
The role of microbial electrolysis cell in urban wastewater
treatment: integration options, challenges, and prospects

Item Type Article

Authors Katuri, Krishna; Ali, Muhammad; Saikaly, Pascal

Citation Katuri KP, Ali M, Saikaly PE (2019) The role of microbial
electrolysis cell in urban wastewater treatment: integration
options, challenges, and prospects. Current Opinion in
Biotechnology 57: 101–110. Available: http://dx.doi.org/10.1016/
j.copbio.2019.03.007.

Eprint version Post-print

DOI 10.1016/j.copbio.2019.03.007

Publisher Elsevier BV

Journal Current Opinion in Biotechnology

Rights NOTICE: this is the author’s version of a work that was accepted
for publication in Current Opinion in Biotechnology. Changes
resulting from the publishing process, such as peer review,
editing, corrections, structural formatting, and other quality
control mechanisms may not be reflected in this document.
Changes may have been made to this work since it was submitted
for publication. A definitive version was subsequently published
in Current Opinion in Biotechnology, [57, , (2019-04-04)] DOI:
10.1016/j.copbio.2019.03.007 . © 2019. This manuscript version
is made available under the CC-BY-NC-ND 4.0 license http://
creativecommons.org/licenses/by-nc-nd/4.0/

Download date 24/05/2023 08:28:59

http://dx.doi.org/10.1016/j.copbio.2019.03.007


Link to Item http://hdl.handle.net/10754/631888

http://hdl.handle.net/10754/631888


1 
 

The role of microbial electrolysis cell in urban wastewater treatment: 

integration options, challenges and prospects 

Krishna P Katuri, Muhammad Ali and Pascal E Saikaly  

King Abdullah University of Science and Technology, Biological and Environmental Sciences 

and Engineering Division, Water Desalination and Reuse Center, Thuwal 23955-6900, Saudi 

Arabia. 

 

Theme: Environmental biotechnology 

 

Corresponding author: Pascal E. Saikaly, Al-Jazri Building, Office 4237, Thuwal 23955-6900, 

Saudi Arabia, E-mail: pascal.saikaly@kaust.edu.sa 



2 
 

Abstract  

Microbial electrolysis cell (MEC) is an anaerobic biological process for the conversion of 

organics in wastewater to renewable energy in the form of hydrogen or methane. However, MEC 

cannot be used as a standalone technology for urban wastewater treatment, and post-treatment or 

integrated processes are required to meet water reuse and discharge limits. Recent advances in 

material science and the discovery of new microorganisms capable of extracellular electron 

transfer to the electrodes have widened the integration opportunities of MEC in mainstream and 

side-stream urban wastewater treatment. This review addresses recent developments in the 

integration of MEC with other processes such as membrane filtration, anaerobic ammonium 

oxidation and anaerobic digestion, as well as discusses current challenges and new integration 

opportunities.  
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Introduction 

Urban wastewater is currently regarded as a valuable resource of water, energy, nutrients 

(nitrogen and phosphorous) and materials (e.g., bioplastics, cellulose fibers, alginate, metals) 

[1,2]. Microbial electrochemical technologies (MET) based on microbial fuel cell (MFC) or 

microbial electrolysis cell (MEC) (Figure 1), offer an opportunity to biologically treat 

wastewater with concomitant recovery of energy [3•]. In MFCs or MECs, microorganisms with 

extracellular electron transfer (EET) capability transfer the electrons generated during the 

oxidation of organics in wastewater to the anode. The electrons and protons generated at the 

anode during oxidation are utilized at the cathode for production of electricity (in MFC) or H2 (in 

MEC). Additional voltage (0.2–0.8 V) lower than the voltage required for traditional water 

electrolysis (1.8–3.5 V) must be applied between the electrodes [4], and this small voltage could 

be supplied by a photovoltaic solar panel [5].  

Applying MEC to mainstream and side-stream urban wastewater treatment infrastructure has the 

potential to reduce cost for wastewater treatment and sludge disposal. Pilot-scale (>100L) 

demonstrations of MECs for municipal wastewater treatment are in the rise [6•–9], and the first 

commercial application of MEC, the Ecovolt reactor from Cambrian Innovation, for high-

strength wastewater treatment has been realized. Earlier reviews on MECs have focused on 

reactor designs and configurations, electrode materials, economic considerations, and use of 

MEC for waste biorefinery [4,5,10•]. A review by Rosenbaum et al. [11] discussed how 

bioelectrochemical systems may be integrated in the wastewater and sludge treatment line. Since 

then many developments have occurred in the field of MEC. For example, recent years have 

witnessed new and important applications of MECs: (1) integrating MEC directly into anaerobic 

digestion (AD) in order to improve performance and increase the methane (CH4) concentration 
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in the product gas [12]; and (2) integrating MEC with membrane filtration for resource recovery 

(reclaimed water and energy) from low strength wastewaters such as urban wastewater [13••]. 

This short review focusses on the application of MECs for urban wastewater treatment with 

special emphasis on recent developments in the past few years on the integration of MECs with 

other processes (biological and physical) in mainstream and side-stream urban wastewater 

treatment, as well as current challenges and new integration options. 

Integration of MEC in mainstream urban wastewater treatment  

Currently, there are only a few pilot-scale (100–175 L) MEC studies treating domestic 

wastewater (Table 1). The first pilot-scale (120 L) MEC study to treat domestic wastewater was 

published by Heidrich et al. [6•]. The reactor produced high purity hydrogen (H2) gas (100%) at 

a rate of 0.015 m3/m3/day. The robustness of their pilot-scale MEC to treat domestic wastewater 

was established at ambient temperatures (1–22 °C) for prolonged periods (12 months) with 

energy recovery as H2 (0.007 m3/m3/day) [7]. However, further improvement in the design did 

not improve the H2 production rate (0.005 m3/m3/day) with cathodic coulombic efficiency (CE) 

below 10% [8], with significant H2 losses due to leakage and the use of a microporous 

membrane, which allowed H2-scavenging bacteria to permeate from the anode to the cathode. 

Higher H2 production rate (0.031 m3/m3/day) with cathodic CE of 82% was observed elsewhere 

[9], using the same design as [6•], but with some modifications such as the design of a cell PVC 

structure to ensure better tightening and the use of an anionic exchange membrane.  

Modularized reactors are more efficient for scale-up than just increasing the size of a single 

reactor [6•–9,14]. To date, pilot-scale MECs for domestic wastewater treatment have used the 

planar design with stainless steel (SS) as the cathode (Table 1). Further improvement in design 

such as increasing electrode surface-area-to-reactor volume ratio and reactor configuration, and 
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the use of non-noble metal catalysts with low H2 evolution overpotential are needed. Tubular 

design allows the optimization of membrane (proton/cation/anion exchange) and electrode 

surface area to reactor volume [15•]. Using a novel tubular dual-chamber MEC with modified 

SS felt anode, which allowed high electrode surface area to reactor volume ratio (60 m2/m3) and 

small distance (0.6 cm) between the electrodes, Guo et al. [15•] achieved the highest H2 

production rate (7.1 m3/m3/day) reported so far for tubular MECs. This study used platinum (Pt), 

which is an expensive but effective catalyst. Nickel (Ni) can be used instead of Pt because it has 

been shown to be an efficient catalyst for H2 evolution in MEC studies [3•,16], has lower H2 

overpotential compared to most other non-noble metal catalysts such as SS [17], and is stable 

under alkaline conditions.  

All the pilot MECs tested so far for domestic wastewater used dual-chamber MEC configuration 

(Table 1). Single-chamber design can reduce capital and operation cost. However, a major 

drawback for single-chamber MEC is hydrogenotrophic methanogenesis (HM) being the major 

electron sink at the cathode reducing H2 yields [4]. Active H2 harvesting using gas-permeable 

hydrophobic membrane and vacuum has proven to be an effective method in preventing 

methanogenesis in single-chamber MECs [18•]. The hydrophobic nature of the membrane allows 

H2 to permeate at a low transmembrane pressure (1 atm), leading to low energy consumption by 

vacuum (2‒3 ×10–4 J) for each batch cycle [18•]. However, long-term performance, fouling 

behavior of the membrane, further development of these type of membranes and optimization of 

operation are needed. Alternatively, it has been argued that promoting HM rather than 

eliminating it has some advantages in MEC. For example, HM can avoid H2 recycling (by 

exoelectrogens and/or homoacetogens) as the generated H2 is consumed by methanogens [19]. 

Also, CH4 is relatively safer than H2 for storage, transportation and combustion [10•]. Also, the 
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percentage of CH4 in the biogas can be increased in MEC by HM. High purity CH4 (86%) was 

produced in single-chamber pilot-scale (1000 L) MEC treating winery wastewater [20•]. 

Although, recovering H2 rather than CH4 is more attractive in offsetting energy input (energy 

content of CH4 per unit mass being lower than that of H2), coupling MEC with renewable power 

sources such as solar [21–23] can be an attractive approach to reduce energy consumption.  

Anode-associated microorganisms are an important component of MECs, but it is less studied. 

With the few studies available, members of the genus Geobacter seem to be the dominant anodic 

community in lab-scale MECs fed with acetate or propionate [24] and in lab- and pilot-scale 

[7,25] MECs treating domestic wastewater. Currently, there are about 100 known species 

capable of extracellular electron transfer (EET) and the number is expected to increase. A 

literature survey of these species indicated that there is not a single ecological niche for 

microorganisms able to perform EET [26••]. Koch et al. [27] showed that the anodic 

communities fed with domestic wastewater are functionally redundant. Also, Ishii et al. [28] 

showed that electricity-generating biofilm is functionally stable in a year-long experiment 

despite temporal fluctuations with early stages dominated by members belonging the genus 

Geobacter and in later stages members closely related to Desulfuromonas acetexigens became 

dominant, suggesting some role of this bacterium in electricity generation. This was confirmed in 

a recent study where a pure culture of D. acetexigens strain 2873 was shown to be capable of 

EET to the anode of MEC, producing high peak current densities of 7 to 9 A/m2 [29•]. Most 

importantly, D. acetexigens cannot use H2 as electron donor for current generation [30], thus 

avoiding issues related to H2 recycling in single-chamber MECs. Currently, most of the MEC 

studies relied on amplicon sequencing to determine the general microbial community structure, 

with limited information on their function. Future studies should employ metagenomic [31], and 
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metatranscriptomic [32] approaches to have a better understanding of community function, 

especially elucidating the genes responsible for EET.  

The existing pilot-scale studies proved that MEC might become a feasible technology for 

domestic wastewater treatment, bringing competitive advantage over conventional activated 

sludge process from energy consumption, especially if coupled with renewable energy sources. 

Nevertheless, the low COD removal (Table 1) and the fact that MEC fails to remove a 

significant amount of nutrients from wastewater pause some challenge in implementing this 

technology for domestic wastewater treatment. Additionally, MEC cannot produce high-quality 

water suitable for reuse. Therefore, post-treatment or integrated processes are needed to improve 

effluent quality from MECs to meet discharge limits. Integration of MEC with other processes 

such as membrane filtration (Figure 2A) and partial nitritation-anammox (PN/A) process 

(Figure 2B) can meet the fit-for-purpose treatment and will be the subject of the following two 

subsections. 

Integration of MEC with membrane filtration  

To improve effluent quality for reuse, several studies have reported systems of integrating 

electrically conductive and catalytic microfiltration hollow fiber membranes (HFMs) with single-

chamber MECs in what is referred to as an anaerobic electrochemical membrane bioreactor 

(AnEMBR) [2,3•,13••,17]. The HFMs in AnEMBR served the dual function as the cathode for 

H2 evolution reaction and membrane for the filtration of treated water (Figure 3). In addition to 

water and energy recovery, the hollow fiber architecture of the cathode with small radial 

dimensions overcomes the challenge to maximize the electrode surface-area-to-reactor volume 

ratio by increasing the packing density of the cathode, which is required for large-scale 

applications of MECs. Using Ni-based HFMs, 71% of the substrate energy was recovered in 
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AnEMBR as CH4 rich biogas (83 % CH4; < 1% H2) at an applied voltage of 0.7 V [3•]. 

Biofouling in the Ni-based AnEMBR system was mitigated via the in-situ cleaning by the gas 

bubble formation on the cathode surface [3•]. Further optimization in electrode spacing and 

specific cathode surface area successfully delayed the onset of cathode biofouling and improved 

reactor performance [17]. 

Porous polymer-based hollow fibers are flexible, cheaper and simpler to manufacture using 

conventional polymeric membrane manufacturing methods (i.e. phase inversion), as well as 

easier to integrate into modules. However, most polymers are electric insulators. Recently, 

Katuri et al. [13••] developed an electrically conductive and catalytic polymeric HFMs for 

simultaneous recovery of energy and reclaimed water in AnEMBR by depositing a thin film of 

nano-Pt on the surface of polymeric HFMs by atomic layer deposition (ALD). By using the ALD 

method, it was possible to significantly reduce the amount of Pt catalyst needed to drive the 

process, and to fine tune the pore size of the porous hollow fibers resulting in high-quality water 

enabling reclamation of treated effluent. Since MEC does not remove nutrients, the nutrient-rich 

effluent from AnEMBR after disinfection can be used for landscape irrigation. Although these 

dual-function cathodes have the potential to solve some intrinsic bottlenecks related to 

membrane processes (membrane fouling) and MEC (cathode specific surface area), they must be 

affordable and easily fabricated at a large scale. Fan et al. [33] used a simple approach to render 

ceramic HFMs conductive by coating them with carbon nanotubes using vacuum filtration.  

New application – integration of MEC with anaerobic ammonium oxidation  

Optimizing COD removal efficiency is needed in the case of AnEMBR for water reuse for 

irrigation or if MEC is to be implemented as the A-stage in A-B process (A-stage: capture of 

COD for energy production; B-stage: nutrient removal). Studies successfully demonstrated the 



9 
 

feasibility of nitrogen removal in mainstream wastewater using anaerobic treatment by 

methanogenesis (A-stage) followed by partial nitritation-anammox (PN/A) process (B-stage) at 

laboratory [34] and pilot-scale [35]. In this context, MEC can be used as the A-stage (capture of 

COD as CH4 or H2) if COD can be removed to a level suitable for PN/A. One approach to 

enhance COD removal in MEC is to integrate it with granular activated carbon (GAC), either as 

packed-bed [36] or fluidized reactor [37,38]. Fluidization of GAC was shown to enhance COD 

removal and CE in MFC [37] and H2 production in MEC [38]. The GAC can enhance anode 

biomass because of their good electrical conductivity and high specific surface area for 

attachment. Further, the highly porous structure and large surface area of GAC provide effective 

adsorption capacity, which is useful to concentrate organics from dilute wastewaters. The 

adsorbed organics on GAC will be fermented to volatile fatty acids (VFAs) in the anodic biofilm, 

and the availability of concentrated VFAs to exoelectrogens will improve the kinetics of the 

anodic reaction. However, further investigation is needed to better understand the role of GAC 

on exoelectrogens activity.  

A novel route for anoxic autotrophic ammonium removal was investigated in recent years [39–

42••] using dual-chamber nitrifying MEC (niMEC). In niMEC, ammonium is oxidized all the 

way to N2 with anode serving as the electron acceptor instead of O2, and hence avoids the costs 

associated with aeration for nitrification to produce nitrite (an electron acceptor) in PN/A 

process. Most importantly, no previous oxidation of ammonium to nitrite by partial nitritation is 

required, thus avoiding the issues associated with the stable supply of appropriate nitrite levels to 

drive anammox process. The nitrogen removal rate (35 g-N/m3/d) was comparable to 

conventional nitrification/denitrification process (21–58 g-N/m3/d) and at a lower energy 

consumption (0.13 kWh/kg-N compared to 1.6–4.6 kWh/kg-N) [42••]. Also, the main product 
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for ammonium removal was N2, with very low concentrations (< 0.5 mg-N/L) of nitrite and 

nitrate and no nitrous oxide detected [42••]. Using proper controls, it has been confirmed that 

electroactive nitrifying bacteria belonging to the genus Nitrosomonas performed the anoxic 

autotrophic ammonium oxidation at the anode [39,42••]. Other studies [40,41] also showed the 

dominance of Nitrosomonas on the anode. These results are promising, and further optimization 

in reactor design and operation are needed to improve nitrogen removal rates to make niMEC 

(Figure 2C) a viable alternative technology for nitrogen removal from wastewater. Also, the 

effect of organics on system performance and stability, and the use of single-chamber niMEC 

need to be investigated.  

Recently our group showed for the first time the electrochemical activity of enriched anammox 

cultures, Candidatus Brocadia sinica (>99%) and Ca. Scalindua sp. (>99%), in a single-chamber 

MEC at set anode potential, and this novel process was referred to as electro-anammox [43]. 

Results revealed that these enriched cultures couple anoxic ammonium oxidation to anodic 

current generation in the absence of nitrite. No accumulation of intermediates such as nitrite and 

nitrate were detected, and anoxic ammonium removal followed the typical anammox metabolic 

pathway through hydrazine. Fluorescence in situ hybridization analysis of the anodic biofilm 

using anammox-specific probes and metagenomics of DNA extracted from the biofilm on the 

electrodes revealed the presence and high abundance of anammox bacteria on the anode even 

after more than two months of operation. The fact that anammox bacteria can perform EET 

confirms previous studies that there is not a single ecological niche for electroactive bacteria. 

Understanding the mechanism of electron transfer by anammox bacteria to the anode is currently 

underway. 

Integration of MEC in side-stream urban wastewater treatment  
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In general, waste streams with high organic content generate more biogas in MECs than dilute 

waste streams [10•]. Side-stream urban wastewater treatment plants are more enriched with 

organics than mainstream wastewater, therefore, the potential benefits of MECs are expected to 

be higher for the treatment of organic-rich side-streams than dilute mainstream wastewater. 

However, MEC should not be considered as a standalone technology to compete with existing 

technologies such as the well-established, reliable, robust and low-cost anaerobic digestion (AD) 

process. Instead, MEC could provide a good synergy with AD to maximize energy recovery and 

stabilize waste. In fact, the first commercial application of MEC, the Ecovolt reactor from 

Cambrian Innovation, was MEC integrated AD process for industrial wastewater treatment with 

recovery of energy as CH4-rich biogas. The subsequent two subsections highlight various 

opportunities of retrofitting existing side-stream processes with MEC to enhance energy 

recovery and CH4 content in biogas, and to improve waste stabilization (Figure 2D and E).  

New application – integration of MEC with fermentation for cellulose sludge treatment 

In the context of COD capture, cellulose originating from used toilet paper can be regarded as an 

important untapped resource (25-30% of the total influent COD) in municipal wastewater, which 

can be recovered through mesh sieving [44] (Figure 2D). Fermentation process suffers from low 

H2 yields, low H2 purity, and inhibition caused by the accumulation of acids from degradation of 

complex substrates such as cellulose [45,46]. Integrative biorefinery (coupling fermentation with 

MECs) could be a viable approach for efficient H2 production from renewable biomass [4]. 

Several studies reported the integration of MEC with fermentation for cellulose waste 

degradation using either a two- [47,48] or single-stage configuration [45]. In the two-stage 

configurations, dark fermentation was followed by MEC [47] or MFC-MEC [48], where MFC 

was used as a power source for MEC.  
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The thermophilic fermentative bacterium, Thermoanaerobacter pseudethanolicus, was reported 

to simultaneously ferment cellulose products (xylose, glucose and cellobiose) and convert 

fermentation products (acetate and lactate) to current (3–8 A/m2) in dual-chamber MEC [49•]. 

Later, the same group demonstrated simultaneous fermentation of cellulose and current 

production in thermophilic MEC reactor [45], where cellulose was fermented by enriched culture 

of cellulolytic bacteria into sugar and organic acids, which were subsequently consumed by 

anode-respiring consortium (T. pseudethanolicus and T. ferriacetica) with stable current 

production. To the best of our knowledge, there is currently no mesophilic or thermophilic 

electroactive bacteria capable of simultaneous cellulose fermentation with current production. 

However, as mentioned in the section on integration of MEC for mainstream wastewater 

treatment, the diversity of electroactive bacteria could be larger than expected [26••]. Also, 

recent advancements in synthetic biology enabled researchers to engineer a synthetic microbial 

consortium to generate electricity from various substrates, for instance, glucose [50] and CH4 

[51]. This opens the possibility of engineering a synthetic microbial consortium capable of 

utilizing cellulose for electricity generation in mesophilic or thermophilic MECs. 

Integration of MEC with AD to treat waste activated sludge 

Conventional AD process often suffers from instability and low biogas yield, which may be 

caused by substrate characteristics, short-chain fatty acids (SCFAs) accumulation, and/or 

ammonium ions, etc. [52]. In particular, high propionate concentration (20–37 mM) can 

detrimental for AD process [53]. A lab-scale MEC reactor operated at an applied voltage of 0.7 

V demonstrated consistent high (78%) removal of propionate despite its high (36 mM) 

concentration [53]. By setting the anode potential (−0.25, 0, or 0.25 V) in MECs using a 

potentiostat, Hari et al. [54] demonstrated complete oxidation of propionate (36 mM) with no 
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accumulation of intermediates, and microbial community composition analysis suggested that 

complete degradation of propionate was facilitated by syntrophic interactions between 

exoelectrogens, fermentative bacteria and hydrogenotrophic methanogens. Acetoclastic 

methanogens were not key players as acetate-oxidizing exoelectrogens outcompete acetoclastic 

methanogens for acetate [53,54]. In methanogenic systems, simultaneous processing of 

substrates through multiple biological routes is essential for maintaining functional stability in 

response to a perturbation [55]. In-line with this observation, Hari et al. [53] indicated that 

multiple paths of electron flow from the substrate in the anode of MEC should result in higher 

functional stability of the system. This implies that MECs could potentially be integrated with 

existing AD process to enhance stability and facilitate SCFAs degradation. MEC-assisted AD 

(MEC-AD) process successfully avoided SCFAs accumulation during waste activated sludge 

(WAS) degradation and suggested that exoelectrogens were much efficient in SCFA degradation 

[56]. 

Another advantage of integrating MEC with AD is the enhancement in CH4 production and 

purity. Various studies reported the integration of MEC with AD for the treatment of WAS. The 

MEC-AD process evaluated in single-chamber barrel-shaped stainless-steel reactor showed 2.3 

times increase in CH4 yield [57]. Cai et al. [58] unveiled the ecological role of hydrogenotrophic 

methanogens (e.g. Methanobacterium), dominated in the cathode biofilm, in accelerating CH4 

production rate from WAS in MEC-AD process. Feng et al. [59] reported increase in CH4 

production and WAS degradation rate by 22% and 11%, respectively at an applied voltage of 0.3 

V. However, lower CH4 production and WAS degradation was observed at applied voltage of 0.6 

V, and the authors contributed this to the excessive utilization of H+ in the cathode causing pH 

increase to inhibit methanogenesis. This finding was further confirmed by the same research 
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group in a follow-up study [60], where increase in cathodic pH (9.5) due to proton consumption 

inevitably inhibited methanogenesis. The influence of applied voltage (0.3 and 0.6 V) on 

methanogenic population in MEC-AD system was investigated in another study, and 17.2 times 

increase in abundance of hydrogenotrophic methanogens was observed at low (0.3 V) applied 

voltage with enhanced (8–9%) CH4 production [61]. Taken together, these few available lab-

scale studies on MEC-AD demonstrate the possibility of enhancing CH4 generation from WAS 

at low applied voltage (0.3 V), suggesting that MEC-AD system can be powered easily by 

renewable energy resources like solar and wind. However, the effect of applied voltage should be 

carefully evaluated as some studies showed contradictions in terms of optimal voltage to use for 

WAS treatment [12]. Also, these previous studies did not provide a clear understanding of the 

underlying mechanisms for the enhancement of CH4 production. Using proper controls, De 

Vrieze et al. showed that biomass retention on electrodes rather than electric current has been 

suggested to enhance stability in AD [62]. Therefore, in future MEC-AD studies proper controls 

should be included such as operating MEC-AD reactors in open circuit mode or switching the 

operation of MEC-AD reactor from closed circuit to open circuit mode to distinguish between 

the effect of biomass retention versus electrochemical interaction with the electrodes in 

enhancing methane generation. Also, the stability of the process for prolonged periods needs to 

be assessed as existing studies were operated for a short period.  

The MEC-AD process could also solve existing problems associated with conventional AD 

process such as the requirement of long startup periods, long hydraulic retention times (HRT >20 

days) and stable temperature (33–55 oC). A recent study demonstrated a faster startup (1.7–4.0 

times faster) and stable CH4 production by coupling MEC with AD [63]. Applying low voltage 

(0.3 V) between the electrodes resulted in improved AD of WAS at shorter HRTs (<20 days) 
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than the conventional AD system [64]. The application of AD process could be an attractive 

technology in temperate climate regions, however, low temperatures can result in low microbial 

activity and low CH4 yield. Liu et al. [65] demonstrated MEC-AD process could enhance CH4 

production from WAS at low temperature (10°C).  

Conclusions  

Better engineering and reactor design such as reducing electrode spacing and increasing 

electrode surface-area-to-reactor volume ratio can improve the prospects for scaling up MEC for 

urban wastewater treatment. Also, the development of cost-effective low overpotential catalysts 

for H2 evolution can reduce energy consumption and coupling MEC with sustainable electricity 

sources such as solar can make the process energy neutral or positive. Tubular MECs seem to 

hold promise, but pilot-scale (>100 L) demonstrations with real wastewater are needed to further 

realize their potential. To produce high-quality effluent for reuse or discharge, MEC should be 

integrated with other mainstream processes. The use of electrically conductive and catalytic 

micro- or ultra-filtration HFM in AnEMBR has several advantages, but further development and 

optimization are needed to fabricate these types of membranes at large scale. To date the benefits 

of MEC with organic-rich side-stream wastewater are higher than mainstream wastewater. 

Though, MEC technology should be applied as an integrative process by retrofitting the existing 

side-stream infrastructure, rather than being applied as a standalone process. The existing AD 

infrastructure could be easily retrofitted by installing electrodes connected to an external power 

source in the AD reactor to improve microbial syntrophy and enhance energy recovery. From the 

microbiology perspective, there is a need to further explore the diversity of EET-capable bacteria 

as the recent discoveries of new exoelectrogens (electro-anammox, D. acetexigens, etc.) open the 

door for new applications of MEC technology for urban wastewater treatment. An important 
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aspect that needs to be addressed in future studies is the amount of nitrogen required for the 

growth of exoelectrogens. Unlike other microbes involved in wastewater treatment, 

exoelectrogens require more nitrogen not only for biomass growth but also for synthesis of redox 

proteins responsible for EET.  
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Table 1 Existing pilot-scale (100-1000 L) MEC studies treating real wastewater 

aCatholyte: 50 mM phosphate buffer added at the start of the experiment and was not filled during operation 
bCatholyte: 0.1 M NaCl replaced at monthly intervals 
cCatholyte: 4 g/L NaCl replaced only once 
dMost of the produced gas was converted to CH4 

SS: stainless steel; SCSA: specific cathode surface area; HRT: hydraulic retention time; CE: coulombic efficiency; COD: chemical oxygen demand 

 

Type of 

wastewater 

Size 

(L) 

Configuration Anode Cathode SCSA 

(m2/m3) 

Applied 

voltage 

(V) 

HRT 

(h) 

Gas 

production rate 

(m3/m3/d) 

H2 purity Cathodic 

CE (%) 

COD 

removal 

(%) 

Temperature 

(o C) 

References 

Urban WW
a
 120 Dual chamber Carbon 

felt 

SS 3.4 1.1 24 0.015 100 55 34 13.5–21.0 [6•] 

Urban WW
a
 120 Dual chamber Carbon 

felt 

SS 3.4 1.1 24 0.007 98-99 41 44 1–22 [7] 

Urban WW
b
 175 Dual chamber Graphite 

felt 

SS 13.0 0.9 5 0.005 93 10 63.5 9–16 [8]  

Urban WW
c
 130 Dual chamber Carbon 

fibers 

SS – 1.5 48 0.031 95 82 25 22 [9] 

Winery WW 1000 Single 

chamber 

Graphite 

fiber 

brush 

SS 18.1 0.9 24 0.19 –d – 62 31 [20•] 
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Figure captions 

Figure 1 Schematic representation of the different configurations of microbial electrochemical 

systems for wastewater treatment with recovery of energy. MFC: microbial fuel cell; MEC: 

microbial electrolysis cell; PEM: proton exchange membrane. A power source is needed in the 

case of MEC. 

Figure 2 Integration of microbial electrolysis cell (MEC) with existing mainstream (A–C) and 

side-stream (D–E) processes of urban wastewater treatment systems: A) Fluidized MEC coupled 

with membrane bioreactor (MBR) using electrically conductive, catalytic and porous hollow 

fiber membrane; the dual-function hollow-fiber membrane serves as a cathode for recovering 

energy as H2 and filtration of treated water to reclaim nutrient-rich water for agriculture reuse; B) 

Fluidized MEC combined with partial-nitritation and anammox (PN/A) process for both C and N 

removal and further effluent polishing suggested with gravity-driven membrane (GDM) system 

to reclaim water for non-potable reuse; C) Fluidized MEC integrated with electrode-assisted 

anammox (EA-anammox) for both C and N removal and GDM system proposed for further 

effluent polishing for non-potable reuse; D) Two-stage cellulose treatment with fermentation 

followed by MEC process for waste stabilization and energy recovery as H2 gas; E) MEC-

assisted anaerobic digestion (MEC-AD) process for waste sludge stabilization and energy 

recovery, further N-removal treatment by EA-anammox is recommended to remove N from 

NH4
+–rich supernatant of MEC-AD.  

Figure 3 Schematic of anaerobic electrochemical membrane bioreactor (AnEMBR). The 

electrically conductive, catalytic and porous hollow fiber cathode contains microfiltration pores 

that allow water to pass through while blocking the passage of bacteria. In addition to its role as 

a filter, the cathode catalyzes the hydrogen evolution reaction at the cathode surface. The 
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hydrogen generated at the cathode surface can be utilized by hydrogenotrophic methanogens to 

generate methane gas.  Reproduced with permission [2]. Copyright 2018, Advanced Materials. 
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Figure 2. 
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