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ABSTRACT 

The effect of the specific cathode surface area (SCSA; 2, 4 and 8 m2/m3) on biogas production 

and biofouling control in anaerobic electrochemical membrane bioreactors (AnEMBRs) was 

investigated. Nickel-based hollow fibers were used as both a cathode for hydrogen evolution and 

membrane for effluent filtration. Varying the SCSA was found to influence the current density, 

biogas quantity and composition, and trans-membrane pressure (TMP). In situ-gas generation 

was monitored using a high-speed camera; where the 8 m2/m3 AnEMBRs were found to mainly 

evolve smaller sized bubbles (45-114 μm) compared to the 2 and 4 m2/m3 AnEMBRs. This 

correlated with the lowest TMP (0.37 bars) compared to the other reactors (4 m2/m3; 0.76 bars, 

2  m2/m3; 1.18 bars). The cathodic microbial community varied with SCSA, with Acetobacterium 

dominating at a relative abundance that reached 62% (4 m2/m3), while hydrogenotrophic 

methanogens (represented by Methanocorpusculum) comprised up to 2.5% of the total 
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community. This community variability apparently influenced both the hydrogen (QH2) and 

methane (QCH4) production rates, reaching a maximum QH2 of 0.416 m3/m3/day (SCSA 8 m2/m3).  

Overall, this study discloses the cumulative effect of QH2, QCH4, bubble distribution and 

frequency on biofouling with SCSA variation in AnEMBRs, demonstrating that with higher 

SCSA the in-situ gas scouring effect is more pronounced leading to a lower fouling propensity.   

Keywords: electrochemical membrane bioreactor; biofouling; microbial electrolysis cell; specific 

cathode surface area; hydrogen gas scouring 

Abbreviations 

AnEMB: Anaerobic electrochemical membrane bioreactor 

CE: Coulombic efficiency 

CH4: Methane 

H2: Hydrogen 

HF: Hollow fibers 

Hz: Frequency 

MBR: Membrane bioreactor 

MEC: Microbial electrolysis cell 

Ni-HFM: Nickel-hollow fiber membrane 

Pdf: Probability density distribution 

QH2: Hydrogen production rate 

QCH4: Methane production rate 

rCatH2: Cathodic recovery of hydrogen 

rCatCH4: Cathodic recovery of methane 

SCSA: Specific cathode surface area 

SEM: Scanning electron microscopy 

TMP: Trans-membrane pressure” 
 

1. Introduction 

Wastewater is currently viewed as a valuable resource of water, energy, nutrients (nitrogen 

and phosphorous) and materials [1]. In this regard, anaerobic biological processes such as 

microbial electrolysis cells (MECs) offer an opportunity to biologically treat wastewater with the 

concomitant recovery of energy [2]. In MEC, microorganisms with extracellular electron transfer 

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 
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cathode for the production of H2 [3]. 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]. 

However, MECs alone cannot produce high-quality water suitable for reuse, for that purpose 

they have to be integrated with membrane bioreactors (MBRs). A number of studies have 

reported the integration of MECs with MBRs [2, 5-7], in what is referred to as anaerobic 

electrochemical membrane bioreactor (AnEMBR). These systems are either integrated [2, 5, 6] 

or the biological treatment and electricity generation processes are separated from the filtration 

process [7]. In integrated AnEMBR systems, electrically conductive, catalytic and porous metal 

or polymer-based hollow fibers (HF) function simultaneously as both cathodes (for hydrogen 

evolution) and membranes (for the filtration of the treated water) [2, 5, 6, 8]. These dual-function 

cathodes [1, 9, 10] have several advantages including the reduction in operation and capital cost, 

and the footprint required for treatment. Additionally, the small radial dimensions of the HF 

architecture allows for an increased cathode packing density, a critical aspect for the scale-up of 

AnEMBR system [2].  

Membrane fouling is a considerable challenge in both aerobic and anaerobic membrane-

based bioreactors and it is more problematic under anaerobic than aerobic conditions [2]. Gas 

sparging is the most widely used method for membrane fouling control in anaerobic membrane 

bioreactor (AnMBR). However, this method is energy intensive (0.6-1.6 kWh/m3) [11]  and 

consumes 36% of the total MBR operating costs [12]. An important advantage of using dual-

function cathodes in AnEMBRs is the inherent biofouling control of the cathodes related to the 

in-situ production of biogas (H2, CH4) and its scouring effect on the membrane surface [2, 5, 6]. 

In AnMBRs, HF that are located within the modules might not be accessible by the rising gas 

bubbles, leading to lower local shear force and higher fouling rates [13, 14], while in AnEMBRs 
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membrane fibers are accessible to gas bubbles even at a high packing density since bubbles 

evolve directly on the fiber surface. 

In MECs, applied voltage and specific cathode surface area (SCSA), or the cathode surface-

area-per-reactor volume, play a vital role in the hydrogen production rates in MECs [15], and 

thus can affect fouling propensity in the AnEMBR system. Katuri et al. [2] observed a significant 

drop in transmembrane pressure (TMP) when they increased the applied voltage from 0.5 V to 

0.9 V in an AnEMBR due to increased hydrogen production rates. Similarly, Werner et al [6] 

showed that onset of biofouling was delayed and minimized in AnEMBR operated at 0.9 V, 

compared to those at 0.7 V due to higher rates of hydrogen production. To the best of our 

knowledge, there have been no systematic studies examining the effect of SCSA in AnEMBR. 

Therefore, the objective of this study was to investigate the effect of different SCSAs on the 

performance of AnEMBR in terms of organic removal, gas production, energy recovery and 

membrane fouling. High-speed camera to capture a video stream of the in-situ gas generation on 

the cathode surface was used for the first time, providing novel insights on the effect of bubble 

size, distribution and frequency (evolution rates) on controlling membrane fouling. 

 

2. Materials and Methods  

2.1. Preparation of dual-function cathodes 

A combined phase-inversion/sintering method was used to fabricate the nickel-based hollow 

fiber membranes (Ni-HFM) as previously described [2]. The detailed characterization of the Ni-

HFM in terms of pore size distribution, hydraulic permeability and surface roughness is provided 

in the Supplementary Material and Fig. S1 and S2. The submerged ends of the cylindrical fibers 
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were sealed with non-conductive epoxy and the tops of the fibers left open for effluent filtration. 

The lateral surface area (L) of each fiber was calculated using the equation: 

L = 2πrh           (1) 

where r is the outer radius of the fiber and h is the length of the fiber. The total lateral surface 

area (m2) of the fibers was normalized to the reactor volume (m3) to calculate the required fiber 

numbers for each experimental SCSA variation.   

 

2.2. Construction and operation  

The single-chamber AnEMBRs (Fig. S3) were constructed using a screw-capped borosilicate 

glass bottles, with 300 mL and 280 mL total and working volumes, respectively [5]. The caps 

and bottles were modified with appropriate ports to place the anodes, cathodes, gas collection 

bag and for sampling. Heat-treated (450°C for 15 min) graphite brushes containing a titanium 

core (4 cm × 2.5 cm, PANEX 33 160 K, ZOLTEK) served as anode. The anode and cathode 

were positioned vertically, approximately 2 cm apart.     

The HFs were bundled into cone-shaped cathodes for AnEMBR I, AnEMBR II and in 

AnEMBR III to get a SCSA of 2 m2/m3, 4 m2/m3 and 8 m2/m3, respectively. Each fiber bundle was 

held together using insulated copper wire (for current collection) and conductive silver epoxy. An 

additional layer of non-conductive epoxy was applied around the silver epoxy to prevent the 

contact of silver with the electrolyte (i.e. feed) during reactor operation. A silicone tube (34 cm 

length; 8 mm diameter) was used to connect the top of each cathode fiber bundle to a peristaltic 

pump for filtration. Teflon tape and epoxy were applied wherever necessary on all the connections 

to ensure a proper seal.   
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Each experimental variation was studied in duplicate reactors and the results were reported as 

average of duplicate readings. The reactors were operated in batch mode with an applied voltage 

of 0.7 V using an external power source (3645 A; Circuit Specialists, Inc., AZ). The AnEMBRs 

were inoculated with anaerobic digester sludge (10 % v/v, Manfouha Wastewater Treatment 

Plant, Riyadh, KSA) and fed with 10 mM acetate for the first three batches, which was then 

lowered to 6 mM in subsequent batches until the end of the experiment. The feed medium was 

buffered with bicarbonate, and its composition was as follows (g/L): NH4Cl, 1.5; Na2HPO4, 0.6; 

KCl, 0.1; and 2.5, Na2HCO3, and trace minerals and vitamin solutions (pH 7.0, conductivity = 

6.84 mS/cm) [5]. The media was sparged anaerobically for 1 hour using a N2:CO2 (80:20) gas 

mixture and then autoclaved. A data logger (ADC 24, PicoLog, UK) was used to measure the 

voltage across an external resistor (Rex = 10 Ω).  The drop of voltage to within 10% of the peak 

reading signaled the end of each batch for media replacement and sampling. The reactors were 

operated for a total of 75 days. 

 

2.3. Membrane chemical cleaning  

The Ni-HFM bundles were removed on Day 56 for cleaning. They were rinsed with a 1% 

H2SO4 solution for 5 to 10 seconds, and then washed with distilled water. The bundles were then 

sonicated with a sonicator (Branson, M1800, USA) for 10 minutes, dried at 50oC for 1 hour, 

sonicated again for 5 minutes, and finally washed with distilled water before being returned to 

the reactors. 
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2.4. Measurement and analyses 

Acetate and gas (H2, N2, CH4 and CO2) measurements were done at the end of each batch cycle. 

Details on gas measurements, coulombic efficiency (CE), cathodic hydrogen (QH2) and methane 

(QCH4) production rates and recovery (rCat) used to evaluate the performance of AnEMBRs are 

provided in Supplementary Material.  

The TMP was monitored as an indicator for biofouling of the cathodic membranes. It was 

recorded for alternating batches from Day 15 till the end of the experiment by applying a flux (J) 

of 16 L/m2/h (LMH), for all AnEMBRs. The flux, i.e. the flow rate of filtrate passing through the 

membrane per unit area of the membrane, was obtained using the equation [16]:  

Qp =J × Am            (2) 

where, J = flux, L/m2/h, Qp = filtrate flow rate through membrane, L/h and Am = surface area 

of the membrane, m2. The required filtrate flow rate was obtained by adjusting the speed (rpm) 

of the peristaltic pump (Masterfelx L/S, Cole-Parmer, Vernon Hills, IL). The TMP was measured 

using a pressure transducer (68075-32, Cole-Parmer Instrument Company) and recorded using a 

data acquisition system (LabVIEW, National Instruments) connected to a computer. 

The bubble generation was captured on Day 35 and Day 55 (8 hours after the batch change) 

using long-distance microscopes with adjustable magnification (Leica Z16 APO), giving a 

corresponding pixel resolution between 1.9 and 30.7 microns. The bubble rise was recorded by 

Phantom v2511 CMOS high-speed video camera (Fig. 1) using the Phantom Camera Control 

software (Vision Research) at frame rates of 25,000 frames-per-second with 1280 x 800 px 

resolution. Back-lighting used a 350 W metal-halide lamp (Sumita), which was shone onto a 

diffuser [17].  

http://web.utk.edu/~qhe2/MembraneModule/Theory.html
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Fig. 1. A combination of high-resolution microscopic and wide-view macroscopic techniques 

integrating a state-of-the-art high-speed video camera were utilized for visualization of in-situ 

gas bubble generation. The different components are (1) AnEMBR, (2) the glycerol immersion 

tank in which the reactors were placed for image capturing, (3) the long-distance microscopic 

lens attached to (4) the high-speed video camera, and (5) the data acquisition system. 

 

Since the reactors were made of borosilicate glass, this would lead to a visible distortion 

when light passes through the air/glass and glass/liquid interfaces. Glycerol has a refractive index 

of 1.47, which almost matches that of borosilicate glass, thus eliminating light distortion at one 

interface and greatly improving the image quality. Therefore, each reactor was completely 

submerged into a square acryl glass tank filled with pure glycerol, as shown in Fig. 1.  

With the fine pixel resolution of the high-speed video frames we can measure directly the 

bubble diameters of all bubbles released from the cathode surface over the entire duration of the 
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video clip. We use this to quantify the probability density distribution (pdf) of the sizes of the 

released bubbles. In other words, we can determine the relative release frequency of different 

bubble sizes. In combination with the volume of each bubble ((4/3) π r^3) and the total quantity 

of biogas produced during the batch operating time of the respective AnEMBR, which is 

determined using a gas chromatograph (GC, model 310, SRI Instruments), we can estimate the 

number of pinch-off events per second, in each bubble size-range. 

At day 56, and before membrane cleaning, samples of the fibers were taken for scanning 

electron microscopy (SEM, Quanta 200D, FEI, The Netherlands). Samples were sequentially 

dehydrated in a series of ethanol solutions (30-100% ethanol) and oven-dried for 2 hours at 

30°C. Directly before imaging, samples were sputter-coated with gold palladium for 30 s at 25 

mA current in an argon atmosphere to improve sample conductivity.   

At the end of the experiment, a small piece of a single fiber (∼0.5 cm) was cut from each 

reactor and stored at -80°C for microbial community characterization. Genomic DNA was 

extracted using the Power Soil DNA extraction kit (MO BIO Laboratories Inc., U.S.A.) as per 

the manufacturer’s instructions. The DNA concentration was measured with Quant-iT Broad-

Range dsDNA Assay kit (Q33130, Life Technologies, Carlsbad, CA, USA) using the 

manufacturer’s protocol. The 16S rRNA genes were amplified with forward primer Pro341F (5′-

CCTACGGGNBGCASCAG-3′) and reverse primer Pro805R (5′-

GACTACNVGGGTATCTAATCC-3′) [18] targeting the V3-V4 region. The V3-V4 16S rRNA 

sequencing libraries were prepared by a custom protocol based on Illumina (see Supplementary 

Material). The purified sequencing libraries were pooled in equimolar concentrations and diluted 

to 4 nM. The samples were paired-end sequenced (2x301bp) on a MiSeq (Illumina, Carlsbad, 

CA, USA) using a MiSeq Reagent kit v3, 600 cycles (Illumina) following the standard guidelines 
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for preparing and loading samples on MiSeq. The reads were dereplicated and formatted for use 

in the UPARSE workflow [19]. 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 97% 

sequence identity threshold. Taxonomy was assigned using the RDP classifier [20] as 

implemented in the parallel_assign_taxonomy_rdp.py script in QIIME [21], using the MiDAS 

database v.1.20 [22]. 

 

3. Results and discussion 

3.1 Effect of SCSA on current density 

Current generation and gas production were observed starting from the second batch onwards 

in all reactors. For the first two batches (10 mM acetate), current generation dropped within 24 h 

in AnEMBR III, but was sustained for up to 36 h in AnEMBR I and AnEMBR II. By the third 

batch, all of the AnEMBRs had a consistent batch duration time (~ 35 h), at which point the feed 

was switched to a lower acetate concentration (6 mM) till the end of the experiment.  

Figure 2 represents the maximum current density recorded for each batch of the three 

AnEMBRs. The current density increased gradually in the first 30 days of operation (Fig. 2).  

The average maximum current density in the first 30 days of operation was slightly higher in 

AnEMBR III (25.7±0.001 A/m3) than AnEMBR I (22.5±0.002 A/m3) and II (23.1±0.003 A/m3).   
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Fig. 2. Peak volumetric current densities, TMP, and volume of gas for AnEMBRs with (A and 

B) 2m2/m3 (C and D) 4m2/m3 and (E and F) 8m2/m3 SCSA.  Values represent averages of 

duplicate reactors. Each data point in the plot represents the respective performance of individual 

batch cycles. Unfilled arrows represent day 35 when the high-speed camera was used to capture 

the in-situ bubble generation, grey arrows represent day 56 when the Ni-HFMs were sampled for 

SEM imaging followed by physical/ chemical cleaning, and the black arrows represent day 75 

when biomass samples were collected for microbial community analysis. The dashed vertical 

lines cover the region where unintentional disturbance in pH was induced. 
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A significant decrease in current density was observed in all the reactors on day 31. This was 

possibly due to a change in media preparation, where pure N2 gas was used to anaerobically 

sparge the media instead of the N2:CO2 gas mixture. This led to an increase in media pH (> 9) 

that negatively affected the electrochemical activity of the biofilm [23, 24]. Once the pH 

disturbance was resolved on day 45, reactor performance was restored with stable current 

generation within few batches of operation, demonstrating the robustness of the AnEMBR 

biofilms to pH disturbance.  

To evaluate the effect of chemical cleaning on the electrocatalytic performance of the Ni-

HFM, the cathode bundles from the three AnEMBRs were chemically cleaned on day 56 

(represented by the black arrow in Fig. 2). Irrespective of experimental variations, the 

performance of all AnEMBRs remained stable after the cathode cleaning which correlated with 

earlier reports [2], and supports the assumed structural and chemical integrity of Ni-HFM.  

 

3.2 Effect of SCSA on acetate removal and CE 

Acetate removal did not appear to be significantly affected by the SCSA during normal 

operation, although AnEMBR III displayed higher removal during the pH disturbance period 

compared to the other reactors (Table 1). Irrespective of SCSA, >100% CEs were calculated for 

the first 30 days of operation (Table 1). The highest CEs were observed at Day 15, with 

AnEMBR III having a CE of 119.20±0.18 %, followed by AnEMBR II and AnEMBR I at 

113.60±0.31 % and 110.30±0.22 % respectively. Coulombic efficiencies >100% have been 

reported previously in AnEMBR due to hydrogen recycling by exoelectrogens using hydrogen as 

the electron donor [5, 6]. Also, the dominance of Acetobacterium at the cathode (see section 3.6) 
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suggests the possibility of acetate production, which can then be utilized at the anode resulting in 

CE > 100%. With the single-chamber design used in the current study it was not possible to 

determine the contribution of acetate generation from the cathode. The AnEMBRs showed low 

CE during days 35- 45 due to the associated issues with the feed preparation, as previously 

discussed. During this period, the rCatH2 was the highest (Table 1), which further confirms the 

possibility of H2 utilization at the anode resulting in increased CE. As with the current density, 

the CE increased after resolving the pH issue.  
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Table 1 1 
Performance of the different AnEMBRs operated with varying specific cathode surface area (SCSA). 2 

Time 

(days) 

Acetate removal 

(%) 

CE (%) QH2 (m
3/m3/d) QCH4 (m

3/m3/d) rCat H2 (%) rCat CH4 (%) 

2m2/m3 (AnEMBR I) 

15 91.76 ±0.25 110.30±0.22 0.31±0.02 0.0012±0.0005 55.62±5.13 0.32±0.24 

27 90.88 ±0.19 98.00±0.42 0.25±0.14 0.0009±0.0004 63.01±3.46 0.91±0.91 

37 77.23 ±0.85 36.60±0.63 0.03±0.08 0.0003±0.0001 25.71±1.87 0.87±0.31 

57 89.56 ±0.01 104.70±0.18 0.10±0.03 0.0066±0.0002 27.71±7.25 8.74±0.14 

75 89.17 ±0.15 85.50±0.17 0.02±0.05 0.0466±0.0100 7.81±1.17 28.88±0.74 

4m2/m3 (AnEMBR II) 

15 90.64±1.28 113.60±0.31 0.36±0.01 0.0010±0.0004 70.00±3.86 0.41±0.18 

27 89.49±2.25 103.00±0.26 0.29 ±0.02 0.0005±0.0002  68.80±5.37 0.44±0.04 

37 78.92±2.27 52.10±0.13 0.20 ±0.11 0.0002±0.0001  122.19±5.07 0.55±0.06 

57 90.85±0.11 115.90±0.18 0.08 ±0.02 0.0067±0.0022  20.93±3.85 6.87±0.05 

75 89.46±0.09 95.30±0.13 0.06 ±0.02 0.0280±0.0100 15.47±4.42 19.5±0.60 

8m2/m3 (AnEMBR III) 

15 92.91±1.48 119.20±0.18 0.42±0.03 0.0009±0.0002 77.00±3.05 0.82±0.26 

27 93.64±2.25 107.4±0.09 0.35±0.03 0.0007±0.0004  81.01±4.95 0.63±0.86 

37 82.69±1.95 54.1±0.26 0.23±0.01 0.0004±0.0006 133.15±8.85 0.95±0.13 

57 93.46±0.46 126.8±0.36 0.24±0.16 0.0049±0.0016  51.47±2.26 4.16±0.96 

75 93.76±0.63 97.2±0.18 0.11±0.03 0.0175±0.0088  24.00±2.29 16.90±1.02 

 3 
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3.3 Effect of SCSA on biogas production 

Hydrogen gas was the predominant component of the biogas, while methane production 

reached detectable limits from day 48 onwards for all reactors (Fig. S4). Overall, rCatH2 and QH2 

was proportional to the SCSA (i.e., higher QH2 and rCatH2 was observed for 8 m2/m3 compared to 

2 m2/m3 and 4 m2/m3), while that of methane was inversely proportional (Table 1). The 

maximum QH2 was observed in AnEMBR III on day 15 with 0.42±0.03 m3/m3/d, followed by 

0.36±0.01 and 0.31±0.01 m3/m3/d for AnEMBR II and AnEMBR I, respectively (Table 1). The 

QH2 and rCatH2 decreased with time in all the reactors, though it was a more pronounced decrease 

in AnEMBR I than in AnEMBR III (Table 1).  On the other hand, the maximum methane 

production rate (QCH4) and cathodic recovery of methane (rCatCH4) increased with time in all the 

AnEMBRs (Table 1), with higher QCH4 and rCatCH4 observed in AnEMBR I than AnEMBR III. 

The fact that the total rCat (H2+CH4) was lower than 100% at most of the time suggests the 

possibility of other sinks of electron such as H2 scavengers (exoelectrogens at the anode and 

Acetobacterium at the cathode).  

 

3.4 Bubble flow rate and spatial distribution  

The in-situ evolution, size distribution and frequency (Hz) of gas bubbles was analyzed by 

direct imaging with a high-speed video camera on day 35 and day 55 of operation, providing 

novel insights on their effect on biofouling control in the AnEMBR system. The frequency of 

individual bubbles was derived from the high-speed image captures (bubble size and probability 

density function) (Table S1) and GC analysis (quantity of gas). The bubble sizes ranged from 45 

µm to 213 µm (Table S1) with a different bubble distribution in the three AnEMBRs (Fig. 3) 

with more smaller bubbles (45-114 µm) in AnEMBR III than AnEMBR I and II (Fig. 3).  
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Fig. 3. The accumulated frequency of all gas bubbles on the cathode surface of the AnEMBRs on 

day 35 (A) and day 55 (B). 
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The frequencies of the smaller-sized bubbles (45 µm and 114 µm) decreased with decreasing 

SCSA (Fig. 3). The main difference between the two periods of measurements (i.e., day 35 and 

day 55) was in bubble frequency where lower bubble frequency was observed on day 55 (Fig. 

3b) compared to day 35 (Fig. 3a). By the time the second measurement was conducted, 

hydrogenotrophic methanogenesis was already established in all the reactors. This altered the 

bubble frequency distribution (Fig. 3b) on the cathode surface due to the conversion of H2 to 

CH4 (four moles of H2 is consumed to produce one mole of CH4) by hydrogenotrophic 

methanogens. Nevertheless, the distribution of gas bubble size and the trend in bubble frequency 

as a function of SCSA was similar between the two periods. Overall, increased biogas quantity 

and small bubble distribution led to the highest frequency, or rate of bubble formation, in 

AnEMBR III.  

The captured videos revealed that the AnEMBRs not only displayed variations in bubble 

sizes and frequency but also in nucleation (initiation) sites on the cathode surface 

(Supplementary videos). Liquid phase supersaturation due to gas diffusion is a precondition for 

bubble nucleation [25, 26]. Single-phase free convection causes nucleation at certain active sites 

on the electrode surface [27]. There are several different types of bubble nucleation, which is 

influenced by a number of factors in an electrolysis cell [28, 29]. Of importance to the results 

reported here are Type II and III nucleation (bubbles nucleate from new sites), and Type IV 

(initial bubble provides an opportunity for a next bubble to form, grow and detach at the same 

site) [28]. AnEMBR I showed Type II and III nucleation, whereas AnEMBR II and III displayed 

Type IV nucleation with bubbles evolving from the bottom of the cathode fibers. It is beyond the 

scope of this study to explain specific reasons for why the nucleation sites varied with SCSA. 
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However, the type of nucleation may have been affected by the amount of biogas produced on 

the cathode surface, since the energy barrier is much higher for Type II and III compared to Type 

IV nucleation [28].  

 

3.5 Membrane biofouling  

Throughout the experiment, the AnEMBR with 8 m2/m3 showed distinctly low TMP 

compared to the AnEMBRs with 2 m2/m3 and 4 m2/m3. These variations appear to be due to the 

cumulative impact of bubble size, distribution and nucleation sites (discussed in previous 

section), and rates of hydrogen production rate (i.e., QH2) (Table 1). The magnitude of changes in 

the rates of hydrogen production (i.e., QH2) (Table 1) influenced the TMP in the respective 

AnEMBRs (Fig. 2), with TMP being inversely proportional to QH2. Previous studies on 

AnEMBR [2, 6] also revealed reduced TMP with increased hydrogen production rates. During 

the pH disturbance period (i.e., day 31 to 45), the TMP in AnEMBR I decreased by 27% (1.18 to 

0.93 bars).  In contrast the TMP in AnEMBR II increased by 12% (0.78 to 0.89 bars).  This 

difference in behavior in TMP between the two reactors could be due to differences in biofilm 

thickness.  The in-situ gas (H2/CH4) evolution on the cathode surface can cause detachment of 

the biofilm. This detachment due to the in-situ HER reaction is expected to be higher for thicker 

biofilms.  The TMP in AnEMBR I reached 1.18 bars on day 30 compared to 0.8 bars for 

AnEMBR II.  This suggests that the propensity of biofouling in AnEMBR I was higher than 

AnEMBR II. This was also supported by SEM images (Fig. 5) taken on day 56, where the 

fouling layer formed on the cathode of AnEMBR I was thicker (visually) than AnEMBR II. 

However, scouring of biofilm due to the in-situ HER reaction is more effective when the biofilm 

layer is thicker [2, 6]. For example, increasing the applied voltage from 0.7 V to 0.9 V was not 
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effective in reducing TMP on Ni-HFM with biofilm thickness of 0.4 - 0.5 μm [6]. In contrast, 

increasing the applied voltage from 0.5 V to 0.9 V significantly reduced TMP on Ni-HFM with 

biofilm thickness of 4 µm [2]. 

The relationship of TMP to QH2 variations can be a result of i) faster hydrogen gas bubble 

evolution compared to methane gas bubbles as hydrogen requires less time for molecular 

diffusion [30], ii) hydrogen gas bubbles travel at a faster velocity than methane due to the lower 

density of hydrogen (0.0898 kg/m³) compared to methane (0.656 kg/m³) gas, and iii) the volume 

of gas increases with hydrogen production compared to methane since one mole of acetate 

generates four moles of hydrogen but only one mole of methane.  

As previously mentioned, variations in bubble frequency and size distribution were observed 

(Fig. 3) which could also strongly influence the hydrodynamics of the foulant layer of the 

membrane [31, 32]. AnEMBR III showed more bubble frequency than AnEMBR I and II that 

was well correlated with TMP of the respective bioreactor (Fig. 2 and 3). AnEMBR I showed a 

0.006 bubble distribution at 45 µm, whereas AnEMBR II and AnEMBR III showed 0.025 and 

0.084 bubble distribution (Table S1). The shape of the bubbles is controlled by their size [32, 

33], which in turn could influence the scouring efficiency of the bubbles. Smaller bubbles are 

more capable of foulant removal [34]. Also, bubble slip velocity, which is the velocity of the gas 

phase relative to that of the liquid phase, is influenced by the size of the bubble. The slip velocity 

decreases with increasing bubble size and increases with decreasing bubble size [35, 36], which 

in turn affects the control of membrane fouling. Therefore, a unit of gas that has a high frequency 

of small bubbles than large bubbles creates more bubble slip velocity and shear force on the 

liquid and gas interface. This means that at a given sparging flow rate, smaller bubbles increase 

the number of shear events compared to larger bubbles [37]. Additionally, higher number of 
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bubbles increases bubble velocity [38, 39], resulting in stronger scouring within the bubbles’ 

zone of influence on the membrane. Taken together, the cumulative effect of widespread smaller 

bubbles with higher frequency appeared to limit fouling layer formation on the cathode surface 

for AnEMBR III (Fig. 3) in comparison to the other two AnEMBRs.   

Furthermore, the evolution of gas bubbles from the bottom of the fibers using Type IV 

nucleation (AnEMBRs II and III) appeared to be advantageous to control fouling. This may be 

because the detachment of the gas bubbles from the bottom of the electrode surface caused more 

turbulence in the electrode boundary (polarization) layer, which helped in biofoulant removal 

from the electrode surface.  

SEM images of the Ni-HFM sampled on day 56 prior to the chemical cleaning of the 

membranes showed clear differences in foulant layer morphology among the three AnEMBRs, 

supporting the TMP results. In AnEMBR I, the fibers’ surface was completely covered and the 

foulant layers formed a cake-like structure, presumably due to EPS matter in the microbial 

biofilm (Fig. 4B). There were no cake-like structures observed on the fibers in AnEMBR II, 

however there were more microbial aggregates observed on the fibers (Fig. 4C) and few 

microbial aggregates observed on Ni-HFM fibers of AnEMBR III. No open pores were visible in 

AnEMBR I (Fig. 4B), few open or partially closed pores observed in AnEMBR II (Fig. 4C) 

whereas more clearly open pores observed in AnEMBR III (Fig. 4D). These variations are 

probably due to the differences in the in-situ bubble scouring in the respective AnEMBRs. The 

SEM image results correlated with the TMP of respective AnEMBRs (Fig. 2).  
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Fig. 4. Scanning electron micrograph images of (A) virgin Ni-HFM and biofouled Ni-HFM at 

day 56 for (B) 2m2/m3 (C) 4m2/m3 and (D) 8m2/m3. 

 

3.6 Microbial community composition at the cathode  

Amplicon sequencing results revealed that methanogenic communities were present on the 

cathode of all AnEMBRs (Fig. 5). The hydrogenotrophic methanogen, Methanocorpusclum, was 

the dominant methanogen detected on the biofouled Ni-HFM. Methanocorpusculum were 

present in relatively higher abundance in AnEMBR I (2.5%), than in AnEMBR II (1.8%) and 

AnEMBR III (1.7%). The relatively high abundance of Methanocorpusculum in AnEMBR I and 

II correlates with their higher methane generation compared to AnEMBR III (Table 1). The 

D 

A B 

C 
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dominant bacterial phyla detected on the cathode belonged to Firmicutes and Bacteroidetes, with 

Acetobacterium (phylum Firmicutes) being the dominant genera (~ 52% of the total sequence 

reads) detected on the cathode, with the highest relative abundance (62%) detected in AnEMBR 

III. Members of the genus Acetobacterium are homoacetogens capable of generating acetate 

from CO2 and H2 [40, 41].  

 

4 Conclusions 

The results clearly demonstrated the effect of SCSA on the performance of AnEMBR in 

terms of current density, biogas production and composition, and biofouling rates.  The rates of 

hydrogen production influenced the TMP, with TMP being inversely proportional to QH2. The 

high frequency of smaller bubbles (45-114 µm) and type IV nucleation appeared to limit 

biofouling on the cathode surface for AnEMBR III, which was operated for 55 days without 

replacement or cleaning (e.g. backwashing or chemical treatment). The cumulative effect of the 

above-mentioned factors, along with the variation of microbial community, controlled biofouling 

and enhanced energy recovery in AnEMBR III operated at SCSA of 8 m2/m3. The insights 

provided by this study will be helpful in the up-scaling of AnEMBR for wastewater treatment 

and reuse and energy recovery. 
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Fig. 5. The average relative abundances (%) of dominant genera (~ 80% of sequence reads) detected on the 

cathode of the three AnEMBRs. Others (~ 20% of sequence reads) represent genera with relative 

abundance < 1%. g: genus; f: family; o: order.  
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Figure captions 

 

Fig. 1. A combination of high-resolution microscopic and wide-view macroscopic techniques 

integrating a state-of-the-art high-speed video camera were utilized for visualization of in-situ 

gas bubble generation. The different components are (1) AnEMBR, (2) the glycerol immersion 

tank in which the reactors were placed for image capturing, (3) the long-distance microscopic 

lens attached to (4) the high-speed video camera, and (5) the data acquisition system. 

Fig. 2. Peak volumetric current densities, TMP, and volume of gas for AnEMBRs with (A and 

B) 2m2/m3 (C and D) 4m2/m3 and (E and F) 8m2/m3 SCSA.  Values represent averages of 

duplicate reactors. Each data point in the plot represents the respective performance of individual 

batch cycles. Unfilled arrows represent day 35 when the high-speed camera was used to capture 

the in-situ bubble generation, grey arrows represent day 56 when the Ni-HFMs were sampled for 

SEM imaging followed by physical/ chemical cleaning, and the black arrows represent day 75 

when biomass samples were collected for microbial community analysis. The dashed vertical 

lines cover the region where unintentional disturbance in pH was induced. 

Fig. 3. The accumulated frequency of all gas bubbles on the cathode surface of the AnEMBRs on 

day 35(A) and day 55 (B). 

Fig. 4. Scanning electron micrograph images of (A) virgin Ni-HFM and biofouled Ni-HFM at 

day 56 for (B) 2m2/m3 (C) 4m2/m3 and (D) 8m2/m3. 

Fig. 5. The average relative abundances (%) of dominant genera (~ 80% of sequence reads) 

detected on the cathode of the three AnEMBRs. Others (~ 20% of sequence reads) represent 

genera with relative abundance < 1%. g: genus; f: family; o: order.  

 


