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Highlights 15 

• Large-scale BES can lead to a vertical stratification of anode microbial 16 

communities.  17 

• Shear stress is hampering the development of an anodic biofilm. 18 

• Ion exchange capacity of the membrane is reduced as consequence of the 19 

biofouling. 20 

• Membrane matrix is specially deteriorated at the top of the reactor. 21 

• Hydrogen production is feasible in a MEC treating a complex substrate. 22 

23 
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Abstract 1 

First large-scale experiences of bioelectrochemical systems (BES) are underway. 2 

However, there is still little knowledge on how the different elements that integrate a BES 3 

behave in near real-life conditions. This paper aims at assessing the impact of long-term 4 

operation on the cation exchange membrane and on the anodic biofilm of two 16 L 5 

Microbial Electrolysis Cells (MEC) designed for hydrogen production and ammonia 6 

recovery from pig slurry. Membrane deterioration was examined by physical, chemical 7 

and microscopy techniques at different locations, revealing a strong attachment of 8 

microorganisms and a significant decay in membrane properties such as ion exchange 9 

capacity and thermal stability. Anode microbial communities did not show a dramatic 10 

shift in the eubacteria composition at different sampling areas, although the relative 11 

abundance of some bacterial groups showed a clear vertical stratification. After 100 days 12 

of continuous operation, MEC performance did not declined significantly maintaining 13 

ammonium transport rates and H2 production rates of 15.3 gN·d−1·m−2 and 0.2 LH2·L-14 

1
reactor·d-1 respectively. 15 

Keywords: Bioelectrochemical system, Scaling-up, Cation exchange membrane, Waste 16 

valorization, Anodic biofilm. 17 
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1. Introduction 1 

Bioelectrochemical systems (BES) represent a relatively novel technology with a wide 2 

range of potential applications, the most interesting of which (from a technoeconomical 3 

point of view) can be those that allow the production of hydrogen or other fuels by the 4 

valorization of waste streams [1]. During the past 15 years, BES have experienced an 5 

intense phase of research in many of the areas related to their development (materials, 6 

engineering and microbiology) that has paved the way for the first experiences at a pilot 7 

scale [2]. To further advance in the development of this technology, it is of utmost 8 

importance to have a clear understanding of how the different elements that integrate a 9 

bioelectrochemical reactor behave in near real-life conditions. Perhaps the (bio-10 

)electrodes (anode and cathode) and the ion exchange membranes are the most crucial 11 

of these elements [3]. This is not only because they play a direct role in the basic 12 

bioelectrochemical processes that comprise the principle of operation of this technology, 13 

but also because they contribute significantly to the capital cost of BES [4] [5] [6].  14 

Bioelectrodes rely on the ability of certain electroactive microorganisms to exchange 15 

electrons with solid surfaces (electrodes) and on the formation of a biofilm for an efficient 16 

transfer of electrons [7]. For instance, the presence of mixed cultures on anodic biofilms 17 

and the syntrophic relationships and interactions between them makes the degradation 18 

of complex substrates possible [8], which in turn makes the operation of BES more 19 

sustainable and resilient [9]. Therefore, a deeper understanding of the structure of anodic 20 

biofilms and the distribution of this biofilm on the anode, and the nature of the above 21 

mentioned interactions would undoubtedly help to improve the general performance of 22 

BES and allow a broadening of the range of potential substrates [10]. This interest in the 23 

microbiology of BES has gained a new momentum in the past years with the use of new 24 

methodologies such as high-throughput sequencing [11], which are proving to be very 25 

useful in identifying all the bacteria that make up the microbial community, thus helping 26 

to gain new insights on the role that microorganisms play in the whole BES performance. 27 
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The membrane is another key element in BES technology. Although it is possible to 1 

operate BES in a membrane-less configuration (i.e. no ion exchange membrane is 2 

interposed between the anode and the cathode), the use of membrane is vital for 3 

instance to obtain high-purity hydrogen in microbial electrolysis cells (MEC) [12], to 4 

recover nutrients (nitrogen, phosphorus, potassium, etc) [13] from nutrient-rich 5 

substrates or to avoid any interference between the anodic and cathodic process (e.g. 6 

to prevent oxygen from reaching the anode in microbial fuel cells, MFC). The few studies 7 

that have tackled the effect of using real substrates on membrane performance and 8 

durability [14][15] have shown that membrane fouling by microorganisms, extracellular 9 

polymers and inorganic salts are the most important factors behind the observed 10 

degradation in the BES performance due to the physical blockage of cation transfer that 11 

may cause a decay in the current. Real substrates also have a significant influence on 12 

the performance of BES, as they usually display low buffer capacity, low conductivity and 13 

can contain complex organic compounds [16], all of which represent important 14 

challenges in the scale-up of BES systems [2][17]. Recent works have made important 15 

contributions to improve the applicability of real substrates in BES  by, for instance, 16 

enhancing  the anodic biofilm by promoting a fermenting-exoelectrogenic consortium 17 

[18], hindering the activity of undesired electron sinks [16] or optimizing the reactor 18 

configuration [19]. 19 

In this paper we try to gain knowledge on how real substrates, such as pig slurry, affect 20 

large scale BES. Rather than assessing their influence on BES performance (for which 21 

there is a whole body of literature [16][20]) we put the focus on understanding their impact 22 

on the membrane and the bioanode of two relatively large BES (16 L each) designed for 23 

pig slurry valorization (hydrogen production and ammonia recovery). On the one hand, 24 

we try to assess the role that hydrostatic and hydrodynamic phenomena play on the 25 

development of anodic microbial communities after 100 days of batch operation. On the 26 

other hand, we evaluate the ageing process of the membrane in terms of loss in ion 27 

exchange capacity, trying to connect this deterioration with surface or internal structure 28 
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modifications. The existence of any spatial patterns of deterioration/modification in these 1 

elements is also assessed. 2 

2. Materials and methods 3 

2.1 Experimental setup and system operation 4 

All experiments were conducted in two-chambered MEC reactors (MEC-1 and MEC-2) 5 

(Figure S1, supplementary information) made of polypropylene and built as previously 6 

described [21], with a total volume of 8 L per chamber. The anodes were made of 5 mm-7 

thick graphite felt (Sigratherm®, Germany) with stainless steel current collectors, and the 8 

cathodes consisted of stainless steel mesh electrodes. The projected surface area of 9 

electrodes was 0.18 m2, and carbon felt was pretreated according to [22]. The two 10 

chambers were separated by a cation exchange membrane (CMI7000, Membranes 11 

International, USA). Both MECs were inoculated and operated following identical 12 

procedures. Regarding inoculation, they were inoculated with digestate from a local 13 

Wastewater Treatment Plant, and operated in fed-batch mode at room temperature 14 

during the entire experimental period. Fed-batch cycle duration varied from ∼2 days to 15 

∼5 days, until cathodic gas production (H2) stoped. The reactors were fed using the liquid 16 

fraction of pig slurry (partially oxidized at the farm) as anolyte (and supplemented with 17 

acetate at a concentration of 0.2 g/L) and phosphate buffered saline (PBS) 0.1M as 18 

catholyte (pH=7). Both anolyte and catholyte are renewed in each batch and both were 19 

recirculated by NLAV peristaltic pumps (Dosiper, Spain) with a flow rate of 15 L·h-1. 20 

MECs were connected in parallel to a power supply (PS 2000 B, Elektro-Automatik, 21 

Germany), and the applied voltage was set at 1 V between anode and cathode to 22 

optimize TOC removal and TN recovery (compared to lower voltage) without incurring in 23 

an excessive energy consumption that might probably result from using higher voltages. 24 

Each individual circuit contained a 0.5 Ω resistor to measure the voltage, from which the 25 

current was calculated using Ohm's law (I = U·R-1), and it was recorded every 10 min 26 

using a data acquisition system (Keithley 2700, USA). Pig slurry was collected from the 27 



6 
 

slurry pits of a swine farm located at León (Spain). The pig slurry was pretreated in the 1 

farm with aeration and sedimentation process. Samples were taken almost weekly and 2 

stored at 4° C for <20 days.  3 

Table 1. Characterization of pig slurry used as feedings in the MEC. 4 

 Parameter (Unit) Pig slurry 
COT (g·L-1) 2.61 

Acetate (mg·L-1) 270 
NT (g·L-1) 3.1 

N-NH4+ (g·L-1) 3.1 
Phosphate (mg·L-1) 37 
Sulphate (mg·L-1) 42 
Chloride (mg·L-1) 1950 

TSS (g·L-1) 17.4 
VSS (g·L-1) 7.6 

% VSS 44 
pH 7.9 

Conductivity (dS·m-1) 26 
 5 

After inoculation, both MECs were operated in fed-batch mode for a period of 78 days 6 

that may further be subdivided into two phases: phase 1 (P1), with a duration of 38 days 7 

where (total nitrogen) TN concentration in the fed was maintained at about 0.5 g·L-1 by 8 

diluting pig slurry in tap water, and phase 2 (P2), with a duration of 40 days where TN 9 

concentration was gradually increased up to 3 g·L-1 (by increasing the proportion of pig-10 

slurry in the feed) (Figure S2, supplementary material). This feeding pattern was 11 

designed to favor the acclimation of microbial communities to high nitrogen loads. 12 

Ammonium was collected within the catholyte. Due to the recalcitrant nature of the lignin-13 

carbohydrate complex contained in the pig-slurry [23], an acetate supplement of 0.2 g·L-14 

1 was added to maintain current levels and avoid any deterioration in the performance 15 

that could be attributable to degradable organic matter scarcity.  16 

2.2 Chemical analysis and calculation 17 

Liquid samples were taken from anolyte and catholyte at the beginning and end of each 18 

batch cycle. Total organic carbon (TOC) and total nitrogen (TN) were determined by a 19 
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TOC multi N/C 3100 (Analytikjena, Germany). The pH and conductivity were measured 1 

using a pH meter GLP 21 (Crison Instruments, Spain) and a conductivity meter 2 

(TetraCon 325, WTW, Germany), respectively. Gas production in the cathode MEC was 3 

measured using a Milligascounter MGC-1 PMMA (Ritter, Germany), and the gas 4 

composition was determined using a gas chromatograph CP 3800 GC (Varian, USA) 5 

where the carrier gas was argon. 6 

The nitrogen recovery efficiency was determined as the ratio between the amount of TN 7 

in the catholyte effluent and the amount of TN in the anolyte influent. The nitrogen 8 

transport rate was calculated as the amount of TN that crosses the membrane from the 9 

anolyte to the catholyte per day and per membrane surface area (m2). Cathodic gas 10 

recovery, coulombic efficiency and energy recovery of the MEC were calculated as 11 

previously described [24]. 12 

2.3 Selecting sampling points on the anodic biofilm and the ion exchange 13 

membrane 14 

As hydrostatic and hydrodynamic phenomena can affect both the anodic biofilm and the 15 

membrane properties generating spatial heterogeneity [25][26], sampling locations for 16 

both elements were selected taking into account the hydrostatic pressure due to the 17 

height of the water column (top, middle and bottom of the cell) and anolyte flow rate (high 18 

and low flow velocities) (Figure 1A). The hydrodynamic behaviour of the anolyte was 19 

simulated by means of computational fluid dynamics techniques (CFD) using the 20 

commercial code Fluent R16.0 (Ansys, Lebanon, USA). The flow was assumed to be 21 

incompressible, steady, homogeneous, adiabatic and Newtonian. K-epsilon was used as 22 

the turbulence flow model and the volume mesh contains about 0.38 million tetrahedral 23 

elements. The simulation was performed with a recirculation flow rate of 15 L·h-1. Model 24 

simulation results are presented as fluid velocity plots, where calibrated tones show fluid 25 

velocity (Figure 1B). As expected, the highest velocities (>100 m·h-1) were found in the 26 
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proximity of the inlet (E1/M1) and outlet (E6/M6) recirculation ports, while most of the 1 

bulk liquid remained with relatively low velocities in the range between 0 and 15 m·h-1.  2 

 3 

Figure 1. Schematic representation of the anode compartment indicating the electrode 4 

(E1-E6) and membrane (M1-M8) sampling points (A), and the fluid velocity model (B).  5 

2.4 Membrane analysis 6 

Total membrane surface area was 0.18 m2 and eight samples (of 2 cm2 each) of the 7 

membrane (M1-M8) of MEC-2 were analysed by several techniques: confocal and 8 

scanning electron microscopies, thermogravimetry and ion exchange capacity titration. 9 

Thermogravimetry analysis (TGA) of the cation exchange membranes was carried out 10 

with a Thermogravimetric Analyzer SDT Q600 (TA Instruments, UK) in a temperature 11 

range of 30 to 750 °C at the heating constant rate of 10 °C ·min-1, under nitrogen 12 

atmosphere. Ion exchange capacity (IEC) was determined by acid-base titration [27]. 13 

After the membrane was immersed in distilled water, it was soaked in a large volume of 14 

1 M HCl for at least 24 hours (the solution was replaced three times to complete ion 15 

exchange). Later, it was washed with distilled water to remove excess HCl and soaked 16 

in 2 M NaCl solution for at least 24 hours to replace the protons by sodium ions (the 17 
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solution is replaced three times to ensure complete exchange). The different NaCl 1 

solutions were collected and then titrated with 0.1 M NaOH. The IEC titration of the 2 

membrane was calculated as the ratio between the number of fixed charges inside the 3 

ion exchange membrane (meq) and the dry weight of the measured membrane (g). The 4 

membrane samples were examined by the JSM-6480 LV (JEOL, Japan) scanning 5 

electron microscope (SEM). The samples were fixed in 2.5% glutaraldehyde solution in 6 

PBS for 2 hours at 4°C. When dry the membranes with ethanol were transferred into the 7 

chamber of the critical point dryer CPD 030 (Bal-Tec, Germany). Subsequently and prior 8 

to observation of the microstructure by SEM, the membranes were coated with a thin 9 

layer of gold in an EM ACE200 (Leica Microsystems, Switzerland). Elemental 10 

components of the inorganic salt precipitations in the membrane surface were analysed 11 

using an energy dispersive x-ray (EDX) INCA (Oxford Instrument, UK), which is 12 

integrated in the SEM equipment. Surface properties were analysed by Confocal 13 

Microscopy (CM) (LEICA DCM 3D dual model). CM provides a convenient means of 14 

acquiring 3D images of an object. The Leica DCM 3D dual system was used to measure 15 

the surface topography and calculate the surface roughness parameters. Images were 16 

taken with a confocal objective with a magnification of 10x and a numerical aperture (NA) 17 

of 0.50. 18 

2.5 Microbial community analysis 19 

Genomic DNA was extracted for the carbon felt electrode at different sampling points 20 

(E1-E6) in MEC-2 with the PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., 21 

Carlsbad, CA, USA), following the manufacturer’s instructions. The entire DNA extract 22 

was used for the pyrosequencing of eubacteria 16S-rRNA gene based massive library. 23 

The primer set used was 27Fmod (5`-AGRGTTTGATCMTGGCTCAG-3`) /519R modBio 24 

(5`-GTNTTACNGCGGCKGCTG-3`) [28]. The PCR conditions were described in S3, 25 

supplementary information. The obtained DNA reads were compiled in FASTq files for 26 

further bioinformatics processing. The following steps were performed using QIIME: 27 
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Denoising, using a Denoiser [29]. OTUs were then taxonomically classified using the 1 

Ribosomal Database Project (RDP) Bayesian Classifier (http://rdp.cme.msu.edu) and 2 

compiled into each taxonomic level with a bootstrap cutoff value of 80% [30]. Raw 3 

pyrosequencing data obtained from this analysis were deposited in the Sequence Read 4 

Archive (SRA) of the National Center for Biotechnology Information (NCBI).  5 

Microbial richness estimators (Sobs and Chao1) and diversity index estimator (Shannon) 6 

were calculated with the defined OTUs table (shared.file) using MOTHUR software, 7 

version 1.35.1 at 3% distance level.  8 

The quantitative analysis of Eubacteria population was analysed by means of 9 

quantitative-PCR reaction (qPCR) using PowerUp SYBR Green Master Mix (Applied 10 

Biosystems) in a StepOne plus Real Time PCR System (Applied Biosstems). The primer 11 

set was 314F qPCR (5′-CCTACGGGAGGCAGCAG-3) and 518R qPCR (5′-12 

ATTACCGCGGCTGCTGG-3′). 13 

3. Results and discussion 14 

3.1 MEC performance 15 

 16 

http://rdp.cme.msu.edu/
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Figure 2. Operation of MEC-1 and MEC-2 with profiles for (A) current density, (B) nitrogen 1 

recovery rate and (C) hydrogen production rate.  2 

Approximately 25 days after the inoculation (day 0), current density average values 3 

stabilized at 0.05 A·m-2 (ampere per square meter of projected area of anode) (Figure 2). 4 

Current density profiles in both reactors followed similar trends showing a good 5 
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replicability (Figure 2). During phase P1 (see section 2.1 for a detailed description of the 1 

operating phases), the current increased steadily with the number of batch cycles and 2 

stabilized during P2 at ~1.75 A m-2. Increasing the nitrogen content in the feed during P2 3 

allowed the maximum ammonium transport rate through the membrane to increase from 4 

5.9 gN·d−1·m−2 during P1, to 15.3 gN·d−1·m−2 in P which is in accordance with the results 5 

obtained in previous works [31]. Ammonium concentration in the influent and effluent 6 

streams of the MEC anode and ammonium removal efficiency are shown in Figure S2 7 

(in the supplementary information). H2 production (Figure 2) evolved along with current 8 

production (this is especially noticeable during P1) achieving a maximum production rate 9 

of 0.2 LH2·L-1
reactor·d-1 which is significantly lower than the 0.9 LH2·L-1

reactor·d-1 obtained by 10 

Wagner et al. [20] using a similar substrate in a lab-scale (28 mL) MEC. However, the 11 

presence of the membrane in our reactor allowed to produce hydrogen with a purity 12 

always higher than 98 % (which compares with the 77% purity reported in the referred 13 

work), with cathodic efficiencies of 84 ± 7 and 78 ± 16 % during P1 and P2, respectively. 14 

The coulombic efficiencies were relatively low (in the range between 7% and 9%) as 15 

expected from a complex substrate [32]. These results showed that despite the changes 16 

in feeding pattern, the performance of both MECs was replicable and stable during the 17 

whole operational period.   18 

3.2 Microbial community structure 19 

The development and spatial distribution of microbial communities present on the anodic 20 

biofilm (points E1-E6 in Figure 2A) was studied by locally assessing biofilm richness, 21 

diversity and microbial community composition. 22 

3.2.1 Assessing the anodic biofilm richness and diversity 23 

Total DNA was extracted from the carbon felt anode at the different sampling points 24 

marked in Figure 1A to study the microbial community composition attached onto the 25 

anode electrode at the end of the experiment. Between 43344 and 64444 effective 26 

sequences in the six samples (E1-E6) were obtained. Each sample was rarefied to the 27 
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lowest number of sequences, with coverage values ranging from 98.3% to 99.1%, and 1 

so they were a good representation of all the diversity that exists in the samples.  2 

The similarity in the Shannon indexes as shown in Table 1 revealed the absence of big 3 

differences in biofilm diversity along the anode surface. In contrast, the richness and the 4 

number of sequences proved to be highly dependent on the sampling points, and the 5 

differences found seem to be related to the fluid velocity (Figure 2). Indeed, the lowest 6 

number of sequences were found in E1 and E6 (Table 1), where fluid velocity and thus 7 

shear stress was more pronounced. More moderate velocities in E2 and E4 seem to 8 

favor biofilm development, while those areas where fluid velocity got too low and 9 

substrate diffusion might be hampered (E3 and E5), scored lower number of sequences.  10 

Table 2. No. of sequences and OTUs, estimated richness (Chao1), diversity index (Shannon) 11 

and sample coverage values for eubacterial operational taxonomic units (OTUs). 12 

*c.i. 95% confidence intervals 13 
 14 

Regarding the richness indexes, the lowest values were found next to the outlet point 15 

(E6), while both the flow inlet (E1) and the quadrant above (E2 and E4) showed a greater 16 

number of different species, probably due to the input of the pig slurry loaded with a high 17 

amount of microorganisms. Again those areas where the circulation of the anolyte 18 

 
Sample 

Nºseqs sobs 
OTUs 

Chao1 Shannon Coverage 

(%) 
mean (c.i.)* mean (c.i.)*  

E1 43,344 
 

2065 
 

2829 
 

2696-2990 
 
 

5.3 
 

5.3-5.3 
 
 

98.3 

E2 61,209 
 

2154 
 

3080 
 

2921-3272 
 
 

4.9 
 

4.8-4.9 
 
 

98.7 

E3 53,248 
 

1961 
 

2445 
 

2350-2562 
 
 

5.4 
 

5.4-5.4 
 
 

98.9 

E4 64,444 
 

2231 
 

2598 
 

2527-2688 
 
 

5.5 
 

5.4-5.5 
 
 

99.1 

E5 55,213 
 

1954 
 

2455 
 

2356-2580 
 
 

5.4 
 

5.3-5.4 
 
 

99.0 

E6 49,200 
 

1768 
 

2122 
 

2047-2217 
 
 

5.3 
 

5.3-5.4 
 
 

99.0 
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became limited (E3 and E5) showed relatively low richness, most likely as a result of the 1 

low mass transport rates in those areas.  2 

The microbial community was also quantified by means of qPCR to corroborate the 3 

density of the biofilm at different anode positions. These results confirmed that fluid 4 

dynamics affect the abundance of eubacteria populations and therefore biomass as 5 

described above. The highest amount of 16S rRNA genes were found in E2 (8.2 x 105 6 

gene copy number gdw
-1 anode) and E4 (1.3 x 105 gene copy number gdw

-1 anode). 7 

However, the gene abundance in E3 (9.6 x 104 gene copy number gdw
-1 anode) and E5 8 

(7.8 x 104 gene copy number gdw
-1 anode) was lower than those shown in E2 and E4. 9 

The sample taken from the points near to the effluent section (E6) showed the lowest 10 

gene abundance (4.3 x104 gene copy number gdw
-1 anode), which coincides with the low 11 

number of sequences found here. These results were in agreement with other works [33] 12 

where the 16S rRNA gene abundance gets reduced when the flow velocity is higher, and 13 

therefore the effect of the fluid velocity and shearing over the bacteria abundance in 14 

electrode biofilms is demonstrated.  15 

3.2.2 Assessment of microbial populations stratification  16 

The abundance of eubacteria community at phylum level (Table S4, supplementary 17 

information), showed that the two predominant phylum are Firmicutes and Bacteroidetes 18 

while Proteobacteria– being well known for playing an important role in extracellular 19 

electron transfer (EET) [34] –  was present at a relatively lower abundance which is in 20 

agreement with [33]. Members of Firmicutes were also able to produce electricity in the 21 

anode of BES [35] and have been commonly detected in reactors treating pig slurry. 22 

These results showed that there are no major differences in composition or abundances 23 

of the microbial community at the different sampling points at phylum level. 24 

Notwithstanding, a distinct variation in the relative abundance at family level was clearly 25 

observed between electrode samples at different electrode points.   26 

 27 
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The Clostridiaceae, Porphyromonadaceae, Eubacteriaceae and Anaerolineaceae 1 

families decreased in abundance from the top to the bottom of the electrode (Figure 3). 2 

In contrast, Ruminococcaceae, Erysipelotrichaceae and Synergistacea) increased in 3 

abundance towards the lower parts of the electrode.  4 

The microbial community composition remained fairly stable in all samples, except for 5 

four families (Peptoniphilaceae, Enterococcaceae, Carnobacteriaceae and 6 

Acholeplasmataceae) which represented low abundances that are only identified in E1 7 

and E2 sampling points. 8 

 9 

Figure 3. Taxonomic assignment of illumina data from eubacterial communities at different 10 

sampling points at family level. Groups accounting for less than 1% of the total number of 11 

sequences per sample are classified as “others”. 12 

Therefore, these results suggest that there was a vertical stratification of certain microbial 13 

populations respective of their position in the electrode. This can be more clearly 14 

observed in Figure 4, which represents three clusters that coincide with three heights in 15 

the electrode: E1-E2 at the top, E3-E4 at the middle and E5-E6 at the bottom). Figure 4 16 

also gives us an overview of the main genera identified in all samples at the end of the 17 

experiments: members of Acetivibrio, Clostridium, Proteiniphylum, Ruminococcus, 18 

Eubacterium, Anaerofilum, Synergistetes, Bacteroides, Enterococcus and Bellilinea 19 

were the most representative in abundances above 7%. These genera belong to the 20 
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families that make the differences between the three clusters. Additionally, it can be 1 

stated that electroactive bacteria, belonging mainly to Proteobacteria and Firmicutes 2 

Phyla (Pseudomonas, Sporomusa, Corynebacterium, Geobacter, Streptococcus, 3 

Bacillus, Desulfovibrio and Acinetobacter), were present in lower abundances in all of 4 

our samples regardless of the position.  5 

The best part of Firmicutes was Clostridium sp., becoming the most abundant genus in 6 

our reactor (21%). Contrary, Geobacter sp. was in a low abundance (less than 1%). 7 

Geobacter has previously been described as having competitive disadvantages relative 8 

to Clostridium [36]. Anyway, despite the competition of certain microorganisms, the 9 

presence of electroactive bacteria in all positions together with specific bacteria from 10 

complex substrates makes a stable biofilm which is a key factor in maintaining the 11 

performance in a long-term operation.  12 
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1 

Figure 4. Heat map of the main dominate classified genera. 2 
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3.3 Assessment of membrane ageing 1 

Membrane deterioration was evaluated based on results from ion exchange capacity 2 

(IEC), a parameter that represents the number of fixed charges inside the membrane per 3 

unit weight of dry polymer [37]. IEC has a definite impact on cell performance as it is 4 

intimately related to membrane electrical resistance: low IEC values usually translate 5 

into high electrical resistances and vice versa  [38]. In our reactors, IEC underwent the 6 

highest deterioration (~22 % decrease) in samples M1 and M6 which were located at the 7 

inlet and outlet respectively, while the lowest deterioration was found in M7 (9%) (Table 8 

2). In the rest of membrane samples (M2, M3, M4, and M5) IEC decreased by about 9 

15%.   10 

Table 3. IEC values and topography parameters: IEC (Ion Exchange Capacity), Ssk (Surface 11 

Skewness) and Sku (Surface Kurtosis) 12 

Membrane  IEC 
(meq/g) 

Ssk (-) Sku (-) 

Blank 1.60 -1.22 63.66 
M1 1.27 1.57 16.80 
M2 1.39 1.56 17.47 
M3 1.36 1.77 27.21 
M4 1.37 4.08 43.05 
M5 1.35 4.56 62.85 
M6 1.23 1.49 22.77 
M7 1.45 1.71 26.84 
M8 1.34 2.05 25.16 

 13 

This IEC deterioration can be attributed to either a modification of the internal structure 14 

of the membrane, to surface (bio-)fouling phenomena or both. The following sections are 15 

devoted to understanding to which extent they explain the observed loss in IEC. 16 

 17 

3.3.1 Assessment of membrane structural deterioration  18 

Internal membrane deterioration was assessed by means of themogravimetric analysis 19 

(TGA). Any decay in the properties of the membrane can be explained by either a 20 
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degradation of the structure of the membrane (polymer matrix) or of the sulfonic (–SO3H) 1 

groups [39], that play a determining role in cation exchange, or both. As shown in Figure 2 

5, the membrane presented five significant thermal degradation zones. The first zone (I) 3 

(below 100 °C) was attributed to the evaporation of water (thermal desolvation). The 4 

second significant zone (II), occurring within an inflection temperature ranges between 5 

150°C and 170 °C, was assigned to the loss of water molecules absorbed by –SO3H 6 

groups or adsorbed by the hydrogen-bonded to the membrane. The third zone (III), 7 

between 300°C and 400 °C, corresponded to the loss of –SO3H groups (thermal 8 

desulfonation) [40]. The fourth zone (IV), between 400°C and 490°C, was attributed to 9 

the decomposition of the perfluoroether chains of the membrane [41]. Finally, the fifth 10 

zone (V), above 500 °C, was assigned to the degradation of residual solvent from the 11 

manufacturing process. 12 

TGA derivative (DTGA) profiles in Figure 5 (and TGA profiles in Figure S5, 13 

supplementary material) show a clear divergence between the blank membrane (virgin 14 

membrane) and the used one. This deviation becomes more apparent in samples M1, 15 

M2 and M7, where the peaks attributed to the thermooxidation of the polymer chain 16 

increase and get displaced towards low temperatures. Moreover, the peak attributed to 17 

the loss of –SO3H was more prominent there. Interestingly, these three samples belong 18 

to the top of the reactor, an area that could be affected by an inadequate humidification 19 

or lack of water at particular times that makes the membrane more brittle and fragile [42]. 20 

The rest of the membrane samples also presented some signs of degradation, but they 21 

were less apparent.  22 



20 
 

 1 

Figure 5. DTGA profiles of the different points of the membrane (this figure compares the 2 

thermal stability of the used membranes with respect to a blank membrane). Five significant 3 

zones are highlighted with Roman numerals: Zone I, evaporation of water; Zone II, loss of 4 

water molecules absorbed or adsorbed; Zone III, loss of –SO3H groups; Zone IV, 5 

decomposition of the perfluoroether chains; Zone V, degradation of the main chain. 6 

3.3.2 Assessment of membrane surface modifications 7 

Membrane biofouling represents an important issue in two-chambered configurations as 8 

a biomass layer can block the membrane pores, acting as a barrier to charges transport. 9 

SEM images revealed a strong attachment of microorganisms forming a biofilm 10 

embedded in the polymeric matrix on the anodic side of the membrane (Figure 6), and 11 

there appeared to be a certain correlation between membrane biofilm and anodic biofilm. 12 

Indeed, those regions of the membrane where the biofilm appeared to be broadly spread 13 

(M1 and M6 in Figure 6), corresponded to those anode samples which scored a lower 14 

number of sequences (E1 and E6, table 2). Conversely, membrane biofilm seems to be 15 

less dense in M5, where anodic biofilm was more developed (E5 in table 2). These 16 
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results suggest that where shear stress was hampering the development of an anodic 1 

biofilm (as a results of larger fluid velocity), the diffusion of the substrate to the membrane 2 

became facilitated, thus promoting biofilm formation in the membrane and vice versa. 3 

Low substrate contribution resulting from lower fluid velocity (Figure 2) could also explain 4 

the low biofilm formation in samples M7 and M8.   5 

 6 

Figure 6. SEM images from different sample points from the membrane. 7 

A more quantitative estimation of membrane surface modifications can be obtained by 8 

means of CM (Figure S6, supplementary material). This technique allows to quantify 9 

membrane topographic characteristics form the information provided by two parameters: 10 

surface skewness (Ssk) that represents the degree of symmetry of the surface heights 11 

about the mean plane, and surface kurtosis (Sku), which is equivalent to the peak density 12 

of the profile [43]. In general, more negative values of Ssk confirms the existence of a 13 

porous structure, while more positive correspond to a more even surface. Similarly, large 14 

values of Sku represent that protuberances on the surface have similar sizes. 15 
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The general trend for Sku and Ssk (Table 3) indicated that surface roughness wanes 1 

with the use, leading to a topography with relatively more peaks and less valleys, 2 

probably due to the biofouling of the holes. This became more apparent in samples M1, 3 

M2 and M6 which coincided with those areas where the biofilm appeared to be more 4 

spread as shown by SEM (Figure 6). Importantly, it was precisely in those samples 5 

(specially in M1 and M6) where IEC suffers a greater decay, which reveals a certain 6 

correlation between membrane biofouling and loss in membrane conductivity. 7 

In addition to the biofouling observed on the anolyte side, the catholyte side of the 8 

membrane also presented visible signs of deterioration as a uniform layer of salt 9 

precipitations. EDX analysis showed that there are two types of precipitations (Figure 10 

S7, supplementary material), one that was composed of oxygen, phosphorus and 11 

calcium (calcium orthophosphate), and another type that was composed of oxygen, 12 

phosphorus and magnesium (magnesium orthophosphate) that can be blocking charges 13 

transfer.  The presence of these precipitates can be explained by the fact that most of 14 

the charge transport occurring through the CEM can be attributed to cations such as  K+, 15 

Na+, Ca2+, Mg2+ and NH4
+ rather than H+ [44][45], that together with the phosphate from 16 

the buffer solution, precipitated on the cathode side of membrane. Moreover, this 17 

phenomenon can be also favored by the pH-splitting (between anode and cathode) 18 

induced by the membrane, which tends to alkalinized the catholyte  [46], leading to local 19 

pH values slightly higher than 9 and thus promoting the formation of the precipitates 20 

(despite a buffer solution was used as catholyte).  21 

 22 

3.4 Challenges and future perspectives 23 

The application scopes of MECs needs to be further expanded to make the most of this 24 

versatile technology [47]. Combining nutrients recovery with hydrogen production in 25 

MECs  can help not only to offset the energy usage during organic wastes treatment [48], 26 

but also to make MECs a more economically competitive and environmentally sound 27 

technology. In this paper we have tried to shed some light on how two key elements of 28 
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MECs (the membrane and the anodic biofilm) behave during long term operation (>100 1 

days) at pilot scale. Although membranes are not strictly necessary to produce hydrogen 2 

in MECs [2], they become an essential component in applications such as that examined 3 

in the present study. Our results suggest that despite the significant signs of ageing of 4 

the membrane, there was no visible deterioration in the performance of the reactor.  5 

Importantly, the membrane used in this research is designed to be used in conventional 6 

electrochemical systems. Thus, a decrease in the ion exchange capacity of 22% (as 7 

reported in this paper) may not be that critical in MECs as it is in other electrochemical 8 

devices, where the current densities can be several orders of magnitude above those 9 

usually found in bioelectrochemical systems. This observation may open the door for the 10 

development of more affordable membranes in which the electrochemical performance 11 

requirements are less demanding. In this regard, some suggestions have been put 12 

forward in a recent excellent review by Bakonyi et al.[44], showing that there is still a way 13 

to go through new designs and development such as, for example, modifying the 14 

composition and structure of the polymer. 15 

The electrogenic biofilm that “catalyses” the anodic reaction represents another key 16 

element in MECs. During the scale-up process, as the dimensions of the anodes 17 

increase, the occurrence of heterogeneities within the biofilm becomes more likely, (as 18 

shown in this work), which can lead to bioanodes operating below optimal conditions in 19 

terms of current density. Using current collectors to make the anodic potential more 20 

homogeneous [21], controlling anode potential and/or substrate loading during the start-21 

up [49,50], or modifying the biofilm–electrode interfaces [51], can be seen as suitable 22 

strategies to favour the development of a more homogenous biofilm. 23 

Finally, the use of waste streams with high solids content represents another important 24 

challenge when scaling-up MECs. While pig slurry may a priori seem an unsuitable 25 

substrate, our results confirm that MECs can open up new perspectives for the 26 

valorization of this waste [20][52].Thus, and due to the large amounts of pig slurry 27 

produced globally each year [53], MECs would allow to recover ~1.5·106 tons of NH3 and 28 
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101,000 tons of H2  per year and help to curb the energy usage in the fertilizers industry 1 

[19] .  2 

4. Conclusions 3 

Two double-chambered MECs were fed with pig slurry in fed-batch mode for 103 days 4 

to assess both membrane deterioration and the development of microbial anodic 5 

communities. Regarding the later, there seemed to be a vertical stratification of certain 6 

microbial populations. Results also confirm the mutualistic relationship between 7 

fermentative and electroactive bacteria in a MEC fed with a fermentable substrate and 8 

the importance of this relationship on stable MEC performance. Regarding the 9 

membrane, ion exchange capacity (a parameter intimately related to electrical 10 

resistance) seemed to be more affected by surface modifications than by internal 11 

structure (polymeric and sulphonic groups) degradation. The production of hydrogen and 12 

ammonia recuperation make this process a claim for circular economy. 13 
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