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A B S T R A C T   

Anaerobic Membrane Bioreactors (AnMBRs) combine the advantages of anaerobic processes and MBR technol
ogy to improve effluent quality and energy recovery. However, these systems are associated with operational 
challenges such as membrane fouling and loss of dissolved methane that increases operation and energy ex
penses. In this study, a new configuration was developed combining AnMBRs with Microbial Electrolysis Cells 
(MECs). The effectiveness of the coupled AnFMBR-MEC system was tested by monitoring several indicators 
during the treatment of synthetic wastewater. The new configuration exhibited a 25-day shorter startup period, a 
56% enhanced average methane yield, and a reduced membrane fouling with a maximum transmembrane 
pressure value nearly 6.5 folds lower than that exhibited by the AnFMBR alone. AnFMBR-MEC had an average CE 
of 40% and both reactors achieved around 90% COD removal. Similar bacterial communities existed in both 
reactors but with different relative abundance and localization. In the AnFMBR-MEC, the Direct Interspecies 
Electron Transfer was the likely dominant route for acetate consumption due to the abundance of Geobacter and 
Methanosarcina on the granular activated carbon and in suspension. The new system offers a promising tech
nology with less fouling and improved resource recovery from wastewater due to the presence of different 
environmental niches (GAC, anode, cathode) for microbial colonization and growth, which resulted in the 
reduction of biomass in suspension and the proliferation of electroactive bacteria and methanogens as biofilms.   

1. Introduction 

Population growth and development are continuously stressing 
natural resources, particularly water and energy. In this context, 
wastewater treatment offers a promising source of clean water for reuse 
[1]. Membrane Bioreactors (MBRs) have attracted interest during the 
last two decades as an effective wastewater treatment and reuse tech
nology [2]. MBRs combine membrane separation with biological treat
ment of wastewater to generate effluent water quality suitable for reuse 
[3]. MBRs based on activated sludge process offer several advantages, 
including higher pollutant removal rates, compactness and smaller 
footprint, and ease in adaptation to existing works [4–6]. However, it is 
an energy intensive (1–2 kWh/m3) technology, where a large fraction of 
this energy is used for aeration, filtration process, and scouring of the 

membranes to minimize fouling [7,8]. Recently, there has been an 
increased interest in anaerobic MBR (AnMBR) for wastewater treatment 
and reuse due to their lower energy demand (no aeration), energy re
covery as methane due to the activity of methanogenic archaea, high 
COD removal, high ammonia tolerance [9–12], as well as reduced 
sludge generation and improved stabilization [13]. 

Similar to aerobic MBRs, fouling also occurs in AnMBR and is 
considered one of the major limitations hindering its application 
because of the higher biomass concentration in long-term operations 
[9]. In general, biogas sparging has been widely used to control fouling 
in AnMBR. However, this method has high energy requirements ranging 
from 0.7 to 3.4 kW h/m3 [14]. As such, alternative methods with low 
electrical energy requirement (0.1 kWh/m3) have been developed to 
control fouling, such as the addition of Granular Activated Carbon 
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(GAC) with biogas sparging/fluidization [15,16]. In addition to being 
energy efficient, GAC fluidization provides mechanical cleaning for the 
membrane and a high surface area for biomass growth [15,17]. 

Recently, more efforts have been directed towards other anaerobic 
processes that utilize the potential of electrochemically active bacteria 
(EAB), also known as electricigens, to oxidize organic carbon, while 
simultaneously transferring the generated electrons to an anode in a 
microbial electrochemical system. The electrons and protons generated 
by EAB are then transferred to the cathode through an external circuit 
and electrolyte, respectively, where they are reduced to water in the 
presence of oxygen (in microbial fuel cell, MFC) or hydrogen/H2O2 with 
the use of an external voltage under anaerobic conditions (in microbial 
electrolysis cell, MEC) [18–20]. 

While MFC or MEC offer the opportunity to offset energy consump
tion for wastewater treatment, they cannot be used as standalone 
technology for generating effluent water quality suitable for reuse, and 
as such they need to be coupled with membrane filtration processes 
[21]. For example, MFCs have been successfully combined with a 
flat-sheet ultrafiltration membrane biocathode [22–25]. In other 
studies, the membrane filtration unit was placed between the anode and 
cathode of MFCs [26–30,33], or outside the MFC [31,32]. As for MECs, 
few studies have coupled them with membrane filtration, in what is 
referred to as anaerobic electrochemical membrane bioreactor 
(AnEMBR) [7,21,34–36]. For example, electro-catalytic and porous 
metal or polymer-based hollow fibers have been used both as cathodes 
for hydrogen evolution reaction (HER) and as membranes for filtration 
(microfiltration or ultrafiltration) of treated water in MEC [7,21,35–37]. 
Using these dual-function hollow fiber cathodes allows for the simul
taneous recovery of clean water and energy from domestic wastewater 
in a single unit. An important finding from these studies was that these 
dual-function cathodes have a self-cleaning property attributed to the 
in-situ H2 bubble formation on the cathode surface and other factors 
associated with HER, which significantly delay the onset of cathode 
biofouling. Li et al. [38] used a two-chamber MEC with polymeric hol
low fiber membrane (HFM) unit submerged in the cathode chamber. 
Scaling up this two-chamber system remains expensive given the need 
for a middle membrane (additional capital cost) to separate the anode 
from the cathode. Moreover, the system results in an increase in the 
internal resistance, which results in higher operational costs due to the 
higher voltage needed to drive the process. As such, the coupling of a 

single chamber MEC with membrane filtration appears to be more 
economical and worth studying, especially if it is integrated with an 
efficient fouling-control method such as GAC fluidization that has 
proven to control fouling in AnMBR with minimal energy requirements. 

In this study, a novel AnEMBR configuration was developed and 
examined by coupling single-chamber MEC with Anaerobic Fluidized 
Membrane Bioreactors (AnFMBR). The new reactor configuration aimed 
at mitigating fouling by enclosing the HFM and GAC fluidization in an 
internal cylinder. The new AnFMBR-MEC system was tested to assess its 
kinetics and effectiveness in treating an acetate rich synthetic medium 
effective for EAB growth at room temperature (20–25 ◦C). The perfor
mance of this reactor was quantified in terms of biogas production, 
substrate degradation and removal efficiency, membrane fouling, and 
microbial ecology compared with an AnFMBR under the same operating 
conditions. 

2. Material and methods 

2.1. Reactor configuration 

Two tubular laboratory-scale bioreactors (AnFMBR and AnFMBR- 
MEC) were constructed from Plexiglas-material, with a 1.5 L total vol
ume and an effective volume of 1.43 L (Figs. 1, 2, Supplementary 
Figs. S1 and S2). Each reactor has a height of 50 cm, a diameter of 6.4 cm 
and contained an inner tube with a 3.5 cm diameter. The inner tube was 
perforated with 5 mm holes at the top to allow fluid flow between the 
inner and outer tube. A polyvinylidene difluoride (PVDF) hollow fiber 
membranes of 0.00575 m2 total surface (50 cm height, 0.1 µm pore size, 
0.8 mm inner diameter, and 2 mm outside diameter) (Kolon Inc., South 
Korea) was submerged in the inner tube with 55 g of GAC (Calgon 
Carbon, Catalog # 207C, USA), and connected to a peristaltic pump 
(model no. 7528-30, Masterflex, Vernon Hills, IL) providing a constant 
effluent of 1 L/day. The GAC was used as a carrier for microbial colo
nization and to minimize fouling by fluidization with a 60–70% bed 
expansion achieved at a recirculation rate of 0.75 L/min. The AnFMBR- 
MEC electrodes (i.e., anode and cathode) were placed in the outer tube 
and were connected with titanium wires (200 µm diameter, goodfellow, 
UK) to an external power source (3645A, DC Power supply, Circuit 
Specialists.INC, USA). The carbon-cloth anode (CC4P, Fuel cell earth, 
USA) and nickel mesh cathode (Guangzhou Kavatar Trading Co. Ltd) 

Fig. 1. AnFMBR-MEC and AnFMBR setup.  
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had an area of 427.5 cm2 and 344 cm2, respectively (Fig. 2). 

2.2. Reactor start-up and operation 

The two reactors were operated in parallel at room temperature 
(20–25 ◦C). They were inoculated on day 1 with 1 L of cow manure 
solution (500 g fresh cow manure with 2 L of distilled water) and then 
later with a sludge collected from an existing AnMBR reactor. The 
AnFMBR was inoculated on day 2 and 17 with 70 and 50 mL of sludge, 
respectively. Whereas, the AnFMBR-MEC system was inoculated with a 
lower volume of sludge (10 mL) on day 7 because EAB adapt faster than 
methanogens [21]. The synthetic wastewater tank was purged with ni
trogen gas of high purity (99.99%) for around 30 min to ensure an 
anaerobic atmosphere, and then stored at 4 ◦C in the dark to avoid 
microbial growth. Following the start-up period (87 days), sodium ac
etate concentration was lowered from 0.82 g/L (start-up phase) to 
0.6 g/L (to mimic COD concentration of low-organic strength waste
water, i.e., ~ 0.4 g/L COD) for the remaining operation period. During 
the start-up and operation period, the reactors were continuously fed 
with the synthetic medium (Table 1) at a fixed hydraulic retention time 
(HRT) of 1.5 days. 

2.3. Analysis 

2.3.1. COD and biogas 
Effluent samples were collected 2–3 times per week, filtered through 

0.2 µm pore diameter syringe filters (polytetrafluoroethylene, PTFE, 
13 mm size, Kinesis Ltd.) and stored at − 20 ◦C to be consequently 
analyzed for soluble COD using the Standard Method 5220 D (Hach 
company, Loveland, CO). Gas analysis was also conducted 2–3 times per 
week by collecting 200 μl sample volume from the reactor headspace 
and gas bags (Calibrated Instruments Inc.) and analyzing it using an SRI 
310C Gas Chromatograph (GC). The GC columns were a 6́Molecular 
Sieve, 3́Silica Gel, and a 3́HayesSep D with argon as carrier gas to detect 
hydrogen, nitrogen, methane and carbon dioxide volumes. Gas and COD 
readings were presented as average of weekly data. 

2.3.2. Scanning electron microscopy (SEM) 
At the end of the experimental period, samples from the fouled and 

virgin HFM were taken and stored overnight in a glutaraldehyde fixative 
solution (2% in 50 mM phosphate buffer, pH 7.0). After fixation, the 
samples were dehydrated using a series of graded alcohol solutions 
(10–100%; 10 min at each dilution). Then, an oven was used to dry the 
samples for 30 min at 30 ◦C. Dried samples were fixed on an aluminum 
stub with double-sided copper tape. Prior to SEM imaging (Quanta 600) 
in an argon atmosphere, the samples were sputter-coated with iridium 
layer (5 nm thick) for 40 s at 25 mA current (Quorum Q150T ES). 
Finally, the samples were examined at an accelerating voltage of 5 kV at 
a spot size of 3 and beam current of 3 µA. 

2.3.3. DNA extraction, library preparation, sequencing and analysis 
Samples for microbial community analysis were collected from the 

suspension, GAC, HFM and electrodes, and then stored at − 20 ◦C. DNA 
was extracted from the samples using a standard protocol for FastDNA 
Spin kit for Soil (MP Biomedicals, USA) with the subsequent modifica
tions; 500 L of sample, 480 L Sodium Phosphate Buffer and 120 L MT 
Buffer were added to a Lysing Matrix E tube. Bead beating was per
formed at 6 m/s for 4× at 40 s each [40]. 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). 

The bacterial and archaeal 16S rRNA gene region V4 sequencing li
braries were prepared by a custom protocol based on an Illumina pro
tocol and the purified sequencing libraries were paired-end sequenced 

Fig. 2. Detailed reactor configuration of AnFMBR-MEC.  

Table 1 
Synthetic wastewater composition [29,39].  

Composition Concentration 

Ammonium Chloride (NH4Cl) 1.5 g/L 
Sodium Phosphate Dibasic (Na2HPO4) 0.6 g/L 
Potassium Chloride (KCl) 0.1 g/L 
Sodium Acetate (C2H3NaO2) 0.82–0.6 g/L 
Sodium Bicarbonate (Na2HCO3) 2.5 g/L 
Trace Elementsa 10 mL/L 
Vitamin Solutionb 10 mL/L  

a Composition of the Trace Elements solution (in g/L): Nitrilotriacetic 
acid:1.50, MgSO4⋅7H2O:3.00, MgSO4⋅H2O:0.50, NaCl:1.00, FeSO4⋅7H2O:0.10, 
CoSO4⋅7H2O:0.18, CaCl2⋅2H2O:0.10, ZnSO4⋅7H2O:0.18, CuSO4⋅5H2O:0.01, 
KAl(SO4)2⋅12H2O:0.02, H3BO3:0.01, Na2MoO4⋅2H2O:0.01, NiCl2⋅6H2O:0.03, 
Na2SeO3⋅5H2O:0.3 mg, Distilled water:1000 mL. 

b Composition of the Vitamin solution (in mg/L): Biotin:2.00, Folic 
acid:2.00, Pyridoxine:10.00, Thiamine-HCl⋅2H2O:5.00, Riboflavin:5.00, 
Nicotinic acid:5.00, D-Ca-pantothenate:5.00, Vitamin B12:0.10, p-Amino
benzoic acid:5.00, Lipoic acid: 5.00, Distilled water: 1000 mL 
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(2 × 300 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. Details of the sequencing library prepa
ration are provided in the Supplementary material. 

Forward and reverse reads were trimmed for quality using Trim
momatic v. 0.32 with the settings SLIDINGWINDOW:5:3 and MINLEN: 
225. The results were analyzed in R v. 3.5.1 (R Core Team, 2017) 
through the Rstudio IDE using the ampvis package v.2.4.10 [40]. The 
trimmed reads were dereplicated and formatted for use in the UPARSE 
workflow [41]. The dereplicated reads were clustered, using the usearch 
v. 7.0.1090-cluster_otus command with default settings. Operational 
taxonomic unit (OTU) abundances were estimated using the usearch v. 
7.0.1090-usearch_global command with -id 0.97-maxaccepts 0-maxre
jects 0. Taxonomy was assigned using the RDP classifier as implemented 
in the parallel_assign_taxonomy_rdp.py script in QIIME [42], using 
–confidence 0.8 and the SILVA database, release 132 [43]. The results 
were examined in R v. 3.6.0 (R Core Team, 2017) through the Rstudio 
IDE using the ampvis package v.2.4.10 [40]. 

2.3.4. Voltage and transmembrane pressure (TMP) measurements 
The transmembrane pressure (TMP) in both reactors was measured 

with a pressure transducer from Cole Parmer and recorded every 10 s 
using a data acquisition device (LabJack U6, LabJack Corporation, 
Lakewood, CO). An external power source (CSI3645A) was used to apply 
voltage to the circuit, and a high resolution PicoLog data logger was 
used to measure the voltage across the electrodes in the AFMBR-MEC 
every 30 min. Using Ohm’s law (I = V/R), and at a constant resistance 
of 10 Ω, the current was calculated from the measured voltage and 
consequently Coulombic efficiency (CE) was calculated according to 
Katuri et al. [21] to quantify the electrochemical performance of the 
system. At the end of the experiment, a reference electrode [Ag/AgCl 
(3 M NaCl) reference electrode; BASi] was inserted in the AnFMBR-MEC 
from the closest port to the anode and cathode to measure their 
potentials. 

2.3.5. Energy requirements and production 
Assessment of the energy consumption, recovery, and efficiency was 

conducted in accordance to a common approach reported for MEC ap
plications [21,44]. As such, the energy consumption (We) attributed to 
recirculation and filtration provided by the pumps (in both reactors) and 
due to power supply in the AnFMBR-MEC adjusted for losses across the 
resistor was calculated using Eq. (1). 

We(Kwh) =

⎛

⎜
⎝

Q1δE1
1000 + Q2δE2

1000

Q2

⎞

⎟
⎠ ∗ V +

∑n

1

(
IEpsΔt − I2RexΔt

)
∗ 0.000278

(1)  

where Q1 is the reactor recycle rate (m3/s), δ is the unit weight of water 
which is 9800 N/m3, E1 is the measured hydraulic pressure head loss 
through the system (m), Q2 is the permeate flow rate (m3/s), E2 is the 
head loss due to TMP (m), V is the total volume pumped (m3), I is the 
current generated by the AnFMBR-MEC system (A), Δt(s) is the time 
increment for n data points measured during a cycle, and Eps is the 
applied voltage from the power source (V), Rex is the external resistor in 
the circuit (Ω), and 0.00278 is a conversion factor from kJ to kW h 
(1 kW h = 3600 kJ). 

The energy produced (Wgas) was determined from the methane yield 
in the AnFMBR and from both methane and hydrogen yields in the 
AnFMBR-MEC (Eqs. (2) and (3)).  

n = v/TR                                                                                       (2)  

Wgas(kJ) = nH2ΔH2 + nCH4ΔCH4                                                        (3) 

where n is the number of moles produced (nH2 and nCH4), v is the volume 
of gas (L), T is the temperature (K), R is the gas constant (0.08206 L atm/ 

K mol), and Δ is the energy content based on the heat of combustion 
(ΔH2: 285.83 kJ/mol and ΔCH4: 891 kJ/mol). WGas was converted to 
kW h using a conversion factor of 0.000278. 

The overall energy efficiency was calculated for both reactors using 
Eq. (4).  

ne = Wgas/We                                                                                 (4) 

where ne is the energy efficiency relative to the electrical input. The 
cathodic recovery, which is the number of moles of methane and 
hydrogen actually produced relative to those that could be recovered 
from the measured current, was also calculated for the AnFMBR-MEC 
system using Eqs. (5a) and (5b). 

nce(H2) =

∫ t

t=0

Idt
2 F

&nce(H4) =

∫ t

t=0

Idt
8 F

(5a)   

rcat(H2) = nH2/nce(H2) & rcat(CH4) = nCH4/nce(CH4)                                  (5b) 

where nce(H2) or nce(CH4) is the number of moles that could be recovered 
from the measured current, F is Faraday’s constant (96.485 C/mol), I is 
the current (A), dt is the time interval over which data were collected (s), 
2 is the number of electrons per mole of hydrogen, 8 is the number of 
electrons per mole of methane, rcat is the cathodic recovery, and nH2 or 
nCH4 is the number of moles hydrogen or methane that is actually 
recovered. 

3. Results and discussion 

3.1. Start-up phase 

The two reactors inoculated with cow manure and sludge started 
operating simultaneously at an organic loading rate (OLR) of 0.43 kg of 
substrate/m3 day. At first, since gas generation was relatively low, 
biogas samples were only taken from the headspace when the volume 
and mass percentage of methane stabilized. Subsequently gas bags were 
analyzed to ensure that the system has reached stable performance in 
terms of methane production before starting with the comparative 
operation phase. Methane generation increased as well during this 
period and reached stability on day 40, with a methane generation rate 
of 0.2 ± 0.004 m3/m3/d (76.16 ± 5.17% by biogas volume), while 
hydrogen generation gradually decreased. The AnFMBR-MEC reactor 
reached stable performance (methane generation and voltage) after 40 
days, while the AnFMBR reactor took 65 days to stabilize (methane 
generation). The difference in the stabilization of the system perfor
mance between the two reactors probably depended on the variance in 
the establishment of the microbial community. During the start-up stage 
(OLR: 0.43 kg of substrate/m3 day), the AnFMBR biogas yield was 
0.277 L/gCOD removed, while COD removal was 95%. As for AnFMBR- 
MEC, biogas yield was 0.203 L/gCOD removed and COD removal was 
99%. 

3.2. COD, biogas and electrochemical performance during operation 
phase 

The performance of the AnFMBR-MEC system was compared with 
the AnFMBR in terms of COD removal (Fig. 3) and biogas generation 
(Fig. 4). The OLR was lowered from 0.43 kg of substrate/m3 day (start- 
up phase) to 0.31 kg of substrate/m3 day (operation phase) by lowering 
the acetate concentration from 0.82 g/L to 0.6 g/L and keeping the HRT 
fixed at 1.5 days. During the operation phase, the AnFMBR COD removal 
was not affected for the first few days but after one week and for a period 
of 6 weeks, COD removal dropped and was varying between 9% and 
74% (Fig. 3). This drop in performance can be attributed to the time 
needed for the microbial community to adapt to the new OLR. The 
AnFMBR fully recovered after 6 weeks and the COD removal was in the 
range of 80–98% with an average of 90% (Fig. 3). After the long time 
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needed for the microbial community to adapt to the new OLR and the 
further decrease in performance that happened due to a fluidization 
problem on week 16 (decrease in water level, forcing GAC particles to 
flow from inner tube to outer tube and blocking pumps tubing; resolving 
this problem caused loss of some fluid, GAC and therefore, loss of mi
crobial communities), a relatively stable methane yield was observed at 
an average of 0.128 L/gCOD removed from week 21 onward (Fig. 4). As 
for the AnFMBR-MEC, the fluidization problem occurred immediately 
on the first few weeks of operation and affected the performance of the 
reactor, causing a significant drop in COD removal (Fig. 3). The COD 
removal started to increase reaching 32% after one week and a high 
treatment efficiency was attained after 8 weeks with COD removal 
values between 49% and 76%. From week 12 of operation until the end 
of the experiment (week 27) the removal remained between 84% and 
95% (Fig. 3). In terms of biogas production, the AnFMBR-MEC reactor 
recovered completely after 6 weeks yielding 0.31 L/gCOD removed 
(Fig. 4). 

While traces of H2 were observed in the AnFMBR-MEC at the early 
stages of operation, methane was the dominant biogas. During the 
operation period (OLR: 0.31 kg of substrate/m3 day) and prior to GAC 
removal from AnFMBR-MEC, CE values were in the range of 
40.92 ± 10.23%, with an average volumetric current density of 
22.19 ± 5.48 A/m3 (0.97 ± 0.24 A/m2) and cathodic recovery was 
57.59 ± 30.04% (Fig. 5, Table 2). However, during the last 16 days of 
this period (days 59–74), CE values dropped to an average of 24.43%, 
and similarly the current density (13.18 A/m3 or 0.57 A/m2). A recent 
study investigating the effect of configuration and applied voltage on 
performance showed that the tubular reactor configuration has lower CE 
values (< 60%) than the rectangular configuration (> 83%) at 0.7 V, 
and that the CE decreased with time of operation with an acetate-based 
medium, with higher fraction of electrons lost to other processes at 0.7 V 
than at 0.9 V [7]. The low value of CE attained in AnFMBR-MEC after 59 
days of operation indicated that only around a quarter of the electrons 
from the acetate oxidation were transferred to the anode. The other 
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fraction of electrons were involved in alternative metabolisms as 
methanogenesis, fermentation, and biological direct interspecies elec
tron transfer (DIET) [45,48]. The high electrical conductivity of GAC 
particles is hypothesized to have stimulated DIET between Geobacter and 
methanogens and thus favored methane production [14,46], and this 
was manifested in the microbial community analysis below which 
showed high relative abundances of Geobacter and Methanosarcina on 
GAC. Due to this drop in CE, the GAC was removed on day 74 of oper
ation to study its effect on the AnFMBR-MEC performance, and therefore 
the system was operated as AnMBR-MEC (i.e., no GAC and fluidization) 
with a new feed (fluid was completely replaced) for the remainder of the 
experiment. Upon GAC removal, biogas yield dropped instantly but then 
increased after one week thereafter supporting the resilience of the 
AnFMBR-MEC system. For the next three months following GAC 
removal, methane yield had an average of 0.2 ± 0.047 and a maximum 
of 0.25 L/gCOD removed (Fig. 4), and methane generation rate was 
0.031 ± 0.014 m3/m3/d (Table 2). The rcat (93.65 ± 45.63%) was 
higher after the removal of GAC, however, the CE (25.26 ± 6.72) and 
volumetric current density (13.60 ± 3.64 A/m3) values in the 
AnMBR-MEC were not affected by GAC removal and maintained the 
same ranges as the last 16 days of first period (i.e., prior to GAC removal) 
of operation. 

During the first period of operation (i.e., prior to GAC removal) of 
AnFMBR-MEC, GAC breakage was observed due to fluidization pro
ducing fine particles (black color observed in the reactor) that attached 
to the membrane, reactor surface, and electrodes. The higher methane 
rate (0.031 ± 0.014 m3/m3/d) observed during the second period of 
operation (i.e., after removal of GAC) was mainly attributed to the in
direct contribution of these fine GAC particles attached to the membrane 
to methane generation as similar abundances of Geobacter and Meth
anosarcina were observed between samples of GAC (before removal from 
reactor) and the HFM collected at the end of the experiment (GAC was 
not present at this time). The measured anode and cathode potentials 

during the AnFMBR-MEC reactor operation were − 0.3 V and − 1.0 V vs. 
Ag/AgCl, respectively. 

In general, both reactors had a good treatment performance with 
high COD removal around 90% during stable operation. However, the 
methane yield of AnFMBR-MEC was 56% higher than that of the 
AnFMBR during the last 7 weeks of stable operation. Table 3 further 
highlights the AnFMBR-MEC system advantages by comparing its results 
during stable operation to those of the AnFMBR. 

3.3. Fouling during operation phase 

Since fouling is one of the major limitations in anaerobic membrane 
processes, the TMP for both reactors was continuously monitored 
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Fig. 5. Electrochemical performance of the AnFMBR-MEC during operation phase. (A: OLR change in both reactors, and fluidization problem occurrence in the 
AnFMBR-MEC-the fluidization problem refers to a decrease in water level, forcing GAC particles to flow from inner tube to outer tube and blocking pumps tubing; 
resolving this problem caused loss of some fluid, GAC and therefore, loss of microbial communities. B: GAC removal in the AnFMBR-MEC after CE drop). 

Table 2 
Performance of the AnFMBR-MEC.  

Voltage OLR (kg/m3 day) CH4 rate (m3/m3/day) CE (%) rcat (%) Current density (A/m3) Current density (A/m2)  

0.7a  0.43 0.050 37.24 76.53 22.41 ± 2.73 0.98 ± 0.12  
0.7b  0.31 0.024 ± 0.017 40.92 ± 10.23 57.59 ± 30.04 22.19 ± 5.48 0.97 ± 0.24  
0.7c  0.31 0.031 ± 0.014 25.26 ± 6.72 93.65 ± 45.63 13.60 ± 3.64 0.59 ± 0.16  

a Average value of first three days of operation with GAC fluidization immediately after startup at an OLR of 0.43 kg of substrate/m3 day. 
b Average values of first operation period with GAC fluidization at an OLR of 0.31 kg of substrate/m3 day. 
c Average values of second operation period after GAC removal at an OLR of 0.31 kg of substrate/m3 day. 

Table 3 
Comparison between AnFMBR and AnFMBR-MEC during stable performance.   

AnFMBR-MEC AnFMBR 

Resistor (Ω) 10 – 
Applied Voltage (V) 0.7 – 
Temperature (◦C) 20–30 20–30 
Substrate Synthetic Synthetic 
Working volume (L) 1.43 1.43 
COD feed (mg/L) 463 463 
COD removal (%) 85–96 80–97 
CH4 volume percentage in biogas (%) 80 63 
CH4 average yield (L/g.COD removed) 0.2 0.128 
pH (Feed) ~ 7 ~ 7 
Organic Loading Rate (OLR) 0.43 0.43 
Permeate Flux LMH (L/m2/h) 6.5 6.5 
Average volumetric current density (A/m3) 13.8 – 
CE (%) 25.26 – 
rcat CH4 (%) 57.58 – 
CH4 rate (m3/m3/d) 0.031 0.01585 
Fouling (KPa) 8–12 65.7–76.7 
Energy required (kW h/m3) 0.131 0.069  
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(Fig. 6). After the start-up period, the TMP for the AnFMBR-MEC was 
around 4–5 kPa, and it remained stable until day 74 of the operational 
phase. After GAC removal on day 74, the TMP gradually increased by 
2–3 folds, remaining in the range of 8–12 kPa. Meanwhile, the AnFMBR 
reactor fouled faster than the AnFMBR-MEC system. The TMP of the 
AnFMBR reactor was around 5 kPa after the start-up period and 
increased slightly to reach 10 kPa at day 47 of the operational phase. It 
remained stable till day 94, then started to increase to reach 78 kPa at 
the end of the experiment (day 182). It can be concluded that the 
AnFMBR-MEC fouling was significantly less severe than that of the 
AnFMBR since both reactors had the same membrane flux of 6.5 LMH 
and shared the same configuration and operating conditions. This could 
be due to the fact that the electrical fields have been shown to be 
effective membrane fouling mitigation measures as they repulsive forces 
driving foulants away from the membrane and retarding their attach
ment [47,48]. Additionally, a closer look at the electron balance shows 
that in the case of the AnFMBR-MEC many separated parts were avail
able for biomass formation and the electrons in acetate possibly resulted 
in biomass synthesis for anode biofilm, cathode biofilm, and biofilm on 
reactor walls, hence lowering the suspended solids in suspension and 
alleviating membrane fouling [49]. However, further analysis and 
studies are needed to fully explain fouling in this AnFMBR-MEC 
configuration and to study the relationship between GAC fluidization 
and fouling propensity, especially when removing GAC from 
mid-operation, since no previous work has tested this setup before. 

3.4. Energy balance 

While the energy demand for the AnFMBR is due to the operation of 
pumps for recirculation and filtration, the largest fraction of energy 
consumption for the AnMBR-MEC system was attributed to the power 
supplied to drive the electrochemical reactions. The total energy de
mand was on average 0.3 and 0.22 kW h/m3 for the AnFMBR-MEC 
before and after GAC removal respectively (including energy for 
power source and pumps), and 0.12 kW h/m3 for AnFMBR. Using the 
number of moles of CH4 produced per day and the higher heating values 
for methane (~ 890 kJ/mol), the energy recovered from methane was 
estimated at 0.25 kW h/m3 (before GAC removal) and 0.32 kW h/m3 

(after GAC removal) for the AnFMBR-MEC and 0.18 kW h/m3 for 
AnFMBR. Since the efficiency of methane recovery to electricity is 33% 
[15,21], the maximum electricity that could be generated was 
0.08 kW h/m3 (before GAC removal) and 0.1 kW h/m3 (after GAC 
removal) for AnFMBR-MEC, and 0.06 kW h/m3 for the AnFMBR. Based 
on the total energy demand and the energy recovered from methane, the 

net energy needed to operate the reactors was estimated at 
0.22 kW h/m3 (before GAC removal) and 0.131 kW h/m3 (after GAC 
removal) for the AnFMBR-MEC and 0.069 kW h/m3 for the AnFMBR, 
less than the reported values for anaerobic processes 
(0.25–1.00 kW h/m3) [15,50]. Although the energy required for the 
AnFMBR was less than that of the AnFMBR-MEC, the latter recovered 
greater methane with less fouling potential, which is the main disad
vantage of the AnMBR system as it requires much energy for cleaning 
through backwashing or costs associated with chemical cleaning or 
membrane replacement. Furthermore, the low applied voltage of 0.7 V 
can be supplemented with a renewable energy such as solar energy [51]. 

3.5. Microbial community 

Biomass samples from suspension, GAC, HFM, and electrodes were 
collected from both reactors for microbial community characterization 
at different time intervals. The inoculum (i.e., cow manure and sludge) 
used to start the reactors was rich with Firmicutes (24.4%), Actinobacteria 
(12.3%) and the genus Methanobacterium (5.2%), a hydrogenotrophic 
methanogen (Fig. 7). To examine the enrichment of process-critical 
microbes from the inoculum, the first sampling occurred on day 5 of 
operation, and it revealed the presence of Desulfuromonas and Geobacter 
(a known genus with members capable of electricigenesis) on the 
AnFMBR GAC (3.1% and 24.3%, respectively). Methanosarcina was 
found to be dominant on the AnFMBR GAC (10.7%) and in suspension 
(23.4%). For the AnFMBR-MEC, Desulfuromonadales (20.9%), Geobacter 
(9.4%), and Desulfovibrio (3.7%) had high relative abundances on the 
GAC, with Methanosarcina being most abundant in suspension (39.6%). 
Some members of the genus Geobacter are known for their ability to 
directly transfer electrons, through DIET, to methanogens on GAC and 
therefore reducing CO2 to CH4 [52,53]. EAB belonging to Desulfur
omonas and Pseudomonas, can also enable DIET with methanogens [54, 
55], and Desulfuromonas in particular can assist the transfer of electrons 
by producing conductive nanowires [56]. The co-existence of Meth
anosarcina with EAB on GAC suggests the possibility of DIET occurring 
between EAB and acetoclastic methanogens, which are capable of direct 
uptake of electrons [57–60]. Among the genera of methanogens, Meth
anosaeta and Methanosarcina are the only methanogens with 
membrane-bound cytochromes [61], capable of playing a role in 
extracellular electron exchange [62]. In this process, the electrically 
conductive pili and outer surface cytochromes appear to be very 
important for DIET, specifically for Geobacter species [60]. 

Desulfovibrio is a Sulfate-Reducing Bacteria (SRB) that facilitates 
direct electron transfer to the electrode [63]. Likewise, Geobacter plays 
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Fig. 6. Transmembrane pressure (TMP) values during operation phase. (A: OLR change in both reactors, and fluidization problem occurrence in the AnFMBR-MEC- 
the fluidization problem refers to a decrease in water level, forcing GAC particles to flow from inner tube to outer tube and blocking pumps tubing; resolving this 
problem caused loss of some fluid, GAC and therefore, loss of microbial communities- B: GAC removal in the AnFMBR-MEC after CE drop). 
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an important role in transferring electrons directly from biodegradable 
organics to the anode [64]. However, the relative abundance of Geo
bacter on the anode (2.2%) of AnFMBR-MEC was lower than GAC (9.4%) 
and HFM (10.2%). The low abundance of Geobacter in the anodic biofilm 
resulted in low CE of 31.7% and this suggests that electricigenesis might 
not be so effective in the presence of GAC in this AnFMBR-MEC 
configuration. GAC was reported to be a highly conductive material 
that mimics the role of the conductive pili connecting EAB with the 
electrotrophic methanogenic archaea, Methanosaeta and Methanosarcina 
[14,45]. Since the relative abundance of Geobacter on GAC was 
accompanied with high relative abundance of Methanosarcina, this 
supports that DIET mechanism was possibly a dominant route for ace
tate consumption with methane generation. Generally, methane pro
duction in single-chamber MEC happens mostly due to 
hydrogenotrophic methanogens (Methanobacterium) on the cathode. 
However, Methanosaeta and Methanosarcina were more predominant 
than Methanobacterium on the cathode of AnFMBR-MEC. Two pathways 
of methane generation (direct or indirect through H2) could be mediated 
at the biocathode, one mediated by hydrogen generated from HER, 
which is oxidized into methane by carbon dioxide reduction by members 
of Methanosarcina [65,66] and that can use both H2 and acetate for 
methane generation, and the other one encompassing direct electron 
transfer from the cathode to members of the acetoclastic methanogen 
Methanosaeta to reduce carbon dioxide into methane [67]. Competition 
for hydrogen seemed to exist between Clostridium sensu stricto 1, Sulfate 
Reducing Bacteria (SRB, mainly Desulfuvibrio) and hydrogenotrophic 
methanogens on the cathode, further reducing their abundance. The 
SRB have high affinity for hydrogen, and their presence in anaerobic 
environments has been long proven to significantly reduce the abun
dance of hydrogenotrophic methanogens [68]. 

In both reactors, Bacteroidetes and Synergistetes had high relative 
abundance in suspension and on HFMs, which suggest that these fer
menters may have contributed to HFM biofouling in both reactors due to 

the accumulation of dead-cell organics on the membrane surface during 
the filtration process [69]. Members of Bacteroidetes are identified as 
core communities in full-scale MBRs in North America [70] and China 
[71]. Methanogenic communities were abundant on the HFM with 
Methanosaeta (14.1%) and Methanosarcina (10.1%) dominant on the 
AnFMBR HFM, and Methanobacterium (5.1%) and Methanosarcina 
(4.9%) on the AnFMBR-MEC HFM. In the AnFMBR, Methanosaeta and 
Methanosarcina were highly abundant on HFM occupying around 24% of 
total microbial community deposited on the membrane. SEM was con
ducted at the end of operation for biofouled HFMs and for electrodes to 
characterize their surface structure after biofilm formation (Fig. 8). Cells 
with long filaments chains were observed in SEM images. Methanosaeta 
sp. were observed to form long filaments chains [72]. The high TMP 
values (78 kPa) in the AnFMBR could be therefore attributed to the high 
relative abundance of Methanosaeta sp. on the HFM. 

4. Conclusions 

This study demonstrated the feasibility of a novel reactor configu
ration, coupling AnFMBR with MEC, for the anaerobic treatment of 
synthetic wastewater with recovery of energy as methane. The com
bined system (i.e., AnFMBR-MEC) offered several advantages over the 
control reactor (i.e., AnFMBR), including a shorter start-up time, 
improved gas yield, and a more effective fouling mitigation, while both 
systems achieved similar COD removal. Although the AnFMBR-MEC 
required higher energy than the AnFMBR, the energy needed for the 
power supply was relatively small and could be provided by a renewable 
energy source such as solar energy. The better methane yield in the 
AnFMBR-MEC is presumably due to the simultaneous activity of two 
functionally distinct microbes (i.e., EAB and methanogens) that are 
responsible for converting substrate to energy. In addition, the better 
fouling mitigation in the AnFMBR-MEC might be explained by the 
electrical field acting as a repulsive force driving foulants away from the 

Fig. 7. The 40 most abundant genera (or lowest taxonomic classification level possible with f representing family level and o representing order level) in the 
AnFMBR and AnFMBR-MEC during the operation phase. 
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membrane, and to the lower biomass in suspension due to biofilm for
mation in the different parts of the reactors (cathode, anode, GAC). 
Further studies are needed to fully explain fouling mitigation in the 
AnFMBR-MEC configuration and to study the relationship between GAC 
fluidization and fouling propensity, especially when removing GAC from 
mid-operation since no previous work has tested this setup before. It 
should be noted that the process design (e.g., electrode spacing, specific 
cathode surface area), operation (e.g., applied voltage, hydraulic 
retention time), and material components (e.g., electrodes and mem
brane) were not optimized in this study for energy and capital cost 
considerations. In addition, the robustness of the system in terms of 
treatment performance and energetics should be evaluated in the future 

with real domestic wastewater and at pilot-scale. 
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