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A B S T R A C T

Removal of selenate (SeO4
2-) from selenate-contaminated wastewater is challenging due to the commonly co- 

existing and competing anions of sulfate (SO4
2-) and nitrate (NO3

- ). This study investigates SeO4
2− reduction to 

elemental selenium (Se0) in a cathode-based bioelectrochemical (BEC) reactor and a conventional biofilm reactor 
(i.e., an upflow anaerobic reactor). The simulated wastewater contained SeO4

2− at a typical concentration of 5 mg 
Se/L, SO4

2− at a typical concentration of 1000 mg S/L, and NO3
− at concentrations that varied from 0 to 10 mg N/ 

L. The impact of sulfate on the BEC reactor was much lower than that on the conventional reactor: The selenium
removal, defined as (selenate in influent – dissolved selenium in effluent)/selenate in influent, was 99 % in the
BEC reactor versus 69 % in the conventional biofilm reactor. The lower selenium removal in the conventional
reactor was mainly due to the >10 times higher reduction of sulfate, which directly caused competition between
sulfate and selenate for the common resources such as electrons. The more reduction of sulfate in the conven
tional reactor further led to 45 times higher production of selenide. Selenide is usually assumed to be minimal
and therefore not measured in the literature. This simplification may significantly overestimate selenium
removal when the influent sulfate concentration is very high. NO3

- in the influent of the BEC reactor promoted
selenium removal when it was less than 5.0 mg N/L but inhibited selenate removal when it was more than
7.5 mg N/L. This was supported by the microbial community analysis and intermediate (nitrite) analysis.

1. Introduction

Selenium, a member of the chalcogen family, is a metalloid naturally
occurring trace element on the Earth’s crust [1]. Selenium exists in 
various oxidation states (+6, +4, 0, and −2) and can be found in both 
organic and inorganic forms. Selenium is essential for human health and 
can be obtained from dietary sources. As an antioxidant, it scavenges 
free radicals, supports the immune system, and is required to synthesize 
numerous proteins [2,3]. However, high concentrations of the soluble 
forms of selenium, selenate, and selenite (>50 µg Se/L) are toxic to 
humans and can bio-accumulate in the surrounding food chain [4]. The 
elemental selenium is the least toxic and insoluble in water [5–7]. The 
United States Environmental Protection Agency (USEPA) has estab
lished a maximum contaminant level of 50 µg Se/L in drinking water [8]
and 76 µg Se/L as the maximum limit discharged from industries such as 
flue gas desulfurization (FGD) plants [9]. Selenium is mainly produced 
as a by-product during copper electrolytic refining in the anodic slimes 

[10]. It is extensively used in the glass and ceramic industry for coloring 
and has applications in the electronic industry due to its photovoltaic 
and photoconductive properties [11–13].

Selenium is also found in the wastewater of various industries, such 
as mining (1.6 mg/L – 7 mg/L) [14,15], FGD (1 µg/L – 10 mg/L) [1,15], 
petrochemical industry (7.5 µg/L – 4.9 mg/L) [14,15], coal fired power 
plants (0.4 µg/L – 1.5 mg/L) [1,14,15], and agricultural drainage 
(~1.4 mg/L) [15]. Selenium removal from wastewater can be achieved 
through various methods, including adsorption [16,17], photocatalysis 
[18,19], reverse osmosis [20–22], zero-valent iron [23,24], 
ion-exchange [21,25], chemical precipitation [26], and bioremediation 
[27–30]. While most of these chemical/physical methods are efficient, 
they are often expensive due to the high usage of chemicals or energy 
[31]. Bioremediation is a sustainable and inexpensive method for 
eliminating selenium contamination from wastewater by converting the 
soluble selenium oxyanions to insoluble elemental Se0 through micro
bial catalysis.
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SO4
2- and NO3

- are common co-existing dissolved anions in selenium- 
laden wastewater, particularly in agricultural drainages, FGD, and 
mining-impacted wastewater [27,32,33]. The concentrations of SO4

2- 

and NO3
- in FGD and mining-impacted wastewater vary from 525 to 

6000 mg SO4
2-/L and 1–400 mg NO3

- /L, respectively [4,34]. Both anions 
are electron acceptors and can affect the removal efficiency of SeO4

2-. 
SO4

2-, which is abundant in water systems, may impact both the removal 
efficiency of SeO4

2- and the recovery of pure Se0 due to the possible 
formation of selenium sulfides [35,36]. Various microbial species can 
simultaneously reduce SeO4

2- and SO4
2-, making SO4

2- a competitor for 
SeO4

2- reduction [37,38]. Previous reports have explored the effects of 
SO4

2- on SeO4
2- reduction in some bioreactors. For instance, a biofilm 

composed of mostly a SO4
2- reducing species, Desulfomicrobium norvegi

cums, was reported to reduce more SeO4
2- in the presence of excess SO4

2- 

(2800 mg/L) [38]. Zhang et al. demonstrated higher removal of SeO4
2- in 

a membrane biofilm reactor (MBfR) in the presence of SO4
2- (4500 mg/L) 

at the optimum flow rate [36]. Conversely, Tan et al. reported lower 
SeO4

2- reduction efficiency under elevated SO4
2- concentration 

(1500 mg/L) in an up-flow anaerobic sludge blanket (UASB) reactor 
[39]. Selenium and sulfur, both in the same group on the periodic table, 
have analogous reactions due to their similar chemical properties [40]. 
In reactors with excess SO4

2-, biological reduction of the intermediate 
product selenite (SeO3

2-) can form selenium sulfides, affecting the purity 
of Se0 nanoparticles during recovery [41]. Previous studies have 
advanced the understanding of the interactions between SO4

2- and SeO4
2- 

in the microbial removal of SeO4
2- using conventional biological reactors 

such as MBfR and UASB [37,38].
A bioelectrochemical (BEC) reactor utilizes microbial metabolism to 

produce electrons on the biotic anode and transport them from the 
anode chamber to the abiotic cathodes, effectively reducing metals such 
as Co2+, Cd2+, Hg2+, Au3+, Cr6+, Se6+, Ni2+, Ag+, and Cu2+ [42–44]. 
Biocathodes of BEC reactors have been much less studied than abiotic 
cathodes. Biocathodes have shown efficiency in removing SeO4

2- and 
producing extracellular elemental Se0 for easy recovery [29,31]. 
Nevertheless, the effects of SO4

2- concentrations on the reduction of SeO4
2- 

to elemental Se0 in the BEC reactor have not been reported. The primary 
objective of this study is to investigate the effects of high loading rate of 
SO4

2- on SeO4
2- reduction using BEC reactors and determine the optimal 

operating conditions for efficient recovery of elemental Se0 from 
wastewater.

Similar to SO4
2-, NO3

- is another electron acceptor that may inhibit the 
reduction of SeO4

2- if its concentration is high [32,45]. The literature on 
the effects of NO3

- on SeO4
2- reduction is inconsistent. Some studies 

indicate that NO3
- inhibits SeO4

2- reduction due to its thermodynamic 
preference of NO3

- over SeO4
2- and competition for shared resources such 

as electron donors, reductases, or components in the reduction pathway 
[46,47]. Other studies suggest that NO3

- has no effect on SeO4
2- reduction 

[48–50], while others demonstrate that NO3
- promotes the reduction of 

SeO4
2- since NO3

- induces a reductase for SeO4
2- reduction or serves as the 

primary electron acceptor [51,52]. The inconsistency in the reported 
interaction between NO3

- and SeO4
2- in bioreactors suggests that the ef

fect may depend on the NO3
- to SeO4

2- loading rate since the loadings (i.e. 
concentrations and flow rates) affect the thermodynamics and their 
degree of inhibition or promotion. This study is the first to examine the 
interactions of NO3

- , SO4
2-, and SeO4

2- on the biocathode of the BEC 
reactor, which constitutes the second objective of this paper. Addition
ally, this research investigates the changes in the microbial communities 
help further understand the mechanisms underlying the interactions of 
NO3

- , SO4
2-, and SeO4

2-.

2. Materials and methods

2.1. Experimental setup

A BEC reactor (Figure S1) and a conventional biofilm reactor 
(Figure S2) were set up in an anaerobic environment. The BEC reactor 

was constructed with H-shaped glass bottles (Adams & Chittenden Sci
entific Glass, USA) separated by a cation exchange membrane (CEM, 
model CMI-7000, Membrane International Inc., USA). Each chamber 
had a working liquid volume of 270 mL, with 80 mL pure nitrogen gas at 
the head space. Graphite carbon cloth electrodes (3 cm × 5 cm, Fuel cell 
Store, USA) were used in the anode and cathode chambers, remaining 
completely submerged during the experimental period. The carbon 
clothes were inoculated with an anaerobic mixed culture enriched from 
a local municipal wastewater treatment plant for 15 days before being 
used in the BEC reactor. The electrodes were connected to a 100 Ω 
external resistor with a copper wire throughout the experiment (Stages 
1–10). Pieces of membrane (0.1 µm pore diameter, Nuclepore track- 
etched membranes, Whatman, USA) were put at the bottom of the 
chambers to collect precipitates for analysis. The conventional reactor, 
used as a control, consisted of a column filled with plastic media (Bio
FLO 9, Smoky Mountain Bio Media) designed for biofilm attachment 
(details about the reactor and the operating conditions used are pro
vided in Table S1). The experiment was conducted at 30 0C.

2.2. Operation of the reactors

After inoculating the carbon cloth electrodes of the BEC reactor and 
the plastic media of the conventional reactor with the mixed culture, the 
carbon cloth electrodes were transferred to the anode and cathode 
chambers of the BEC reactor, and the plastic media to the conventional 
reactor. A synthetic media [31] amended with sodium acetate 
(CH3COONa, 10 mg C/L) as a sole electron donor was fed to the anode 
chamber. The cathode chamber was fed with similar media but with the 
addition of sodium selenate (Na2SeO4, 5 mg Se/L), sodium sulfate 
(Na2SO4, 5 mg S/L, 1000 mg S/L), and sodium nitrate (NaNO3, 
2.5 mg N/L, 5 mg N/L, 7.5 mg N/L, and 10 mg N/L) as electron acceptors 
at different stages of the experiment. This synthetic media is used to 
simulate the industrial wastewater in our study.

The continuous-based BEC reactor was conducted in multiple stages, 
as indicated in Table 1, to determine the ideal operating conditions for 
the maximum reduction of SeO4

2- to elemental Se0 from selenium- 
containing FGD wastewater. The pH of the influent anaerobic medium 
was maintained at 7.0. The concentration ratio of acetate to selenate was 
kept greater than 2:1 to ensure that acetate was not a limiting factor. The 
hydraulic retention time (HRT) in the cathode chamber of BEC reactor 
varied from 0.75 days to 1.5 days, corresponding to a SeO4

2- loading rate 
of 660 − 330 mg Se/m2-day, respectively (Table 1). The SeO4

2- loading 
rate in the conventional reactor was kept the same as the BEC reactor at 
the corresponding stages of operation.

2.3. Sampling and Chemical Analysis

Influent and effluent samples from both chambers of the BEC and 
conventional reactors were collected approximately once a week. Dis
solved selenium species (SeO4

2-, SeO3
2-, selenide (Se2-)), solid Se in the 

effluent, solid Se in the reactor, and other dissolved chemical species 
such as acetate, NO3

- , nitrite (NO2
- ), SO4

2-, sulfite (SO3
2-), and sulfide (S2-) 

were measured. The influent and effluent dissolved SeO4
2-, SeO3

2-, NO3
- , 

NO2
- , SO4

2-, and SO3
2- were measured using Ion chromatography (IC, 

Dionex Aquion Ion Chromatography System, USA). S2- was measured 
using a UV-Vis spectrophotometer (UV-2501 PC, Shimadzu, USA), with 
the absorbance recorded at 664 ± 10 nm [53]. The quantification of 
selenide (Se2-) was performed using two methods for cross-checking. 
The direct measurement method was performed in triplicate based on 
the reaction between Se2- and 2,3-diaminonaphthalene (DAN) to form a 
red-colored complex [54,55]. The absorbance of the complex mixture 
was measured at a wavelength around 520–530 nm using a UV-Vis 
spectrophotometer (Agilent 8453 UV-Vis, USA). The indirect calcula
tion method was based on mass balance and involved the difference 
between the total soluble selenium in the effluent sample (after filtration 
through a 20 nm-pore size syringe and centrifuged at 21,000 × g for 

B.K. Asefaw et al.                                                                                                                                                                                                                               Biochemical Engineering Journal 212 (2024) 109531 

2 



30 min) and the dissolved effluent selenium ([SeO4
2-]eff + [SeO3

2-]eff). To 
measure the total selenium and total dissolved selenium (after sample 
filtration and centrifugation) at the effluent, a microwave plasma - 
atomic emission spectrometer (4100 MP-AES, Agilent Technologies, 
USA) was used. The solid Se in the effluent was computed from the mass 
balance by taking the difference between total soluble selenium in the 
effluent sample and total soluble selenium in the effluent sample (after 
filtration through a 20 nm-pore size syringe and centrifugation at 21, 
000 × g for 30 min). The difference between total soluble solid selenium 
and effluent solid selenium is the total solid selenium precipitated in the 
reactor. Methane produced in each chamber’s headspace was measured 
using Gas chromatography (GC, model SRI 8610 C, SRI instruments, 
USA). Throughout the experiment, the pH of the effluent samples was 
7.1 ± 0.2.

Coulombic efficiency was used to assess the electrochemical per
formance of the BEC reactor. It was calculated by dividing the number of 
electrons transferred from the anode to the cathode electrode by the 
concentration of acetate (electron donor) consumed in the anode 
chamber. Details are provided in the supplementary information (SI).

Solid samples were collected at the end of each stage from different 
locations of the BEC reactor for further characterization. The locations 
include the anode electrode, cathode electrode, precipitate collected at 
the bottom of the cathode chamber, and the retentate collected after 
filtering the cathode effluent samples using a 100 nm membrane filter. 
These samples were pretreated according to Zhang et al. [29] and 
analyzed using Scanning Electron Microscopy (SEM, FEI Nova 400 Nano 
SEM, FEI, USA) coupled with Energy Dispersive X-ray (EDX).

2.4. Microbial community analysis

We analyzed the microbial community by collecting biomass sam
ples from various locations of the BEC reactor during various stages. 
Specifically, we obtained samples from the anode chamber during stages 
1–5 and from the cathode chamber during stages 1–10. In the anode 
chamber, no changes were made to the operating conditions after stage 
5 (e.g., flow rate and acetate concentration), so we did not perform 
additional microbial community analysis. An inoculum sample was also 
collected at the beginning of the experiment. Illumina MiSeq sequencer 
(MiSeq, Illumina, USA) was used to analyze the 16S rRNA gene-targeted 
amplicon sequencing and followed a two-step PCR amplification pro
tocol modified from Pylro et al. [56] and Ionescu et al. [57]. Details on 
the sequencing and analysis are provided in the supporting information. 
R with package Superheat was used to generate heat maps [58]. DNA 
extraction protocol was based on our previous study [29].

3. Results and discussions

3.1. SeO4
2- reduction in the BEC reactor

Stages 1 and 2 were used to evaluate the effects of the SO4
2- con

centration. At the steady state of stage 1, with a low concentration (5 mg 

S/L) of SO4
2- in anode and cathode chambers, 4.8 mg Se/L of SeO4

2- was 
converted to solid Se0 and 0.11 mg Se/L of Se2- was produced (Fig. 1A). 
In the cathode effluent, SeO4

2- and SeO3
2- were below the quantification 

limits. The increase in influent SO4
2- concentration (1000 mg S/L, a 

typical concentration in SeO4
2--laden wastewater) in both chambers 

during stage 2 negatively impacted the reactor’s Coulombic efficiency 
due to competition for electrons at the anode chamber. This further 
affected SeO4

2- reduction efficiency in the cathode chamber. At the 
steady state of stage 2, the total solid Se0 produced decreased to 4 mg 
Se/L. The total effluent concentrations of total dissolved selenium 
(SeO4

2-, SeO3
2-, and Se2-) increased to 1.31 mg Se/L. In summary, the high 

SO4
2- concentration resulted in incomplete removal of SeO4

2-, more 
accumulation of the intermediate SeO3

2- and less production of Se0 and 
Se2-.

Stages 3–5 were used to evaluate the effects of flow rate in the 
cathodic chamber: 400 mL/day in stages 3–5 compared to 200 mL/day 
in stages 1 and 2. In stage 3, the high cathodic flow rate caused accu
mulation of more SeO3

2 (~1.2 mg Se/L) in the cathode effluent. Only 
3.33 mg Se/L of elemental Se0 was produced at the steady state of stage 
3. The effluent concentrations of SeO4

2-and Se2- were 0.45 mg Se/L and 
0.02 mg Se/L, respectively. Under stage 4, the influent SO4

2- concentra
tion at the anode chamber was reduced from 1000 to 5 mg S/L. We 
continuously monitored the ionic strength of the anode media and 
maintained it at a constant level by adding biocabonates (1.2 g/L). The 
Coulombic efficiency increased, leading to a substantial flow of elec
trons across an external resistor to the biocathode (Figure S3). Despite 
the high influent flow rate (400 mL/day) corresponding to higher 
loading rates of SeO4

2- and SO4
2- at the cathode chamber in stage 4, the 

substantial flow of electrons to the cathode electrode promoted further 
reduction of SeO4

2- and SeO3
2- to elemental Se0. Under the steady state of 

stage 4, the total elemental Se0 produced increased to 3.84 mg Se/L (a 
15 % increase when compared with the preceding stage) with 0.96 mg 
Se/L SeO3

2-, 0.16 mg Se/L SeO4
2-, and 0.04 mg Se/L Se2- in the cathode 

effluent. In stage 5, the SO4
2- concentration in the cathode chamber was 

reduced from 1000 to 5 mg S/L. During the steady state of stage 5, the 
total elemental Se0 produced further increased by ~31 % to 4.37 mg Se/ 
L compared to stage 3. The total dissolved selenium in the effluent was 
0.63 mg Se/L (Table 2). In summary, the higher flow rate in the cathode 
chamber for stage 5 resulted in higher total dissolved selenium in the 
effluent (i.e., 0.63 mg Se/L) than stage 1 (i.e., 0.11 mg Se/L) while all the 
other operating conditions were the same. The total dissolved selenium 
was above the USEPA standard for industrial wastewater of 0.076 mg/L 
in all the five stages.

Stages 6–10 were used to evaluate the combined effects of SO4
2- 

(1000 mg/L) and NO3
- (0 mg/L in stage 6, 2.5 mg N/L in stage 7, 

5.0 mg N/L in stage 8, 7.5 mg N/L in stage 9, and 10.0 mg N/L in stage 
10) on SeO4

2- (5.0 mg Se/L) removal at a flow rate of 200 mL/day for the 
cathode chamber, which was the same as in stage 1. At steady state, the 
total dissolved selenium in the effluent reached the minimum of 
0.050 mg Se/L in stage 8, corresponding to an influent NO3

- concentra
tion of 5.0 mg N/L. This was the only stage that met the USEPA standard 

Table 1 
Operating conditions of each stage in the bioelectrochemical reactor.

Stages HRT (days) Loading rate (mg Se/m2-day) Acetate (mg C/L) SeO4
2- (mg Se/L) NO3

- (mg N/L) SO4
2- (mg S/L)

Cathode Anode Cathode Anode Anode Cathode Cathode Cathode Anode

1 1.45 1.45 330 660 10 5 - 5 5
2 1.45 1.45 330 660 10 5 - 1000 1000
3 0.75 1.45 660 660 10 5 - 1000 1000
4 0.75 1.45 660 660 10 5 - 1000 5
5 0.75 1.45 660 660 10 5 - 5 5
6 1.45 1.45 330 660 10 5 - 1000 5
7 1.45 1.45 330 660 10 5 2.5 1000 5
8 1.45 1.45 330 660 10 5 5 1000 5
9 1.45 1.45 330 660 10 5 7.5 1000 5

10 1.45 1.45 330 660 10 5 10 1000 5

B.K. Asefaw et al.                                                                                                                                                                                                                               Biochemical Engineering Journal 212 (2024) 109531 

3 



of 0.076 mg Se/L. When the NO3
- concentration was 5.0 mg N/L or less 

in stages 6–8, more nitrate promoted selenate reduction by decreasing 
the total dissolved selenium in the effluent: 0.20 mg Se/L for stage 6, 
0.08 mg Se/L in stage 7, and 0.05 mg Se/L in stage 8. NO3

- is known in 
the literature to induce selenate reductase [27,52,59]. When NO3

- con
centration was 7.5 mg N/L or more in stages 9–10, more nitrate 
inhibited selenate reduction by increasing the total dissolved selenium 
in the effluent: 0.42 mg Se/L for stage 9 and 0.52 mg Se/L for stage 10. 
The inhibition was due to competition for limited common resources 
such as electrons. Evidence for limited electrons was low nitrate 
reduction (2.2–3.2 mg N/L in effluent; See Table 2) and significant 
accumulation of intermediate (i.e., nitrite = 0.6–0.8 mg N/L in Table 2) 
only in stages 9 and 10.

3.2. SeO4
2- reduction in the conventional biofilm reactor

The conventional biofilm reactor was operated for five stages to 
mimic and compare to stages 6–10, respectively, in the BEC reactor. 
During the five stages, the nitrate concentration in the influent varied 
from 0 to 10.0 mg N/L while sulfate was fixed at 1000 mg S/L and 
selenate was fixed at 5 mg Se/L. Surprisingly, the lowest total dissolved 
selenium species at the effluent was 1.22 mg Se/L (Fig. 1B and Table 3), 
16 times higher than the limit of 0.076 mg Se/L set by USEPA for FGD 
wastewater. The selenium removal efficiency, calculated as (selenate in 
the influent – dissolved selenium in the effluent)/selenate in the 
influent, was 69.2 % (Table 3). This removal was close to the lower end 
of the range reported in the literature (60–100 %). The direct reason was 
the production of high concentration of selenide during all of the five 
stages (Fig. 1B). Selenide was measured and reported in only one of the 

Fig. 1. Selenate reduction in the cathodic chamber of BEC reactor (A) and the conventional reactor (B). Note: Stages 1–5 in the conventional reactor correspond to 
Stages 6–10 in the BEC reactor. Note: High HRT ≥1.25 days, Low HRT ≤0.75 days.
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fifteen previous studies (Table 3). It is common in the literature to 
neglect selenide production. However, our study shows that this com
mon practice may significantly overestimate the selenium removal ef
ficiency. The measurement of selenide is particularly important when 
treating wastewater containing selenate and a high concentration of 
sulfate since the sulfate reduction intermediate (i.e., sulfite) can 
participate in the production of selenide [60,61].

The lower selenium removal efficiency in the conventional reactor 
(69.2 %) compared to the BEC reactor (99.0 %) in our study could 
possibly be explained by the following two reasons. First, the sulfate 
reduction efficiency was more than 10 times higher in the conventional 
reactor (4.9 % in Table 3) compared to the BEC reactor (0.3 % in 
Table 3). This means more competition between sulfate and selenate 
reduction in the conventional reactor than in the BEC reactor, which is 
further explained by the microbial community analysis in the microbial 
community analysis section: The cathode chamber of the BEC reactor 
showed high activity and dominancy of electroactive selenate-reducing 
bacteria compared to the other species. The second reason was associ
ated with the first reason. More sulfate reduction leads to the production 
of more intermediate (i.e., sulfite), which could promote selenide pro
duction in the conventional reactor.

Fig. 2 shows consistent results between the two methods for quan
tification of selenide: the direct measurement method and the indirect 
calculation method. The corresponding samples were collected at the 
steady state of stages 6–10 for the BEC reactor and stages 1–5 for the 
conventional reactor. During these stages, the reactor operation was 
comparable between the two reactors and the sulfate concentration was 
high (1000 mg S/L). Notably, in stage 8, the BEC reactor had a minimal 
selenide concentration of 20 µg Se/L, while the conventional reactor 
exhibited a significantly higher concentration of 980 µg Se/L (Fig. 2). 
The discussion on selenide adds a unique and rigorous dimension to this 
study, underscoring the difference of the two reactors operated under 
high sulfate concentration.

3.3. Characterization of particles in the bioelectrochemical reactor

The SEM images in Fig. 3, S5, and S6 revealed the accumulation of 
dense and spherical nanoparticles around the rod-shaped microorgan
isms at various stages of the experiment. Further analysis using the EDX 
spectra unequivocally verified that the dense, spherical nanoparticles 
accumulated on the biocathode, cathode effluent, and precipitates 
collected from the bottom of the cathode chamber were elemental se
lenium nanoparticles. Contrasting peak sizes between Se and the other 
elements (C, O, S, and P) indicated that elemental Se0 was retained as the 
highest element within the particulate samples from the cathode 
chamber. At stage 1, Fig. 4 shows that selenium was 33 % in the pre
cipitates at the bottom of the cathode chamber, 36 % in the cathode 
effluent, and 55 % in the cathode biofilm matrix. These numbers suggest 
high potential for selenium recovery.

To show the effects of high sulfate concentration on the potential 
recovery of selenium, Fig. 4 compares the elemental compositions of 
particulate samples in the cathode chamber between stage 1 (5 mg SO4

2-- 
S/L in the influent) and stage 4 (1000 mg SO4

2--S/L in the influent). The 
higher sulfate concentration in stage 4 resulted in lower selenium weigh 
percentage (27 % - 37 %) than stage 1 (33 % - 55 %). Selenium was still 
the most abundant in the particulate samples from the cathode in stage 
4, when the sulfate concentration was 200 times higher in the influent 
than in stage 1.

3.4. Microbial community analysis

Microbial community analysis of the inoculum and the biomass 
collected from different locations of the BEC reactor at each stage of the 
experiment was performed. Biomass samples included both suspended 
biomass and biofilms attached to electrodes collected at steady states. 
The heatmaps in Figs. 5 and 6 display the OTUs across 31 samples, Ta
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including the inoculum, biocathode, cathodic effluent, bioanode, and 
anodic effluent, all taken at steady state for the BEC reactor. These 
heatmaps illustrate the relative abundance of the dominant genera 
within the anode and cathode chambers, respectively.

Geobacter, a well-known electroactive bacterium, was found to be 
enriched on the original inoculated carbon cloth and the anode of the 
BEC reactor across all stages (14–23 %). Geobacter directly transport 
electrons from its inner membrane to the anode using its pili [62,63]. 

Table 3 
Comparison of bioreactors on selenate removal.

Reactor HRT 
(hrs)

Electron 
donor 
loading rate

SeO4
2- in 

influent 
(mg Se/L)

SeO4
2- and 

SeO3
2- in 

effluent (mg 
Se/L)

Se2- in 
effluent 
(mg Se/L)

Se 
removal 
(%)

NO3
- in 

influent 
(mg N/L)

NO3
- 

removal 
(%)

SO4
2- in 

influent 
(mg S/L)

SO4
2- 

removal 
(%)

References

BECb 35.0 Acetate 
(10 mg C/L)

5.0 0.03 0.02 99.0 % 5.0 98.6 % 999.8a 0.3 % This study 
(stage 8)

Conventional 
reactor (upflow 
anerobic reactor)b

0.73 Acetate 
(10 mg C/L)

5.0 0.63 0.91 69.2 % 5.0 99.4 % 999.9 4.9 % This study 
(stage 2)

Conventional 
reactor (MBfR)

6.72 127 mg H2/ 
m2.day

4.0 0.05 0.02 98.3 % - - 1526 0.2 % [4]

Conventional 
reactor (MBfR)

3.3 180 mg H2/ 
m2.day

1.4 0.04 NM 97.0 % - - 90 25.0 % [78]

Conventional 
reactor (MBfR)

20.0 H2, 5.8 psi 2.0 0.02 NM 99.0 % 10.0 99.8 % 50 26.0 % [79]

Conventional 
reactor (MBfR)

0.4 H2, 2.5 psi 1.0 0.19 - 81.0 % 4.0 99.8 % 40 7.5 % [80]

Conventional 
reactor (MBfR)

2.17 H2, 15 psi 1.00 0.4 - 60.0 % 10.0 70.0 % - - [27]

Conventional 
reactor (Drip flow 
reactor)

41.0 Lactate 
(666 mg C/L)

10.0 2.1 NM 77.0 % 67.2 95.0 % 416 5.0 % [32]

Conventional 
reactor 
(Biotrickling filter)

11.3 Lactate 
(666 mg C/L)

12 1.2 NM 90.0 % - ​ 400 75.0 % [81]

Conventional 
reactor (Sludge 
blanket reactor)

2.33 Acetate 
(72 mg C/L)

0.55 0.001 NM 98.2 % 64.6 97.8 % 1550 27.0 % [82]

Conventional 
reactor (Fluidized 
bed reactor)

12 Ethanol 
(240 mg C/L)

395 0.01 NM 100.0 % 70.0 100.0 % - - [83]

Conventional 
reactor (Inverse 
fluidized bed 
reactor)

12 Ethanol 
(240 mg C/L)

395 0.79 NM 99.8 % 70.0 100.0 % 670 1.5 % [33]

Conventional 
reactor (Attached 
growth bioreactor)

1.0 Acetate 
(48 mg C/L)

0.3 0.01 NM 96.0 % 11.3 99.8 % 16.6 97.0 % [84]

Conventional 
reactor (UASB)

24.0 Lactate 
(830 mg C/L)

7.9 1.58 NM 80.0 % 56.0 80.0 % 1440 30.0 % [85]

Conventional 
reactor (UASB)

24.0 Lactate 
(830 mg C/L)

12 4.5 NM 61.0 % 47.0 92.0 % 1500 15.0 % [86]

Conventional 
reactor (UASB)

6.0 Lactate 
(720 mg C/L)

0.79 0.04 NM 95.0 % 210.0 90.0 % 64 10.0 % [87]

Conventional 
reactor (UASB)

6.0c Lactate 
(468 mg C/L)

0.79 0.008 NM 99.0 % - - 832 20.0 % [88]

Notes: a At the cathode; Percentage removal = (Influent concentration - Effluent concentration)/Influent concentration;
b Selenate loading rate in BEC and Conventional reactor is 330 mg Se/m2-day; c Liquid upflow 1 m/hr
MBfR: Membrane biofilm reactor; UASB: Upflow anaerobic Sludge blanket reactor; NM: not measured/shown

Fig. 2. Comparison of the direct measurement method and indirect calculation method for quantifying dissolved selenide (Se2-) present in the effluent of BEC and 
conventional reactors at five steady states. Note: Stages 1–5in this figure corresponds to stages 6–10 in the text, respectively, for the BEC reactor.
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The second dominant electroactive genus on the anode across all stages 
was Pseudomonas (10–19.6 %), also well-known for its electron transfer 
ability on the anode [64,65]. The abundance of these two dominant 
genera was always much higher on the anode than in the anode chamber 
effluent. Dechloromonas was found in the inoculum at 5 % and ascended 
to the dominant genus on the anode in stage 1. Dechloromonas is an 
electroactive genus that can transfer electrons to the electrode extra
cellularly [66]. When sulfate increased from 5 mg S/L in stage 
1–1000 mg S/L in stage 2, Dechloromonas was replaced by two genera 
well-known for sulfur-cycling ability and electron transfer ability: 
Desulfovibrio and Thiobacillus [67–69].

The microbial community in the cathode chamber from stages 1–10 

was dominated by selenium-respiring bacteria of the genera Delfia 
(8–23 %), Comamonas (9–23 %), Pseudomonas (4–21 %), Steno
trophomonas (6–20 %), Azospira (3–16 %), as well as a sulfate respiring 
genus, Desulfovibrio (3–15 %) and a nitrate respiring genus, Halomonas 
(2–29 %). All these groups were gram-negative, curved to straight rod- 
shaped bacteria. Ghosh et al. first reported the association of the 
genus Delftia in SeO4

2- reduction [70]. Zheng et al. identified that 
Comamonas testosteroni could reduce both SeO4

2- and SeO3
2- to elemental 

Se nanoparticles ranging in size from 0.1 to 0.2 µm outside the cells 
[71]. Previous studies reported the electro-activity of Pseudomonas by 
transferring electrons through a mediated process [64] and its ability to 
reduce SeO4

2- and SeO3
2- to elemental Se0 nanoparticles both inside and 

Fig. 3. Representative SEM images and EDX spectra for stage 6 of the BEC reactor. (Note: For each sample 50 SEM-EDX spectra were performed).
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outside the cells [32,72]. Stenotrophomonas was found on the biocathode 
of a BEC reactor, reducing SeO4

2- to elemental Se0 [29]. In MFCs, Sten
otrophomonas extracellularly breakdown hydrocarbons derived from 
diesel [29,73]. The genus Azospira is known for its extracellular electron 
transfer ability using its c-type cytochrome in MFCs [29,74]. Despite the 
average low abundance of this genus on the biocathode, except in stage 
1, it potentially aided the reduction of SeO4

2- to elemental Se0.
Accumulation of the genus Desulfovibrio in the cathode chamber was 

evident since the cathode chamber was loaded with a higher concen
tration of SO4

2- in stage 2. Previous studies reported that Desulfovibrio 
species can form electroactive biofilms and grow well in the presence of 
both SO4

2- and SeO4
2- [32,75]. When NO3

- was added to the cathode 
chamber in the last stages of the experiment (i.e., stages 7–10), a larger 
percentage of the genus Halomonas was observed. Halomonas sp. is re
ported as an efficient nitrate reducer in high-salinity nitrogenous 
wastewater [76,77]. The microbial community analysis suggests that 
the BEC reactor’s microbial community was dynamic and adapted to the 
changing conditions across different experimental stages. The enrich
ment of electroactive and selenium-respiring bacteria such as Coma
monas, Stenotrophomonas, Pseudomonas, and Delftia underlines their 
significant role in facilitating the reduction processes. The presence of 
sulfate and nitrate reducers, such as Desulfovibrio and Halomonas, 

indicates the complex interplay of microbial species involved in electron 
transfer and reduction mechanisms. This comprehensive understanding 
of microbial community dynamics provides valuable insights into opti
mizing BEC reactors for efficient selenium removal from wastewater.

Figure S7 highlights the dominant genera on the biomass carrier in 
the conventional reactor, including Halomonas (3–18 %), Pseudomonas 
(12–15 %), Azospira (6–9 %), Desulfovibrio (11–14 %), Desulfocapsa 
(8–13 %), Desulfotalea (7–11 %), and Stenotrophomonas (11–13 %). 
Notably, Halomonas, Pseudomonas, Azospira, and Stenotrophomonas were 
among the dominant genera in the biocathode. The presence of Desul
fovibrio, Desulfocapsa, Desulfotalea in the conventional reactor indicates 
a higher level of sulfate reduction, as these genera are well known for 
their sulfate-reducing capabilities [32,33,75]. This analysis helps 
explain why sulfate reduction was more pronounced in the conventional 
bioreactor than in the BEC system. In the BEC, selenate reduction was 
more selective over sulfate reduction, as suggested by the lower amount 
of sulfate reduction in the BEC compared to the conventional reactor. 
The dominance of sulfate-reducing bacteria in the conventional reactor 
further supports this observation.

Fig. 7 shows the weighted PCA analysis based on the relative abun
dance of dominant bacteria at the genus level. The PCA analysis in the 
figure highlights distinct shifts in the microbial community composition 

Fig. 4. Comparison of the atomic weight percentage (mean ± standard deviation) based on SEM-EDX mapping between stage 1 and stage 4 in the BEC reactor. Note: 
50 EDX spectra were collected and evaluated for each sample.
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Fig. 5. Heat-map of relative abundance of dominant bacteria at the genus level in the microbial community from the anode chamber of the BEC reactor.

Fig. 6. Heat-map of relative abundance of dominant bacteria at the genus level in the microbial community from the cathode chamber of the BEC reactor.
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across different stages, which align with the variations in sulfate, sele
nate, and nitrate concentrations. PC1 and 2 revealed 32.39 % and 
26.97 % of the entire community variations, respectively. The limited 
spread along PC1 indicates that the overall microbial community 
composition remained relatively stable. From stages 2–6, we observed a 
higher abundance of sulfate-reducing bacteria, consistent with the 
elevated sulfate levels, suggesting that these bacteria thrived under 
sulfate-rich conditions.

In stages 7–10, the gradual addition of nitrate (from 2.5 mg/L to 
10 mg/L) coincided with a shift towards a higher relative abundance of 
denitrifying bacteria. This shift suggests that nitrate served as a signif
icant electron acceptor, promoting the growth of bacteria capable of 
reducing nitrate. The PCA plot illustrates these shifts, with the stages 
clustering separately along the PC1 and PC2 axes, reflecting changes in 
microbial community composition driven by the varying electron ac
ceptors (sulfate, nitrate, and selenate) across the different stages.

4. Conclusion

This research shows that the biocathode of the BEC reactor can 
effectively remove selenate at 5 mg Se/L in simulated wastewater, 
meeting the USEPA standard for selenium at 0.076 mg Se/L under 
certain operating conditions. The impact of high sulfate concentration 
(1000 mg S/L) on the BEC reactor was much lower than on the con
ventional biofilm reactor, with selenium removal reaching 99 % in the 
BEC reactor compared to 69 % in the conventional biofilm reactor. 
Particulate selenium can be potentially removed and recovered. The 
lower selenium removal in the conventional reactor was mainly due to 
the >10 times higher sulfate reduction, which competed with selenate 
for common resources such as electrons. This also led to greater selenide 
production: 0.9 mg Se/L in the conventional reactor versus 0.02 mg Se/ 
L in the BEC reactor. Selenide is usually not measured in the literature 
and is assumed to be minimal. This simplification may significantly 
overestimate selenium removal. NO3

- promoted selenium removal when 
≤ 5.0 mg N/L, probably due to inducing selenate reductase. When NO3

- 

concentration was 7.5 mg N/L or more, nitrate inhibited selenium 
removal due to competition for limited common resources such as 
electrons. This was supported by nitrite accumulation and microbial 
community analysis showing enrichment of denitrifying bacteria Hal
omonas at the high nitrate concentrations. The findings highlight the 
importance of optimizing retention time and microbial inoculum for 
better selenium reduction and recovery.

Given the increasing regulatory pressures to manage selenium 

contamination, this technology offers a viable solution for industries to 
meet stringent environmental standards and regulatory compliance. The 
potential for commercialization lies in its ability to provide an effective, 
cost-efficient, and environmentally sustainable method for removing 
selenium from wastewater.
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