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ABSTRACT 

 

Bioaugmentation as a Strategy to Engineer the Anodic Biofilm 

Assembly in Wastewater Fed Microbial Electrolysis Cell 

Mohammed Bader 

 
Microbial electrolysis cell (MEC) system is a potential technology that could 

treat wastewater while simultaneously generating H2 (green energy). MEC's 

electroactive bacteria (EAB) are essential microbes responsible for oxidizing organic 

pollutants (such as acetate) in wastewater using an electrogenesis process. Since EABs 

comprise the core of MECs, they are essential for maintaining functional stability 

(Coulombic efficiency (CE), current density, and pollutant removal) of MECs.  The 

cause of EAB becoming dominant at the anode of MECs fed with wastewater is still 

unclear. Furthermore, efficient EAB are typically not detected in wastewater, and when 

they are present their abundance is low, which affects their early colonization on the 

anode and subsequent growth into a mature biofilm.  

This study investigated bioaugmentation as a strategy to drive the assembly of 

functionally redundant anode EAB biofilms to improve MEC performance. Two 

bioaugmentation strategies (Conditions 2 and 3) with known EABs (G. 

sulfurreducens and D. acetexigens) were tested during the startup of MECs. 

Meanwhile, control MEC reactors (Condition 1) were operated with only wastewater 

as the sole source of inoculum to compare the anodic biofilm assembly and system 

performance with the bioaugmented reactors. Equal number of G. sulfurreducens and 

D. acetexigens cells were added to the wastewater-fed MEC (10% inoculum at 2.1E+07 

live cells/mL). In Condition 3, anodic-biofilm colonized G. sulfurreducens and D. 

acetexigens was used as anode in wastewater fed MECs. Using single-chambered MEC 

reactors, the bioaugmented MECs (Condition 2 and 3) performed more efficiently than 
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the non-bioaugmented (Condition 1) MECs. Current generation, CE and gas production 

were different between the three conditions tested (Condition 3 > Condition 2 > 

Condition 1). Analysis of 16S rRNA gene sequencing of anodic biofilm indicates 

revealed that the bacterial communities was not affected between the tested conditions. 

However, the relative abundance of EABs, mainly G. sulfurreducens and D. 

acetexigens, was markedly influenced by bioaugmentation compared to the control 

reactor. The highest peak current generation (~ 1500 mA/m2), CE (70.3 ± 9%), and gas 

production (0.04 m3/m3/day) was observed in Condition 3. Collectively, these results 

provide a framework for engineering the anode microbial communities in MECs for 

wastewater treatment. 
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1.0 Introduction 
 

 

With the increase in water demand due to population growth, wastewater 

treatment and subsequent reuse are becoming an increasingly critical aspect of 

integrated water resources management to ensure water supply reliability [1]. In 

municipal, industrial, agricultural, and ecological applications, wastewater is reused 

using water treatment systems. Microbial electrochemical systems (MES) are a 

potential technology to treat wastewater. MES are systems in which a living organism 

is in charge of providing electrons [2]. In MES, electricity is stimulated by a chemical 

reaction and vice versa.  

MES are divided into two groups: Microbial Fuel Cell (MFC) and Microbial 

Electrolysis Cell (MEC). In MFC, electroactive bacteria (EAB) use the catalytic 

breakdown of organic substrates to transfer chemical energy to electrical energy [3]. In 

MEC, the EAB's electrochemical oxidation of organics occurs in the anode 

compartment, resulting in the generation of electrons and protons. The electrons and 

protons are subsequently transferred to the cathode, where they get reduced to H2. 

MECs are a recent electro-hydrogenesis technology for producing hydrogen from 

acetate and other fermentation end products [3]. 
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Figure 1 Diagram of a two chambered MEC cell [4] 

 
Microbial electrolysis cells (MECs) have the potential to treat wastewater and 

generate H2 simultaneously (green energy). Unlike water electrolysis, the energy 

required for hydrogen evolution in MEC is much lower. At the anode, the oxidation of 

organic compounds (wastewater treatment) replaces the oxidation of water, which is 

the main advantage of MEC over abiotic water electrolysis [5]. The oxidation reaction 

of organic compounds is stable due to multiple species carrying out the same 

biochemical functions (e.g., phosphorus removal, ammonium oxidation, nitrite 

oxidation, etc.), the loss or change in the relative abundance of one species can be 

compensated by another [6]. Further, a literature survey revealed that there are many 

ecological niches for microorganisms capable of performing extracellular electron 

transfer (EET) [7]. The known EET-capable species differ by their electron transfer 

capability (direct vs. mediated electron transfer), habitats (oxygen, salinity, 

temperature, pH), growth characteristics, such as the ability to form biofilms on the 

anode, and metabolic versatility (electron donors, electron acceptors, and carbon 

sources) [7]. As a result, relying solely on EET capability is not a criterion for ensuring 
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functional redundancy and hence functional stability of MECs for domestic wastewater 

treatment. It is critical that EABs are functionally redundant to maintain a high current 

density and efficiency in converting substrates to currents (i.e., high CE) constantly to 

ensure the system's stability. 

While some EABs are known for their versatility and adaptability (i.e., occupy 

a wider ecological niche), others are highly specialized and occupy a small ecological 

niche [7]. In terms of columbic efficiency (CE) and current density, EABs with a high 

level of specialization is more efficient for wastewater treatment with resource recovery 

[8]. Geobacter sulfurreducens, for example, is highly specialized and is currently 

considered the essential current-producing bacterium. The most commonly found 

anodic respiring EAB grows in MECs using acetate as an electron donor. 

Nonetheless, G. sulfurreducens is not abundant or present wastewater. In a study where 

highly efficient EABs were selected from seven environmental samples in MECs. It 

was observed that G. sulfurreducens only dominated two anodic biofilms [9]. 

Experiments indicate that inoculum selection influences MEC performance 

significantly [10]. Many previous cases used the mixed bacteria sludge as the initial 

inoculum of the MEC from a previously working MFC/MEC reactor, fresh 

municipal/domestic wastewater, or activated sludge [10-12]. The disadvantage of 

cultivation or enrichment of exoelectrogenic bacteria from the mixture bacteria is that 

it needs a long time ranging from one month to several months [13]. Additionally, using 

a mixed bacteria sludge as the initial inoculum of the MEC may introduce parasitic 

organisms that hinder the MEC performance. For example, Methanogens utilize 

fermentation end products to produce CH4 and compete with EABs.  

In our study we didn’t use activated sludge or mixed bacterial culture, but much 

like (Sapireddy et.al 2021) [14] we used two known EABs: G. sulfurreducens and D. 
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acetexigens. This method will produce a more operational redundant, functionally 

stable, and efficient EAB community at the anode of the MEC. In contrast to (Sapireddy 

et.al 2021) [14], we used wastewater as feed source. We also tested different 

augmentation methods. By investigating the development of the biofilm, we could 

understand and optimize the anodic biofilm. This will be an important aspect for the 

full-scale application of MEC. 
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2.0. Hypothesis and Objective of the Study 
 

A recent study evidenced the coexistence of two efficient electroactive bacteria, 

i.e., G. sulfurreducens and D. acetexigens, in the anodic biofilm enriched with 

domestic wastewater [14]. Thus, we hypothesized that bioaugmentation of MECs 

during the startup with efficient functionally redundant EABs with similar ecological 

niches may enhance their colonization in anodic biofilm and hence the performance of 

MECs for domestic wastewater treatment. Therefore, the main objective of this study 

was to investigate bioaugmentation as a strategy to drive the assembly of functionally 

redundant anode EAB biofilms to improve system performance. Two bioaugmentation 

strategies (Conditions 2 and 3) with known EABs (G. sulfurreducens and D. 

acetexigens) were tested during the startup of MECs. In parallel, control MEC reactors 

(Condition 1) were operated with only wastewater as the sole source of inoculum to 

compare the anodic biofilm assembly and system performance with the bioaugmented 

reactors.  
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3.0. Methods 
 

3.1. Pure culture growth 

 

Geobacter sulfurreducens (DSM 12127) and Desulfuromonas acetexigens 

(DSM 1397) were acquired from the German Collection of Microorganisms and Cell 

Cultures (DSMZ, Germany) as lyophilized cultures and were cultured separately in 

their respective culture medium as recommended by DSMZ. In the MEC experiments, 

both microorganisms were cultured separately at 30 °C in a rubber septa-sealed, 

anaerobic syringe bottle containing growth medium (details shown below) and 

subsequently sub-cultured in the same medium prior to their use. 

The growth medium contained (per liter): 1.0 g of KH2PO4, 0.5 g of NH4Cl, 0.4 

g of MgSO4 x 7 H2O, 0.1 g CaCl2 x 2 H2O, 0.5 g of CH3COONa (sole carbon and energy 

source), 8.0 g of Na2C4H2O (as an electron acceptor), 1 ml of vitamin solution (DSM 

503), and 1 ml of trace element solution SL-10 (DSM 320). After boiling the medium, 

it was sparged with N2-CO2 (80:20) for 1 h to remove dissolved oxygen. Next, it was 

adjusted to pH 7 by adding powdered Na2CO3, the medium was then transferred to 

serum vials for autoclaving (121°C, 20 min, 15 psi). To prevent salt precipitation 

interference in the growth medium during sterilization, a Na2S solution (final 

concentration of 0.5 g/l) was autoclaved separately and added to the sterilized growth 

medium before inoculation. As the terminal electron acceptor for growth, filter 

sterilized sodium fumarate solution (final concentration of 8 g/l) was added to the 

autoclaved medium. In the final batch of inoculum sub-culturing, 1000 ml of serum vial 

was used to harvest sufficient biomass to conduct the MEC experiments. All transfers 

were performed under anaerobic conditions. 
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3.2. MEC construction and operation 

 

Separate serum vials were used for each culture. Each culture solution was 

centrifuged (6000 rpm for 5 min) and the resulting pellets were washed separately with 

saline phosphate buffer and centrifuged again. The waste culture pellets cells were 

suspended in a sterile growth medium (without fumarate). Flow cytometry was used to 

normalize cell concentrations to ~2.1E+07 live cells/mL before inoculating single-

chamber MECs. 

Single-chamber MECs were constructed from screw-capped 350 mL 

borosilicate glass bottles and operated with a working volume of 330 mL. A single-

chamber MEC design was used for studies as this configuration is more practical for 

scaling up [15]. Furthermore, single-chamber MECs minimize the pH imbalance that 

is commonly observed between the cathode (more basic) and the anode (more acidic) 

in double-chamber MECs. The MECs were modified by adding ports for placing 

electrodes, gas collection bags, and sampling liquid samples. The anode was made of 

carbon cloth (2.5 cm x 6.5 cm), the cathode was made of Nickel foam (2.5 cm x 6.5 

cm), and the reference electrode used was Ag/AgCl (3.5 M KCl, BioAnalytical 

Systems, USA). The anode and cathode were positioned vertically at a distance of ~3 

cm. The MECs were operated with an applied voltage of 0.7 V using a DC power 

supply. 

Three sets of duplicate MEC reactors were initiated at the same time to test 

different startup strategies (Condition 1, 2 & 3) for initial anode biofilm formation. One 

set of duplicate MEC reactors (C1-R1 & C1-R2), representing control reactors 

(Condition 1) were operated with domestic wastewater as the sole source of inoculum 

for the anodic-biofilm formation. In Condition 2, duplicate MEC reactors (C2-R1 & 
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C2-R2) were started similarly to C1-R1 & C1-R2 using domestic wastewater, but with 

the addition of an equal cell density of G. sulfurreducens and D. acetexigens (10% 

inoculum at ~2.1E+07 live cells/mL) to the MEC reactors. In Condition 3, duplicate 

MEC reactors were started with synthetic growth medium (free of fumarate) to form 

anodic-biofilm. Here, sodium acetate was used as the sole carbon and energy source 

and an equal cell density of G. sulfurreducens and D. acetexigens cells (10% at 

~2.1E+07 live cells/mL) was added as inoculum. After observing clear reddish biofilm 

on the anode, the biofilm-anode were transferred to a new set of duplicate MEC reactors 

(C3-R1 & C3-R2) and fed with wastewater.  

All MEC reactors were operated in a fed-batch mode (at 30 oC), and the feed 

substrate was changed when the current generation dropped below half of its peak. At 

the end of each batch operation, MEC reactors (Conditions 1-3) were drained and then 

filled with fresh feed. Wastewater was collected from a wastewater treatment plant 

(KAUST campus, Saudi Arabia) treating domestic wastewater, and glucose (a 

fermentable substrate) was added to the wastewater to maintain a uniform Chemical 

Oxygen Demand (COD) concentration of 450 mg/L throughout the study. Glucose (a 

fermentable substrate) was used instead of acetate (a non-fermentable substrate) 

because the syntrophic interaction between EAB and fermenters impacts the 

competition of EAB for acetate when using fermentable substrates (e.g., real 

wastewater). Otherwise, adding acetate to adjust the COD would bias the results of the 

competition using real wastewater [14]. 

At the end of the experiment, biomass samples (anode, cathode, and suspension) 

for microbial community analysis were collected from the MECs and were stored at -

80 °C until further analysis. 
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3.3. Electrochemical and analytical analysis 

 

The CE was calculated using as described previously [16]. A gas chromatograph 

(GC, SRI Instruments) was used to measure the hydrogen generated from the cathode 

surface [17]. The total volume of gas generated by the MECs was measured by 

measuring its composition before and after injection of N2 gas using gas bags (0.1 L 

Cali -5 - Bond Calibrate, Inc.) [18]. A GC (model 310; SRI Instruments) was used to 

measure H2, N2, CH4 concentrations. The TCD, 1.83-m molecular sieve column and 

argon carrier gas were used. The CO2 concentration was measured with a second GC 

(model 310; SRI Instruments) equipped with a TCD, a 0.91-m silica gel column, and 

helium as the carrier gas.  

 

3.3.1. Flow cytometry 

 

Flow cytometry was used to measure the number of bacteria in the inoculum 

(BD Accuri C6 flow cytometer, BD Biosciences, Franklin Lakes, NJ) according to [19]. 

Samples were placed in sterile Eppendorf tubes and incubated at 35 °C for 10 minutes 

before staining with SYBR Green I (2 μL of 100* stock solution per 200 μL sample), 

vortexed, and then incubated at 35 °C for another 10 minutes. Following that, 200 μL 

of samples were transferred to a 96-well plate for cell counting. Another 200 μL of the 

samples were also stained with propidium iodide (1% of 100* stock solution) and 

SYBR Green I (1% of 100* stock solution) to detect live and dead (membrane-

compromised) bacteria according to the same protocol used for counting total bacteria. 

The cell count was measured with a flow cytometer equipped with a 50-mW laser with 

a fixed emission wavelength of 488 nm. The intensity of fluorescence was measured at 

FL1 = 533 * 30 nm, FL3 > 670 nm, as well as sideward and forward scattered light 

intensities. For quantitating total bacterial, live, and dead cells, SYBR green I and 
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propidium iodide staining labeled signals were selected using electronic gating. BD 

Accuri CFlow® software was used to process all data. Bacterial counts represent the 

number of live cells unless otherwise specified. 

 

 

 

 

 

 

3.4. DNA Extraction and Quantitative PCR Analysis  

 

3.4.1. Sample DNA extraction  

 

DNA extraction of samples was done using a slightly modified version of the 

standard protocol for FastDNA Spin kit for Soil (MP Biomedicals, USA) with the 

following exceptions. 500 μL of sample, 480 μL Sodium Phosphate Buffer and 120 μL 

MT Buffer were added to a Lysing Matrix E tube. Bead beating was performed at 6 m/s 

for 4x40s [20]. Gel electrophoresis using Tapestation 2200 and Genomic DNA 

screentapes (Agilent, USA) was used to validate product size and purity of a subset of 

DNA extracts. DNA concentration was measured using Qubit dsDNA HS/BR Assay 

kit (Thermo Fisher Scientific, USA). 

 

3.4.2. Sequencing library preparation 

 

Amplicon libraries for the Bacteria and Archaea 16S rRNA gene variable region 

4 (abV4-C) were prepared by a custom protocol based on an Illumina (Illumina, 2015). 

Up to 10 ng of extracted DNA was used as template for PCR amplification of the 16S 

rRNA gene variable region 4. Each PCR reaction (25 μL) contained (12.5 μL) PCRBIO 
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Ultra mix and 400 nM of each forward and reverse tailed primer mix. PCR was done 

with the following program: Initial denaturation at 95 ∘C for 2 min, 30 cycles of 

amplification (95 ∘C for 15 s, 55 ∘C for 15 s, 72 ∘C for 50 s) and a final elongation at 

72 ∘C for 5 min. Duplicate PCR reactions were performed for each sample and the 

duplicates were pooled after PCR. The forward and reverse, tailed primers were 

designed according to (Illumina, 2015) and contain primers targeting the Bacteria and 

Archaea 16S rRNA gene variable region 4 (abV4-C): [515FB] 

GTGYCAGCMGCCGCGGTAA and [806RB] GGACTACNVGGGTWTCTAAT 

(Apprill et al., 2015). The primer tails enable attachment of Illumina Nextera adaptors 

necessary for sequencing in a subsequent PCR. The resulting amplicon libraries were 

purified using the standard protocol for CleanNGS SPRI beads (CleanNA, NL) with a 

bead to sample ratio of 4:5. DNA was eluted in 25 μL of nuclease free water (Qiagen, 

Germany). DNA concentration was measured using Qubit dsDNA HS Assay kit 

(Thermo Fisher Scientific, USA). Gel electrophoresis using Tapestation 2200 and 

D1000/High sensitivity D1000 screentapes (Agilent, USA) was used to validate 

product size and purity of a subset of sequencing libraries. 

Sequencing libraries were prepared from the purified amplicon libraries using a 

second PCR. Each PCR reaction (25 μL) contained PCRBIO HiFi buffer (1x), PCRBIO 

HiFi Polymerase (1 U/reaction) (PCRBiosystems, UK), adaptor mix (400 nM of each 

forward and reverse) and up to 10 ng of amplicon library template. PCR was done with 

the following program: Initial denaturation at 95 ∘C for 2 min, 8 cycles of amplification 

(95 ∘C for 20 s, 55 ∘C for 30 s, 72 ∘C for 60 s) and a final elongation at 72 ∘C for 5 

min. The resulting sequencing libraries were purified using the standard protocol for 

CleanNGS SPRI beads with a bead to sample ratio of 4:5. DNA was eluted in 25 μL of 

nuclease free water. DNA concentration was measured using Qubit dsDNA HS Assay 
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kit. Gel electrophoresis using Tapestation 2200 and D1000/High sensitivity D1000 

screentapes was used to validate product size and purity of a subset of sequencing 

libraries. 

 

3.4.3. DNA sequencing 

 

The purified sequencing libraries were pooled in equimolar concentrations and 

diluted to 2 nM. The samples were paired and sequenced (2x300 bp) on a MiSeq 

(Illumina, USA) using a MiSeq Reagent kit v3 (Illumina, USA) following the standard 

guidelines for preparing and loading samples on the MiSeq. > 10 % PhiX control library 

was spiked in to overcome low complexity issues often observed with amplicon 

samples. 

 

3.4.4. Processing of sequencing data 

 

Forward and reverse reads were trimmed for quality using Trimmomatic v. 0.32 

[21] with the settings SLIDINGWINDOW:5:3 and MINLEN: 225. The trimmed 

forward and reverse reads were merged using FLASH v. 1.2.7 [22]with the settings -m 

10 -M 250. The trimmed reads were dereplicated and formatted for use in the UPARSE 

workflow [23]. The dereplicated reads were clustered, using the usearch v. 7.0.1090 -

cluster_otus command with default settings. OTU abundances were estimated using the 

usearch v. 7.0.1090 -usearch_global command with -id 0.97 -maxaccepts 0 -maxrejects 

0. Taxonomy was assigned using the uclust classifier as implemented in the 

assign_taxonomy.py script in QIIME [24] and the SILVA database, release 132 [25]. 

All bioinformatic processing was done via RStudio IDE (1.4.1106) running R version 

4.1.0 (2021-05-18) and using the R packages: ampvis (2.7.8) [20], tidyverse (1.3.1), 

seqinr (4.2.8), ShortRead (1.52.0) and iNEXT (2.0.20) [26, 27]. 
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4.0. Results and Discussion 
 

The performance of the MECs operated under different conditions is presented 

in this section. All MECs were operated in fed-batch mode with domestic wastewater 

(COD ~450 mg/l) and an applied voltage of 0.7 V. The feed was changed when the 

current generation dropped below ~80% of the peak current produced. 

 

4.1. Current production 

 

The current response from the MEC reactors (C1-R1 & C12-R2) enriched with 

wastewater as the sole source of inoculum (Condition 1 - control) is presented in Figure 

2. Current generation was observed after two days of reactor startup with wastewater. 

In Condition 2, the MEC reactors (C2-R1 & C2-R2) were operated similarly to 

Condition 1, however, in the first two batches, known EAB (G. sulfurreducens, and D. 

acetexigens) were added with the wastewater. From the third batch onwards, C2-R1 & 

C2-R2 were operated with wastewater alone. In Condition 2, the added EAB will 

compete for space on the anode with the indigenous microbial communities present in 

wastewater. Reproducible current production was achieved after successive fed-batch 

cycles irrespective of the conditions tested. It is well documented that these systems are 

highly reproducible once the anodic-microbiome (such as EAB and fermenters) is 

established, demonstrating the system's robustness. Nevertheless, the bioaugmented 

reactors (Condition 2; Figure 3) showed better startup and current generation than the 

non-bioaugmented reactors (Condition 1, Figure 2). The current generation in 

Condition 2 was twice as much higher than in Condition 1. The observed peak current 

densities between the conditions tested were 300 mA/m2 (Condition 1) and 1000 

mA/m2 (Condition 2). The better performance of C2-R1 & C2-R2 compared to C1-R1 

& C1-R2 is possibly due to the fast colonization of known EAB and subsequent 
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establishment of mature anodic biofilm due to their high abundance in the inoculum 

during the startup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

In Condition 3 (C3-R1 & C3-R2), the anodic biofilms were initially enriched 

with a pure culture of G. sulfurreducens and D. acetexigens using synthetic wastewater 

(10 mM acetate). After observing the formation of a clear reddish biofilm on the anode, 

the feed was switched to wastewater as the sole source of energy and carbon. 

 

 

Figure 2  Profile of current generation for the control (non-bioaugmented) reactors. Batch change (gray) 

and the time when single-chambered MEC operation was switched to two-chambered reactor (black) are 

indicated with arrows 

 

Figure 3 Profile of current generation for reactors augmented with known EABs. Batch change (gray) and the 

time when single-chambered MEC operation was switched to two-chambered reactor (black) are indicated with 

arrows. 
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As expected, the magnitude of current generation dropped when the reactor’s 

feed was switched from synthetic media to domestic wastewater (Figure 4) because of 

the lack of capability of acetoclastic EAB to use complex organics present in 

wastewater as carbon and energy source. These complex organics need to be fermented 

to acetate by fermentative microorganisms and the acetate is subsequently utilized by 

EAB to generate electricity. Therefore, the rate of EAB activity in wastewater-fed 

MECs is dependent on the fermentation kinetics. The fluctuations in current response 

from the duplicate reactors after switching to wastewater is associated with the 

fermenter’s activity. However, stable and reproducible current generation was observed 

after few fed-batches of operation, presumably due to the establishment of a stable 

syntrophic interaction between fermenters and EAB. The peak current production was 

1500 mA/m2, which is five times higher than what was obtained in  

Condition 1. 

Synthetic 

media 
Wastewater 

Figure 4 Profile of current generation from reactor’s anodic biofilm enriched with EAB and then switched to 

wastewater. Batch change (gray) and the time when single-chambered MEC operation was switched to two-

chambered reactor (black) are indicated with arrows. 
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Current generation, COD removal, and VFA profile was assessed (Figure 5 – 

7) during one batch of operation for the three conditions tested. A clear correlation 

between current generation and COD removal was observed for all tested conditions. 

More than 50% of the COD was removed for all the conditions after 1 day of batch 

operation. However, differences in COD consumption and current generation were 

noticed over the batch operation between the conditions tested (Figure 5A – 7A). These 

results suggested that the COD conversion to current was improved with 

bioaugmentation strategy. The CE analysis confirmed that high COD conversion to 

current was achieved in the following order: Condition 3 (70.3 ± 9%) > Condition 2 

(46.5 ± 6%) > Condition 1 (12.1 ± 5%), which suggests that the anodic biofilm 

enrichment with known EABs before feeding with wastewater is advantageous for 

maximizing the energy recovery from wastewater. More than 85% removal of COD 

removal was observed in all conditions tested. 

Acetate and propionate were detected (Figure 5B – 7B) in all conditions 

suggesting the role of fermentative bacteria in the conversion of COD to VFAs. MEC 

reactors enriched under Condition 1 and 2 showed accumulation of VFAs in the first 

day of the reactor operation. However, VFA concentrations decreased over the batch, 

suggesting their utilization by microbial communities (such as EAB and acetoclastic 

methanogens) in the reactors. Low concentration of VFAs (< 0.07 mM) was detected 

in C3-R1 and C3-R2 (Condition 3) throughout the batch operation. High current density 

generation and detection of low VFA concentration in Condition 3 indicate that the rate 

of utilization of VFAs by EAB is equal or higher than the rate of production of VFAs 

by fermenters. 
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Figure 5 (A) Profile of current generation and COD removal, and (B) VFA profile during the batch 

tests of MECs reactors (control) operated under Condition 1.   

 

 

Figure 6 (A) Profile of current generation and COD removal, and (B) VFA profile during the batch 

tests of MECs reactors operated under Condition 2.    
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Figure 7  (A) Profile of current generation and COD removal, and (B) VFA profile during the batch test 

of MECs reactors operated under Condition 3.   

 

 

4.2. Biogas Production 

 

After two months of anodic community acclimatization under an applied 

voltage of 0.7 V, all reactors produced biogas composed predominantly of CH4, at a 

rate of 0.02 (Condition 1), 0.037 (Condition 2), and 0.039 (Condition 3) m3/m3/d 

(Figure 8). For the first 4 to 5 batches, H2 was detected as the dominant component in 

the biogas (data not shown); however, after successive fed-batch cycles of operations, 

the H2 concentration in the biogas was below the detection limit. Extended operation 

of single-chambered MEC reactors operated with mixed-culture inoculum or 

wastewaters provides a niche environment for hydrogenotrophic methanogens to grow 

due to the availability of H2 generated from the hydrogen evolution reaction at the 

cathode or through fermentation of wastewater organics.  
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High rcatCH4 (percentage of electrons converted to CH4 at the cathode) was 

achieved in the bioaugmented MECs (Condition 2 & 3, rcatCH4 >100%) compared to 

the control reactors (Condition 1, rcatCH4 60%). High CH4 production rate with high 

rcatCH4 and high CE in Conditions 2 & 3 suggest high conversion of waste to energy 

in the bioaugmented reactors. However, we cannot rule out the contribution of CH4 

from acetolactic methanogens to the total CH4 produced in all reactors. To investigate 

the contribution of CH4 produced through hydrogenotrophic methanogenesis, the 

reactor operation was switched from a single-chamber to a two-chamber system 

(Figures 2 – 4). In two-chambered MECs, the anodic and cathodic reactions are 

isolated, and the produced H2 at the cathode is not accessible for hydrogenotrophic 

methanogens in the anodic chamber. This approach allows assessing the approximate 

H2 yield from the different conditions examined. The measured H2 production rates 

under the two-chamber reactor operation were 0.05 (Condition 1), 0.085 (Condition 2) 

and 0.093 (Condition 3) m3/m3/d. High H2 production rate from the bioaugmented 

reactors supports the superior anodic biofilm activity for electrogenesis. Theoretically, 

4 moles of H2 are required to produce 1 mole of CH4. If the measured H2 is converted 

to methane then this results in a theoretical CH4 production rate of 0.0125 (Condition 

1), 0.021 (Condition 2), and 0.023 (Condition 3) m3/m3/d. These values are equivalent 

to ~ 60% of the measured CH4 production rates in single-chambered MECs, i.e., 0.02 

(Condition 1), 0.037 (Condition 2), and 0.039 (Condition 3) m3/m3/d. Based on this, we 

can assume that 40% of the measured CH4 in under single-chamber operation are 

produced through acetoclastic methanogens activity. However, this assumption does 

not take into consideration that some EAB can utilize H2 directly for current generation 

and generation of H2 from fermentation process. 
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Figure 8 Methane production from MECs reactors started under different conditions. 

    

4.3. Microbial ecology of anodic chamber 

 

After 100 days of reactor operation, reactors were sacrificed for the anodic 

microbiome analysis. Biomass samples was collected from different locations (anode, 

cathode, and suspension) of the single-chambered MECs for 16S rRNA gene 

sequencing. The anodic biofilm community structure (Figure 9) revealed the presence 

of known acetoclastic EAB (G. sulfurreducens and D. acetexigens) detected in all 

conditions tested in this study. G. sulfurreducens was detected in low relative 

abundance (7.9 ± 0.5 %) in the control reactor (Condition 1). In Condition 2, high 

relative abundance of EAB (G. sulfurreducens: 23.9 ± 2.6 % and D. acetexigens: 13.7 

± 6 %) was detected. The highest relative abundance of EAB was detected in in 

Condition 3 (G. sulfurreducens: 13.4 % and D. acetexigens: 63.1 %) for the the anodic 

biofilm (R5-SW) enriched with acetate containing synthetic medium. This was 

expected due the availability of high concentration of electron-donor (acetate – 10 mM) 

favoring the growth of EAB. However, the anodic-biofilm community structure shifted 

when the same biofilm was fed with wastewater (Condition 3; R5-WW and R6-WW, 

Figure 9) where the relative abundance of G. sulfurreducens increased to 29.6 ± 5 % 

and D. acetexigens decreased to 0.45 ± 0.21 % after switching the feed to wastewater. 
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In the used wastewater, Mg2+ ions are in low concentration, which could explain the 

decrease in the relative abundance of D. acetexigens. These ions play a key role in D. 

acetexigens physiology for anodic biofilm formation and current generation; a low 

concentration of Mg2+ ions in the wastewater suppressed their growth during the 

operation of the reactors. Using desalinated water for portable applications in Saudi 

Arabia minimizes the release of hardness-causing ions (such as Mg2+) into domestic 

wastewater. Nevertheless, a high abundance of EAB was detected in the bioaugmented 

reactors compared to the control MECs. The high current density, CEs, and energy 

production from the bioaugmented reactors compared to the controls correlated with 

the high relative abundance of EABs in the anodic biofilm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acetate is an important VFA in domestic wastewater generated from the 

fermentation of organics and serves as a primary substrate for EAB in MET [8]. 

Detection of VFAs (Figure 5 – 7) in the bulk solution and the presence of fermenters 

Figure 9  Heatmap showing the microbial community structure of anodic biofilm enriched under 

different startup conditions. 
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(such as Firmicutes sp. and Bacteriodetes sp., Figure 9 and 10) in the anodic 

microbiome and enrichment of acetoclastic EABs in the anodic-biofilm confirm that 

syntrophic cooperation existed between fermenters and EAB for the conversion of 

complex organics present in the wastewater to energy [28, 29]. In Condition 3, acetate 

was detected at low concentrations throughout the batch cycle operation (Figure 7B), 

which suggests that the rate of acetate generation by fermenters matches the rate of its 

consumption by acetoclastic microbial communities (such as EABs).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enrichment of Methanosaeta sp. is evidenced from the 16S rRNA gene analysis 

(Figure 9 and 10). Methanosaeta sp. is an acetoclastic methanogen and has a high 

affinity for acetate to produce CH4. Comparatively, high abundance of Methanosaeta 

sp. was observed in the anodic-biofilm of MECs developed in Condition 1 (8.3 ± 4.8) 

compared to Condition 2 (0.8 ± 0.7) & Condition 3 (0.25 ± 0.2). Also, they were present 

    C1           C2          C3         C1           C2          C3 

 

Figure 10  Heatmap showing the microbial community structure of cathodic biofilm and suspended biomass in 

MECs operated under different startup conditions 
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in the cathodic biofilm and suspension (Figure 10). The existence of Methanosaeta sp. 

supports their role in the anodic chamber to convert a portion of COD to CH4 through 

acetoclastic methanogenesis. Hydrogenotrophic methanogens belonging to 

Methanobacterium sp., Methanobacteriaceae sp., and Methanoregula sp. were 

detected in the anodic biofilm, cathodic biofilm, and suspension (Figure 10). 

Hydrogenotrophic methanogens support the recycling of H2 (produced through HER at 

the cathode and fermentation of complex organics) as an electron donor for conversion 

of CO2 to CH4 [17]. Methanoregula sp. is reported as acidophilic hydrogenotrophic 

methanogens [30]. 
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5.0 Conclusion 
 

In this study, MEC reactors were bioaugmented with highly efficient EAB, G. 

sulfurreducens and D. acetexigens, to enhance the performance of MECs treating 

domestic wastewater. The performance of MEC was improved with bioaugmentation, 

and highest peak current generation (~ 1500 mA/m2), Coulombic efficiency (70.3 ± 

9%), and gas production rate (0.04 m3/m3/day) were obtained with wastewater-fed 

MECs (Condition 3) bioaugmented with biofilm-anode pre-enriched with EABs. The 

high performance of bioaugmented MECs was associated with improved assembly of 

anodic biofilm with functionally redundant acetoclastic EAB community. The relative 

abundance of acetoclastic EAB was higher in bioaugmented MECs (Condition 2: 37.6 

± 8.7 and Condition 3: 30.1 ± 5) than the non-bioaugmented reactors (Condition 1: 7.9 

± 0.5%).  
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6.0 Future Work 
 

This study revealed the importance of EAB bioaugmentation in improving the 

functional redundancy of the anodic biofilms. However, understanding the dynamics 

of EABs over long-term reactor operation is needed to strengthen the bioaugmentation 

strategy's robustness in stabilizing microbial electrochemical systems' function. 

Developing approaches for quantitative analysis of the EABs population through 

tracking the biofilm microbial community at different time intervals of the reactor 

operation is helpful to understand the relationship between the proliferation of EABs in 

the anodic biofilm and MEC performance. Also, identifying operational parameters that 

govern the fermenters' enrichment and improving the wastewater's organics 

fermentation rates is beneficial for enhancing the fermenters-EABs syntrophy, 

maximizing the energy recovery from wastes, and reducing the HRT needed for 

wastewater treatment. 

Availability of H2 and CO2 in single-chambered MECs configuration favors the 

hydrogenotrophic methanogens activity, which affects the waste-to-H2 recovery. 

Therefore, studies are warranted to avoid the H2 recycling to CH4 in MEC systems. 

Developing a scalable reactor configuration to harness H2 and identifying strategies to 

scavenge CO2 will mitigate the hydrogenotrophic activity and enhance the H2 capture.   

Metal-based cathodes (like Fe and Ni) will foul over time due to the presence 

of foulants in the wastewater or generated during the waste degradation (such as sulfide 

through sulfate-reducing bacterial activity). Cathode fouling minimizes the MEC 

performance due to the blockage of electrochemically active sites by the foulants. 

Therefore, studies are warranted to identify sustainable cleaning approaches to remove 

foulants from the cathode without affecting the catalytic nature of the metallic 
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electrodes. This approach helps minimize the capital cost associated with cathode 

electrodes and improves the MEC performance. 
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