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A B S T R A C T   

This study describes the use of a microbial electrolysis cells for the production of gaseous biofuels sustained by 
the oxidation of a synthetic wastewater. During the overall experimental investigation, the MEC’s bioanode 
removed on average 855 ± 57 mgCOD/d producing an average electric current of 66 ± 7 mA which was diverted 
into gaseous biofuels like biomethane, biohydrogen and biohythane. Three different MEC cathodic configura
tions were investigated selecting the electrodic materials (graphite granules GG, and mixed metal oxide MMO) 
and operating conditions (pH of the catholyte, additional sorption chamber). Biomethane production increased 
from 26 ± 4–102 ± 8 meq/d when the MMO electrode was used with respect to GG electrodic material. In 
contrast, the MMO electrode in combination with a CO2 sorption chamber was successfully utilized for simul
taneous H2 production and CO2 sorption from a N2/CO2 mixture which simulates an anaerobic digestion biogas. 
The combination of H2 production and CO2 sorption allowed to obtain a gaseous mixture composed of 9% H2, 5% 
CO2, and 80% N2 that according to the assumption of replacing the N2/CO2 mixture with real biogas corre
sponded to a commercial-grade biohythane. Overall, the results highlight the potential of MECs as an efficient 
approach for biogas upgrading, allowing biohythane production increasing CH4 content and lowering CO2 
concentration.   

1. Introduction 

Biogas, produced through anaerobic digestion (AD), consists of a gas 
mixture mainly composed by methane (50–70%, v/v) and carbon di
oxide (30–50%, v/v) [1]. Other impurities such as NH3 and H2S are 
presented in small amount (0–300 ppm and 50–5000 ppm respectively) 
[2]. The specific biogas composition depends on the selected substrate 
and reactor set-up. Biogas applications are limited due to its low calorific 
value, which is caused by the low ratio of CH4/CO2 [3]. To obtain bio
methane, whose characteristics are similar to compressed natural gas 
(CNG) (with a concentration of CH4 > 95% v/v), purification and 
upgrading steps are required to remove impurities (e.g., NH3 and H2S) 
and CO2, respectively [4]. These steps are typically based on physi
ochemical methods such as water scrubbing, pressure swing adsorption 
and membrane separation that are energy- consuming and economically 
expensive [5], features that do not match the current problems related to 
pollution and high-cost energy demand [6,7]. In this context, microbial 
electrolysis cells (MECs) represent a cost-effective and 

environmental-friendly alternative to physicochemical technique for 
upgrading biogas [8,9]. MECs are an innovative strategy for biological 
biogas upgrading in which bio-electroactive microorganisms carry out 
the reduction of CO2 to CH4 by using a cathode as electrons donor [10, 
11], while the electroactive oxidation of organic matter in the bioanode 
partially sustains the energy demand of the process [12]. In contrast 
with physiochemical methods according to which CO2 is removed from 
the gas mixture relying on its physical-chemical properties, in biological 
upgrading the bioconversion of CO2 into CH4 is performed [13]. This is 
perfectly in line with EU guidelines for GHGs emission reduction and 
renewable energy production [14], moreover, the recent REPowerEU 
Plan [15] establishes that 35 billion cubic meters (bcm)/year of the 155 
bcm/year currently imported natural gas, should be replaced by do
mestic biomethane production by 2030. Considering that 1 ton (i.e. 1.53 
billion m3) of biogas can produce approximately 2 tons (i.e. 1.01 billion 
m3) of biogenic CO2 during the biogas upgrading process, by 2030, the 
EU area could generate 42 Mton/year of biogenic CO2, making the po
tential of the sectors of carbon capture, storage and utilization very 
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significant [16]. The bioconversion of CO2 to CH4, called chemoauto
trophic biogas upgrading method, is carried out by hydrogenophilic 
methanogens, players of the last step of anaerobic digestion [17]. To 
make this process environmentally and economically feasible, H2 supply 
must derive from renewable source, so the surplus of renewable elec
tricity derived from solar, or wind power can be used to hydrolyze water 
for production of H2 [9]. In this context the coupling of AD and bio
electrochemical systems (BES) is getting more and more attention 
[18–22]. Indeed, H2 supply to methanogens represents the limiting step 
of the process because of the low hydrogen solubility in the liquid phase 
[23]. Microbial Electrolysis Cells (MECs), a particular type of BES, 
represents an innovative strategy to overcome this problem, indeed the 
digestate derived from AD can be directed towards the anodic chamber 
of a MEC where the oxidation of organic matter, applying an external 
potential, occurs and it partially sustains the energy demand for CH4 
production supplying the reducing power “in situ” to the methanogenic 
biofilm growing on the electrode’s surface in the cathodic chamber [24, 
25]. In this way biogas derived from AD can be addressed to the bio
cathode with the result of a biogas enriched in CH4 [26–28]. Moreover, 
the phenomenon of pH split that occurs at the cathode [29,30], allows 
the removal of 9 moles of CO2 for each mole of CH4 leading to a further 
increment in terms of methane content [31]. In this study, three 
different cathodic configurations of a two-chamber filter-press MEC 
have been investigated for the production of different gaseous biofuels 
(i.e. biomethane, biohydrogen and biohythane). More in detail, while 
the anodic chamber was operated with the same operating conditions (i. 
e. electrodic material, HRT and OLR) throughout the experiment, 
different cathodic electrodic materials, inoculums and operation modes 
were changed to target the production of different reduced compounds. 
Indeed, the main novelty of the study consisted of examining different 
cathodic processes using the same bioanode, providing novel perspec
tives and possibilities in the field of bioelectrochemical processes 
development. During the overall experiment, the MEC was operated 
with a three-electrode configuration setting the anode potential at 
+0.20 V vs. SHE (Standard Hydrogen Electrode). The bioanode was fed 
continuously with synthetic wastewater and the chemical oxygen de
mand (COD) removal efficiency and the Coulombic Efficiency were 
studied to evaluate the anode performance. The first cathodic configu
rations consisted of granular graphite methanogenic biocathode for CH4 
production, in the second configuration a mixed metal oxide (MMO) 
electrode was utilized to evaluate abiotic H2 production and in the third 
one the abiotic H2 production was coupled with a CO2 adsorption col
umn to allow the production of bio-hythane, a mixture of biomethane 
with an H2 content of 10% [32,33]. The different steady-state conditions 
were characterized by monitoring the different anodic and cathodic 
species concentrations over time. The utilization of mass, electron and 
energy balances then characterized each steady-state condition. 

2. Materials and methods 

2.1. Microbial electrolysis cell set-up 

The MEC consisted of two-chamber filter-press configuration reactor. 
Both chambers (each 0.86 L) were made of Plexiglas and separated by a 
Nafion117 proton exchange membrane (Dupont, USA). Bioanode was 
set up using granular graphite electrode inoculated with activated 
sludge coming from a WWTP located in Treviso, Italy. Depending on the 
operating period, the cathodic electrodic material was constituted of 
graphite granules or by mixed metal oxide (MMO) electrode (Magneto 
special anodes, The Netherlands). Figure S1 shown the picture of the 
different type of electrodic materials and equipment adopted in the 
study. Moreover, according to the desired cathodic product, anaerobic 
digestate was adopted as inoculum in the cathodic chamber. The MEC 
was connected to a potentiostat (Ivium-nStat, multichannel electro
chemical analyzer) controlling the anodic potential at + 0.20 V vs. SHE 
with a three electrodes configuration. According to the three-electrode 

configuration, the anode constituted the working electrode (WE), 
while the cathode constituted the counter electrode (CE). The reference 
electrode, present in each chamber of the MEC to ensure potentiostatic 
control (at the anode) and a measurement of the cathodic potential in 
the cathodic chamber. Both reference electrodes were an Ag/AgCl 
electrode, utilizing a KCl saturated solution (E = + 199 mV vs. SHE, 
Standard Hydrogen Electrode, Amelchem, Italy). The electrodic material 
of the anodic compartment consisted of granular graphite (Faima srl, 
Italy) which performed both the function of biofilm growth support and 
high surface electrode. The anodic chamber was continuously fed at 
1.5 L/d, corresponding to a hydraulic retention time (HRT) of 0.57 d, 
through a peristaltic pump with a synthetic wastewater that simulate the 
composition of municipal wastewater. The synthetic wastewater 
composition was: Peptone (0.28 g/L), Yeast extract (0.15 g/L), glucose 
(0.68 g/L), sodium acetate (0.21 g/L), K2HPO4 (4.00 g/L), NH4HCO3 
(0.19 g/L), MgCl2*6 H2O (0.10 g/L), CaCl2*2 H2O (0.05 g/L), Metals 
solution (10 mL/L) [34], Vitamins solution (1 mL/L) [35]. Moreover, 
two additional peristaltic pumps were used to recirculate anolyte and 
catholyte ensuring a complete mix of the two liquid phases. The 
different compartments were connected by Tygon® R3603 tubes to 
avoid the permeation of oxygen. 

The five different MEC’s operating period cathodic configuration are 
reported in Table 1. 

During the first, third, fourth and fifth run, a gaseous mixture con
taining 70–30%(v/v) N2/CO2 was continuously fed in the cathodic 
chamber to simulate a biogas coming from an anaerobic digestor. In this 
way, the system was working with an inert gas with a Henry’s constant 
comparable to the one of CH4, such as nitrogen, and to work with a 
content of CO2 comparable with a biogas CO2 percentage. The outlet gas 
flow rate from the cathodic chamber was measured by a Milligascounter 
(Ritter, Germany). The feeding solution and the liquid and gaseous 
outlet of the anodic chamber was collected in a 10 L Tedlar® bag 
(Supelco, USA). 

During the first operating period (Fig. 1-A), the cathodic chamber 
was addressed to stimulate the bioelectromethanogenesis reaction, i.e. 
the CH4 production from CO2 reduction by using a graphite granules 
biocathode. The cathodic chamber was filled with granular graphite 
(diameters from 6 to 2 mm) and of real density equal to 2.0 g/mL. The 
cathodic chamber was filled with mineral medium with the following 
composition: K2HPO4 (4.00 g/L), NH4HCO3 (0.19 g/L), MgCl2*6 H2O 
(0.10 g/L), CaCl2*2 H2O (0.05 g/L), Metals solution (10 mL/L). The 
cathodic inoculum consisted of a pretreated digestate coming from an 
anaerobic digestor located in Treviso (Italy). The digestate pretreatment 
consisted of the substitution of the supernatant solution obtained after 
solid sedimentation. The substitution of the liquid phase with mineral 
medium was repeated three times before proceed with the inoculum of 
the cathodic chambers. 

The second configuration (Fig. 1-B), adopted from the second oper
ating period was set-up to investigate the abiotic H2 production by 
abiotic cathode.H2 was collected in 5 L Tedlar ® bag. In this operating 
period, the graphite granules were replaced in the cathode by a square- 
shaped mesh electrode consisting of Mixed Metal Oxides (MMO) 
(Magneto special anodes, The Netherlands), connected to the circuit by a 
titanium wire. The cathodic chamber was filled with PP plastic cylinders 
to ensure similar mechanical properties of the cathodic chamber. During 
this experimental period no N2/CO2 gaseous mixture was fed to the 
cathodic chamber. 

During the third and fourth operating period (Fig. 1-C), cathodic 
chamber was connected to a 2 L CO2 sorption chamber. The CO2 sorp
tion chamber was hydraulically connected with the cathodic chamber by 
the continuous recirculation of the catholyte, moreover, CO2 sorption 
chamber was continuously bubbled with the N2/CO2 gaseous mixture to 
promote CO2 sorption in the alkaline catholyte. The objective of this 
configuration was the “theoretical” biohythane production, i.e. the 
production of a mixture of CH4 and H2 with a CO2 content below 5%. 
Two different gaseous retention time (GRT) in the CO2 sorption chamber 
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was regulated by the influent N2/CO2 gaseous mixture flow rate. 
During the fifth experimental period (Fig. 1-D), the cathodic cham

ber was inoculated with anaerobic digestate coming from the same full 
scale anaerobic digestor utilized in the first experimental period. 
Moreover, in this configuration the CO2 sorption chamber was removed, 
and the N2/CO2 gaseous mixture was directly fed inside the cathodic 
chamber, in order to replicate the first condition with a different 
cathodic material. 

2.2. Analytical methods 

To determine the COD of the pre-filtered liquid phases, Spectroquant 

® COD Cell Test, Supelco® and an UV–visible spectrophotometer (Shi
madzu, λ 605 nm) were used. CH4, H2 and CO2 determination was 
performed by injecting 50 μL of gaseous sample into a DaniMAster 
gaschromatograph (stainless-steel column packed with molecular sieve; 
N2 as carrier gas 18 mL/min; oven temperature 70 ◦C; equipped with 
thermal-conductivity detector (TCD) temperature 150 ◦C). The inor
ganic carbon was measured by TOC (Total Organic Carbon Analyzer)-V 
CSN (Shimadzu) on filtered samples (ø 0.2 μm). The concentration of 
volatile suspended solids (VSS) was measured using GF/C filter (47 mm 
diameter, 1 µm porosity) following the APHA-AWWA-WPCF (1992) 
procedure. The Nessler method was used to determine spectrophoto
metrically (λ 420 nm) the concentration of ammonium ion. Potentials 

Table 1 
Cathodic configuration and material during the experimental periods.  

Operating period 1st 2nd 3rd 4th 5th 

Target product Biomethane Hydrogen Biohythane Biohythane Biomethane 
Cathodic material Graphite granules MMO MMO MMO MMO 
Influent gas N2/CO2 (70–30% v/v) - N2/CO2 (70–30% v/v) N2/CO2 (70–30% v/v) N2/CO2 (70–30% v/v) 
CO2 Adsorption chamber - - 2 L 

GRT 1 h 
2 L 
GRT 6 h 

- 

Inoculum Anaerobic digestate - - - Anaerobic digestate  
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Fig. 1. Schematic representation of the bioelectrochemical configurations utilized in the experimental study: graphite granules biocathode (A), MMO electrode for 
abiotic hydrogen production (B), MMO electrode for abiotic hydrogen production+CO2 sorption (C), MMO electrode for hydrogen mediated bio
electromethanogenesis (D). 
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are measured by a multimer (AM-520-EUR, Amprobe), pressure was 
measured by a digital pressure meter (DIgitron 2025 P, digital pressure 
meter), pH was monitored by a pH meter (Crison, GLP 22) equipped 
with a glass electrode (SlimTrode, CH-7402 Bonaduz, Hamilton). The 
average current was calculated recording the overall charge by the 
Ivium-nStat potentiostat. 

2.3. Parameters and calculations 

2.3.1. Anodic and cathodic parameters calculation 
The removed COD was calculated the Eq. 1. 

CODremoved = F ∗ (CODin − CODout) (1)  

in which CODin (mg/L) and CODout (mg/L) represent respectively the 
anodic influent and effluent COD while F(L/d) is the influent and 
effluent flow rate in the anodic chamber (L/d). 

The COD removal efficiency was calculated with the Eq. 2. 

CODremoval efficiency =
(CODin − CODout)

CODin
(2) 

The COD converted into electric current was expressed as electrons’ 
equivalents, considering the water oxidation reaction (Eq. 3.) 

2H2O→O2 + 4e− + 4H+ (3) 

The meqCOD was calculated by using a theoretical conversion factor 
of 0.125 (4 meq/32 mgO2). 

The anodic Coulombic Efficiency (CE%) was calculated according to 
Eq. 4: 

CE =
meqi
meqCOD

(4) 

The cumulative electric charge (meqi) was calculated by integrating 
the current (A C/s) over time and dividing it by the Faraday’s constant (F 
= 96,485 C/eq). 

The production rate of methane rCH4(mmol) and hydrogen rH2(mmol) 
were determined considering the measured concentration of H2/CH4 
inside the gaseous outlet (mmol/L), the gaseous flow (L/d), the time 
passed between the measures and the total operational time according to 
Eqs. 5a and 5b. 

rCH4 =

∑n

0
([CH4]n ∗ Qcat(out)n ∗ Δtn)

Δttot
(5a)  

rH2 =

∑n

0
([H2]n ∗ Qcat(out)n ∗ Δtn)

Δttot
(5b) 

The methane and hydrogen production rates rH2, rCH4 (mmol/d) 
was also expressed in terms of equivalents (i.e. Eqs. 6a and 6b) rCH4(meq) 
rH2(meq) (meq/d), considering the theoretical conversion factor of 
8 meq/mmolCH4, and 2 meq/mmolH2 

rCH4(mmol) ∗ 8 = rCH4(meq) (6a)  

rH2(mmol) ∗ 2 = rH2(meq) (6b) 

The Cathode Capture Efficiency (CCE, %) was calculated by the ratio 
between the cumulative equivalents of produced methane (meqCH4) in a 
fraction of time and the cumulative as expressed by Eqs. 7a and 7b: 

CCE =
meqCH4

meqi
(7a)  

CCE =
meqH2

meqi
(7b)  

2.3.2. Inorganic and ammonium mass balance calculation 
The daily removal of CO2 (ΔCO2, mmol/d) inside the cathodic 

chamber has been evaluated by the Eq. 8. 

ΔCO2 = Qcatin ∗ CO2in − Qcatout ∗ CO2out (8) 

In which Qcatin (L/d) and Qcatout (L/d) are the influent and effluent 
gas flow rates, respectively., while, CO2in and CO2out (mmol/L) 
represent the CO2 concentrations in the influent and effluent gaseous 
cathodic streams, respectively. 

The Eq. 9 represents the CO2 removal efficiency calculation: 

CO2removal efficiency(%) =
Qcatin ∗ CO2in − Qcatout ∗ CO2out

Qcatin ∗ CO2in
x100

(9) 

The daily nitrogen removal (ΔN; mg/d) has been evaluated by the 
Eq. 10. 

ΔN = Fin ∗ N in − Fout ∗ N out (10) 

In which Fin and Fout (L/d) are the influent and effluent liquid flow 
rates, respectively. Moreover, Nin and Nout (mg/L) represent the nitro
gen concentration inside the inlet and outlet of the anodic chamber. 
Since the nitrogen was in form of ammonium, it could migrate through 
the CEM, and it was detected inside the cathodic chamber where it was 
recovered inside the catholyte daily spill, i.e. the daily amount of liquid 
phase migrating from the anode to the cathode due to the electroosmotic 
phenomenon. A small portion of ammonium is used by microorganisms 
for growth, indeed, according with the generic biomass composition 
(C5H7O2N) a 0.12 factor was taken into consideration for the overall 
nitrogen mass balance, expressed by Eq. 11: 

(Fin ∗ Nin = Fspill ∗
(

VSSout cat ∗ 0.12
gN
gVSS

+ NCat

)

+Fout

∗ (Nout +VSSout anode ∗ 0.12
gN
gVSS

) (11) 

In which Fin and Fout (L/d) are the influent and effluent liquid flow 
rates, respectively. Moreover, Nin and Nout (mg/L) represent the nitro
gen concentration inside the inlet and outlet of the anodic chamber. Ncat 
represent the nitrogen concentration (mg/L) inside the cathodic cham
ber and Fspill is the daily spill (L/d) from the cathodic chamber; VSSout is 
the measured concentration (mg/L) of the volatile suspended solid 
(C5H7O2N) inside the anodic or cathodic effluent, 0.12 is the conversion 
factor used for determining the ammonium nitrogen used for the 
biomass growth (mgN/mgVSS). 

2.3.3. Energy balance calculations 
The energy efficiency (ηE) was calculated considering the energy 

theoretically recoverable from the combustion of the produced methane 
(WCH4) or/and hydrogen (WH2) and the energetic consumption of the 
system (Win) as expressed by Eq. 12: 

ηE =
WCH4 +WH2

Win
=
rCH4(mmol) × ΔGCH4+rH2(mmol) × ΔGH2

ΔV × i
(12)  

where ΔGCH4 (− 817.97 KJ/mol), ΔGH2 (− 286 KJ/mol) and rCH4(mmol) 
(mmol/d) and rH2(mmol) represent the molar Gibbs free energy for 
methane/hydrogen combustion and the methane/hydrogen production 
rate, respectively; ΔV is the difference of potential established between 
the counter and the working electrodes (i.e., cell voltage), and i repre
sents the average current flowing in the reactor. 

The energetic consumptions for CO2 and COD removal were deter
mined by Eq. 13 as follows. 

EC(kWh
/

Nm3CO2) =
kWh

ΔCO2(Nm3/d)
=

ΔV ∗ i ∗ 24(h/d)
ΔCO2(Nm3/d)

(13)  

Where ΔCO2 is the daily removal of CO2 (Nm3/d), ΔV is the potential 
difference measured between anode and cathode (V), i is the electric 
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current registered (A). To estimate the energetic consumption for CO2 
removal considering the energy spared (1.2 kWh/kgCOD [36]) for the 
COD removal, taking into account that this system carries out two 
processes with only one energetic consumption, Eq. 14 was changed as 
follows in Eq. 14. 

ECCOD(kWh
/

Nm3CO2) = ECCO2 − 1.2ηCOD (14) 

In which ηCOD represents the amount of COD removed per mole of 
CO2 removed. 

2.3.4. Potential losses characterization 
The following Eq. 15 was used to calculate the potential loss 

∑
η (V) 

which represent the sum of the overpotentials. 
∑
η = ΔV(exp) − ΔV(meas) (15) 

ΔVexp is the difference of potential measured between the cathode 
and the anode during the experiment and ΔVmeas represent the calcu
lated potential difference according to the Eq. 16 

ΔV(meas) = Ecath(meas) − Ean(meas) (16) 

In which Ecath(meas) and Ean(meas) are the measured potential vs the 
reference electrode placed in the respective chamber. The following Eq. 
17 was used to calculate the cathodic potential loss 

∑
ηcat (V) which 

represent the sum of the cathodic overpotential. 
∑
ηcat = Emeascath − Ethcath (17) 

In which Emeas
cath is the measured value during the experimental period 

whereas Eth
cathrepresent the theoretic value calculated with the Nernst Eq. 

(18) 

Ethcath = E
0 −
RT
2F

ln
pH2

[H+]
2 (18) 

In which E◦ for H+/H2 is equal to 0 V, F is the Faraday’s constant 
(96,485 C/mole-), R is the universal gas constant (8.314 J/molK), and T 
is the temperature expressed in Kelvin. The pH2 used is 10− 3.1 atm which 
corresponds to 8 mM which is the maximum solubility of hydrogen in 
water with atmospheric pressure and normal temperature (25◦C). The 
pH2 used for the first and last period is 10− 4 atm which is the maximum 
hydrogen’s partial pressure on which methanogens work. The same 
statement can be made for the anodic reaction and the anodic over
potential (Eq. 19). 

ηan = Ean(meas) − Ean(eq) (19) 

Equilibrium potential of the anodic potential is determined by Eq. 
20. 

EanCOD (eq) = E0 +
RT
8F

ln
[
HCO−

3

]2
∗ [H+]

9

[CH3COO− ]
(20) 

In which E◦ for HCO3
- /CH3COO- is equal to + 0.187 V vs SHE, F is the 

Faraday’s constant (96,485 C/mole-), R is the universal gas constant 
(8.314 J/molK), and T is the temperature expressed in Kelvin. 

The potential losses linked to the pH gradient (Eq. 21) and to the 
electrolyte resistance (Eq. 22) were calculated as reported in the liter
ature [37]. 

ηpH =
RT
F

ln(10(pHcathode − pHanode)) (21) 

In which, as in the Eq. 17, F is the Faraday’s constant (96,485 C/ 
mole-), R is the universal gas constant (8.314 J/molK), and T is the 
temperature expressed in Kelvin. 

ηionic = Iions
(

1
2
Ranode +

1
2
Rcathode

)

= Iions(
dan

2Aσan
+
dcat

2Aσcat
) (22) 

Iions represent the amount of charges migrated through the membrane 

(the value is the same of the registered electric current Cs = A), R is the 
resistance of the liquid phase which can be calculated knowing the 
distance “d” of the electrode from the membrane (cm), the membrane’s 
area “A” (cm2) and the conductivity ( S

cm) of the liquid phase. While σan 
and σcat have been experimentally determined by a conductometer, the 
distance between the proton exchange membrane and the electrode has 
been assumed equal to 1.5 cm (which represent the middle of the 
chamber), in each explored configuration. 

3. Results and discussion 

3.1. Anodic performance of the anodic chamber during the different 
operating periods 

After the start up period the anodic biofilm was operated for 5 
months applying the same operating conditions, i.e., a theoretical 
organic load rate of 2 gCOD/Ld and a hydraulic retention time of 0.57 
days, showing stable electroactive activity despite the cathodic oper
ating conditions shifts (i.e., electrodic material, electrolyte pH), high
lighting the resilience of the anodic biofilm. The influent and effluent 
COD concentration time course in the anodic chamber is shown in 
Figure S2. During the first period operating period (graphite granules 
biocathode addressed to biomethane production), the average electric 
current generated by the oxidation of COD was 51 ± 5 mA (Fig. 2) while 
the COD removal was 981 ± 35 mgCOD/d. The resulting CE was 37 ±
3% and indicated a low conversion efficiency of the electrons produced 
by the COD oxidation into current. After 37 days the granular graphite 
biocathode was substitute with a mixed metal oxide (MMO) electrode 
inserted in polypropylene packed bed. Even though MMO electrodes are 
usually adopted for water oxidation in several of bioelectrochemical 
applications [38], the presence of several noble metals was investigated 
for the hydrogen evolution reaction [39]. Those operation did not shock 
the anodic biofilm, indeed, during the second operating period the 
bioanode coulombic efficiency increased to 45 ± 4%, due to an average 
daily COD removal of 929 ± 35 mgCOD/d and an average current of 58 
± 5 mA. As expected, during the fourth and fifth operating condition, 
the insertion of the CO2 sorption chamber did not affect the anodic 
biofilm activity, indeed, as reported in Table 2, the daily COD removal 
and current value remained similar, confirming again the possibility to 
tune MEC’s anodic and cathodic performances separately. However, 
during the last investigated period, after the reinoculation of the 
cathodic chamber with the pretreated anaerobic digestate, the anodic 
biofilm increased the current production to an average value of 111 ±
15 mA removing the same amount of COD (972 ± 33 mgCOD/d) 
showing a higher CE of 82 ± 5%. 

3.2. Biofuels production during the different cathodic operating periods 

The first experimental period, in which a granular graphite bio
cathode was adopted for CO2 reduction into CH4, showed a methane 
production rate of 26 ± 4 meq/d of CH4 which corresponded to a 
cathodic coulombic efficiency (CCE) of 59 ± 4%. The experimental re
sults were in line with previous data reported for similar methanogenic 
biocathode [21], which also reported an incomplete current recovery 
into methane, suggesting the presence of unknown reductive reactions. 
In order to change the cathodic product from biomethane to hydrogen, 
the cathodic granular graphite colonized by the methanogenic biofilm 
was substitute with a commercial mixed metal oxide (MMO) electrode 
that was inserted in a polypropylene packing material physically sup
porting the ion exchange membrane. Even if MMO electrodes are usually 
utilized for oxygen evolution by water electrolysis [40], the presence of 
noble metal catalysts on its surface suggests its applicability as cathodic 
material. During this second operating period, no inoculum was inserted 
in the cathodic chamber to promote the abiotic hydrogen production. As 
reported in Fig. 3, an average hydrogen production rate of 14 ± 2 meq/d 
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was recorded giving an average CCE of 27 ± 3%. This low performance 
was mainly caused by an unexpected low H2 concentration in the Tedlar 
gas bag utilized for hydrogen quantification during this period, indeed, 
only a volumetric hydrogen concentration of 57 ± 5%was recorded by 
GC analysis. According to analytical characterization a N2/O2 ratio was 
also present in the gas composition probably due to air retro diffusion in 
the gas bag collector. The progressive proton consumption from the 
cathodic chamber and the simultaneous migration of species different 
from protons generates alkalinity inside the catholyte which promoted 
the increase of the catholyte pH till the value of 13.5 ± 0.8. The cathodic 
potential did not change significantly showing an average value of - 0.9 
± 0.1 V vs SHE, moreover, the cathodic conductivity, was significantly 
lower than the one measured during the first experimental period (i.e., 
11 ± 2 mS/cm vs 116 ± 10 mS/cm) according to the lack of bicarbonate 

generation due the CO2 sorption. In order to integrate the CO2 sorption 
process for biogas upgrading, during the 3rd operating period a 1.2 L 
sorption chamber, consisting of a borosilicate glass flask, has been in
tegrated with the cathodic chamber process (Fig. 1-D) Sorption chamber 
was operated having the catholyte continuously recirculated while the 
N2/CO2 gas mixture was bubbled in the sorption glass chamber. The 
integration of the cathodic chamber with the sorption chamber allowed 
to obtain two separate gaseous streams: one coming out the cathodic 
chamber, the second coming out the sorption chamber. During the first 
operating period with the sorption chamber configuration, i.e., the third 
operational period, a N2/CO2 flow rate of 32 ± 1 L/d was fed in the 
sorption chamber, corresponding to a GRT of 1 h of the gaseous phase. 
During the 1 h GRT, as expected, the CO2 sorption promoted the cath
olyte pH decrease to an average value of 8.6 ± 0.5, while the catholyte 
conductivity raised to 60 ± 4 mS/cm. During the 1 h GRT, the H2 pro
duction stabilized at an average value of to 29 ± 3 meq/d resulting in a 
CCE of 58 ± 5% (volumetric H2 concentration of: 66 ± 5%). To reduce 
the CO2 load rate in the sorption chamber, and obtain a lower CO2 
concentration, during the 4th operating period, the gaseous N2/CO2 
flow rate was decreased to 5 ± 1 L/d, resulting in a GRT in the sorption 
chamber of 6 h. The catholyte’s pH increased to 9.4 but the cathodic 
potential and the catholyte’s conductivity did not change significantly. 
The results of the GRT increase were a higher H2 volumetric concen
tration of 86 ± 6% and a lower CO2 concentration of 4 ± 1%. After those 
promising results, the glass bottle was removed (the gaseous mixture 
was bubbled directly inside the cathodic chamber), and the cathodic 
chamber, containing the MMO electrode and the polypropylene packing 
material was inoculated with a methanogenic inoculum. During the last 
operating period, the inoculated cathodic camber produced methane 
with a production rate of 102 ± 8 meq/d giving a CCE of 102 ± 4%. This 
result is significantly higher than the one obtained with graphite gran
ules as cathodic material. Probably, even if the graphite granules have a 
higher superficial area and the MMO is a particular electrodic material 
(more expensive than graphite granules) the MMO is more suitable for 
hydrogen production and therefore more suitable for hydrogenophilic 
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Fig. 2. Electric current generated by the anodic biofilm during the experimental periods.  

Table 2 
Summary of the anodic performance during the 4 experimental periods.  

Cathode GG MMO MMO MMO MMO 
Goal CO2 reduction into 

CH4 

H2 

production 
H2 production þ CO2 abatement 
GRT 1 h 

H2 production þ CO2 abatement 
GRT 6 h 

CO2 reduction into 
CH4 

Electric current (mA) 51 ± 5 58 ± 5 56 ± 4 56 ± 4 111 ± 15 
COD removal 

(mgCOD/d) 
981 ± 35 929 ± 35 695 ± 35 695 ± 35 972 ± 33 

CE 37 ± 3% 44 ± 3% 57 ± 3% 57 ± 3% 82 ± 5%  
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Fig. 3. Cumulative milliequivalents of the cathodic products.  
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methanogens. Table 3 

3.3. Inorganic carbon mass balance 

During each operating period the inorganic carbon was monitored in 
the anodic and cathodic liquid and gaseous phases. During the first 
operating period, in which graphite granules were adopted as cathodic 
electrodic material, the inorganic carbon concentration in the catholyte 
quickly stabilized at 16 ± 1 gCO3

2-/L, a considerably higher concentra
tion with respect to the inorganic carbon concentration in the anodic 
chamber which resulted on average 1 ± 1 gCO3

2-/L. Inorganic carbon 
concentration increase was correlated with the CO2 sorption in the 
catholyte, which corresponded to an average CO2 removal of 89 ±
4 mmol/d. The corresponding CO2 removal efficiency resulted of 59 ±
2% obtained with a gaseous retention time (GRT) of 2 h. The CO2 
sorption phenomenon was driven by the alkalinity generation inside the 
cathodic chamber which was buffered by the CO2 sorption as HCO3

- / 
CO3

− 2. Moreover, as shown in Fig. 4, the anodic chamber acidification 
promoted a bicarbonate’s concentration decrease, indeed, part of the 
influent bicarbonate in the anodic chamber was transformed in carbonic 
acid, with a consequent release of carbon dioxide. As reported in  
Table 4, similar trends of bicarbonate concentration and CO2 removal 
were confirmed during each operating period. Interestingly, after the 
cathodic material change from graphite granules to MMO an operating 
period which did not involve the supply of the N2/CO2 gaseous mixture 
inside the cathodic chamber; the bicarbonate concentration in the 
catholyte did not increase resulting on average: 1.7 ± 0.2 g CO3

− 2/L. The 
third operating period, which involved the catholyte integration with 
the CO2 sorption chamber continuously bubbled with the N2/CO2 gas 
mixture was divided in two different operating periods characterized by 
different gas retention times (GRTs), obtained respectively by using two 
different N2/CO2 flow rates, i.e. GRT of 1 h was obtained by a flow rate 
of 32 ± 1 L/d; while a 6 hour GRT was obtained using a flow rate of 5 ±

1 L/d. During the 1 h GRT operating period, the CO2 removal was on 
average 143 ± 21 mmol/d corresponding to a CO2 removal efficiency of 
40 ± 4%. On the other hand, increasing GRT to 6 h decreased the CO2 
removal CO2 removal rate 49 ± 5 mmol/d while increasing the CO2 
removal efficiency to 85 ± 6%. During the GRT 1 h operation the CO2 
concentration in the sorption chamber outlet was 20 ± 4% while, the 
GRT increase to 6 h allowed to obtain a CO2 concentration in the outlet 
gaseous phase of 5 ± 2%. The catholyte bicarbonate concentration was 
not affected by the change of gas mixture GRT, remaining stable to an 
average value of 33 ± 2 gCO3

2-/L. During the last MEC’s operating 
period, in which anaerobic sludge has been inoculated in the cathodic 
chamber equipped with the MMO electrode, the sorption chamber was 
removed and a direct GRT of 1 h (corresponding to a flow rate 21 ± 2 L/ 
d) was applied to the cathodic chamber. During this period the catholyte 
bicarbonate concentration reached 8.5 ± 0.8 g/L, giving an average the 
CO2 removal of 70 ± 3 mmol/d and a CO2 removal efficiency of 26 ±
3%. 

3.4. Nitrogen mass balance 

During each operating, ammonium concentration in all reactor’s 
liquid phases (anodic influent, anodic effluent, cathodic chamber) was 

Table 3 
Summary of the cathodic performance during the 4 experimental periods.  

Cathode GG MMO MMO MMO MMO 
Goal CO2 reduction into 

CH4 

H2 

production 
H2 production þ CO2 abatement GRT 
1 h 

H2 production þ CO2 abatement GRT 
6 h 

CO2 reduction into 
CH4 

Electric current 
(mA) 

51 ± 5 58 ± 5 56 ± 4 56 ± 4 111 ± 15 

rH2 (meq/d) 1 ± 1 14 ± 2 29 ± 3 31 ± 3 1 ± 1 
rCH4 (meq/d) 26 ± 4 - - - 102 ± 8 
CCE % 59 ± 4 27 ± 3 58 ± 5 62 ± 5 102 ± 4  
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Fig. 4. Inorganic carbon concentrations inside the liquid phases during the four experimental periods.  

Table 4 
Summary of the inorganic carbon mass balance during the 4 experimental 
periods.  

Cathode GG MMO MMO MMO 
Goal CO2 → CH4 Hþ → H2 Hþ→ H2 CO2 → CH4 

GRT (h) 2 1 6 1 

Electric current (mA) 51 ± 5 58 ± 5 56 ± 4 111 ± 15 
CO2 removal (mmol/d) 89 ± 4 143 ± 21 49 ± 5 70 ± 3 
CO2 removal efficiency % 59 ± 2% 40 ± 4% 85 ± 6% 26 ± 3%  
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monitored. Cations were able to migrate through the cation exchange 
membrane in every experimental period. Electroneutrality was main
tained by this migration from the anodic chamber to the cathodic one. 
This migration can be harnessed to remove nitrogen from wastewater, 
which is essential for efficient wastewater treatment and preventing 
eutrophication. Nitrogen levels were monitored during each experi
mental period to assess performance. It’s worth noting that the volume 
of volatile suspended solids (VSS) exiting the anodic chamber, in the 
case of a biological cathode, did not change significantly. Therefore, the 
amount of nitrogen removed through microbial growth can be consid
ered consistent across all experimental periods. This suggests that the 
cathodic biomass was not affected by changes in the cathodic material. 
Furthermore, as shown in Table 5, nitrogen removal through microbial 
growth inside the cathodic chamber did not make a significant contri
bution. On the other hand, the experimental periods with a Mixed Metal 
Oxide (MMO) cathode exhibited higher nitrogen removal rates (58 ±
4%) compared to graphite granules (40 ± 3%). This performance is 
attributed to the higher nitrogen concentration inside the catholyte 
during the last three experimental periods compared to the first one, 
which used graphite granules as the cathodic material. As shown in  
Fig. 5, the increased electric current obtained during the last experi
mental period did not significantly change the ammonium concentration 
in the catholyte. Therefore, the presence of the proton exchange mem
brane and its specific fixed charge plays a fundamental role in this 
process along with the presence of more homogenous electrodic mate
rials, indeed, the electric field generated by MMO cathodes with respect 
graphite granules could explain the higher nitrogen removal rate ob
tained. Therefore, in addition to the presence of more homogenous 
electrodic materials (i.e. MMO electrode with respect GG), the presence 
of the proton exchange membrane and its specific fixed charge plays a 
fundamental role in this process which could influence the nitrogen 
removal rate. Anyway, the major takeaway is that significant nitrogen 
removal from wastewater can be achieved using a proton/cation ex
change membrane dividing anodic and cathodic chamber. These results 
are obtained without any additional energy consumption, which is a 
significant advantage when considering that ammonium nitrogen is 
typically removed through air stripping, requiring 9 kWh/kgN of energy 
[41]. 

3.5. Potential losses characterization 

Throughout the duration of the experiment, the anodic potential was 
controlled at +0.2 V vs. SHE, ensuring the control of the anodic over
potentials. On the other hand, the cathodic potential was allowed to 
change in response to the overall reaction rate, i.e. the current. The 
potential difference (i.e. the cell voltage) between the anode and cath
ode remained relatively stable during the first four operating periods. 

However, in the last experimental period, there was a notable increase in 
the potential difference due to a significant rise in electric current (from 
56 ± 4–111 ± 15 mA) (Figure S3). The equilibrium cathodic potential 
(Ecateq) was calculated during both the first and last experimental pe
riods using Eq. 18 and adjusted according to variations in pH. As a result, 
during the second experimental period, the cathodic equilibrium po
tential was significantly higher than that calculated for the other four 
periods (− 0.7 vs. − 0.4 V vs. SHE). Interestingly, the measured cathodic 
potential did not change as anticipated by the calculations, measuring at 
− 0.87 ± 0.10 V vs. SHE at pH 13.49 ± 0.14 and − 0.81 ± 0.11 V vs. SHE 
at pH 8.57 ± 0.14. It’s worth noting that the cathodic potential did 
change when the cathodic material was altered, transitioning from 
graphite granules to mixed metal oxide. The first and fifth operating 
periods used the same experimental conditions, but the cathodic po
tential measured during the first period was slightly lower than that 
measured during the last period (− 0.90 ± 0.11 vs. − 0.78 ± 0.15 V vs. 
SHE). This result is likely due to the different materials used, as each 
experimental period led to lower cathodic overpotentials than those 
observed with graphite granules (Figure S4). Additionally, the ionic 
overpotential changed significantly only during the last experimental 
period due to lower catholyte conductivity, caused by a decrease in ionic 
concentration, as shown in Fig. 6. This drop in ionic concentration 
resulted from the activity of methanogens, which reduced the bicar
bonate in the catholyte to methane, utilizing the reducing power 
generated at the cathode. Furthermore, the pH split overpotential 
tracked the pH variations within the cathodic chamber, as the anodic 

Table 5 
Summary of the nitrogen mass balance during the 4 experimental periods.  

Cathode GG MMO MMO MMO MMO 
Goal CO2 

→ 
CH4 

Hþ → 
H2 

Hþ → H2 þ

CO2 

abatement 

H2 production 
þ CO2 

abatement 

CO2 → 
CH4 

GRT (h) 2 - 1 6 1 

Nin (mgN/d) 131 
± 5 

223 ±
15 

260 ± 13 264 ± 14 103 ±
5 

Nout (mgN/ 
d) 

78 ±
5 

96 ±
5 

100 ± 3 104 ± 6 45 ± 3 

Nspill (mgN/ 
d) 

16 ±
1 

5 ± 1 3 ± 1 3 ± 1 32 ± 5 

Anodic 
VSSout 

(mgN/d) 

16 ±
3 

10 ±
4 

8 ± 3 9 ± 3 9 ± 5 

Cathodic 
VSSspill 

(mgN/d) 

1 ± 1 - - - 1 ± 1  

0

200

400

600

800

1000

1200

1400

0 50 100 150

N
-N

H 4+
(m

gN
/L

)

Time (d)

Effluent Influent Catholyte

CH4 produc�on H2 produc�on H2 produc�on + CO2 abatementCH4 produc�on

Mixed Metal OxideGG

Fig. 5. Ammonium nitrogen concentrations inside the liquid phases during the 
four experimental periods. 
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chamber maintained a steady pH conducive to the growth of electro
active biofilm. In contrast, during the first and last conditions, the 
cathodic pH was regulated by introducing CO2 to maintain an optimal 
pH for methanogen growth in the cathodic chamber. During the second 
experimental period, pH was not controlled, and the catholyte reached a 
pH of 13.49 ± 0.14, resulting in a pH split overpotential of 0.44 ±
0.04 V. During the third and fourth periods, CO2 was bubbled into the 
glass chamber, lowering the pH. However, during the fourth period, 
with a lower flow rate (which means a longer GRT), the resulting pH was 
higher, leading to a higher pH split overpotential. Table 6 summarizes 
the overpotentials, demonstrating that a complex system like the MEC 
yields different results under various conditions. 

3.6. Energy balance 

The energy consumption was evaluated during each experimental 
period to determine the best condition from an energy and economic 
standpoint. As shown in Table 7, the potential differences were similar 
during the first four experimental periods. However, in the last period, it 
increased along with the electric current, which was double that of the 
previous four experimental periods. This led to an energy consumption 
almost four times higher than the one calculated for the first four periods 
(2 ± 1 vs. 7 ± 1 Wh/d). For this reason, in order to achieve comparable 
performance between the first four periods and the last one, it is 
necessary to either remove four times the CO2 removed during the first 
four periods or produce four times the methane produced during the first 
period. Since the CO2 removal in the last period was not as high as ex
pected given the electric current, the energy consumption for that pro
cess is significantly higher than what was obtained with a lower electric 
current. Therefore, as shown in Table 7, the best experimental condi
tions for CO2 reduction were those with a high flow rate (low GRT) and 
no inoculum inside the cathodic chamber. During this experimental 
period (the third one), the CO2 reduction was the highest achieved (143 
± 21 mmol/d) with an energy consumption similar to the other three 
periods, at 2 Wh/d (resulting in 0.62 ± 0.05 kWh/Nm3CO2). If we 
consider the COD (Chemical Oxygen Demand) removed by the bioanode 
and knowing that 1 g COD is typically removed in a wastewater treat
ment plant with an energy consumption of 1.1 Wh, the net energy cost of 
CO2 reduction is lower. This is possible because MECs energy con
sumption allows to run multiple processes in the anodic and cathodic 
chamber. Indeed, COD oxidation, CO2 removal, and H2/CH4 production 
are carried out using the same energy provided by the applied potential. 
For this reason, even in the best case, the energy consumption per 
normal cubic meter of CO2 removed is comparable (or even better) than 
the best available techniques (0.75 kWh/Nm3CO2 according to [36]). 
Taking into account COD reduction, this system proves to be more 

cost-effective for CO2 removal. In conclusion, it is possible to recover the 
energy spent to sustain the system by exploiting the CH4/H2 produced. 
During the fourth experimental period, it was possible to recover 57 ±
3% of the energy spent by burning the H2 produced. In the worst-case 
scenario, around 25 ± 3% (during the second period) could be recov
ered from H2, and approximately 40% (39 ± 3% and 44 ± 5%) from 
CH4. 

4. Conclusions 

The experimental study demonstrates the feasibility of using a bio
anode to drive cathodic biofuel production through the combination of 
biological and physicochemical processes. During the long-term MEC 
operation, the anodic chamber of the MEC removed on average 855 ±
57 mgCOD/d producing an average electric current of 66 ± 7 mA and 
giving an average coulombic efficiency of 55 ± 5%. The cathodic per
formance was assessed for various operating conditions and process 
configurations to achieve different targets and applications. This 
included H2 production, CO2 removal from a gaseous stream, and bio
methane production. The use of Mixed Metal Oxide (MMO) as electrodic 
material enabled the reduction of cathodic reaction overpotentials (i.e 
hydrogen evolution) as also described by the increase in biomethane 
production when anaerobic digestate was used as inoculum. Indeed, CH4 
production resulted in 26 ± 4 and 102 ± 8 meq/d with graphite gran
ules and MMO electrode, respectively. Despite these remarkable results, 
the highest CO2 removal (143 ± 21 mmol/d) was achieved with the 
“MMO abiotic cathode–sorption chamber” configuration using a GRT 
1 h. However, the latter "MMO abiotic cathode-sorption chamber" 
configuration, needed a N2/CO2 GRT of 6 hours in order to get a CO2 
concentration lower than 5% v/v. This GRT increase to 6 h, reduced the 
daily CO2 removal to 49 mmol/d but allowed for the achievement of a 
gaseous mixture consisting of 9% H2, 5% CO2, and 80% N2. Assuming 
N2 is CH4 coming from real biogas, a commercial biohythane was ob
tained using part of the energy contained in the wastewater by the 
overall bioelectrochemical process. A daily energy consumption of 
7 Wh/d was used during the operation at 6 h of GRT allowing for the 
operation of three different processes (COD removal, CO2 sorption, and 
H2/CH4 production), resulting in a specific energy consumption of 1.84 
± 0.13 kWh/Nm3CO2 for the CO2 removal operation and 1.14 ± 0.12 
kWh/kgCOD for the COD removal. In conclusion, this work demon
strates the resilience and versatility of Microbial Electrolysis Cells 
(MECs), in which anodic COD oxidation can support several cathodic 
processes by exploiting the residual chemical energy contained in waste 
organic compounds. The most promising investigated configuration 
resulted in H2 production with the MMO electrode combined with CO2 
sorption. In this case, the gaseous composition and energy consumption 
were in accordance with the commercial standards for biohythane [42] 
and the available biogas upgrading technologies already available for 
upgrading biogas [43]. 
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Table 6 
Potentials and potential losses calculated and measured during the experimental 
periods.  

Cathode GG MMO MMO MMO MMO 
Goal CO2 → 

CH4 

Hþ → 
H2 

Hþ → H2 þ

CO2 

abatement 

H2 production 
þ CO2 

abatement 

CO2 → 
CH4 

GRT (h) 2 - 1 6 1 

i (mA) 51 ± 5 58 ± 5 56 ± 4 56 ± 4 111 ±
15 

ΔV (V) - 1.59 
± 0.25 

- 1.63 
± 0.28 

- 1.63 ± 0.26 - 1.59 ± 0.25 - 2.49 
± 0.39 

Ecath (V vs 
SHE) 

- 0.90 
± 0.11 

- 0.87 
± 0.10 

- 0.81 ± 0.11 - 0.86 ± 0.12 - 0.78 
± 0.15 

ηcath (V) 0.52 ±
0.05 

0.17 ±
0.04 

0.40 ± 0.08 0.40 ± 0.09 0.44 ±
0.06 

ηpH (V) 0.11 ±
0.01 

0.44 ±
0.04 

0.18 ± 0.02 0.22 ± 0.02 0.04 ±
0.01 

ηionic (V) 0.09 ±
0.01 

0.14 ±
0.01 

0.13 ± 0.01 0.12 ± 0.01 0.21 ±
0.01  
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