEC
reactors (Figure S1) and one conventional biofilm reactor
(CBR) (Figure S2). The main BEC reactor evaluated the
biocathode-based reduction of tellurite to extracellular Te°.
The second served as an open-circuit control, and the third
BEC reactor was a sterile-biocathode control. Each of the BEC
reactors had two 300 mL borosilicate glass chambers (Adams
& Chittenden Scientific Glass, USA). A cation exchange
membrane (CEM, model CMI-7000, Membrane International,
Inc, USA) separated the anode chamber from the cathode
chamber of each BEC reactor. The CEM was designed to
selectively allow protons (H") to pass through from the anode
to cathode chamber while blocking anions. %0 The electrode
of each chamber was made of graphite carbon cloth (3 cm X §
cm, Fuel Cell Store, USA), inoculated with activated sludge
from a local wastewater treatment plant except for the cathode
of the sterile-biocathode control, and submerged in the liquid
media of each chamber. The anode and cathode were
connected to an external resistor (100—1000 Q) with a
copper wire. The fourth reactor was a CBR control, which
consisted of a column with an inner diameter of 2.2 cm and a
height of 9.5 cm packed with plastic media with a specific
surface area of 180 m?/m? (BioFLO 9, Smoky Mountain Bio
Media) for biofilm attachment. Before the system was run, the
plastic media in the column of CBR were inoculated with the
same microbial consortium as that for the BEC reactors. The
temperature for the experiments was at 30 °C.
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Figure 1. Tellurite removal in the cathodic chamber of the main BEC reactor (A) and the CBR (B).

2.2. Operation of the Reactors. All reactors were
operated in continuous-flow mode. A synthetic mineral
medium®® amended with sodium acetate (CH;COONa) at
20 mg C/L as the sole electron donor was fed to the anode
chambers. The experiment was conducted in multiple stages, as
indicated in Table 1. The cathode chamber was fed with the
same synthetic mineral media amended with potassium
tellurite (K,TeO;) at 5—10 mg Te/L as the sole electron
acceptor. Oxygen in the medium was removed by purging
nitrogen gas into the medium for 40 min. The pH of the
medium was adjusted to 7.0 by adding CO,. The hydraulic
retention time (HRT) of both chambers of the BEC reactors
varied from 1.45 to 2.9 days, leading to flow rates (100—200
mL/day) and tellurite loading rates (165—660 mg Te/m* day)
summarized in Table 1. The tellurite loading rate in the CBR
was the same as in the BEC reactors. The CBR was fed with
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the same mineral medium amended with tellurite and acetate
at the same concentrations at flow rates varying from 210 to
430 mL/day in different stages (Table S1). The ratio of carbon
to tellurium fed to the reactors was higher than the
stoichiometric ratio of 0.25:1 (see the reaction below) to
ensure that carbon was not limiting.

0.125CH,COO™ + 0.093TeO%™ + 0.56H* + 0.022NH}
= 0.022C;H,O,N + 0.093Te + 0.103HCO;
+ 0.037CO, + 0.103H,0

2.3. Sampling and Analysis. Influent and effluent
samples from the four reactors were collected every week.
Tellurium species, including TeO,>~ (dissolved in the influent
and effluent) and solid Te (in the effluent and reactor), were

https://doi.org/10.1021/acsestwater.4c00588
ACS EST Water 2024, 4, 4579—-4590
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Figure 2. Representative SEM images and EDX spectra for the particles sampled from the biocathode (30 images), the cathode effluent (30
images) of the main BEC reactor, the bioanode (30 images), and the conventional reactor (30 images). Note: Images were taken at a steady state of

stage 5 for the BEC reactor and stage 3 for the CBR reactor.

quantified. TeO;>” was measured using a UV—vis spectropho-
tometer (UV-2501 PC, Shimadzu) as described by Turner et
al.®! with a quantification limit of 20 ug Te/L. The absorbance
of TeO;*” was recorded at the wavelength of 340 nm. The
concentration of solid Te in the effluent was calculated as the
difference between total tellurium and total soluble tellurium in
the effluent sample. The total tellurium was measured by a
microwave plasma—atomic emission spectrometer (4100 MP-
AES, Agilent Technologies, USA) with a quantification limit of
6.5 yig Te/L. The total soluble tellurium in the effluent sample
was measured by the same equipment after the sample was
filtered using a 20 nm-pore size syringe and centrifuged for 30
min at 21,000g. The difference between total solid tellurium
and effluent solid tellurium is the solid tellurium in the reactor.
Using ion chromatography (IC, Dionex Aquion ion
chromatography system, USA), the acetate and sulfate
concentrations were measured with quantification limits of
50 ug C/L and 20 pg S/L, respectively.

Four sets of solid samples were collected at the end of each
operating stage from the reactors. In the reactors, solid samples
were collected from the bioanode, biocathode, cathode
effluent, CBR effluent, and plastic media inside the CBR. In
the effluent, solid samples were collected by filtering the
effluent from the cathode and CBR through 100 nm
membrane filters. From the four sets of samples collected
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from each location, the first set was analyzed using scanning
electron microscopy (SEM, FEI Nova 400 Nano SEM, FEI,
USA) with energy-dispersive X-ray spectroscopy (EDX). The
second set was analyzed by Raman spectroscopy (Renishaw
inVia Raman spectroscopy Leica DM 2500M, Renishaw, USA)
at a laser excitation line of ~638 nm wavelength. The third set
was thin-sectioned, stained with osmium (aqueous) for higher
contrast, and placed on square mesh copper grids for annular
dark-field scanning transmission electron microscopy (STEM,
JEMARM200cF, USA) coupled to EDX. The fourth set was
used for microbial community analysis. The Illumina MiSeq
sequencer (MiSeq, Illumina, USA) was used to analyze the 16S
rRNA gene-targeted amplicon sequencing and followed a two-
step PCR amplification protocol modified from Pylro et al.**
and Ionescu et al.”*> The conserved V4 regions of the bacterial
16S rRNA gene were amplified using the forward primer 515F
(5-GTGCCAGCMGCCGCGG-3’) and reverse 806R (5'-
GGACTACHVGGGTWTCTAAT-3"). A total of 320,130
sequences resulted from the MiSeq runs of the seven samples.
Raw sequences were joined, demultiplexed, and subsequently
quality-filtered using QIIME version 1.8.° Heat maps were
generated in R with the package Superheat.”® Details of sample
preparation for SEM and STEM imaging and DNA extraction
are provided in the Supporting Information (SI).
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Under standard conditions, the reduction of tellurite to
elemental Te” has a reduction potential of 0.827 V, and the
oxidation of acetate has —0.187 V. The corresponding half-
and overall reactions are provided in the SI. Therefore, the
redox reaction between tellurite and acetate is thermodynami-
cally favorable. The anode and cathode potentials were
measured separately using the Hg/HgO reference electrode
(Koslow Scientific Company, USA). The potential difference
and current between the two chambers were measured by a
multimeter (MU 113, Electronic Resources Ltd., USA)
connected to the external resistor. During the steady state of
each stage, the power density and Coulombic efficiency were
computed to assess the electrochemical performance of the
BEC reactor. Details are provided in the SIL

3. RESULTS AND DISCUSSION

3.1. Strategies for Increasing the Tellurite Removal
Efficiency. Figure 1 shows that the tellurite removal efficiency
increased from stage 1 to stage 6 in the main BEC reactor and
the CBR reactor. In stage 1 (day 0—40), the external resistance
was 100 €, and the cathodic flow rate was 200 mL/day. The
tellurite efficiency gradually increased to ~35% at a steady
state. To increase the tellurite removal efficiency, four
strategies were attempted, corresponding to stages 2 to S,
respectively. Stage 2 (day 40—135) started when the alligator
clips that held the electrodes were cleaned, and the fouled
CEM was replaced with a new one. The tellurite removal
increased to ~52% at the steady state of stage 2. In stage 3
(day 135—200), the internal resistance of the system was
determined from the polarization curve (Figure S3C) to be
approximately 1000 Q. To maximize the power density, the
external resistance was strategically increased to 1000 Q to
match the internal resistance. This change further increased the
tellurite removal efficiency to ~73% at a steady state. When the
flow rate for the cathodic chamber was reduced to 150 and 100
mL/day in stages 4 (day 200—280) and S (day 280—340),
respectively, the tellurite removal efficiency increased to ~83
and ~85%, respectively. In stage 6 (day 340—400), the effects
of the influent tellurite concentration were evaluated by
decreasing it from 10 to 5 mg Te/L, and the tellurite removal
efficiency dramatically increased to ~97%. Fortunately, the
tellurite concentration in wastewater is typically below 5 mg
Te/L.***°" The tellurite was converted to solid tellurium. The
majority of the solid tellurium was in the cathode effluent (i.e.,
from 31% of the influent total tellurium in stage 1 to 95% in
stage 6), with approximately 2.0% staying in the reactor. The
highest percentage of acetate used at the anode chamber in all
those 6 stages was 87% (Figure S4).

The cathode chamber of the two control BEC reactors
(sterile biocathode and open circuit) had negligible removal of
tellurite (0.01 mg Te/L) (Figure SS), suggesting that tellurite
reduction in the BEC reactor depended on electron flow from
the anode to cathode, as well as bacteria attached to the
cathode as the catalyst. In the CBR control, 77% of tellurite
was removed at the steady state of stage 1 (Figure 1B). This
removal efficiency increased to 98% after the flow rate was
decreased by half and the influent tellurite concentration was
decreased by half. The tellurite removal efficiency in the CBR
of this study (77—98%) is comparable to the CBR studied in
the literature (10—92%).”%*****" In a UASB reactor run at a
hydraulic retention time of 0.6 days and fed with ethanol as the
electron donor, 80% of tellurite was removed.*® The addition
of riboflavin to the reactor further improved the production of
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Te” nanoparticles. Similarly, 92% of the tellurite was removed
in the UASB reactor by Mal et al.** That UASB was inoculated
with anaerobic granular sludge, fed with lactate as the electron
donor, and operated at a hydraulic retention time of ~0.5 days.
The tellurite removal efficiency in the BEC reactor of our study
(35—97%) is slightly lower than the tellurite removal efficiency
in the CBR reactor of our study (77—98%).

3.2. Characterization of Biogenic Tellurium. The SEM
images and EDX spectra in Figure 2 show that the nanorods
produced at the cathodic chamber of the main BEC reactor
and the conventional reactor are elemental Te® nanorods. No
Te® nanorods were observed on the bioanode of the main BEC
reactor (Figure 2), suggesting no tellurite transport from the
cathode chamber to the anode chamber. The Raman spectra in
Figure 3 and Figure S6 further determine that the nanorods
were in the form of trigonal Te’ (120 cm™) and the

-1\ 71,72

amorphous form of Te® (145 cm™).”"
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Figure 3. Representative Raman spectrum of particle samples on the
biocathode. Note: The Raman spectrum was taken at the steady state
of stage S for the BEC reactor.

Since the white color in the thin-section STEM images
perfectly matches the EDX mapping for tellurium in Figure 4,
the white color represents Te and its location in the
particulate samples. The STEM images in Figure 5 and Figure
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Figure 4. Confirmation of white particles as Te in thin-section
STEM images (left) through overlapping EDX maps (right) with the
corresponding STEM images.
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S7 further illustrated that the white color (i.e., Te® nanorods) is
intracellular and extracellular in the inoculum and the CBR
reactor but extracellular for the main BEC reactor. On the
biocathode of the BEC reactor, less than 2% of the cells
contained intracellular Te’ nanorods, whereas in the CBR,
~40% of the cells had intracellular Te° nanorods (calculated
from 30 images). The EDX maps and spectra were collected in
the STEM mode with a probe size of 0.12 nm. These nanowire
Te® crystals (<15 nm) aggregated and accumulated onto the
surfaces of the bacteria cells. This aggregation was also
reported in other studies. Baesman et al. reported irregularly
shaped nanospheres (diameter <S0 nm) coalescing into larger
composite aggregates on the surface of S. barnesii.”’ Ramos-
Ruiz et al. observed the formation of clusters of Te’ nanorods
during the anaerobic reduction of tellurite in a UASB
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reactor.”"" The Te’ nanostructure morphology could be
nanorods, nanowires, and nanotubes depending on the
microbial species, reaction time, pH, and temperature.”’
Table S2 compares the shapes of the produced Te® by various
bacterial species in various bioreactors. The shape of the
elemental Te® precipitates produced by Bacillus beveridgei
MLTeJB was nanorods.”* Pearce et al. reported needle-shaped
Te® by Geobacter sulfurreducens.” Bacillus sp. BZ reduced
tellurite to rod-shaped Te’ intracellularly.”

In the CBR reactor, the Te’ nanorods were intra- and
extracellularly present. Some extracellular Te’ might be
originally intracellular and expelled by living cells to reduce
Te toxicity for the cells. It is well-known that microbial cells
expel intracellular Te® nanoparticles to reduce its toxicity.”®
Some extracellular Te® might be from the decay and lysis of
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cells that contained intracellular Te’. It was also possible that
some extracellular Te” might be directly produced by the
microbes. In the BEC reactor, microbes preferred to only
produce extracellular Te” probably because the cells directly
got electrons from the cathode and used the electrons to
reduce extracellular tellurite to extracellular Te® through
enzymes on the cell surface such as Cytochrome ¢ (Cyt c).
By doing this, the microbes did not need to transport the
tellurite into the cells and then expel the produced Te® outside
the cell; therefore, the microbes saved energy. The presence of
Cyt ¢ on the biocathode sample was found through the Raman
peak of 1370 cm™" (Figure 3. Cyt c is a well-known mediator
for extracellular electron transfer and metal reduction.””””*

Compared to the intracellular production of Te nanorods,
extracellular production eliminated the need to transfer the
electrons and tellurite into the cytoplasm of the microbial cells,
which saved energy for the cell and was thereby preferred by
the cells on the biocathode of the BEC reactor as shown in
Figure S8A. As a result, bacteria enriched on the biocathode
preferred to produce extracellular Te nanorods even if they
have the ability to produce both intracellular and extracellular
Te nanorods. Producing extracellular Te nanorods is more
energy-efficient than producing intracellular Te nanorods for
microorganisms on the biocathode. On the biocathode, there is
less cellular energy cost for transporting e~ and tellurite to the
reductase for extracellular Te nanorod production.””’
However, this is not necessarily true for a conventional
bioreactor. While the tellurite transfer pathway is shorter for
the extracellular than intracellular Te nanorod production, the
e~ transfer pathway is longer for extracellular than for
intracellular Te nanorod production (Figure S8B).>>*"%!

With the current setup of the BEC reactor, we successfully
produced Te° nanorods primarily outside the microbial cells.
Further separation and recovery of the extracellular Te’
nanorods may be achieved through bacteria nanoparticle
separators, tangential flow ultrafiltration, and centrifugation.
These approaches have been shown effective in previous
studies for separation of nanoparticles such as nickel, silver,
and selenium nanoparticles from water and biomass.”*””°

3.3. Electron Distribution. Bar charts were used to
illustrate the electron distribution in the anode and cathode
chambers of the BEC reactor at steady states (Figure 6).
Electron sinks in the anode chamber of the BEC reactor
included methane production (<1%), sulfate reduction (2.5—
3%), generation of electrical current corresponding to the
Coulombic efficiency (20—40%), and biomass synthesis and
others (57—77%). Electron sinks in the cathode chamber of
the reactor included methane production (<1%), sulfate
reduction (2.7—6.4%), tellurite reduction to Te’ (~10%),
and biomass synthesis and others (84—91%).

In the experiments, the current density (current normalized
to the electrode surface area) and voltage gradually increased
to 0.015 A/m” and 45 mV, respectively (Figure S9). These
values are comparable with other anaerobic double-chamber
BEC reactors that used nitrate, chromate, and selenate as the
electron acceptors (0.003—0.123 A/ m?).**5*%2 The difference
between the theoretical and measured cathode overpotentials
gave the cathode overpotential loss (—144 mV), as shown in
Table S3. This value corresponded to 98% of the total
electrode overpotential loss in the reactor (147 mV). This is
analogous to the literature: the cathode overpotential loss in
the BEC reactor (87%) and microbial fuel cells (83—90%)
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Figure 6. Electron distribution in the anode chamber (a) and cathode
chamber (b) of the main BEC reactor. Note: The calculation involved
in electron distribution is provided in the Supporting Information.

reported in the literature was greater than the anode
overpotential loss.*>**

3.4. Microbial Community Analysis. Microbial com-
munity analysis was performed on biomass collected from
various locations during the steady states of stage S (BEC
reactor) and stage 3 (CBR reactor). These stages were chosen
because both reactors had the highest removal rates at the
same surface loading rate for tellurite. Figure 7 shows the
relative abundance of the major bacterial genera in samples
from the following 7 specific locations: the inoculum, anode,
anode effluent, biocathode, biocathode effluent, plastic media
in the CBR reactor, and CBR effluent.

The anode of the BEC reactor was predominantly populated
by a biofilm consisting of Geobacter (30%), Dechloromonas
(32%), Acinetobacter (29%), Zoogloea (18%), Thauera (17%),
Desulfovibrio (17%), and Geothrix (14%). Interestingly, Geo-
bacter, a well-known electroactive bacterium, was found to be
among the dominant genera in the inoculum, at both
electrodes of the BEC reactor and the CBR reactor. Geobacter
directly transports electrons from its inner membrane to the
anode using its pili.*>*® Dechloromonas, Acinetobacter, Zoogloea,
Thauera, and Geothrix are also well-known electroactive
bacteria.**="° Desulfovibrio, a well-known sulfate reducer,
probably explained the reduction of sulfate in the anode.”’

The dominant genera on the biomass carrier of the CBR
reactor included Acholeplasma (19%), Pseudomonas (16%),
Magnetospirillum (15%), Geobacter (14%), Deinococcus (14%),
Desulfovibrio (13%), Stenotrophomonas (11%), and Acetino-
bacter (10%). Notably, Pseudomonas, Geobacter, and Steno-
trophomonas were among the dominant genera in the
biocathode. Acholeplasma, Magnetospirillum, and Deinococcus
are also known to produce Te’.”*™”

The predominant genera on the biocathode of the BEC
reactor were Pseudomonas (33%), Stenotrophomonas (29%),
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Azospira (25%), and Geobacter (9%). These genera were
significantly enriched compared with the inoculum, where their
abundance was less than 8%. This enrichment suggests their
active participation in reducing tellurite to Te°, which likely
provided these bacteria with energy for growth. Pseudomonas
can transfer electrons through a mediated process” and reduce
tellurite to Te® via intracellular and extracellular mecha-
nisms.***>%® Stenotrophomonas is capable of degrading organic
compounds extracellularly in microbial fuel cells"”” and
reducing tellurite to Te® intracellularly and extracellularly.’”
Azospira is known for its extracellular electron transfer ability
using its c-type cytochrome to reduce metals in BEC
reactors.”® The high abundance of these species in the
biocathode indicates their active role in the bioelectrochemical
processes essential for tellurite reduction. The microbial
community analysis highlights the significant role of specific
bacterial genera in the biocathode and CBR reactor. These
microbes are not only crucial for the reduction of tellurite to
elemental Te® but also play important roles in other
biochemical processes within the reactors.

4. CONCLUSIONS

The increasing demand for critical elements, such as tellurium,
necessitates sustainable recovery methods. This study demon-
strated efficient removal and conversion of tellurite to
elemental Te® at the biocathode. The shapes of the produced
Te” particles using the mixed culture were nanorods according
to the SEM and STEM images coupled with EDX spectra. The
biocathode of the BEC reactor achieved extracellular Te°
recovery by using a mixed microbial consortium under
anaerobic conditions. This is the first successful demonstration
of tellurite removal and elemental Te® recovery in a
biocathode-based BEC reactor. The biocathode of the BEC
reactor was able to produce extracellular Te® nanorods,
whereas the CBR produced both intracellular and extracellular
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Te® nanorods as determined by the EDX mapping spectra.
Despite methanogenesis having a negligible effect on tellurite
reduction, sulfate had a minor effect on the reduction of
tellurite to elemental Te’. The microbial community analysis
provided valuable insights into the functional roles of different
bacterial genera within the reactors. Understanding these roles
can inform future optimization strategies for bioelectrochem-
ical systems, enhancing their efficiency and effectiveness in
removing tellurite and recovering elemental Te’.

BECs are cost-effective, requiring lower energy and chemical
inputs, and can be integrated into existing wastewater
treatment facilities without a complete overhaul.””~'?> Despite
these benefits, BECs face challenges such as metabolic
inefliciency, cathode and membrane biofouling, and organic
loadings.'”>'** Continued research on optimizing electrodes,
exchange membranes, electron transfer stimulation, and
engineered microbial species is essential to enhancing BEC
performance and their widespread application in industries. By
addressing these challenges and leveraging their advantages,
BECs have the potential to revolutionize industrial wastewater
treatment, providing a sustainable and efficient solution for
metal recovery and wastewater management.
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