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ABSTRACT 

 
Microbial electrosynthesis (MES) is an emerging biotechnology platform for the 

conversion of CO2 feedstocks into value-added chemical commodities. In MES, microbial 

catalysts use the cathode (electrons/ H2) as a sole source of energy for the reduction of 

CO2. Integrating MES technology with renewable energy sources, such as solar power, to 

convert CO2 to storable chemicals is an example of a perfect circular economy and a 

sustainable climate change mitigation strategy. However, many knowledge gaps need to 

be addressed to scale-up MES as an economically viable chemical production process. 

Therefore, different in-depth approaches were tested in this dissertation by optimizing 

the cathode architecture and exploring the saline application to enhance MES 

performance. A balance between various bio-physicochemical phenomena at the MES 

cathode, i.e., the three-phase interface between CO2 gas, cathodic-biofilm, and 

electrolyte, is desirable for efficient microbial electrochemical CO2 capture and utilization. 

To address this problem, this thesis investigated alternatives to the benchmark carbon-

based plane cathode by applying a dual-functioning (cathode as well as a CO2 gas-transfer 

membrane) electrode architecture on MES performance. High Faradaic efficiencies for 

CO2 reduction were achieved with this novel cathode architecture. This hollow-fiber 

electrode architecture was also applied to MES operation in saline conditions (i.e., Saline-

MES). Because seawater potentially acts as an endless source of saline electrolyte, and its 

high electrical conductivity useful to minimize the concentration overpotential losses 

occurs in MES. However, exploring robust halophilic microbial catalysts with high 

selectivity towards CO2 reduction to the desired end product(s) is necessary to develop 
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the saline-MES process. Therefore, this thesis investigated natural saline habitats with 

hyper (Red sea brine pool) and moderate salinity (mangrove and salt marsh sediment) as 

a source of inoculum. Emphasis was placed on improving new knowledge in the direction 

of halophilic CO2 reducing communities enrichment using cathode selective pressure in 

the saline-MES. The fundamental insights demonstrated in this dissertation are useful for 

further development of MES technology, to bring MES one step closer to full-scale 

applications, for overcoming the bottlenecks associated with reactor scaling-up related 

to cathode architecture, strategies for the enrichment of halophilic CO2 reducing 

microbial communities, and saline-MES process optimization. 
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Chapter 1: Introduction and Dissertation Organization 

1.1 Carbon dioxide emissions and mitigation strategies 

The primary cause for today’s global warming and climate change is increase in the carbon 

dioxide (CO2) emissions into the atmosphere. Anthropogenic and industrial activities have 

led to a rapid rise in the atmospheric CO2 concentrations > 415 ppm (Figure 1.1) as of mid-

2019.[1] In 2014, the atmospheric level of CO2 reached concentrations of 397-400 ppm, an 

increase of about 14% with respect to the last two decades.[2] Initial efforts to manage 

this issue solely focused on the capture and storage of CO2 (Figure 1.2), which are 

commonly referred to as Carbon Capture and Storage (CCS).[3] However, CCS stores CO2, 

mainly underground, without utilized it as a valuable source of carbon that can be 

exploited in the production of easily storable chemicals.[3] An alternative approach, 

defined as Carbon Capture and Utilization (CCU), is currently being considered 

internationally.[3] CCU is mostly applicable for CO2 taken from point sources, such as 

industrial flue gases, and converting it into commercially valuable products through 

different processes such as catalytic conversion, carbonation, and bioconversions using 

algae or bacteria (Figure 1.2).[3] 
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Figure 

1. 1. CO2 concentration at Mauna Loa Observatory. Source: Scripps Institution of 

Oceanography, San Diego, USA 

(https://scripps.ucsd.edu/programs/keelingcurve/).[1] 
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Figure 1. 2. A schematic illustration of today’s carbon capture and utilization 

strategies. Image source (https://www.pembina.org/reports/ccu-fact-sheet-

2015.pdf).[4] 

 

1.2 Biological CO2 mitigation 

Biological CO2 fixation has been shown to be an essential process in nature. Major 

biological based CO2-mitigation approaches include CO2 fixation by cyanobacteria, green 

algae, and some autotrophic bacteria.[3] These biological means are well-established in 

practice and are considered more efficient in CO2 fixation than higher plants due to their 

fast growth. [3, 5] However, each approach has its own merits and demerits. Microalgae 

are considered as photosynthetic cell factories that can utilize sunlight as a source of 

energy for CO2 fixation through the Calvin cycle pathway with 10-50 times higher 

photosynthetic efficiency than terrestrial plants.[6] A considerable number of microalgae-

based applications have been used for the production of food, animal and aquaculture 

feed products, cosmetics,  nutraceuticals, pharmaceuticals, fertilizers, bioactive 

substances, and biofuels.[6] However, practical application is still restricted by photo-

bioreactor design and upscaling concerns. Another example for biological CO2 mitigation 

is using a specific chemotrophic bacteria, such as Cupriavidus necator (Ralstonia 

eutropha), that has been explored for converting CO2 into biopolymers such as 

polyhydroxybutyrate (PHB) in the gas fermentation process.[3, 7] Besides, enzyme-

electrode based systems have been recently investigated for converting CO2 into 
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chemicals such as formic acid and alcohols in a process known as enzymatic 

electrosynthesis.[3, 8, 9] 

 

1.3 The principle of microbial electrosynthesis  

A new technology that has emerged in recent decade is that of microbial electrosynthesis 

(MES) (Figure 1.3), which relies on chemolithoautotrophic bacteria/archaea that have the 

ability to uptake cathode reducing equivalents (i.e., electrons or H2 generated from the 

catalytic hydrogen evolution reaction, HER) of an electrochemical cell to catalyze the 

reduction of CO2 into fuels or value-added chemicals at low potentials.[3, 10, 11] The MES 

cell consists of an anode chamber and cathode chamber separated by a proton selective 

membrane.[12] The abiotic oxygen evolution reaction (OER) takes place at the anode 

compartment (Equation 1), and the generated protons pass through the membrane 

toward the cathode chamber, while the electrons flow through the circuit to the cathode 

electrode,[10] where HER (Equation 2) supports the microbial CO2 reduction to acetate 

(Equation 3) or methane (Equation 4). The anodic reaction is not necessarily limited to 

water splitting using noble metal-based OER electrocatalysts, but also anodic-biofilm 

oxidation of wastewater organics[13] (for example, Equation 5 using acetate) or sulfide[14] 

can meet the purpose of MES cathodic microbial CO2 reduction reaction.[14-19]  

OER-anode: 2H2O à O2 + 4H+ + 4e     Equation 1 

HER-cathode: 8H+ + 8 e-  à 4H2     Equation 2 

Biofilm-cathode: 2CO2 +4H2à CH3COOH + 2H2O    Equation 3 
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Biofilm-cathode: CO2 + 4H2à CH4 + 2H2O    Equation 4 

Biofilm-anode: CH3COOH à 8H+ + 8e- + CO2 Equation 5 

The MES technology falls under artificial photosynthesis approach; electricity serves 

as a source of energy (instead of sunlight as in natural photosynthesis), and special 

microorganisms act as live bio-catalysts for CO2 fixation and further reduction to 

product(s). These microbial communities, referred to as chemolithoautotrophs grow as a 

biofilm on the cathode surface using it as an electron donor for reducing CO2 to products. 

 

 

 

Figure 1. 3. Schematic of a MES cell powered by different energy sources (wind, 

solar, or electrical grid). PEM: proton-exchange membrane.[3]   

Since MES uses electricity as the energy source, it can be coupled to renewable energy 

sources (e.g., wind and solar), allowing for a fast switch on/off or adjustments in capacity 
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(Figure 1.3). The concept of MES thus directly addresses the circular economy challenge, 

taking advantage of the excess electricity from renewable sources to maintain electricity-

driven bioproduction.[20] Niven et al. 2010,[10] demonstrated that integration of 

photovoltaic cells with current-driven microbial CO2 reduction allowed conversion of solar 

energy to organic compound more effectively than classical biomass-based processes. 

Another advantage of MES process is that the cathode-microbial communities are live 

and regenerative, environmentally friendly, abundant in nature, and have good selectivity 

for desired products (like acetate, CH4, etc.).     

 

1.4 Anode and cathode materials used for MES research 

Though MES is a new technology, this process has received significant attention from the 

environmental science and engineering community for sustainably addressing global CO2 

issues through linking microbiology with electrochemistry principles. This field got more 

attention, especially after reporting the highest reduction current density in the MES 

system, which is -200 A/m2 with an acetate production rate of 1330 g/m2/d [21]. These 

acetate yields are inspiring to develop MES as a promising technology for converting 

waste CO2 streams to valuable resources.   

Electrodes play an important role in all electrochemical cells, including those used for 

HER (Equation 2) at the cathode and OER (Equation 1) at the anode. Particularly, the 

cathode plays a significant role in biofilm performance enhancement in MES.[3] Especially, 

biocompatible cathode materials[3] should be used to allow biofilm development. 

Furthermore, improvement of the cathode surface area along with the development of a 
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cathode architecture with a three-phase interface (i.e., between CO2 gas, cathodic 

biofilm, and electrolyte) are important design aspects to consider for the scale-up of this 

technology.[3] Improved cathode material and design provide suitable environment for 

enhancing the growth of bio-catalysts (i.e., chemolithoautotrophs) and to make MES a 

viable technology for CCU.   

In MES, metal-based electro-catalysts are used for OER, which is thermodynamically and 

kinetically hostile reaction for removing four electrons from water to form O2 double 

bond.[22] In traditional water electrolysis cells, various noble (Ru, Ir, Pd, Pt, Au, and their 

alloys) and earth-abundant (Co, Fe, Ni, Mn) metals are generally used as OER catalysts.[22] 

Most of these OER catalysts have unique properties and specific advantages and 

disadvantages. Metal oxide-based OER catalysts, such as iridium oxide (IrO2) is more 

stable at higher anodic potential and in both acidic and alkaline electrolytes. However, 

IrO2 is made of precious metal and as such is not practical for large-scale production and 

it increases the capital investment for MES scale up. Moreover, metal-containing OER 

catalysts are still less preferable for water electrolysis as the dynamic pH change in the 

electrolyte tempt to make many metals leach from the electrode surface, thus causing 

the electrocatalyst to lose its activity. In contrast, metal-free OER electrocatalysts are 

cost-effective and environmentally friendly.[22] Therefore, the development of stable and 

lower overpotential earth-abundant metals or metal-free OER electrocatalysts need to be 

developed for minimizing the cost associated with anode material for MES scale up. A 

summary of anode and cathode materials tested in MES research so far is presented in 

(Table 1.1). 
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Table 1. 1. Summary table for MES research  

 

Inoculum Carbon 
Source 

Applied 
Potential 

Anode Cathode Product Efficiency R
ef 

 
Four EAB 
(Ochrobactrum sp. X1, 
Pseudomonas sp. X3, 
Pseudomonas 
delhiensis X5, & 
Ochrobactrum 
anthropic X7) were 
isolated from cathodes 
exposed to Cd(II) fed 
with NaHCO3 

 
NaHCO3 

 
-700 mV 
vs. SHE 

 
Carbon 
rods 

 
Three-
dimension
al material 
of 
graphite 
felts  
 

 
Acetate 
production 
by X5 (29.4 
mg/L/d) and 
hydrogen 
evolution by 
X7 
(0.0187m3/
m3/d) 

 
h acetate of 
X5 
18.1±1.9, 
h H2 of X7 
20.0±1.5 

 
[23

] 

Sporomusa 
ovata (ATCC 
35899, DSM 
2662) 

N2/CO2 
(80/20) gas 
mixture  

-0.6 to -
1.6 V vs. 
SHE 

carbon 
cloth 
electrod
e loaded 
with the 
CoPi 
catalyst  

stainless-
steel mesh 
loaded 
with a Co–
P alloy 
catalyst 

Acetate titer 
of 6.4 ± 1.1 g 
l−1(107 mM) 

100% 
Faradaic 
efficiency  

[24

] 

Methanogenic 
mixed 
microorganism
s 

Gaseous CO2 
without H2  

-0.9V vs. 
SHE 

Pt foil Carbon 
felt (CF) 

Methane FE: 22% [25

] 

Mixed culture 
avoiding 
methanogens 

Bubbling 
CO2: N2 
(80:20) 

-1.1to -
1.2V vs. 
SHE 

Ti/Iridiu
m 

Sandwich: 
graphite 
felts/a 
graphite 
stick 

Acetate, 
hydrogen 
ethanol, 
butyrate 

FE: 48%-
97% 

[26

] 

Anaerobic 
sludge from 
anaerobic 
digester 

CO2 
produced by 
anode 

-1.4 vs. 
SHE 

Graphite 
pillar 

Iron plate Formate, H2 FE: 79% [27

]  

Acetogenic 
bacteria 

Bicarbonate 
to CO2-N2 
(20:80) 

-600mV, -
800mV 

VITO 
carbon 

Graphite Acetate CE: 
15.45%-
30.25% 

[28

] 

Clostridium 
autoethanoge
num 

Fructose  -0.802V 
vs. SHE 

Titanium 
mesh 

Carbon 
cloth 

Acetate, 
lactate, 2,3-
butanediol, 
ethanol  

 [29

] 

Mixed 
microbial 
community 

Bicarbonate -0.85V vs. 
SHE 

Graphite 
plate 

CNT-RVC Acetate, H2 CE: 
95±3% 
 

[30

]  
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Mixed 
microbial 
community 

Bicarbonate -0.85V vs. 
SHE 

Graphite 
plate 

CNT-RVC Acetate CE: 98± 
4% 
CE: 100 ± 
1% 

[21

]  

S. ovata Sparging N2-
CO2 (83: 10: 
7)  

-0.69V vs. 
SHE 

Graphite 
stick 

rGO-TEPA 
CC 

Acetate CE: 83± 
4.0% 

[31

]  

Mixed culture Bubbling CO2  -0.8V vs. 
SHE 

Graphite 
rod 

Graphite 
rod 

Acetate CE: 
30.7±7.6
%-
94.0±13.
2% 

[32

] 

Anaerobic 
sludge 

CO2-N2 gas 
mixture 

-0.9 to -
1.3V vs. 
SHE 

Platinum 
sheet 

Gas 
diffusion 
biocathod
e 

Acetate, 
ethanol, 
butyrate 

72.5 % 
 

[33

] 

S. ovata N2-CO2 
(80:20) 

-0.69V vs. 
SHE. 

Graphite 
stick 

3D-
graphene 
CF 

Acetate CE: 
86.5±3.2
% 

[34

] 

S. ovata Bubbling N2-
CO2 (80:20) 

−0.69V vs. 
SHE 

Graphite 
stick 

Graphite 
stick 

Acetate, 
ethanol 

CE: 
87.6±6.5 
% 

[35

] 

Anaerobic 
sludge  

CO2 -0.8 to -
1.2 V vs. 
SHE 

Carbon 
stick 

Carbon 
stick 

CH4, H2 FE: 24.2± 
4.7 % 
 

[36

] 

Anaerobic 
sludge 

Bicarbonate -0.7V vs. 
SHE 

Titanium 
mesh/Pt 

Graphite 
felt 

CH4 CE: 52%-
74% 

[37

] 
 

Effluent from 
the existing 
MECs 

 -0.6V vs. 
SHE 

Carbon 
fiber 
brushes 

Bare 
graphite 
blocks 

CH4 CE: 
~100% 

[38

] 
 

Mixed cultures N2-CO2 
(90:10) 

Current at 
-5Am−2 

Titanium
/ 
TaO2/IrO
2 mesh 
or rod 

Carbon 
felt 

Acetate  58 ± 5% e 
for 
acetate, 
30 ± 10% 
e for H2  

[39

]  

Granular 
activated 
sludge 

Bicarbonate -0.4 V vs. 
SHE 

VITO-
CoRE™-
SS 

VITO-
CoRE™-PL 

Acetate CE: 
40.42% 

[40

]  

Homoacetoge
nic 
culture 

Bicarbonate 
or CO2 
sparged 

-1 V vs. 
SHE 

Graphite 
plate 

Graphite 
plate 

Acetic acid CE: 24% 
 

[41

] 

Planktonic 
cells from MES 

Bicarbonate -0.85 V vs. 
SHE 

Graphite 
plate 

EPD-3D 
RVC-CNT 

Acetate CE: 100 ± 
4% 

[42

] 
Homoacetoge
nic growth 

Bicarbonate Current at 
-50 mA 

Titanium 
mesh/ 
IrO2 

Pretreated 
carbon 
felt/SS 
frame 

Acetate, 
formate, 
propionate, 
H2 

CE: 72.6% 
or 99.5%  

[43

] 
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S. ovata Bubbled N2-
CO2 (80:20) 

voltage 
1.9 to 5 V 

Graphite 
stick 

Graphite 
stick 

Acetate CE: 
89±12% 
 

[44

] 
 

Mixed culture Sparged CO2 -0.8 V vs. 
SHE 

Titanium 
rod 

Carbon 
cloth 

butyrate CE: 28% 
or 32%  

[18

] 

Biological 
sludge/ salt 
marsh 
sediment/ S. 
ovata 

N2-CO2 (80–
20)  

-0.36 V or 
-0.66 V vs. 
SHE 

Platinum 
grid 

Stainless 
steel plate 

Acetate, 
formate, 
ethanol 

FE: 53% [45

] 

Marine 
lithoautotroph
ic 
methanobacte
rium 

N2-CO2 (9: 1) 
headspace 

-0.4V vs. 
SHE 

Graphite 
rod 

Graphite 
rod 

Methane CE: 80% [46

] 

Clostridium 
ljungdahlii /S. 
thermospinisp
orus with 
sludge 

Bicarbonate -1.3 or -
1.1 V vs. 
SHE 

Platinum 
sheet or 
Ti /IrO2 

graphite 
felt with 
SSM 

Acetate CE: 
49.91% 
or 
89.23%  

[47

] 

Candida 
boidinii 

CO2-N2 
(80:20) 

-0.6 to-
1.2 V vs. 
SHE 

Platinum 
wire 

Plain 
graphite 
rod 

Formic acid  CE: 0.22% [48

] 

Mixed cultures Bicarbonate -0.85 V vs. 
SHE 

Graphite 
plate 

NanoWeb-
RVC 

Acetate CE:70±11
% 

[49

] 
S. ovata  N2-CO2 (80: 

20) 
-0.8V vs. 
SHE 

Graphite 
stick 

Modified 
carbon 
cloth  

Acetate CE: 
86±12% 
or 
81%±16%  

[50

] 

Mixed culture Bicarbonate/
pure CO2 

-1.1 or -
1.3V vs. 
SHE 

Titanium 
plate 

Carbon 
felt 

Acetate CE: 53.6% 
or 89.5% 

[51

] 

Sporomusa N2-CO2 (80: 
20) 

-0.8 V vs. 
SHE 

Graphite 
stick 

Graphite 
stick/nicke
l 
nanowires 

Acetate CE: 82 
±14% 

[52

] 

S. ovata Bicarbonate Anode 
+0.5V vs. 
SHE  

Graphite 
plate 

Graphite 
plate 

Acetate CE: >90% [14

] 

S. silvacetica, 
S. sphaeroides, 
C. ljungdahlii, 
C. aceticum, 
M. 
thermoacetica,  
A. woodii  

N2-CO2 
(80:20) 

-0.4V vs. 
SHE 

Graphite 
stick 

Graphite 
stick 

Formate, 2-
oxobutyrate, 
acetate 

CE: >80% [53

] 

S. ovata N2-CO2 
(80:20) 

-0.4V vs. 
SHE 

Graphite 
stick 

Graphite 
stick 

Acetate, 2-
oxobutyrate 

CE:86%±
21% 

[10

] 
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R. eutropha/ 
Re2133-pEG12 

Sparged CO2 voltage 
1.8-3.0 V 

CoPi 
coated 
anode  

SS/NiMoZ
n, 304 SS 
or Ni 
mesh 

Isopropanol  CE: 17.8% [54

] 
 

M. barkeri Gaseous CO2  TiO2 InP 
photocath
ode 

Methane FE: 86% [55

] 
 

Anaerobic 
sludge 

CO2 
headspace 

-0.6 V vs. 
SHE 

Graphite 
rod 

Carbon 
cloth 

H2, GO CE: 90% [56

] 

Anaerobic 
sludge 

Bicarbonate -0.8 V vs. 
SHE 

Carbon 
fiber 
brush 

Pt, Steel, 
Ni, 
graphite 
and more 

Methane CE: 
>100% 
except Pt 
cathode 

[57

] 

Mixed culture Sparged CO2 -0.9 V vs. 
SHE 

Graphite 
fiber 
brush 

Carbon 
cloth 

Methane CE: 96%  [58

] 
 

Mixed culture bubbled with 
0.3–0.4 
L/min CO2 for 
30 min 

-1.1to -
1.6 V vs. 
SHE 

Platinum 
(Pt)  
 

Carbon 
stick and a 
thin layer 
of 
graphite 
felt (GF) 

Methane CE: 
194.4%. 

[59

] 

Anaerobic 
sludge  

Saccharose 0.4, 0.6, 
0.8, 1.0, 
2.0 V 

Carbon 
felt 

Carbon 
felt 

Methane ____ [60

] 

AD sludge sodium 
acetate 

A fixed 
voltage of 
0.7V 

Graphite 
plates 

Graphite 
plates 

Methane CE: 114% [19

] 

Sediment from 
a freshwater 
bog 
 

sodium 
acetate 

A fixed 
voltage of 
0.7V 

Graphite 
plates 

Graphite 
plates 

Methane CE: 93 ± 
1% 

[19

] 

An anaerobic 
sludge 
enriched in 
MEC 

bubbled with 
a gaseous 
stream 
containing 
CO2 (30 
vol.%, N2 as 
balance) 

-1.22V vs. 
SHE. 

Graphite 
granules 

Graphite 
granules 

methane Current 
conversio
n: 90± 5% 

[61

]  

The effluent of 
anode 
microbial 
thermophilic 
MFC 

Acetate Appling 
voltage at 
0.8 V 

Plain 
carbon 
cloth 

Plain 
carbon 
cloth 

Methane current-
capture 
efficienci
es 90% 
 

[62

] 
 

Methanosarcin
a barkeri 

Gaseouse 
CO2 

Galvanost
atic 
electrolysi
s 

Titanium 
dioxide 
photoan
ode 

Indium 
phosphide 
photocath
ode 

Methane FE: 86% [63

] 



               

 

31 

A microbial 
consortium 
originating 
from a 
mesophilic 
digestive 
sludge 

Acetate  A 
constant 
voltage 
was 
applied 

Plain 
carbon 
felt 

Plain 
carbon 
felt 

Methane Current- 
methane 
conversio
n rate 
95% 
 

[64

] 

A microbial 
consortium 
originating 
from a 
mesophilic 
digestive 
sludge 

Acetate  -0.5 to -
1.5 V 

Plain 
carbon 
felt 

Plain 
carbon 
felt 

Methane Current- 
methane 
conversio
n rate 
>95% 
 

[64

] 

Anaerobic 
sludge 
 

NaHCO3 0.7V vs. 
SHE 

platinum
-coated 
titanium 
mesh 

graphite 
felt 

Methane Energy 
efficiency 
51.3% 

[65

] 

M. 
thermautotrop
hicus strain DH 

N2: CO2 
(80:20) 

Constant 
voltage 
was 
applied 
using a DC 
power 
supply 

Plain 
carbon 
paper 

Carbon 
paper 
coated 
with a 
carbon 
layer 

methane  [66

] 

Anode effluent 
of a MFC 

N2: CO2 
(80:20), and 
the medium 
contained 10 
mM acetate 
as a main 
organic 
substrate 

0.75V Plain 
carbon 
felt 

Plain 
carbon 
felt 

Methane Current-
to-
methane 
conversio
n rate 
was as 
high as 
c.a. 98%. 

[67

] 
 

Sewage sludge 
culture 

Sludge (148 
mL) and 
mineral 
medium 

Applied 
voltages, 
1.4, 1.8 V 

Ti/Ru 
alloy 
mesh 
plates 

Ti/Ru alloy 
mesh 
plates 

Methane  [68

] 
 

Methanogens 
derived from 
the solution of 
an existing 
two-chamber 
MEC reactor 
 

nutrient 
medium 
using acetate 

0.4 and 
1.0 V 
using DC 
power 
supply 

Carbon 
felt 

Stainless 
steel 

Methane Energy 
efficiency 
66.7% 

[69

] 
 

Raw sludge  0, 0.3 and 
0.6 V 

A pair of 
Fe tube 
electrod
e 

Graphite 
pillar 
electrode 

Methane CE: for 
0.3 and 
0.6V 
applying 
voltage 
were 
2.1% and 
10.1% 

[70

] 
 



               

 

32 

respectiv
ely 

Egeria densa 
(seed sludge) 

plant powder Appling 
voltage1.
0 V using 
DC power 
supply 

pair of 
Ti/RuO2 
mesh 
plates 

pair of 
Ti/RuO2 
mesh 
plates 

methane  [71

] 

h cathodic electrons utilized for certain product 

Several cathode materials (carbon-based, metal-based and composite materials made 

of carbon and metal) and configurations (planar material such as plate, rod, paper, cloth 

and mesh; three-dimensional porous materials such felt) have been employed in MES 

(Table 1). In MES system, the common method used to deliver CO2 to 

chemolithoautorophs on the cathode is through CO2-gas bubbling, flushing the 

headspace, or supplying the electrolyte with NaHCO3. Since CO2 reduction proceeds via 

the adsorption of CO2 molecules at the biocathode, the low solubility of gaseous CO2 in 

solution and the fact that CO2 is only available to chemolithoautorophs in aqueous forms 

(i.e., CO2(aq), HCO3
-, and CO3

2-) (Figure 1.4) can lead to diffusion and mass-transfer 

limitations, which affect conversion rate and efficiency of MES.[33] Hence the 

development of a cathode architecture with a three-phase interface (i.e., between CO2 

gas, cathodic biofilm and electrolyte) is highly desirable.[3] Bajracharya et al., (2016) 

recently demonstrated that CO2 supply via gas diffusion electrode (GDE) appears to 

outweigh the production rates and titers of acetate than those obtained by using HCO3
-

.[33] However, for scale up, it is challenging to fabricate flat sheet diffusive cathodes for 

large-scale MES reactors. In contrast, metal- or polymer-based hollow fiber membranes 

are easier to fabricate, by adapting manufacturing processes (i.e. phase 
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inversion/sintering method), which are already used in the industry,[72] as well are easier 

to integrate in modules. 

 

Figure 1. 4. Schematic representation of electroautotrophs fixing different forms 

of CO2.[3]  

1.5 Inoculum used in MES research 

Another important component of MES, in addition to the cathode material and 

architecture, is the bio-catalyst (i.e., chemolithoautotrophs). Thus far, very few 

homoacetogens (various Sporomusa sp., Clostridium ljungdahlii, C. aceticum, Moorella 

thermoacetica,[53, 73] Candidatus Tenderia electrophaga,[74], etc.) have been explored as 

bio-catalysts in MES for recycling of CO2 to value-added products. Pure cultures of 

methanogens, like Methanococcus maripaludis,[75] Methanosarcina barkeri,[76] 

Methanospirillum hungatei,[77] have been used to test direct electron uptake mechanism 

(i.e., electroautotrophy) at MES cathode. These fundamental studies revealed that 

membrane-bound cytochromes (M. barkeri) and expression of electrically conductive 

archaellum (M. hungatei) are responsible for direct electron uptake from cathode for CO2 
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reduction. However, methanogens and homoacetogens were enriched on the cathode 

under typical moderate environmental growth conditions, such as mesophilic 

temperature, non-saline electrolytes, and at neutral pH or slightly acidic catholyte (Table 

1.1).  

Successful application of MES requires the identification and characterization of 

robust chemolithoautotrophs capable of working at various environmental conditions 

such as diverse pH, temperature, and saline conditions.[78] Operating MES at high salt 

concentrations (> 3% salinity) has a positive effect as high salt concentrations can 

decrease the internal resistance of the MES process besides minimizing risk for 

contamination with competing microorganisms that arise using mixed culture 

inoculum,[79] or industrial flue gasses (when used as a source of CO2). For example, 

methanogens cannot compete with homoacetogens at hypersaline conditions.[80] Hence 

the use of halophilic chemolithoautotrophs present in hypersaline environments such as 

Red Sea brine pools, or moderate saline environments like mangroves and salt marshes, 

is beneficial for the MES process to avoid unnecessary microbial contamination and 

increase the selectivity of product formation. Therefore, exploring halophilic 

homoacetogens from different saline environments to use as bio-catalysts for MES 

applications are highly desirable to promote this novel biotechnology as a “green organic 

synthesis factory”. Moreover, seawater is potentially an endless source of electrolyte for 

MES application compared to freshwater, which is a limited resource especially in water-

scarce countries such as Saudi Arabia and other GCC countries.  
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1.6 Knowledge gaps and objectives  

There are still important knowledge gaps related to microbiology, cathode material and 

architecture, anode material and reactor design that should be addressed to make MES a 

viable technology for CCU. These include but not limited to: (i) developing high surface 

area and biocompatible cathode material and architecture for better delivery of CO2 to 

cathode-biofilm to encourage the growth of bio-catalysts (i.e., chemolithoautotrophs); (ii) 

developing cathode architecture suitable for scale-up of the technology; (iii) exploring 

novel freshwater and halophilic chemolithoautotrophic communities, which are robust 

and proficient; and (iv) reducing the costs associated with electro-catalysts required for 

driving the anodic half-cell reaction (in freshwater and saline electrolytes) of MES process. 

The overall objective of my Ph.D. research was to address some of the 

aforementioned knowledge gaps associated with MES process. This objective was met by 

integrating advancements in materials science with applied microbiology and 

electrochemistry. The following specific tasks were addressed in my dissertation: 

Ø I tested the feasibility of using a novel cathode architecture, dual function 

macroporous hollow fiber (DFMHF), for MES application. I hypothesized that 

DFMHF architecture will solve the issue of CO2 availability to the biofilm and 

enhances the electroautotroph activity of chemolithoautotrophs in MES reactors. 

Ø I tested whether hypersaline environments (e.g., Red Sea brine pool) can be used 

as a source of inoculum to enrich for halophilic homoacetogens using MES 

approach. 
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Ø I tested whether moderate saline environments (Red Sea mangrove sediment and 

desert salt marsh) can be used as a source of inoculum to enrich for halophilic CO2 

reducing communities using MES approach. 

Ø I developed a novel and simple approach for fabricating DFMHF cathodes and 

tested their performance for the enrichment of halophilic CO2 reducing 

communities from moderate saline environments. 

 

1.7 Organization of this dissertation 

This dissertation is organized into five chapters; including the introduction (chapter 1), 

followed by three chapters (chapters 2, 3 and 4) addressing the above objectives and a 

conclusion (chapter 5). 

In Chapter 2 I tested the feasibility of using a novel cathode architecture, dual function 

macroporous hollow fiber (DFMHF), for MES application. The DFMHF was fabricated using 

Ni-based hollow fiber membranes. The DFMHF cathode acted as an electron donor for 

the cathodic biofilm as well as a diffusive material to facilitate direct delivery of CO2 gas 

to the biocathode through the pores in the hollow fibers. The DFMHF was tested in two-

chambered MES cells for the microbial electrochemical reduction of CO2 to CH4 by 

hydrogenotrophic methanogens. I obtained high Faradaic efficiency (77%) for the 

conversion of CO2 to CH4 at low cathodic potential (–1V vs. Ag/AgCl) compared to a 

control MES reactor. The DFMHF provided a suitable niche (both reducing equivalents 

and CO2 were concurrently available to the biofilm on the cathode) for the enrichment of 

hydrogenotrophic methanogens on the surface of the cathode. Whereas in the control 
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reactors, the source of electron donor (cathode) was separated from the electron 

acceptor (CO2), and this limited the growth of methanogens on the cathode due to 

diffusion and mass-transfer limitation of CO2. I also tested the effect of mode of CO2 

supply (active vs. passive) and CO2 gas concentration (diluted gas mixture vs. pure gas) on 

the cathodic-biofilm activity. The results of this chapter were published in Advanced 

Functional Materials: Manal F. Alqahtani, Krishna P. Katuri, Suman Bajracharya, Yuanlie 

Yu, Zhiping Lai, and Pascal Elias Saikaly. This work also received two best poster 

presentation awards: i) from Asia- Pacific International Society for Microbial 

Electrochemistry and Technology (AP-ISMET) Conference, which was held in South Korea, 

Busan, August 31-September 2, 2016; and ii) KAUST Research Conference 2019, Nano-

Enabled Water Technologies: Opportunities and Challenges.  

In Chapter 3 I tested whether hypersaline environments can be used as a source of 

inoculum to enrich for halophilic homoacetogens using MES approach. I conducted 

experiments using Red Sea brine pool (sediment as well as solution) as a source of 

inoculum to seed two-chambered MES reactors. The inoculum source presents one of the 

most hypersaline (25% salinity) habitats. I evaluated the MES process as a tool for the 

enrichment of halophilic CO2 reducing microbial catalysts at the cathode and investigated 

their capabilities in reducing CO2 to volatile fatty acids (VFAs), particularly acetate. I 

operated the MES reactors for a period of almost 1 year and the performance was 

continuously monitored to understand the microbial CO2 conversion. The VFA profiles 

combined with 16S rRNA gene sequencing and metagenome-assembled genomics 

confirmed the enrichment of homoacetogens at the MES cathode. The results of this 
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chapter were submitted to Frontiers in Microbiology: Manal F. Alqahtani, Suman 

Bajracharya, Krishna P. Katuri, Muhammad Ali, Ala'a Ragab, Grégoire Michoud, Daniele 

Daffonchio, and Pascal Elias Saikaly.  

In Chapter 4 I tested additional saline environments (mangroves and salt marshes) as 

a source of inoculum to enrich for halophilic CO2 reducing microbial communities at MES 

cathode. The MES experiments were conducted in a similar manner as in chapter 3, 

except that a DFMHF cathode was used for the enrichment. The DFMHF cathode was 

fabricated using a novel and simple approach by wrapping carbon cloth on ceramic hollow 

fiber membranes. The feasibility of DFMHF for the enrichment of halophilic CO2 reducing 

communities was investigated. Electroanalysis, analytical, and genome sequence data 

were used for assessing the halophilic CO2 reducing communities enrichment at MES 

cathode. The analytical monitoring of cathode-biofilm process (i.e., detection of CH4 and 

VFA) confirmed that MES cathode harbors the relevant microbial communities from the 

tested inoculum sources in this study. A draft manuscript is currently being prepared to 

be submitted to a peer-reviewed journal article.  

In Chapter 5 I summarized the main findings in chapters 2 to 4, and provided an 

outlook for future research directions. 

1.8 Additional publications during my PhD 

The following list includes published articles relevant to my PhD that I contributed as a 

co-author, but are not included in this dissertation. 

1. Krishna P. Katuri, Shafeer Kalathil, Ala’a Ragab, Bin Bian, Manal F. Alqahtani, 

Deepak Pant, and Pascal E. Saikaly. Dual-Function Electrocatalytic and 
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Macroporous Hollow-Fiber Cathode for Converting Waste Streams to Valuable 

Resources Using Microbial Electrochemical Systems. Advanced Materials. 2018, 

30, 1707072. I contributed in writing and revising the manuscript along with all co-

authors. 

2. Bin Bian, Manal F. Alqahtani, Krishna P. Katuri, Defei Liu, Suman Bajracharya, 

Zhiping Lai, Korneel Rabaey, and Pascal E. Saikaly. Porous nickel hollow fiber 

cathodes coated with CNTs for efficient microbial electrosynthesis of acetate from 

CO2 using Sporomusa ovata. Journal of Material Chemistry A, 2018, 6, 17201-

17211. I assisted in the experiments and analysis. Also, I contributed in revising 

the manuscript. 
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ABSTRACT 

Microbial electrochemical reduction of CO2 gas to value-added chemical products 

requires the development of an electrode architecture with a three-phase interface for 

efficient mass transport. A hybrid bioinorganic system for CO2 reduction to CH4 is 

developed by coupling a new electrode architecture with enriched methanogenic 

community. The novel electrode design consists of porous nickel hollow fibers, which act 

as an inorganic electrocatalyst for hydrogen generation from proton reduction and as a 

gas-transfer membrane for direct CO2 delivery to CO2-fixing hydrogenotrophic 

methanogens (biological catalyst) on the cathode through the pores of the hollow fibers. 

These unique features of the electrode create a suitable environment for the enrichment 

of methanogens, which utilize the hydrogen as a source of reducing equivalents for the 

conversion of CO2 to CH4. The performance of the nickel electrode is tested in microbial 

electrosynthesis cells operated at cathode potential of −1 V versus Ag/AgCl, achieving 

high faradaic efficiency of 77% for CH4. The superior performance of the hybrid 

bioinorganic system is attributed to the electrode architecture, which provides a three-

phase boundary for gas–liquid reactions, with the reactions supported by the inorganic 

and biological catalysts. 
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2.1 Introduction 

Fossil fuels are still considered the primary feedstock for global energy production,[1, 

2] with 86% of the global energy used comes from burning fossil fuels,[3] generating 35 

billion tons of carbon dioxide (CO2) annually,[4] resulting in serious environmental 

pollution and climate change issues.[5] However, fossil fuel resources are finite because 

they are currently being consumed at a faster rate than they are generated.[6] Moreover, 

our reliance on fossil fuels for global energy production is expected to continue for the 

near future[1, 4] and will increase with the increase in global population, which reached 

7.62 billion as of June 2018.[2, 7] An immediate solution that can relieve our reliance on 

fossil fuels and decrease the emissions of CO2, is the sustainable reduction of waste CO2 

to useful chemicals and fuels.[2, 5, 8-12]   

Various methods including electrocatalysis, photocatalysis, biocatalysis by 

cyanobacteria, green algae, and some autotrophic bacteria, and chemical transformation 

through organic reactions, have been proposed in the literature for the conversion of CO2 

into useful products.[2, 5, 13] Of the different methods studied, electrochemical reduction 

of CO2 to useful chemicals such as methane (CH4), methanol (CH3OH), ethylene (C2H4), 

ethanol (CH3CH2OH), formic acid (HCOOH), carbon monoxide (CO) etc. appears to be the 

most promising approach because: (1) the electrocatalytic process can be conducted in 

ambient conditions with highly controllable reaction step;[2, 14, 15] (2) the products of 

electrochemical reduction can be adjusted by varying the reaction parameters;[5] (3) the 

electrochemical reduction system can be employed for practical application;[5] and (4) the 
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electric power required to drive the system can be obtained from renewable energy 

sources such as solar or wind.[2, 5, 14, 15] The latter is attractive because it can solve one of 

the main issues in the proliferation and development of renewable energy, and that is 

intermittency, by providing an energy storage solution for intermittent renewable energy 

sources.[2] 

Among the different products that can be generated from electrochemical reduction 

of CO2, CH4 production is very attractive because: (1) of their high energy density;[5] (2) 

they are relatively clean burning in combustion engines;[1, 16] (3) of the advantage of 

existing infrastructure for natural gas storage, transport and consumption;[1, 6, 8, 17-19] and 

(4) it can act as an energy carrier for surplus renewable electricity from wind or solar.[6, 17] 

However, the electrochemical reduction of CO2 to CH4 is faced with the same challenges 

like every electrocatalytic CO2 reduction, such as the highly negative potentials of 

approximately ‒1.9 V vs NHE (Normal hydrogen electrode) required for bending the linear 

and extremely stable CO2 molecule,[2, 10] the need for a precious metal catalysts to reduce 

the overpotential,[16] and the reactions are not sufficiently specific resulting in a mixture 

of gaseous and liquid products, instead of a single product.[5, 16] Also, in aqueous 

electrolyte the hydrogen evolution reaction (HER) competes with the CO2 reduction 

reaction (CO2RR), which necessitates the development of very effective catalysts with low 

activity towards HER.[2, 20]   

Hybrid biosystems, combining inorganic (for HER) and microbial (for CO2 reduction) 

catalysts for converting CO2 to value-added products are recently gaining attention in the 

scientific community.[8, 10, 21] For example, Nichols et al.[8] combined a biocompatible 
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photo(electro)chemical HER catalyst with an autotrophic obligate anaerobic archaeon, 

Methanosarcina barkeri, that uses the in situ generated H2 for CO2 reduction to CH4. A 

new approach that has emerged in recent years is that of microbial electrosynthesis 

(MES), which relies on chemolithoautotrophic bacteria or archaea that can uptake 

electrons directly or indirectly (for example, as H2 or formate) from the cathode of an 

electrochemical cell to catalyze the reduction of CO2 into fuels or value-added chemicals 

at low potentials.[13, 22, 23] In this regard, MES acts as a hybrid biosystem where the 

biocompatible material component (cathode) catalyzes the HER to generate H2 and the 

microbial component, which forms a biofilm on the cathode, uses these reducing 

equivalents to fix CO2. Since MES uses electricity as the energy source, it can be coupled 

to renewable energy sources such as wind or solar, and in the case of solar it mimics 

natural photosynthesis where light, water and CO2 are used to generate chemical 

products. MES has several advantages compared to electrochemical CO2 reduction 

because they utilize live microbial catalysts that are abundant in nature, regenerative, 

environmentally friendly, and have good selectivity for desired products (e.g., acetate, 

CH4).[24]  

In MES system, the common method used to deliver CO2 to chemolithoautorophs on 

the cathode is through CO2-gas bubbling.[25] Since CO2 reduction proceeds via the 

adsorption of CO2 molecules at the biocathode, the low solubility of gaseous CO2 in 

solution can lead to diffusion and mass-transfer limitations, which affect conversion rate 

and efficiency of MES.[26] Hence the development of a cathode architecture with a three-

phase interface (i.e., between CO2 gas, cathodic biofilm and electrolyte) is highly 
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desirable. Bubble-less gas exchange hollow fiber membranes (HFM) are effective for 

delivering gaseous substrate,[27] and they have been used in a variety of applications from 

photobioreactors,[28, 29] membrane-supported biofilm reactors (MBfR) for water and 

wastewater treatment,[30, 31] tissue engineering,[32] and development of artificial 

organs.[33] In MBfR, gaseous substrate is delivered directly from the inside of hollow fibers 

to a biofilm attached on the outer wall of the HFM. Recently, our group developed 

electrically conductive, catalytic and porous hollow-fiber cathode (CCPHF) made of metal 

or polymer for simultaneous recovery of energy as H2 and clean water from 

wastewater.[34, 35] The unique aspect of these cathodes is that, in addition to their role as 

cathodes for HER, they can also function as a porous membrane for filtration of treated 

water.  

Inspired by the MBfR concept and our CCPHF cathode architecture, here we report 

for the first time a hybrid biosystem combining biocompatible nickel-based CCPHF (Ni-

CCPHF) cathode with enriched CO2-fixing hydrogenotrophic methanogen community in 

MES cell (Figure 2.1) for the conversion of CO2 to CH4 with high Faradaic efficiency (77%) 

and low cathodic potential (-1V vs. Ag/AgCl). The marriage between artificial (the 

inorganic catalyst) and natural (microbial catalysts) platforms created an advanced 

functional material with enhanced function over the individual parts when separated. The 

Ni-CCPHF cathode facilitated direct delivery of CO2 gas into the biocathode through the 

pores in the hollow fibers. The enriched hydrogenotrophic methanogen community on 

the cathode surface can use the H2 generated from proton reduction at the cathode as a 

source of reducing equivalent for the reduction of CO2 to CH4. The CCPHF cathode 
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architecture in MES has several advantages summarized as follows: (1) the high specific 

surface area of the CCPHF cathode maximizes the diffusion of CO2 gas; (2) the small radial 

dimensions of the hollow fiber cathodes maximizes the surface-area-to-volume ratio, 

thus solving the issue of cathode packing density for large-scale applications; and (3) 

direct delivery of CO2 gas to the biofilm attached on the cathode avoids the gas-liquid 

mass transfer limitations. 

 
 

Figure 2. 1. A schematic of a microbial electrosynthesis (MES) reactor showing the 

replacement of conventional submerged flat cathode with electrically conductive, 

catalytic and porous hollow-fiber (CCPHF) cathode. The CCPHF cathode acts as an 

inorganic electro-catalyst for hydrogen generation from proton reduction and as 

a gas-transfer membrane for direct CO2 delivery to CO2-fixing hydrogenotrophic 

methanogens (biological catalyst) on the cathode through the pores of the hollow 

fibers. Water oxidation reaction occuring at the anode supplies the electrons for 

the hydrogen evolution reaction at the cathode of MES.  Hydrogenotrophic 
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methanogens utilize the hydrogen generated at the cathode as a source of 

reducing equivalents for the conversion of CO2 to CH4. 

 

2.2 Materials and Methods 

2.2.1 Fabrication of nickel-based electrically conductive, catalytic and porous hollow-

fiber (Ni-CCPHF) cathode 

The Ni-CCPHF cathodes having an average pore size of 1-2 μm (Figure 2.2) were fabricated 

through combined phase-inversion/sintering method.[35, 36] In brief, nickel powders (~3 

μm particles), N-methyl-2-pyrrolidinone (NMP, HPLC grade, 99.5%, Alfa Aesar), polyether 

sulfone (PES, Ultrason® E6020P, BASF) and polyvinylpyrrolidone (PVP, Alfa Aesar) were 

mixed and well dispersed by ball milling for 18 h, followed by degassing under vacuum for 

24 h. Then, the suspension was extruded through a spinneret using water as the inner 

and outer coagulant. The skeleton of the formed hollow fibers was dried at room 

temperature and then sintered at 560 °C for 6 h to remove organic compounds under air-

flow (500 mL/min). After cooling to room temperature, the hollow fibers were heated at 

810 °C for 6 h under pure H2 environment (pumped at a flow rate of 500 mL/min), to 

reduce the Ni-CCPHF cathode from the metal oxide to the metal state. 
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Figure 2. 2. (A) Scanning electron microscope (SEM) image of the custom-built Ni-

CCPHF cathode; (B) SEM image of the cross section of the Ni-CCPHF cathode; (C) 

SEM image of the surface of the Ni-CCPHF cathode; (D) Energy-dispersive X-ray 

spectroscopy (EDS) spectrum of the surface of the Ni-CCPHF.  

 
2.2.2 Preparation of Ni-CCPHF cathode bundle 

 The cathode was configured using eight Ni-CCPHFs (10 cm long each with an outer 

diameter of 0.09 cm) assembled into a single bundle (Figure 2.3). One of the ends of the 

Ni-CCPHF cathode bundle was placed in one polyethylene tube (4 cm long and 0.8 cm 
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diameter) housing, and electrical connection was established between the hollow fibers 

by filling the gaps with conductive silver epoxy. An insulated stainless-steel wire (0.08 cm 

diameter) was attached to the Ni-CCPHF bundle (using conductive silver epoxy) as a 

current collector for the cathode-assembly. Nonconductive epoxy was applied as an 

additional layer around the conductive silver epoxy to avoid the contact of silver with the 

electrolyte during the reactor operation. The other end of each Ni-CCPHF opening was 

filled with epoxy glue. Approximately 2 cm of each fiber was embedded in the electrical 

gluing, leaving an active surface area of 2.27 cm2 per fiber and a cathodic specific surface 

area of 6.7 m2 m-3 (based on electrolyte volume of 270 ml). 

 
Figure 2. 3. Image showing the hollow fibers prepared as a bundle and inserted 

into a polyethylene tube. 

 

Cathode preparation
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2.2.3 Microbial electrosynthesis (MES) reactor construction and operation  

A schematic representation of the reactor is presented in (Figure 2.4). Two-chambered 

electrochemical cell constructed from borosilicate glass bottle were used for the 

experiments. Anode and cathode chambers were separated by Nafion® 117 membrane 

(Sigma, USA). The total and working volume of each chamber was 300 mL and 270 mL, 

respectively. The cathode chamber has a screw cap on the top with appropriate ports for 

positioning the Ni-CCPHF cathode bundle, current collector and gasbags (Calibrate, Inc., 

USA). Additional ports were positioned on the wall of the cathode chamber for inserting 

the reference electrode (BASi, USA), headspace gas measurements (not shown in Figure 

2.4 for simplicity) and for the replacement of electrolyte. The anode chamber also has a 

screw cap on the top with an appropriate port for positioning the gasbag. Additional ports 

were positioned on the wall of the anode chamber for connecting the anode to the 

potentiostat (VMP3, BioLogic Science Instruments), and for replacement of electrolyte. 

Activated carbon fiber brush electrode (Mill-Rose, USA), heated at 450 °C for 15 min, was 

used as the anode. Both the anode and cathode were positioned parallel to the Nafion® 

117 membrane.  

Two types of MES reactors (experimental and control 1), were constructed in 

duplicate and operated in parallel under the same conditions. In the experimental 

reactors, the Ni-CCPHF bundle cathode served as a cathode to provide reducing 

equivalents for hydrogenotrophic methanogens and as a gas-transfer membrane to 

deliver CO2 directly by passive diffusion to methanogenic biofilm attached on the surface 

of the cathode (Figure 2.4 a). In the control 1 reactors, two separate Ni-CCPHF cathode 
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bundles having equivalent surface area were positioned parallel to each other at a 

distance of 4 cm in the cathode chamber. One of the Ni-CCPHF cathode bundles acted as 

a cathode to provide reducing equivalents for hydrogenotrophic methanogens, and the 

second bundle was used as a gas-transfer membrane to deliver CO2 (Figure 2.4 b).  

The reactors were operated in fed-batch mode at 30 °C under a cathode set potential 

of –1.0 V vs. Ag/AgCl using a potentiostat (VMP3, BioLogic Science Instruments). Buffered 

synthetic mineral medium containing (g L-1): NH4Cl, 1.5; Na2HPO4, 0.6, KCl, 0.1 and 2.5, 

Na2HCO3; and trace minerals and vitamin solutions, was used as the electrolyte 

(conductivity: 5.62 mS cm-1 and pH 7.0) in both compartments.[34] Enriched 

hydrogenotrophic methanogen community was used as the inoculum (see below) to start 

the experimental and control 1 reactors. For the first four batches, the experimental and 

control 1 reactors were supplemented with the inoculum (10 % v/v) to allow enough time 

for microbial communities to acclimatize and form a biofilm on the cathode for driving 

the CO2 reduction. Following this acclimatization period, subsequent batch cycles were 

fed only with the synthetic medium without any inoculum. Also, for the first four batches, 

the cathode chamber was operated under H2:CO2 (20:80) environment, and for the rest 

of the batches, only pure CO2 gas was supplied, unless stated otherwise. Throughout the 

experimental period, CO2 gas was supplied through passive diffusion from the inside of 

hollow fibers (gas phase) to the outside (liquid phase) through the pores of the Ni-CCPHF 

cathode. To allow CO2 gas to diffuse passively through the pores of the Ni-CCPHF cathode, 

the other end of the polyethylene tube housing, used for making the Ni-CCPHF cathode 

bundle, was connected to a gas reservoir (250 ml gasbag) through a tube connector. 
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Precaution was taken to ensure that all connections were well sealed with nonconductive 

epoxy/Teflon tape wherever necessary. 

In addition, an abiotic control reactor (control 2), with no addition of inoculum, was 

operated to assess the contribution of abiotic reactions from the cathode under set 

potential on the process performance. The abiotic reactor was operated similarly to the 

experimental reactors, except no microbial inoculum was added to the cathode chamber. 

 
 
 
 
 
 
 
 
 

Figure 2. 4. Schematic diagram of (A) experimental and (B) control 1 microbial 

electrosynthesis (MES) reactors used in this study. 1) Anode compartment; 2) 

Cathode compartment; 3) Reference electrode; 4) Potentiostat; 5) Gasbag for 

collecting O2; 6) Gasbag for passive delivery of CO2; 7) Gasbag for collecting CH4. 

In the experimental reactor (Figure 1a), the Ni-CCPHF bundle served as both, a 

cathode to provide reducing equivalents and a gas-transfer membrane to deliver 

CO2 directly by passive diffusion. In the control 1 reactor (Figure 1b), two separate 

Ni-CCPHF bundles were used. One of the Ni-CCPHF bundles acted as a cathode to 

provide reducing equivalents, and the second bundle was used as a gas-transfer 

membrane to deliver CO2. One of the Ni-CCPHF bundles connected to the orange 

(A) (B) 
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wire acted as a cathode to provide reducing equivalents, and the second bundle 

connected to the CO2 gasbag was used as a gas-transfer membrane to deliver CO2. 

 

2.2.4 Inoculum 

 Anaerobic sludge (Manfouha Wastewater Treatment Plant, Riyadh, KSA) was used for the 

enrichment of hydrogenotrophic methanogens in a closed serum bottle (1 L) under 

H2:CO2 (20:80) environment. The growth synthetic medium described above was used for 

the enrichment process. Concentrated anaerobic sludge (100 mL) was added to the serum 

bottle containing 500 mL of oxygen-free growth medium under N2 environment 

(anaerobic glove box, Coy laboratories, USA), and sealed with butyl rubber. The 

headspace of the serum bottle was flushed for 10 min with a mixed gas containing H2:CO2 

(20:80). Then this bottle was subjected for continuous mixing in a shaking incubator at 30 

°C for two months. Once every five days, the headspace of the serum bottle was flushed 

with H2:CO2 (20:80), and once every 10 days, the supernatant solution (i.e. fermented 

broth above the settled biomass) in the serum bottle was replaced with fresh oxygen-free 

growth medium. After two months of enrichment, a good stoichiometric conversion of H2 

to CH4 (> 90%) was observed, and the enriched biomass was harvested for subsequent 

inoculation of the MES reactors.   

2.2.5 Scanning electron microscopy (SEM) 

 ~1 cm long pieces of biofilm-covered Ni-CCPHFs were soaked in 2% glutaraldehyde 

solution containing phosphate buffer (50 mM, pH 7.0) and stored at 4 °C for 2 days. Then, 
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the samples were incubated overnight with 0.2% osmium tetra oxide solution. Followed 

by washing with phosphate buffer, the samples were dehydrated in serial graded ethanol 

solutions. After drying, the samples were fixed on aluminum metal stub using double side 

cupper tape. Then the samples were coated by gold/palladium for 30 seconds at 25 mA 

current using sputter coating apparatus under argon atmosphere. Scanning electron 

micrographs were visualized using Quanta 600D (FEI, The Netherlands). Virgin Ni-CCPHF 

cathode was subjected directly for imaging without any metal coating. 

2.2.6 Energy-dispersive X-ray spectroscopy (EDS) 

 The EDS detector on Quanta 600D FEI and ZEISS Merlin 61-95 SEM (accelerating voltage 

20KV and spot-size 6) was switched to determine the elemental composition of the Ni-

CCPHF outer surface.  Elemental peaks were identified using the built-in software and the 

atomic (At) % of each element was analyzed over the scanned area.  

2.2.7 Confocal laser scanning microscopy (CLSM) 

~1 cm long piece of biofilm-covered Ni-CCPHF from experimental reactor was prepared 

for confocal imaging.  Prior to CLSM imaging, the biofilm on the surface of Ni-CCPHF was 

washed in phosphate buffer (0.1 M, pH 7.0) and stained by incubating for 15 min in 1 mL 

of phosphate buffer (0.1 M, pH 7.0) containing 1.5 μL of Syto 9 (Invitrogen Corp., Carlsbad, 

CA) under dark conditions.[34] A Zeiss LSM 510 Axiovert Inverted CLSM with a 40× 

Achroplan oil immersion lens was used to image the biofilm. Images were obtained using 

an excitation wavelength of 488 nm and a BP500-550 emission filter, for green 

fluorescence. 
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2.2.8 Electrochemical Analysis 

 Electrochemical measurements and recordings were carried out using VMP3 BioLogic 

potentiostat using three-electrode setup. Chronoamperomentry at –1 V vs Ag/AgCl and 

linear sweep voltammetry (LSV) at a scan rate of 1 mV s-1 were conducted. 

2.2.9 Analytical measurements  

Volatile fatty acids (VFAs) and gas composition (H2, CH4, and CO2) were analyzed according 

to chromatography methods described previously.[37, 38] At the end of each batch cycle, 

gas samples from the headspace and gasbags were collected by airtight syringe for 

analysis of gas composition by gas chromatography (GC; model 310, SRI Instruments) 

equipped with a thermal conductivity detector according to Hari et al.[38] A 1.83 m 

molecular sieve packed 5A column and argon gas as carrier was used for measuring H2 

and CH4 concentrations, and a 0.91 m silica gel column and helium gas as carrier was used 

for measuring CO2 concentration. The total volumes of the gases were calculated as 

described previously.[37]  Liquid samples were taken from the cathode chamber and 

filtered through a 0.20-um pore diameter syringe filters prior to VFA measurements. The 

VFAs were analyzed using ion chromatography (IC, Dionex ICS-3000), equipped with a 

high-performance conductivity detector and AS11 column. The samples were introduced 

through the column for separation by the mobile phase deionized water and KOH. 

2.2.10 Quantitative polymerase chain reaction (qPCR) 

 Five 1-cm long Ni-CCPHFs were sampled and placed in a sterile centrifuge tubes 

containing 3 ml of sterile media and vigorously vortexed to detach biofilm from the 

surface of the cathode. DNA was extracted from aliquots (250 µl) of samples using the 
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PowerSoil™ DNA extraction kit (MO BIO Laboratories Inc., USA) as per the manufacturer’s 

instructions, and quantified using a NanoDrop spectrophotometer (Thermo Scientific).  

To quantify the abundance of total Bacteria, total Archaea and various methanogenic 

Archaea (Methanobacteriales, Methanomicrobiales, Methanosarcinaceae and 

Methanosaetaceae), qPCR was performed in a 25-µL reaction volume containing 12.5 µL 

of 2 ´ iQ Supermix (Bio-Rad Laboratories, Hercules, CA), 0.5 µM of each primer, 0.2 µM 

of each probe, 1 µL sample DNA, and RNase-free sterile water to a final volume of 25 µL. 

Amplification was performed using the CFX96 real-time PCR detection system (Bio-Rad 

Laboratories, Hercules, CA) with PCR conditions described by Ritalahti et al.[39]  and Yu et 

al.[40] All primers, probes and plasmid standards used in this study are listed in (Table 2.1). 

For each qPCR run, a negative (no template) control was used to test for false positives or 

contamination. The genomic DNA from each sample was amplified in triplicate. For 

standard clone preparation, the PCR amplicons were first cloned into a TOPO cloning 

vector (pCR 2.1-Topo vector, Invitrogen, Carlsbad, CA) according to the manufacturer’s 

protocol. Plasmids from transformed cells were extracted by the PureYieldTM Plasmid 

Miniprep System (Promega, Madison, WI). Copy number per microliter was calculated 

from the mass concentration and molecular weight of each extracted plasmid DNA. 

Standard template DNA was 10-fold diluted in series and the threshold cycle (Ct) values 

for each dilution were plotted against the concentration of each dilution to construct the 

standard curves. 



63 
 

 

The total gene copy number in the buffer (30 µL) used for eluting extracted DNA was 

normalized to the total surface area of the Ni-CCPHFs used for extracting DNA, and the 

results were presented as copies cm-2 of cathode. 

 

 

Table 2. 1. Primers, probes and plasmid standards used in this study. 

Primer-probe Target Plasmid standard Sequence 5’-3’ Reference
s 

BAC 1055F 
BAC 1392R 
BAC 1115 probe 

Total Bacteria Geobacter sulfurreducens 
(NC002939) 

ATGGYTGTCGTCAGCT 
ACGGGCGGTGTGTAC 
CAACGAGCGCAACCC 

[39] 

ARC 787F 

ARC 1059R 

ARC 915F probe 

Total Archaea Methanosarcina 

thermophila 

(M59140) 

ATTAGATACC CSBGTAGTCC 

GCCATGCACCWCCTCT 

AGGAATTGGCGGGGGAGCAC 

[40] 

MBT 857F 
MBT 1196R 

MBT 929 probe 

Methanobacteriale
s 

(hydrogenotrophic
) 

Methanobacterium 
formicium 

(EU 544028) 

CGWAG GGAAG CTGTT AAGT 
TACCG TCGTC CACTC CTT 

AGCAC CACAA CGCGT GGA 

[40] 

MMB 282F 

MMB 832R 

MMB 749 probe 

Methanomicrobial
es 

(hydrogenotrophic
) 

Methanomicrobiales KB 1-
1 

(AN – DQ301905) 

ATCGR TACGG GTTGT GGG 

CACCT AACGC RCATH GTTTA C 

TYCGA CAGTG AGGRA CGAAA GCTG 

[40] 

MSC 380F 

MSC 828R 

MSC 492 probe 

Methanosarcinace
ae (mixotrophic) 

Methanosarcina 
thermophila 

(M59140) 

GAAAC CGYGA TAAGG GGA 

TAGCG ARCAT CGTTT ACG 

TTAGC AAGGG CCGGG CAA 

[40] 

MST 702F  

MST 863R  

MST 753 probe 

Methanosaetacea
e (acetoclastic) 

Methanosaeta KB 1-1 

(AY 570685) 

TAATC CTYGA RGGAC CACCA 

CCTAC GGCAC CRACM AC 

ACGGC AAGGG ACGAA AGCTA GG 

[40] 

 

2.2.11 Calculations of Faradaic efficiencies 

 Using the ideal gas law equation, the moles (n) of gas generated from the measured gas 

volume were estimated. 

n (mol) =	!"
#$

          Equation (1) 
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Where p is gas pressure (1 atm), V is the volume of the gas in L, which was calculated from 

the GC gas composition measurement, T is the temperature (298 K) and R is the gas 

constant (0.08206 L atm K-1 mol-1). The Faradaic efficiency (FE) for the different products 

was calculates as follows:  

FE (H2) % =	&!"(()*)∗-.
∫ 012#
#$%

 ×100        Equation (2) 

FE (CH4) % =	&&!'(()*)∗3.
∫ 012#
#$%

 ×100       Equation (3) 

FE (acetate, CH3COOH) %=	&&!(&))!(()*)∗3.
∫ 012#
#$%

 ×100     Equation (4) 

FE (formate, HCOOH) %=	&!&))!(()*)∗-.
∫ 012#
#$%

 ×100     Equation (5) 

Where nH2 and nCH4 are the number of moles of hydrogen and methane calculated from 

Eq 1. The nCH3COOH and nHCOOH were calculated from acetate and formate production 

measured by IC as described above. I is the current (A), 2 is the moles of electrons needed 

to produce one mole of hydrogen or formate, 8 is the moles of electrons needed to 

produce one mole of methane or acetate, F is Faraday’s constant F=96485 C/mol e-, and 

dt (s) is the time over which the data was analyzed. 

2.3 Results and Discussion 

2.3.1 Cathode fabrication and characterization  

The custom-built Ni-CCPHF cathode fabricated with nickel (Ni) nanoparticles and the 

relevant characterizations are presented in (Figure 2.2). Scanning electron microscope 

(SEM) image of the Ni-CCPHF cathode (Figure 2.2 a), and its cross-section (Figure 2.2 b) 

confirm that the cathode had a small radial dimension with outer diameter of ~950 µm 
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and wall thickness of ~80 µm. These features are advantageous for improving specific 

surface area and packing density of the cathode. The SEM images confirm that the Ni-

CCPHF cathode is porous with pore diameter ranging from 1 to 2 µm (Figure 2.2 a, c). 

Energy dispersive X-ray spectroscopy (EDS) analysis (Figure 2.2 d) revealed that Ni was 

the most abundant element (≥ 90%) on the surface. In this study, Ni was used as a cathode 

material because: 1) it has a lower HER overpotential compared to most other non-noble 

metal catalysts; [41] 2) it is more stable under alkaline conditions compared to most other 

non-noble metal catalysts;[42] the local pH at the cathode surface is likely to be alkaline 

due to water reduction;[41] and 3) most importantly, it is much cheaper compared to 

precious metal catalysts such as platinum (Pt), which is commonly used as benchmark 

catalyst for HER in microbial electrochemical systems.[43]  

Submerged flat sheet cathodes are typically used in previous MES studies.[44, 45] For 

scale up, it is challenging to fabricate flat sheet diffusive cathodes for large-scale MES 

reactors. In contrast, metal-based hollow fiber membranes are easier to fabricate, by 

adapting manufacturing processes (i.e. phase inversion/sintering method), which are 

already used in the industry,[46] as well are easier to integrate in modules. It is a known 

fact in membrane science that hollow fibers are more easily packed than flat sheet 

membranes.  Also, experience from membrane modules show that hollow fiber design 

achieves higher specific surface area (surface-area-to-volume ratio) than flat sheet 

design. The average specific surface area or packing density (m2 membrane surface/m3 

volume) of hollow fiber membrane in commercial modules are reported at 263 m2 m-3 

whereas 100 m2 m-3 for flat sheet membranes.[47] The outer diameter (~1 mm) of the 
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hollow fiber membranes used in the current study is within the range of hollow fibers 

used in practice. With the dimensions (outer diameter of ~1 mm) of the Ni-CCPHF used in 

our study, the specific surface area can be increased by adding more fibers to the 

polyethylene tube (4 cm long and 0.8 cm diameter) without increasing reactor volume 

(270 mL); this could not be achieved with flat sheet electrodes without increasing the 

volume of the reactor. Also, because they are self-supporting, the hollow-fiber 

membranes greatly simplify the hardware for fabrication. Whereas flat-sheet diffusive 

membranes require a porous support, and the reactor configuration might be complex.[48] 

The Ni-CCPHF cathode in our study acted as membrane contactor for gas delivery; 

high gas electrode contact area (as high as ~4000 m2 m-3 of gas in passive delivery) is 

created due to the gas delivery from the inner hollow volume. Indeed, the porous nature 

of the hollow fiber further enhances the interfacial area in the electrode. Although the 

dimensions of the hollow fiber are of macroscopic level (Figure 2.3), the larger interfacial 

area can be created due to the porous structure and gas diffusion design, which can 

promote and enhance mass-transport and functionality of inorganic and microbial 

catalysts. 

2.3.2 Microbial electrochemical performance  

The performance of the Ni-CCPHF cathodes for microbial electrochemical CO2 

reduction to CH4 was tested in two sets of duplicate double-chambered MES reactors 

(experimental and control 1 reactors; Figure 2.4). The two sets of reactors were operated 

in parallel for 8 batches under the same environmental and operational conditions 

(applied potential of – 1.0 V versus Ag/AgCl [– 0.8 V versus SHE; standard hydrogen 
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electrode], 30 oC temperature, etc.). The average duration of each batch was 6-8 days, 

except for the acclimation period (first 4 batches), which was 15 days. In the experimental 

reactors, only one bundle of Ni-CCPHFs was used to serve as both the cathode and gas-

transfer membrane to deliver pure CO2 gas by passive diffusion to the biofilm attached 

on the surface of the cathode (Figure 2.4 a), whereas in the control 1 reactors, two 

separate bundles of Ni-CCPHFs were used, with one bundle serving only as a cathode, and 

another bundle serving only as a gas-transfer membrane to deliver pure CO2 gas by 

passive diffusion (Figure 2.4 b). The average reduction current density for the 

experimental reactors in batch 8 of operation was three times higher (j = – 0.13 ± 0.01 

mA cm-2) than control 1 reactors (j = – 0.047 ± 0.005 mA cm-2) (Figure 2.5 a), with average 

Faradaic efficiency (FE) of 77.5 ± 3.0% for the production of CH4 from CO2 at a rate of 140 

± 13 mmol m-2 d-1. Production of H2 was also observed at a rate of 286 ± 5 mmol m-2 d-1 in 

the experimental reactors. In contrast, the FE for CH4 was significantly lower (2.9 ± 4% 

and rate was 3 ± 4 mmol m-2 d-1) in control 1 reactors. Although substantial reduction 
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current was produced in the control 1 reactors, the main product generated was H2 gas 

at a rate of 200 ± 104 mmol m-2 d-1.  

 
Figure 2. 5. (A) Average amperometric current density (normalized to the 

projected surface area of the cathode) generation over time in batch 8 of 

operation for the experimental and control reactors. In the experimental reactors, 

the Ni-CCPHF bundle served simultaneously as a cathode and gas-transfer 

membrane to deliver pure CO2 gas through passive diffusion (Figure 2.4 a). In the 

control 1 reactors, two separate Ni-CCPHF bundles were used. One bundle acted 

as a cathode, and the second bundle was used as a gas-transfer membrane to 

deliver pure CO2 gas through passive diffusion (Figure 2.4 b). The abiotic control 

reactor (i.e. control 2 reactor) was operated similarly to the experimental reactors, 

except no microbial inoculum was added to the cathode chamber; (B) linear sweep 

voltammetry (LSV) with a scan rate of 1 mV s-1 for the cathodes from the 

(A) (B) 
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experimental and control 1 reactor. Inset was added to clearly show the onset 

overpotential for the different cathodes. Pure CO2 gas was delivered passively 

without making bubbles so that the system remained undisturbed during 

electrochemical measurement. 

 
In addition to the gaseous products (i.e. CH4 and H2), soluble organic compounds 

(acetate and formate) were also detected in the electrolytes of both sets of reactors 

(Table 2.2), but at very low concentrations, and the FE for acetate and formate was ≤ 1%. 

The rates of formation of acetate (14 ± 15 mmol m-2 d-1) and formate (13.4 ± 16.1 mmol 

m-2 d-1) were higher in the experimental reactors than in control 1 reactors (acetate: 2.5 

± 0.5 mmol m-2 d-1; formate: 0.1 ± 0.2 mmol m-2 d-1). The mixed culture inoculum source, 

which was used for enriching hydrogenotrophic methanogens, might have also favored 

the enrichment of other CO2-fixing microorganisms, which can accept reducing 

equivalents from the cathode to reduce CO2 to various end products.[49] However, in the 

experimental reactors there was high selectivity towards CH4 production (77.5 ± 3.0%), 

because the dual-function Ni-CCPHF cathode provided a suitable niche (both reducing 

equivalents and CO2 were concurrently available to the biofilm on the cathode) for the 

enrichment of hydrogenotrophic methanogens on the surface of the cathode. Whereas 

in the control reactors, the source of electron donor (cathode) was separated from the 

electron acceptor (CO2), and this might have limited the growth of methanogens on the 

cathode due to diffusion and mass-transfer limitation of CO2. This was supported by 
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quantitative polymerase chain reaction (qPCR) analysis of the cathodic biofilm microbial 

community at the end of batch 8. 

Table 2.2. Concentration of different volatile fatty acids determined by ion 

chromatography. 

 

 

2.3.3 Cathode biofilm characterization 

 The qPCR data targeting the 16S rRNA gene of methanogenic archaea confirmed that 

members of the order Methanobacteriales (genus Methanobacterium) were the 

dominant methanogens (>99%) detected in this study. In general, the dominant 

methanogens detected on the biocathode of microbial electrochemical systems belong 

to the hydrogenotrophic methanogen Methanobacterium.[17, 18, 50] Higher abundance of 

Methanobacteriales was observed on the biocathode of the experimental reactor 

(4.91±1.2 × 106 copies cm-2) than control 1 reactor (Ni-CCPHF bundle serving only as 

cathode: 0.334±0.47 × 106 copies cm-2, and Ni-CCPHF bundle serving as gas-transfer 

membrane: 0.52±0.73 × 106 copies cm-2). Moreover, the higher methanogenic archaea to 

bacteria ratio (calculated by qPCR) in the cathodic biofilm of the experimental reactor 

(0.44 ± 0.3) than in the control 1 reactor (< 0.1 on both bundles), suggests that the dual-

function Ni-CCPHF cathode provided a suitable niche for the enrichment of methanogens 

on the cathode.  

Reactors Acetate 
(µM) 

Formate 
(µM) 

Propionate 
(µM) 

n-Butyrate 
(µM) 

Experimental 
reactor 

160.3 ± 
171 70 ± 68 7 ± 9 2.03 ± 1.4 

Control 1 reactor 28.1 ± 5 1.2 ± 1.7 0.4 ± 0.6 1.17 ± 0.2 
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The SEM images of the Ni-CCPHF cathodes (Figure 2.6) taken at the end of batch 8 

indicated that microbial growth was denser on the experimental reactors (Figure 2.6 a, b) 

than control 1 reactor (Figure 2.6 c, d). Negligible microbial attachment was observed on 

the Ni-CCPHFs that were used only as a gas-transfer membrane to deliver CO2 (Figure 2.6 

c). A solid layer of inorganic foulant with complete blockage of the pores was observed 

on the Ni-CCPHFs that were used only as a cathode in the control 1 reactor (Figure 2.6 d). 

EDS analysis of this solid layer (Figure 2.7) suggests the presence of calcium/magnesium 

phosphates and calcium/magnesium carbonates precipitates (5.9 At% C, 41.8 At% O, 8.3 

At% P, 0.2 At% Ca, and 0.5 At% Mg). The increase in the local pH (i.e., the pH at the 

interface between cathode surface and electrolyte) due to water reduction (2H2O + 2 e- 

® H2 +2OH-) at the cathode may have resulted in the precipitation of carbonates or 

phosphates on the surface of the cathode in the control 1 reactors. Lei et al.[51] reported 

inorganic salt (phosphates) precipitation at the cathode due to the rise in the local pH 

during water reduction. Such precipitation was not observed in the experimental Ni-

CCPHFs, which served as both a cathode and gas-transfer membrane to deliver pure CO2 

gas by passive diffusion to the biofilm, possibly because of the dissolution of CO2 in 

electrolyte (CO2 (aq) + H2O « H2CO3 « H+ + HCO3
-), resulting in weak acids (H2CO3 and 

HCO3
-) that can buffer the increase in local pH.  
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Figure 2. 6. Scanning electron microscope (SEM) images taken at the end of batch 

8 for the cathodic biofilms developed on Ni-CCPHF cathode of experimental 

reactor (A and B) and control 1 reactor (C - Ni-CCPHF that was used only as a gas-

transfer membrane for CO2 delivery, and D - Ni-CCPHF cathode that served only 

as a cathode).  

 

  

  

50 µm 30 µm 

50 µm 50 µm 
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Figure 2. 7. Energy-dispersive X-ray spectroscopy (EDS) spectrum of Ni-CCHF 

cathode that served only as a cathode in control 1 reactor. 

Confocal laser scanning microscopy (CLSM) image of the experimental reactor Ni-

CCPHF cathode cross-section revealed a well-colonized biofilm on the outer surface of the 

hollow fiber after eight batches of operation (Figure 2.8). It should be noted that none of 

the gaseous cathodic reduction products (i.e., CH4 or H2) were detected in the CO2 

reservoir gasbag connected to the Ni-CCPHF cathode, suggesting that no 

biological/abiotic reactions were taking place in the inner surface of the Ni-CCPHF 

cathode. 
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Figure 2. 8. Confocal laser scanning microscope (CLSM) image (cross section) of 

cathodic biofilm developed on the Ni-CCPHF cathode of experimental reactor. The 

green color on the peripheral side of the Ni-CCPHF cathode represents microbial 

cells.  

To further confirm that the CH4 generated was mainly through microbial CO2 

reduction, the electrochemical behavior of the Ni-CCPHF cathode alone in the absence of 

microorganisms was tested in a separate reactor (control 2 reactor) under the same 

conditions as the experimental reactors. The measured reduction current density of the 

control 2 reactor was four times lower (j = – 0.03 mA cm-2) than the experimental reactors 

(Figure 2.5 a), and the main product generated was H2 from HER at a rate of 139 mmol m-

2 d-1. Possible gaseous or soluble products from electrochemical reduction of CO2 were 

not detected in the abiotic control (i.e., control 2 reactor). These results further confirm 

that the observed CH4 in the experimental and control 1 reactors was due to microbial 

200 µm 
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CO2 reduction by hydrogenotrophic methanogens. The enhanced current density and 

observed high H2 yields in the experimental reactor (286 ± 6 mmol m-2 d-1) than control 2 

reactor (139 mmol m-2 d-1) suggest the possibility of direct electron uptake by H2 

producing bacteria (biotic hydrogen evolution) existing along with hydrogenotrophic 

methanogens in the biocathode. Our qPCR data supports the presence of bacteria in the 

biocathode of the experimental reactors, however, elucidating their function was not 

within the scope of this study. Jourdin et al.[52] reported 8-fold higher current densities 

from a H2 producing-autotrophic mixed culture bacteria in graphite plate biocathode (– 

0.19 mA cm-2) than abiotic control (– 0.023 mA cm-2) at – 0.75 V vs SHE cathode potential. 

The presence of H2 producing bacteria such as Desulfovibrio with the hydrogenotrophic 

methanogen Methanobacterium, in mixed culture biocathodes were reported in the 

literature.[16] Members of the genus Desulfovibrio, a sulfate reducing bacteria, were 

reported for catalyzing H2 production in mixed culture biocathodes.[43, 53] Although the 

current study was not designed to determine the different routes (direct or indirect) of 

electron flow at the cathode, from the available data we can speculate that multiple 

electron flows (direct via biotic H2 production or indirect via abiotic HER) might have 

occurred for driving the sustainable reduction of waste CO2 gas to a useful energy source 

(i.e., CH4) (Figure 2.9). 
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Figure 2. 9. Schematic diagram representing possible bioelectrochemical reactions 

occurring on the surface of the Ni-CCPHF cathode of the experimental reactor. This 

schematic depicts CO2 gas delivered directly to hydrogenotrophic methanogens 

through the pores of the hollow fiber cathode.  The H2 generated from hydrogen 

evolution reaction (HER) on the cathode surface is utilized by hydrogenotrophic 

methanogens for CH4 generation.  Also, this schematic depicts biotic H2 generation 

by H2 producing bacteria, and the biotic H2 is consumed by hydrogenotrophic 

methanogens for CH4 generation. 

2.3.4 Electrochemical analysis 

Linear sweep voltammetry (LSV) analysis was conducted at the end of batch 8 for the 

Ni-CCPHF cathode of the experimental and control 1 reactor (Figure 2.5 b). The reduction 

current density was higher for the experimental than control 1 cathode at the sweep 



77 
 

 

potential window opted for the LSV analysis. Also, the onset potential for generating 

reduction current density was lower for the experimental (– 0.32 V) than control 1 

cathode (– 0.47 V) (Figure 2.5 b). However, the magnitude of current density was 

drastically reduced after detaching the biofilm from the surface of the experimental Ni-

CCPHF cathode by sonication followed by rinsing with 0.1 M HCl (data not shown). These 

observations suggest that the cathodic biofilm of the experimental reactor was playing a 

key role in improving the cathode performance through reducing the cathode 

overpotential by 0.15 V against control 1 cathode. The lower overpotential for the 

experimental cathode than control 1 cathode might also be due to the lack of inorganic 

precipitates that can block the active surface of the cathode for HER as previously 

described (Figure 2.6 d). The lowering of cathode overpotential is one of the reasons for 

observing improvement in the reduction current density for the experimental reactor 

over the control 1 reactor (Figure 2.5 a). 

2.3.5 The effective performance of dual functional cathode 

The growth of a dense biomass without precipitation of inorganic matter on the 

surface of Ni-CCPHF cathode in the experimental reactors confirms that the dual-function 

porous hollow fiber cathode enabled a better control of the three-phase interface (i.e., 

CO2, cathodic biofilm and electrolyte) where different reactions can take place (i.e., 

biological: CO2 reduction and physico-chemical: HER, pH increase, precipitation of ions, 

etc.). Direct diffusion of CO2 gas through the pores of the hollow fibers ensured higher 

CO2 availability for the proliferation of hydrogenotrophic methanogens. In addition, this 

cathode architecture provided a sustainable way to buffer the pH increase in the cathode 
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compartment, minimizing inorganic precipitation, which can block the active surface of 

the cathode for HER. These simultaneous phenomena resulted in high FE for CH4 

production in the experimental reactors compared to control 1 reactors. 

To test the effect of CO2 concentration on the cathodic biofilm electrosynthesis of 

CH4, one of the experimental reactors was operated for an additional batch (batch 9) 

under different CO2 concentrations (Table 2.3). The other experimental reactor was 

discontinued after batch 8 of operation due to detaching the biofilm for LSV analysis as 

previously described. The CO2 gas in batch 9 was supplied by passive diffusion through 

the pores of the Ni-CCPHF cathode as in previous batches except for one of the tests 

(condition 4) where pure CO2 gas was supplied in the reactor’s headspace rather than 

through the Ni-CCPHF cathode. The biocathode electrosynthesis activity for CH4 

production was proportional to the feed CO2 concentration. The CH4 production rate was 

improved by four times, with FE of 83% when the CO2 concentration was increased from 

20% (condition 1: 20% CO2 and 80% N2) to 100% (condition 2: pure CO2). This dependency 

of biocathode electrosynthesis on CO2 concentration was reconfirmed when the CO2 

concentration was reduced back to 20% (condition 3: 20% CO2 and 80% N2), where 

biocathode electrosynthesis of CH4 was minimized reaching to values similar to condition 

1 (Table 2.3). In contrast, hydrogen production rates were higher at 20% CO2 (conditions 

1 and 3) than 100% CO2 (condition 2) (Table 2.3). The high rates of production and FE for 

H2 at low CO2 concentration (20%) suggests that hydrogenotrophic methanogens were 

CO2 limited. The increase in reduction current density was also correlated with the 

increase in CO2 concentration (Figure 2.10); the maximum reduction current density was 
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increased by a factor of 1.6, from – 0.11 mA cm-2 (condition 1) to – 0.18 mA cm-2 (condition 

2).  

 

 

 

Table 2.3. Summary of methane and hydrogen production rates and 

corrosponding Faradaic efficiencies in batch 9 of the experimental reactor.  

Experimental conditions Measured CH4  
production 

rate (mmol m-2 
d-1) 

Measured H2  
production 

rate (mmol m-2 
d-1) 

Faradaic 
efficiency for CH4 

(%) 

Faradaic 
efficiency for H2 

(%) 

Condition 1 (20% CO2)  36.9 350.5 24.3 68.0 

Condition 2 (100% CO2)  161.0 159.5 83.9 20.8 

Condition 3 (20% CO2)  48.8 285.7 30.6 82.1 
Condition 4 (100% CO2)1 5.9 90.9 21.8 84.1 

1Condition 4: pure CO2 gas was supplied in the reactor’s headspace rather than through the pores of the 
Ni-CCPHF cathode. 
 

The production rate and FE for CH4 were significantly lower when CO2 was supplied 

through the headspace (condition 4) than through the pores of the Ni-CCPHF cathode 

(conditions 1 to 3). The diffusion and mass-transfer limitations of CO2 gas from the reactor 

headspace to the surface of the submerged biocathode might have reduced the microbial 

electrochemical CO2 reduction to CH4. Also, the reduction current density was drastically 

reduced from j = – 0.18 mA cm-2 in condition 2 (pure CO2) to j = – 0.025 mA cm-2 in 

condition 4 (pure CO2) (Figure 2.10). Although the FE for H2 production was dominant 

(84%) in condition 4, it seems that the low CO2 availability near the cathode affected the 

H2 yield too, as the rate of H2 generated in condition 4 was 1.75 times lower than 
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condition 2 despite the same concentration (100%) of CO2 was used in both conditions 

(Table 2.3). It has been demonstrated that carbonic acid (H2CO3) and bicarbonate (HCO3
-

)[54] can reduce cathode overpotential by catalyzing HER on metallic materials, such as 

stainless steel and nickel, due to their ability to deprotonate easily.[55] Also, Ki et al.[56] 

showed that addition of CO2 (100%) to the cathode chamber eliminated pH-related 

concentration overpotentials in microbial electrolysis cell by decreasing the pH of the 

electrolyte. Thus, making CO2 more available to the Ni-CCPHF cathode may enhance 

reduction current density and rate of H2 production, and this could explain why the 

current density and H2 production was higher in condition 2 than 4. Overall, the observed 

high reduction current densities and better Faradaic conversions of current to CH4 in 

conditions 1, 2 and 3 compared to condition 4 demonstrate that carbon capture and 

conversion by chemolithoautotrophs was accelerated when CO2 was supplied directly to 

the cathodic biofilm using Ni-CCPHF cathode.  
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Figure 2.10. Amperometric current density over time for experimental reactor 

operated under different passive CO2 concentrations (batch 9). Condition 1: 20% 

CO2  and 80% N2; Condition 2: 100% CO2; Condition 3: 20% CO2 and 80% N2. 

Condtion 4: pure CO2 gas was supplied in the reactor’s headspace rather than 

through the pores of Ni-CCPHF cathode. 

 

2.4 Conclusion  

In conclusion, we have established an efficient hybrid bioinorganic system for CO2 

reduction to CH4 by coupling a new cathode configuration with enriched methanogenic 

community. Employing Ni-CCPHF as an advanced material with dual function (i.e. acting 

as a gas-transfer membrane for CO2 delivery and inorganic electro-catalyst for hydrogen 

generation) created a suitable niche for increasing the density and activity of biological 

catalyst (i.e., hydrogenotrophic methanogens). The superior performance of CO2 

reduction to CH4 with FE of 77% was attributed to the cathode architecture, which 

enabled a better control of the three-phase interface (CO2 gas, catholyte and biocathode), 

mimicking the gas diffusion electrodes used in fuel cells. This cathode architecture can 

also provide a sustainable way to buffer the local pH at the cathode of microbial 

electrochemical systems, thus decreasing pH-related concentration overpotentials 

caused by the increase in local pH due to water reduction. [54, 56] The concept of hybrid 

bioinorganic system for CO2 reduction is not only limited to hydrogenotrophic 

methanogens, but lends itself to other chemolithoautotrophs, such as homoacetogens 

which can reduce CO2 to acetate using reducing equivalents from the cathode. Also, the 
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concept of using CCPHF cathode in MES is not limited to metal-based HFMs, but cheaper 

membranes such as polymeric HFMs can be used to fabricate these types of CCPHF 

cathodes, thus minimizing cost of fabrication. For example, porous polymeric hollow 

fibers can be converted to a cathode by coating them with non-noble metal catalysts 

using atomic layer deposition method. [13] Most importantly, this cathode architecture 

makes the MES process highly attractive for on-site carbon capture and utilization of CO2 

gas generated from various industrial sources. 
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ABSTRACT 

Homoacetogens are efficient CO2 fixing bacteria using H2 as electron donor to produce 

acetate. These organisms can be enriched at the biocathode of microbial electrosynthesis 

(MES) for electricity-driven CO2 reduction to acetate. Studies exploring homoacetogens 

in MES are mainly conducted using pure or mix-culture anaerobic inocula from samples 

with standard environmental conditions. Extreme marine environments host unique 

microbial communities including homoacetogens that may have unique capabilities due 

to their adaptation to harsh environmental conditions. Anaerobic deep-sea brine pools 

are hypersaline and metalliferous environments and homoacetogens can be expected to 

live in these environments due to their remarkable metabolic flexibility and energy-

efficient biosynthesis. However, brine pools have never been explored as inocula for the 

enrichment of homacetogens in MES. Here we used the saline water from a Red Sea brine 

pool as inoculum for the enrichment of halophilic homoacetogens at the biocathode (‒1 

V vs Ag/AgCl) of MES. Volatile fatty acids, especially acetate, along with hydrogen gas 

were produced in MES systems operated at 25 and 10% salinity. Acetate concentration 

increased when MES was operated at a lower salinity ~3.5%, representing typical 

seawater salinity. Amplicon sequencing and genome-centric metagenomics of matured 

cathodic biofilm showed dominance of the genus Marinobacter and phylum Firmicutes at 

all tested salinities. Seventeen high-quality draft metagenome-assembled genomes 

(MAGs) were extracted from the biocathode samples. The recovered MAGs accounted 

for 87±4% of the quality filtered sequence reads. Genome analysis of the MAGs suggested 

CO2 fixation via Wood-Ljundahl pathway by members of the phylym Firmicutes and the 
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fixed CO2 was possibly utilized by Marinobacter sp. for growth by consuming O2 escaping 

from the anode to the cathode for respiration. The enrichment of Marinobacter sp. with 

homoacetogens was only possible because of the specific cathodic environment in MES. 

These findings suggest that in organic carbon-limited saline environments, Marinobacter 

spp. can live in consortia with CO2 fixing bacteria such as homoacetogens, which can 

provide them with fixed carbon as a source of carbon and energy. 
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3.1 Introduction  

Homoacetogens are metabolically diverse anaerobic bacteria capable of growing 

autotrophically on H2-CO2 and heterotrophically on a wide range of sugars, alcohols, 

aromatics and one-carbon compounds, producing acetate as the end-product.[1] 

Homoacetogens are important contributors in carbon cycling in the subsurface and 

marine deep biosphere.[2-4] They are among the most phylogenetically diverse bacterial 

functional groups [5] with almost 100 identified species that are phylogenetically classified 

in 23 different genera.[6, 7] However, their diversity remains underexplored due to their 

widespread distribution and multiple routes of metabolism.[7, 8] In particular, their 

diversity in extreme environments, such as hypersaline habitats, is poorly studied. 

Extreme marine environments host unique microbial communities that survive the harsh 

physiochemical conditions through specialized mechanisms.[9, 10] The metabolic 

capabilities of extremophiles have a large application potential and hence, it is highly 

attractive to investigate these organisms to exploit for new metabolites and 

metabolisms.[11] Deep sea brine pools are hypersaline (up to 25%) environments with low 

oxygen < 0.2 mg/L [12, 13] and absence of light. In the Red Sea there are present several 

brine pools containing mineralized brines with metalliferous deposits, which have been 

generated from the dissolution of Miocene rocks eventually combined with hydrothermal 

activities in deep sea floor.[14] In spite of the inhospitable conditions, Red Sea brine pools 

support a highly specialized microbial diversity, especially along the steep halocline that 

occurs along the seawater-brine interface.[15] While culturing such microorganisms in the 

laboratory is difficult, genomic and metagenomic approaches have revealed several 
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metabolic pathways occurring in brine pools.[14, 16] Metagenomes have revealed 

autotrophic metabolisms occurring in the microbial assemblages of the Red Sea brine 

pools.[14, 15] Further, CO2 reducers are abundant in deep-sea brine waters.[9, 15, 17] Even 

though highly specialized homoacetogens can be expected to live in the deep sea brine 

pools, due to their remarkable metabolic flexibility and energy-efficient biosynthesis,[8, 18] 

no studies specifically explored their occurrence in the Red Sea. 

Microbial electrosynthesis (MES) is a sustainable biotechnology for the conversion of the 

greenhouse gas CO2 to useful chemicals, mainly methane and acetate. In MES, water 

oxidation at the abiotic anode produces protons and electrons which are transported to 

the cathode where microbial-catalyzed CO2 reductions to methane [hydrogenotrophic 

methanogenesis[19]] and/or acetate [homoacetogenesis, [20]] occur. The cathode serves 

as the reducing equivalent (directly or indirectly via H2 evolved at the electrically 

polarized cathode) for the reduction of CO2 to acetate and/or methane. 

Several homoacetogenic species can be enriched in MES from anaerobic mixed cultures 

that are generally obtained from conventional anaerobic sludge sources.[21] While inocula 

from extreme environments, including Red Sea brines, have been tested to enrich 

electrochemically-active bacteria on the anode of microbial electrochemical systems,[13, 

22-24] they have never been explored as a source for the enrichment of homoacetogens on 

MES cathodes. Further, the presence of high levels of metals (Fe, Mn, Zn, Cu, Pb, Co, Ba, 

Si, Li) as nanoparticles in the brine pool solution may support a unique solid particle-

microbial complexes with potential electroactivity.[25] This suggests the possibility that 
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certain microbes in brine pools can use the cathode as an electron donor (directly or 

indirectly via H2).   

Enriching halophilic homoacetogens directly in MES system, instead of serum vials under 

H2:CO2, is advantageous because homoacetogens can be directly selected by the 

conditions at the cathode. The cathode acts as the electron donor for homoacetogens – 

by providing electrons either directly or indirectly through H2 generated from the 

hydrogen evolution reaction (HER). This is important as it is not predictable which route 

(direct, indirect or both) homoacetogens in the inocula would prefer for taking electrons 

from the cathode. Furthermore, the use of saline electrolyte in MES system helps to 

reduce the internal resistance for ions mobility. Another advantage is that at high salinity, 

homoacetogens may outcompete methanogens growing on H2 and CO2 because of the 

high energy demand of methanogens to accumulate organic compatible solutes for 

osmoregulation, whereas homoacetogens accumulate KCl to establish osmotic balance 

which is less energy demanding.[8, 26] Finally, high salinity controls microbial 

contamination from freshwater sources.  

The objective of this study was to use Red Sea brines as inoculum to enrich for halophilic 

homoacetogens at the cathode of MES operated at a cathode potential of ‒1 V vs Ag/AgCl. 

The biocathode community was characterized using 16S rRNA gene sequencing, 

metagenomics, and genome reconstruction. In addition, CO2 reduction products were 

characterized at the cathode.  
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3.2 Materials and Methods  

3.2.1 Inoculum source and chemical characterization  

3.2.1.1 Red Sea brine pool sample collection 

Samples of the seawater-brine interface solution and sediment were collected in April 

2017 at a depth of ~ 360 m from a newly discovered brine pool (Afifi Deep) located at the 

southern basin of the Red Sea.[27] Samples were collected using the R/V Thuwal vessel of 

the Coastal and Marine Resources Core Laboratory at KAUST. The brine water samples 

were collected using 10 L Niskin water sampling bottles, with water sampling system 

consisting of 23-bottle Rosette.[13, 17] The sediments were sampled using a Multi-corer (KC 

6 x ø100 mm Model 70.000). Once onboard, the samples were put in a sealed container 

under a flux of argon to keep the samples anaerobic. They were then stored at 4°C. 

3.2.1.2 Chemicals analyses of the brine pool interface solution 

The concentration of metals in the interface solution was measured by inductively 

coupled plasma optical emission spectrometry (ICP-OES) (Optima 8300, Perkin Elmer), 

equipped with a custom designed solid-state charge-coupled device array detector. The 

total organic carbon (TOC) concentration in the interface solution was measured using an 

on-line TOC analyzer (TOC-VCSH, Shimadzu) as previously described.[13] The conductivity 

and pH were measured using a WTW Multi 3320 meter. The concentration of sulfate, 

nitrite-nitrogen (NO2
--N), nitrate-nitrogen (NO3

--N) were measured using HACH kits 

(HACH, CO, USA) following manufacturer’s instructions. 
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3.2.2 Enrichment phases 

The enrichment was conducted in two phases as illustrated in Figure 3.1. In phase I, the 

brine pool sediment and seawater-brine interface solution were used to inoculate 

duplicate serum vials, used as control, and duplicate MES reactors designated as R1 and 

R2. The serum vials were operated with H2:CO2 (80:20). The vials were incubated at 30oC 

for 150 days. Every week the vials where flushed with H2:CO2. 

The duplicate MES reactors were operated first for 5‒6 months under 25% salinity using 

the same brine pool interface solution as electrolyte in order to mimic the microbes’ 

original environment. Then, the brine electrolyte was replaced with 10% saline synthetic 

media and operated for another 5‒6 months. 

Before switching the operation of MES reactors to 10% saline synthetic media, biofilm 

sample from R1 was used to seed serum vials operated under H2:CO2 (80:20) and 10% 

saline synthetic media to i) investigate whether lower salinity can affect the function of 

biocathode in the MES; and ii) to enrich biomass to be used as inoculum for MES reactors 

in phase II (see below). The serum vials underwent four serial enrichments (3‒4 weeks 

each) and once considerable volatile fatty acid (VFA) production was observed the 

operation of the MES reactors was switched to 10% saline synthetic media. 

Sporomusa Ovata DSMZ growth medium (DSMZ 311) was used as synthetic solvent to 

dissolve 100 g/L NaCl (10% salinity). The media contains 0.5 g NH4Cl, 0.5 g MgCl2. 6H2O, 

0.25 g CaCl2. 2H2O, 2 mL of FeSO4 x 7 H2O solution (0.1% w/v in 0.1 N H2SO4), 1 mL of trace 

element solution, 1 mL of selenite-tungstate solution, 0.35 g K2HPO4, 0.23 g KH2PO4, 2 g 
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of NaHCO3, and 10 mL of vitamin solution. The media was prepared as previously 

described,[28, 29] with slight modifications to meet the salinity requirement and to 

eliminate any carbon source (like omitting betaine, casitone, yeast extract) and other 

possible electron acceptors (such as sulfide and cysteine). 

In phase II, new sets of MES reactors were operated to develop a secondary biofilm [30] at 

the cathode by adopting two modes of inoculation: 1) inoculating new duplicate MES 

reactors namely MES 1 and MES 2 by a piece of enriched biocathode (referred to herein 

as Inoculum_Biofilm) from phase I MES reactors (i.e., R1 and R2) operated at 10% saline 

synthetic media; and 2) inoculating three new MES reactors (MES 3, MES 4 and MES 5) by 

enriched culture from phase I serum vial (generation 4; Figure 3.1) operated under H2:CO2 

(referred to herein as Inoculum_Culture) and 10% saline synthetic media. All new MES 

reactors were operated under 10% saline synthetic media, except MES 5, which was 

operated at 3.5% salinity to mimic seawater salinity. The rationale for running MES 5 was 

to determine the effect of salinity (10% vs. 3.5%) on microbial community composition 

and product formation. 
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Figure 3. 1. Illustration showing the different enrichment phases. 

3.2.3 MES reactor configuration and operation  

Two chambered H-type cells (Adams and Chittenden Scientific Glass) were used as MES 

reactors. The cathode was made of carbon cloth (3.5 cm width, 6 cm length), and the 

anode was made of carbon cloth (3.5 cm width, 6 cm length) coated with iridium oxide 

(Ir2O) in one side following the protocol of coating metals on carbon material.[31] The 

current collector for both electrodes was titanium wire. An Ag/AgCl reference electrode, 

saturated in 3M NaCl (BASi, USA), was placed between the working electrode (cathode) 

and counter electrode (anode). The anode and cathode chambers were separated by 

Nafion® 117 membrane (Sigma, USA). The collector gasbag (Calibrate, Inc., USA) was 

connected to the headspace of the cathode chamber. The total and working volume of 

each chamber was 150 mL and 125 mL, respectively. Anolyte chamber was filled by 

autoclaved seawater-brine interface solution or synthetic saline media, when the reactors 
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were operated under 25% salinity or 10% salinity, respectively. The cathode was poised 

at ‒1 V vs. Ag/AgCl using multichannel potentiostat (VMP3 Bio Logic). Since HER occurs at 

more negative potentials than ‒0.8 V vs Ag/AgCl at neutral pH using carbon electrodes 

due to high overpotentials, we chose ‒1 V vs. Ag/AgCl to ensure HER at the cathode. 

Current densities were calculated by normalizing the current to the total surface area (42 

cm2) of the cathode. All MES reactors were placed on a stirring bar at 120 rpm and 

operated in a temperature-controlled room (30°C) in the dark. 

The reactors were operated in fed-batch mode and CO2 was injected through the 

electrolyte every five days and the media was changed every 20‒45 days in phase I, 

whereas the media was changed every 12‒15 days of operation in phase II. 

3.2.4 Analytics and calculations 

Gas and electrolyte VFA compositions were analyzed using chromatographic techniques 

as reported earlier.[32, 33] Liquid samples were filtered by 0.2 µm syringe filters and VFAs 

were measured using a high-performance liquid chromatography (HPLC) equipped with 

an Aminex column (an HPX-87H Ion Exclusion column (Bio-Rad Laboratories Inc., 

California, USA), with UV detector (210 nm wavelength) and mobile phase 0.005 M H2SO4. 

The gas composition (H2, N2 and CH4) in both the cathodic chamber headspace and gasbag 

was measured using gas chromatography (GC, model 310C, SRI Instruments, USA) with 

argon as carrier gas. The concentration of CO2 was measured using a separate GC (model 

310C, SRI Instruments, USA) with a helium carrier gas. 
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The performance of the MES was evaluated in terms of cathodic columbic efficiency of 

CO2 reduction to product formation (i.e., CH4 and/or VFAs in mol/m2 cathode/d). The 

calculation of electron mass balance was estimated using columbic efficiency equations 

as previously described.[19, 34, 35] 

3.2.5 Scanning electrons microscopy (SEM) 

Biofilm and suspension samples were soaked in 2% glutaraldehyde solution containing 

phosphate buffer (50 mM, pH 7.0) and stored at 4°C for two days. The samples were 

washed by phosphate buffer, then dehydrated in serial gradual ethanol solutions. The 

samples were fixed on the aluminum metal stub and coated by Pt/Ir for 30 seconds at 25 

mA current (5 nm thickness) using sputter coating apparatus under argon atmosphere. 

Scanning electron micrographs were visualized using Quanta 600 FEG and ZIESS (Merlin -

61-95). 

3.2.6 Energy-dispersive X-ray (EDX) spectroscopy 

The EDX detector on Quanta 600D FEI and ZEISS Merlin 61-95 SEM (accelerating voltage 

20KV and spot-size 6) was switched to determine the elemental composition of the 

cathode surface. Elemental peaks were identified using the built-in software and the 

atomic (At) % of each element was analyzed over the scanned area. 

3.2.7 DNA extraction, library preparation and sequencing 

At the end of phase I and phase II, samples were collected for DNA extraction using the 

standard protocol for FAST DNA Spin kit for Soil (MP Biomedicals, USA) with the 
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subsequent modifications; 500 µL of sample, 480 µL of sodium phosphate buffer and 120 

µL MT buffer were added to a Lysing Matrix E tube. Bead beating was done at a speed of 

6 m/s for 4 x at 40s each.[36] Gel electrophoresis using Tapestation 2200 and genomic DNA 

screentapes (Agilent, USA) were performed to examine product size and purity of a subset 

of DNA extracts. DNA concertation was estimated using Qubit dsDNA HS/BR Assay kit 

(Thermo Fisher Scientific, USA). 

The bacterial and archaeal 16S rRNA gene region V4 sequencing libraries were prepared 

by a custom protocol based on an Illumina protocol and the libraries were paired-end 

sequenced (2x300 bp) on a MiSeq™ (Illumina, USA). Details of library preparation are 

provided in the Supporting Information. 

The shotgun metagenome sequencing library preparation was conducted using a TruSeq® 

Nano DNA LT Library Prep Kit according to manufacturer instructions (Illumina, USA). 

Libraries were quantified and normalized to 10 nM. The libraries were pooled and 

sequenced on HiSeq™ 4000 (Illumina, USA) (2x150bp) paired-end platform at KAUST 

Bioscience Core Laboratory. 

3.2.8 16S rRNA gene library preparation 

The extracted DNA (up to 10 ng) was used as a template for PCR amplification. Each PCR 

reaction (25 µL) consisted of dNTPs (100 µM of each), MgSO4 (1.5 mM), Platinum Taq DNA 

polymerase HF (0.5 U/reaction), Platinum High Fidelity buffer (1X) (Thermo Fisher 

Scientific, USA) and tailed primer mix (400 nM of each forward and reverse primer). PCR 

was run with the following program: Initial denaturation at 95o C for 2 min, 35 cycles of 
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amplification (95oC for 20 s, 50oC for 30 s, 72oC for 60 s) and a final elongation at 72oC for 

5 min. Duplicate PCR reactions were performed for each sample and the duplicates were 

combined after PCR. The forward and reverse tailed primers were designed according to 

Illumina and have primers targeting the Archaea and Bacteria 16S rRNA gene region V4: 

forward primer [515FB] GTGYCAGCMGCCGCGGTAA and reverse primer [806RB] 

GGACTACNVGGGTWTCTAAT.[37] The primer tails enable attachment of Illumina Nextera 

adaptors, which is required for sequencing in a subsequent PCR. The resulting amplicon 

libraries were cleaned by following the standard protocol for Agencourt Ampure XP Beads 

(Beckman Coulter, USA) with a bead to sample ratio of 4:5. DNA was eluted in 25 µL of 

nuclease free water (Qiagen, Germany). DNA concertation was estimated using Qubit 

dsDNA HS/BR Assay kit (Thermo Fisher Scientific, USA). Gel electrophoresis using 

Tapestation 2200 and Genomic DNA screentapes (Agilent, USA) were performed to 

examine product size and purity of a subset of sequencing libraries.  

Sequencing libraries were prepared from the purified amplicon libraries using a second 

PCR. Each PCR reaction (25 µL) contained PCRBIO HiFi buffer (1x), PCRBIO HiFi Polymerase 

(1 U/reaction) (PCRBiosystems, UK), adaptor mix (400 nM of each forward and reverse) 

and up to 10 ng of amplicon library template. PCR was conducted with the following 

program: Initial denaturation at 95oC for 2 min, 8 cycles of amplification (95oC for 20 s, 

55oC for 30 s, 72oC for 60 s) and a final elongation at 72o C for 5 min. The resulting 

sequencing libraries were purified using the standard protocol for Agencourt Ampure XP 

Beads (Beckman Coulter, USA) with a bead to sample ratio of 4:5. DNA was eluted in 25 

µL of nuclease free water (Qiagen, Germany). DNA concentration was measured using 
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Qubit dsDNA HS Assay kit (Thermo Fisher Scientific, USA). Gel electrophoresis using 

Tapestation 2200 and D1000/High sensitivity D1000 screentapes (Agilent, USA) was used 

to validate product size and purity of a subset of sequencing libraries. 

3.2.9 Processing of sequencing data 

Forward and reverse 16S rRNA amplicon reads were trimmed for quality using 

Trimmomatic v. 0.32,[38] with the settings SLIDINGWINDOW:5:3 and MINLEN: 225. The 

trimmed forward and reverse reads were merged using FLASH v. 1.2.7,[39] with the 

settings -m 10 -M 250. The trimmed reads were dereplicated and formatted for use in the 

UPARSE workflow.[40] The dereplicated reads were clustered using the usearch v. 7.0.1090 

-cluster_otus command with default settings. Operational taxonomic unit (OTU) 

abundances were estimated using the usearch v. 7.0.1090 -usearch_global command 

with -id 0.97 -maxaccepts 0 -maxrejects 0. Taxonomy was assigned using the RDP 

classifier,[41] as implemented in the parallel_assign_taxonomy_rdp.py script in  

Quantitative Insights Into Microbial Ecology (QIIME),[42] using –confidence 0.8 and the 

MiDAS database v. 1.23,[43] which is a curated database based on the SILVA database, 

release 123.[44] The statistical analysis were performed in R v. 3.5.0 (R Core Team, 2017) 

through the Rstudio IDE using the ampvis package v.2.3.17.[36] 

The shotgun metagenome sequencing reads obtained in the FASTQ format were 

processed for quality filtering using the Cutadapt package v. 3.7.1.[45] The trimmed reads 

were assembled using SPAdes v. 3.11.1.[46] The sequencing reads were mapped back to 

the assembly using Burrows-Wheeler Aligner [BWA, v. 0.7.15-r1142-dirty; [47]] to generate 
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coverage files for metagenomics binning. The coverage files were converted to the 

sequence alignment/map (SAM) format using samtools version 1.3.1.[48] 

The metagenome-assembled genomes (MAGs) were recovered from assembled scaffolds 

based on sequence composition, differential coverage and read-pair linkage by employing 

the CONCOCT [49] program available within anvi’o software version 5.2.[50] The MAGs were 

refined manually by following the instructions provided on the anvi’o website 

(http://merenlab.org/2016/06/22/anvio-tutorial-v2/ , retrieved on December 2, 2018). 

Completeness and contamination of MAGs were assessed using CheckM v. 1.0.9.[51] 

Subsequently, the MAGs were annotated using Prokka version 1.13.[52] The annotated 

genome assemblies (GFF3 format produced by Prokka) were processed by Roary version 

3.11.2][53] for comparative genome analysis. The MAGs were further annotated with 

GhostKOALA (KEGG Orthology And Links Annotation) annotation tool for K number 

assignment of KEGG GENES [54] and were used for KEGG Mapper to search against KEGG 

pathway maps. Furthermore, the MAGs were classified taxonomically using the protein 

phylogeny in the Genome Taxonomy Database [55] with the gtdbtk software (version 0.1.3) 

using “classify_wf” command. The MAGs and closely related genomes downloaded from 

the National Center for Biotechnology Information (NCBI) were imported in anvi’o to 

create a set of concatenated ribosomal proteins using a set of 49 ribosomal proteins 

collection form.[56] The anvi’o command “anvi-get-sequences-for-hmm-hits” was used 

with –concatenate flag to generate concatenated amino acid sequences. The 

phylogenetic tree was computed by MEGA7 using the concatenated amino acid 
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sequences by applying neighbor-joining statistical method.[57] Branch node support values 

were calculated by performing 1000 bootstrap iterations and using the Poisson model. 

3.2.10 Data availability 

All sequencing data associated with this project are available at NCBI under BioProject 

PRJNA545216. The MAG sequences were submitted to DDBJ/ENA/GenBank. The MAG IDs 

and their accession numbers are given in (Table 3.1). 

Table 3. 1. Characteristics of Metagenome-Assembled Genomes (MAGs). 

MAG ID Taxona 
MAG 
size 
(bp) 

No. 
conti

gs 
N50b Complete

ness (%) 
Contamina

tion (%) 
Accessi

on 

Proteobacteri
a_1 g__Stenotrophomonas 

40718
12 46 1411

37 99.6 0.8 VEMW
01 

Proteobacteri
a_2 g__Methylophaga 

28693
80 31 2214

70 99.6 0.4 VENF0
1 

Firmicutes_3 o__Desulfotomaculales 
42986

74 48 1608
35 99.3 1.0 VENG0

1 
Proteobacteri
a_4 g__Alcanivorax 

35298
75 21 8756

58 99.6 2.0 VENH0
1 

Firmicutes_5 
f__Desulfotomaculacea
e 

31689
88 19 3030

33 100.0 1.9 VENI01 
Proteobacteri
a_6 

s__Sediminimonas 
qiaohouensis 

32233
58 37 1599

04 99.5 0.3 VENJ0
1 

Firmicutes_7 
s__Geosporobacter 
ferrireducens 

56256
43 34 3070

24 99.3 3.0 VENK0
1 

Firmicutes_8 o__Tissierellales 
40849

79 36 2935
81 99.3 3.8 VENL0

1 

Firmicutes_9 o__Halanaerobiales 
41966

02 52 1988
68 99.1 0.9 VENM

01 
Bacteroidota
_10 f__Balneolaceae 

40760
35 99 6231

8 99.7 0.0 VEMX0
1 

Firmicutes_1
1 c__Proteinivoracia 

30896
66 77 7722

3 95.3 0.0 VEMY0
1 

Proteobacteri
a_12 

s__Pseudomonas_A 
stutzeri 

44152
40 91 9715

7 98.7 0.8 VEMZ0
1 

Firmicutes_1
3 o__Tissierellales 

35604
29 87 8144

2 95.6 1.4 VENA0
1 

Proteobacteri
a_14 s__Idiomarina piscisalsi 

23668
69 38 1539

43 92.7 0.9 VENB0
1 

Proteobacteri
a_15 

s__Marinobacter 
adhaerens_A 

42867
48 31 3233

74 97.0 0.0 VENC0
1 
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Firmicutes_1
6 o__Tissierellales 

38300
44 180 3352

3 93.5 3.5 VEND0
1 

Proteobacteri
a_17 g__Marinobacter 

39886
49 62 1537

58 67.6 0.0 VENE0
1 

a The lowest classifiable taxonomy level (c: class, o: order, f: family, g: genus or s: species) 
determined by using the Genome Taxonomy Database (gtdb). 
b The N50 value represents half of the genome contigs that are larger than or equal to this 
contig size. 

3.3 Results 

3.3.1 Long term enrichment in MES (phase I) under cathodic condition 

3.3.1.1 Current densities in R1 and R2 

Cathodic condition in the MES was used as a selective pressure for the enrichment of 

halophilic chemolithoautotrophs from brine solution. MES reactors R1 and R2 showed 

similar behavior in terms of current densities at 25% salinity (Figure 3.2). The reductive 

current density started to increase reaching the highest value (‒0.025 mA/cm2) between 

days 50‒70. Until day 70, the MES contained brine pool solution along with brine pool 

sediment at the cathode chamber to provide more diversity in the microbial inoculum. 

During that period, the reduction of metal ions, which were abundant in the brine pool 

(Table 3.2) and in sediment, most probably also contributed to the cathodic current in 

the MES. After day 70, the sediment was completely removed from the cathode chamber, 

and after 100 days of operation, the current densities in both MES reactors were in 

decreasing trend (minimum ‒0.010 mA/cm2) indicating a decline in the reductive activity 

of the cathode. Lower metal ions present in the catholyte after removing the sediment 

might have contributed to this drop in current consumption. 
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Figure 3. 2. Chronoamperometry profile of phase I. (A) Current density of MES 

reactor R1, which was subjected to three conditions: brine pool solution (25% 

salinity), sterilized brine pool solution (25% salinity) and synthetic saline media 

(10% salinity). (B) Current density of MES reactor R2, which was subjected to two 

conditions: brine pool solution (25% salinity) and synthetic saline media (10% 

salinity). Arrows indicate the time of batch change. The red asterisk on day 150 

indicates when biocathode from R1 was transferred to a new MES reactor 

containing sterile brine pool solution (25% salinity) and a piece of biocathode from 
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R1 was introduced into a serum vial (see Figure 3.1) containing synthetic saline 

media (10% salinity). Also, a piece of biocathode from R1 was taken on day 150 

for SEM. 

Table 3. 2. Chemical characterization of the brine pool interface solution.  

Component Concentration  

Li (ppb) 120.8 

Be (ppb) 1.605 

Na (ppb) 1.54E+08 

Mg (ppb) 2.82E+06 

Al (ppb) 9.174 

K (ppb) 2.66E+06 

Ca (ppb) 6.60E+05 

Sc (ppb) 3.823 

Ti (ppb) 3.716 

V (ppb) 21.26 

Cr (ppb) 42.39 

Mn (ppb) 849.9 

Fe (ppb) 1.73E+03 

Co (ppb) <0.000  

Ni (ppb) <0.000  

Cu (ppb) 130.9 

Zn (ppb) <0.000  

As (ppb) 5.643 

Rb (ppb) 110.4 

Sr (ppb) 5.23E+03 

Ag (ppb) 5.535 

Cd (ppb) <0.000  

Ba (ppb) 14.23 

Pb (ppb) 8.50E-01 

NH4-N(mg/L) 5.6 

NO2-N (mg/L) 0.037 

NO3-N (mg/L) 0.5 

SO4 (mM) 79.22 
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TDS (g/L) 234 

TOC (mg/L) 1.029 

pH 5.85 

 

On day 150, the biocathode from R1 was placed in a new MES reactor containing filter 

(0.2 µm)-sterilized brine pool solution to investigate whether the biofilm on the cathode 

or suspended cells were responsible for current consumption. The current density had an 

increasing trend with sterile brine pool catholyte, but the highest current density 

remained at a similar level as the current densities observed in R2 between 150-180 day. 

The current densities in R1 during the sterile brine batch were at a similar level to the 

previous batches after removing sediment (i.e., day 70-150). These results suggest that 

suspended microorganisms were not responsible for current consumption. In addition, 

there was no visible turbidity in the electrolyte of R1 and R2, further supporting that the 

biological activity of MES was mainly at the biocathode. At the end of the experiment we 

filtered the whole catholyte solution (125 mL) onto 0.22 µm filters for DNA extraction. 

The DNA concentration was below the detection limit and no amplification was detected 

with polymerase chain reaction. 

To test the response of the microbiome at different salinity conditions, we switched the 

MES electrolytes in R1 and R2 to 10% salinity using synthetic saline media. However, to 

determine if lower salinity might affect the performance of biocathodes in R1 and R2, a 

small piece of biocathode was taken from R1 on day 150 to inoculate a serum vial 

containing synthetic saline media (10% salinity) and then subjected to incubation under 
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H2:CO2 (80:20). The results of serum vials (see Figure 5C) showed considerable VFA 

production suggesting that the cathodic biofilm can adapt to lower salinity and the 

electrolytes in R1 and R2 were switched to 10% salinity using synthetic saline media. After 

switching to 10% salinity, the current density in R1 and R2 slightly decreased due to the 

lowering of electrolyte conductivity from 223 mS/cm (brine pool solution) to 105 mS/cm 

(synthetic media). In addition, the brine pool solution was acidic (pH 5.85), whereas the 

pH of the synthetic saline media was neutral. The slight acidity of brine pool solution 

favors the HER, thus more current consumption was observed when the brine pool 

solution was used as catholyte. Similar results were observed in the abiotic control 

reactor, operated under the same conditions as R1 and R2 but with abiotic cathode, 

where higher current density was observed with sterile brine pool (25% salinity) than with 

10% synthetic saline media (Figure 3.3A).  

High amount of ions/metals available in the brine pool solution may affect the current 

demand of MES reactors due to the electrodeposition of metals at the cathode. This was 

confirmed by SEM and EDX spectroscopy analysis (Figure 3.3B) of abiotic cathode 

operated using sterile brine (25% salinity). SEM analysis of the abiotic cathode was taken 

after polarization at ‒1 V vs Ag/AgCl for 15 days. Precipitation of metal ions and deposits 

of salt on the carbon felt (Figure 3.3B inset) were visible, but EDX suggests that the metals 

were mostly precipitated as carbonate form on the cathode. The carbonate forms of 

metals usually do not participate in electrochemical CO2 reduction, suggesting that CO2 

reduction in the MES reactors was mainly due to bioelectrochemical activity. This was 

further supported by the fact that no CH4 or VFA production was observed in the abiotic 
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control reactor and hydrogen production (~2.5 ml H2/day) was the main cathodic 

reaction. Also, the current density in the abiotic reactor (Figure 3.3A) was significantly 

lower (Student’s t-test; p < 0.01) than in MES reactors (Figure 3.2), further supporting that 

biofilm community on the cathode was responsible for additional current consumption 

for CO2 reduction. 
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Figure 3. 3. (A) Current density profile of abiotic MES reactor operated at -1.0 V vs 

Ag/AgCl cathode potential with sterile brine electrolyte (25% salinity) and 

synthetic saline media (10% salinity) as electrolyte. (B) EDX analysis of abiotic 

carbon felt cathode of the control experiment with sterile brine pool solution (25% 

salinity). The inset represents SEM image showing salt deposits on the cathode. 

3.3.1.2 Product formation in R1 and R2 

Hydrogen production was the dominant process at the cathode. The VFAs produced from 

CO2 reduction were very low (< 1 mM) in both 25% (Figure 3.4A) and 10% (Figure 3.4B) 

salinity. The highest observed VFA was propionate (reached 0.6 mM on day 11 and 0.85 

mM on day 40 of a batch) in MES reactors operated under 25% salinity (Figure 3.4A), but 

trace amounts of acetate, valerate and iso-valerate were measured in both 25% and 10% 

salinity. The VFAs produced in MES reactors operated under 25% salinity were mainly 

limited to short chain carbon molecules (Figure 3.4A). 

In a number of batches of MES operation with the replacement of new catholyte, no 

steady accumulation of acetate or any other VFA was observed in the catholyte. However, 

random peaks of VFAs such as acetate, iso-valerate were observed multiple times. Fast 

conversion to other unmeasured organics or product consumption by microbes for 

maintaining their metabolism might have occurred. Oxygen (generated from oxygen 

evolution reaction) intrusion from the anode to the cathode might be another possibility 

for the disappearance of some of the VFAs due to aerobic oxidation by heterotrophs, and 

this process promotes the growth of heterotrophs in the catholyte. Oxygen evolution at 
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the anode occurred in the abiotic reactor operated with 10% synthetic saline media. The 

dissolved oxygen (DO) of anolyte from oxygen evolution reaction was measured at 1.93 

mg/L, while the DO of the catholyte was 1.67 mg/L over 6 days of operation. Detection of 

DO in catholyte over the period of reactor operation implies that DO intrusion may have 

occurred from anolyte to catholyte through the Nafion membrane during the MES 

operation. In MES system, oxygen evolution is the main product of water splitting at the 

anode and oxygen diffusion from the anode to the cathode cannot be avoided using a 

proton exchange membrane such as Nafion. Oxygen diffusion across Nafion membrane 

has already been reported in the literature.[58] Further, typical membranes used in 

bioelectrochemical systems such as Nafion, anion exchange membrane or cation 

exchange membrane allow diffusion of oxygen.[59] 
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Figure 3. 4. Average VFA production of duplicate MES reactors R1 and R2 in phase 

I during a batch of operation with (A) brine pool solution (25% salinity) and (B) 
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synthetic saline media (10% salinity). The data presented in (A) and (B) is based on 

one batch of operation, which is representative of several reproducible batches of 

operation. 

3.3.2 Enrichment of biocathode from phase I in serum vials under H2:CO2 (80:20) 

On day 150, a piece of mature biocathode (Figure 3.5A) from R1 was inoculated into a 

serum vial containing synthetic saline media (10% salinity) and was incubated under 

H2:CO2 (80:20). Bacterial cells and clumps were seen on the SEM images of biomass pellet 

after culturing in H2:CO2 serum vials (Figure 3.5B). Higher production of VFAs, mainly 

formate, acetate and iso-butyrate, was observed in the serum vials (Figure 3.5C) 

compared to MES reactors R1 and R2 operated at 10% salinity (Figure 3.4B). In the first 

12 days of incubation, formate production was observed which reached to slightly higher 

than 1.5 mM and after day 12, formate concentration declined and acetate started to 

appear which reached ~1 mM on day 28. Acetate is the main product of CO2 reduction in 

Wood-Ljungdahl pathways with Formate as an intermediate. In Wood-Ljungdahl 

pathway, formate is first formed as intermediate product of CO2 reduction by formate 

dehydrogenase enzyme.[60] It was apparent that the biocathode in the serum vial culture 

utilized H2 as electron donor and CO2 as electron acceptor as there was no other electron 

donor and acceptor (e.g., O2, sulfate, nitrate or metal ions). Also, during the first 20 days 

of incubation, up to 2.5 mM iso-butyrate was measured in the culture media, possibly due 

to amino acid fermentation occurring from anaerobic degradation of biomass,[61] but it 

was not detected after day 30.  
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Figure 3. 5. (A) SEM image of old biofilm (150 days) on the cathode surface from 

MES reactor R1 (phase I). (B) SEM image of biomass pellet obtained from H2:CO2 

serum vial (phase I) after 60 days of incubation in synthetic saline media (10% 

salinity). (C) VFA production in H2:CO2 serum vial (phase I) with synthetic saline 

media (10% salinity). 
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3.3.3 MES operation in phase II  

In phase II of the experiment, secondary biofilms on new cathodes were established by 

inoculating phase I biocathodes (Inoculum_Biofilm, 10% salinity) into duplicates MES 1 & 

2 (10% salinity) and by inoculating H2:CO2 enriched biomass (Inoculum_Culture, 10% 

salinity) into duplicates MES 3 & 4 (10% salinity) and separately into MES 5 (3.5% salinity). 

The current densities of MES reactors operated with 10% synthetic saline solution 

fluctuated between ‒0.01 and ‒0.05 mA/cm2 (Figure 3.6A & B). Current density in MES 1 

and 2 were slightly higher in phase II (‒0.03±0.02 mA/cm2) than phase I (0.018±0.007 

mA/cm2). There was no considerable difference in current densities between MES 1 & 2 

(Figure 3.6A) and MES 3 & 4 (Figure 3.6B). The MES 5 reactor operated with 3.5% salinity 

showed similar current consumption (‒0.032±0.02 mA/cm2) (Figure 3.6C) as MES 3 & 4 

operated with 10% salinity. Based on the current density profiles, it can be inferred that 

the mode of inoculation (i.e., using previously enriched biocathode or enriched culture in 

serum vial) did not affect the current profile in MES. 

 

Figure 3. 6. Chronoamperometry data during phase II of operation for (A) MES 

reactors (MES 1 and 2) inoculated with enriched biocathode from phase I MES 
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reactors (i.e., R1 and R2) and operated using synthetic saline media (10% salinity), 

(B) MES reactors (MES 3 and 4) inoculated with enriched culture from H2:CO2 

serum vial (phase I) and operated using synthetic saline media (10% salinity), and 

(C) MES reactor 5 inoculated with enriched culture from H2:CO2 serum vial (phase 

I) and operated using synthetic saline media (3.5% salinity).  

The VFA concentrations profile in phase II was distinct from phase I, since a product 

accumulation trend was noticeable. Also, selectivity of the product generated, mainly 

acetate with formate as an intermediate, was observed in phase II (Figure 3.7). In a 

representative 15 day’s batch operation, the accumulation of formate and acetate was 

observed in MES 1 & 2 (Figure 3.7A) as well as MES 3 &4 (Figure 3.7B). In MES 1 & 2, 

acetate concentration reached ~1 mM in 15 days (Figure 3.7A) whereas in MES 3 & 4, 

acetate concentration was slightly higher than 0.6 mM after 15 days of batch operation 

but at the same time, formate concentration was slightly higher than 0.6 mM (Figure 

3.7B). It should be noted that hydrogen evolution at the cathode was prominent at ‒1 V 

vs Ag/AgCl cathode potential. 

Remarkably, the concentrations of VFAs increased in MES 5, which was operated at 3.5% 

salinity with acetate concentration during a batch reaching ~4 mM (Figure 3.7B). 

Hydrogen gas, formate, and acetate were accounted as the main products in MES 5 at ‒1 

V vs Ag/AgCl imposed cathode. The hydrogen measured in the headspace of MES reactors 

in mmole electron equivalent was 12.01 for MES 1 and 2, 9.85 for MES 3 and 4, and 10.50 

for MES 5 during the 15 days of operation. These results suggest that VFA production from 
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CO2 reduction appeared to be more compatible at 3.5% salinity. When the salinity 

decreased from 25% to 10% and further down to 3.5%, VFA production was enhanced, 

possibly due to increased solubility of CO2 with decrease in the salinity of the media. At 

the same time, the salinity stress for the biocathode community was also reduced. These 

factors could have promoted the accumulation of products in the catholyte from CO2 

reduction. Based on the products formation (Figure 3.7), hydrogen production, and 

current densities (Figure 3.6), the coulombic efficiency (CE) for MES 1 & 2 (10% salinity), 

MES 3 & 4 (10% salinity), and MES 5 (3.5% salinity) was 63%, 72% and 86%, respectively. 

Overall, VFAs production and accumulation was more pronounced in phase II than phase 

I of MES operation due to the enrichment of a CO2 reducing microbial community. 
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Figure 3. 7. Average short-chained VFAs concentrations in MES reactors during 

phase II of operation. (A) average of duplicate MES reactors (MES 1 and 2) 

inoculated with enriched biocathode from phase I MES reactors (i.e., R1 and R2) 

and operated using synthetic saline media (10% salinity), (B) average of duplicate 

MES reactors (MES 3 and 4) inoculated with enriched culture from H2:CO2 serum 

vial (phase I) and operated with 10% using synthetic saline media (10% salinity), 

and (C) average of two batches for MES reactor (MES 5) inoculated with enriched 

culture from H2:CO2 serum vial (phase I) and operated using synthetic saline 

media (3.5% salinity). The data in (A) and (B) is based on one batch of operation, 

which is representative of several reproducible batches of operation. 

3.3.4 Biocathode microbial community composition in phase I and II  

A heatmap of the top 25 OTUs of each sample in phase I with relative abundance ≥ 0.1% 

is presented in Figure 3.8. There was a shift in brine pool microbial community with the 
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adaptation towards CO2 reducing cathodic environment of MES reactors (R1 and R2) and 

also after H2:CO2 [80:20] (control 1) cultivation. The brine pool sediment inoculum was 

predominated by the candidate phylum Acetothermia (24%) and the order MSBL1 

(Mediterranean Sea Brine Lakes 1) (17.3%), which belongs to the phylum Euryarchaeota. 

Acetothermia is one of the groups that have been detected in hypersaline environments 

[62] and its capability of acetogenesis via Wood-Ljungdahl (reductive Acetyl-CoA) pathway 

of CO2 fixation was predicted by genome-resolved metagenomic analysis.[63] The 

presence of Acetothermia in the Red Sea brine pool suggests acetogenic lifestyle in these 

environments. MSBL1 was previously described from other Red Sea brine pools.[64] A long-

term enrichment of brine pool community in MES resulted in the disappearance of 

Acetothermia & MSBL1 with Proteobacteria and Firmicutes becoming dominant phyla in 

the MES reactors (Figure 3.8). This shift in the brine pool community composition 

occurred due to the selective pressure of the cathodic environment in the MES reactors. 

Similarly, Acetothermia and MSBL1 from the original brine pool significantly decreased in 

relative abundance when incubated in serum vial under H2:CO2 (control 1). Firmicutes 

were significantly enriched under H2:CO2 (control 1) and 25% salinity with 

Selenihalanaerobacter (phylum Firmicutes, order Halanaerobiales) accounting for 74.5% 

of the total reads. 

Proteobacteria was the dominant phylum at the biocathode of R1 and R2 operated at 

25% salinity (brine pool) and later at 10% salinity (synthetic saline media). In MES reactor 

R1 operated with brine pool as electrolyte (i.e., R1_B in Figure 3.8), the dominant genus 

was Marinobacter (6.9% of sequence reads) which reached 22.9% in synthetic saline 
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media (R1_S in Figure 3.8). Likewise, the genus Marinobacter was dominant member at 

the biocathode of MES reactor R2 with relative abundance of 54.3% using brine pool as 

electrolyte (R2_B in Figure 3.8) and 22.3% using saline synthetic media (R2_S in Figure 

3.8). Firmicutes was the second dominant phylum in the MES reactors with obligate 

anaerobes belonging to the order Clostridiales_OTU_8 (6.5% in R1_B and 13.2% in R2_B) 

and genus Halanaerobium (14.3% in R2_B and 11.8% in R2_S). 

 

Figure 3. 8. Heatmap distribution of the 25 most abundant phylotypes across all 

samples in phase I (see Figure 3.1). The taxa level shown on the left-hand side 

represents the phyla while on the right-hand side represents the lowest 

classification level possible (u: unclassified, c: class, o: order, f: family, or g: genus). 
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The scale in the bottom right represents relative abundance (%) of reads. B refers 

to brine pool and S refers to synthetic saline media. 

 

For further microbial community characterization, metagenome-assembled genome 

approach was used to extract seventeen high-quality draft genomes or MAGs (Table 3.1) 

from the different samples in phase II, including the inoculum sources from phase I that 

were used for seeding the MES reactors in phase II. The recovered 17 population genomes 

accounted for 87±4% of the quality filtered sequence reads, indicating that the 

sequencing depth was sufficient to obtain a comprehensive insight of the microbial 

community structure in these systems. Hereafter, we will refer to these 17 organisms by 

their phyla and a number as MAG IDs mentioned in Table 3.1. The genome sequences in 

the MES reactors belonged to two main phyla: Proteobacteria and Firmicutes (Figure 3.9). 

A heatmap representation of the relative abundance of the 17 MAGs is presented in 

Figure 3.9A. The taxonomic affiliation of the genome bins revealed that 

Proteobacteria_15 was the dominant bin (46±7% of total reads) in all the MES reactors 

(Figure 3.9A) and based on the phylogenomic tree (Figure 3.9B) this bin was found to be 

closely related (96.6% nucleotide-level genomic similarity) to Marinobacter adhaerens. 

An average nucleotide identity (ANI) cutoff score > 95% suggests that a given pair of 

genomes belongs to the same species.[65] In the current study, ANI was calculated using 

ANI calculator (http://enve-omics.ce.gatech.edu/ani/index). Proteobacteria_14 (97.7% 

nucleotide-level genomic similarity to Idiomarina piscisalsi) was the second dominant bin 
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(20±8% of total reads) in MES reactors operated at 10% salinity. In contrast, 

Proteobacteria_12 (97.8% nucleotide-level genomic similarity to Pseudomonas A stutzeri) 

was the second dominant bin (22% of total reads) after Marinobacter in MES 5 operated 

at 3.5% salinity. In phase II of MES operation, the biocathode community in all the MES 

reactors showed increase in the relative abundance of Proteobacteria_15 compared to 

the inocula from phase I (i.e., Inoculum_Biofilm and Inoculum_Culture) that were used to 

seed these reactors (Figure 3.9A). In contrast, Proteobacteria_17 (95.8% nucleotide-level 

genomic similarity to M. adhaerens) decreased in relative abundance compared to the 

inocula. The inoculum source (i.e., Inoculum_Biofilm) for MES 1 & 2 had high relative 

abundance (50%) of Proteobacteria_6 (97.4% nucleotide-level genomic similarity to 

Sediminimonas qiaohouensis), Proteobacteria_15 (15%) and Proteobacteria_17 (15%), 

whereas the inoculum source (Inoculum_Culture) for MES 3 to 5 had high relative 

abundance of Proteobacteria_17 (19%), Firmicutes_3 (50%), Firmicutes_5 (8%) and 

Firmicutes_9 (13%). 

Both amplicon sequencing and metagenomic analysis showed that members of the genus 

Marinobacter were dominant at the biocathode of MES. The high relative abundance of 

Proteobacteria_15 (most closely related to M. adhaerens) in MES 3 to 5 (47±5% of total 

reads) compared to serum vial Inoculum_Culture (0.64% of total reads) suggests some 

role of cathodic environment in their enrichment. No significant change in biocathode 

Proteobacteria composition was observed when comparing biofilm inoculated MES 

reactors (MES 1 & 2) with serum vial biomass inoculated MES reactors (MES 3 & 4), 
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suggesting that both inoculum sources converged to similar Proteobacteria community 

due to the strong selective pressure of the cathodic environment in MES.  

As for Firmicutes, their relative abundance was significantly higher in Inoculum_Culture 

and MES 3 to 5 compared to Inoculum_Biofilm and MES 1 & 2. The biocathode community 

in MES 5 (3.5% salinity), which showed the highest acetate production (Figure 3.7C), had 

the highest relative abundance of Firmicutes (23% of total reads) compared to MES 1 to 

4 operated at 10% salinity, with Firmicutes_7 (99.6% nucleotide-level genomic similarity 

to Geosporobacter ferrireducens) being the dominant (18%) Firmicutes (Figure 3.9). 

Firmicutes_7 was not detected in Inoculum_Culture, Inoculum_Biofilm and MES reactors 

operated at 10% salinity (i.e., MES 1 to 4). It should be noted that the majority of genomes 

belonging to Firmicutes in the current study represent novel Firmicutes with no cultured 

or sequenced representatives (Figure 3.9), emphasizing the lack of knowledge on the 

microbial community of Firmicutes in these hypersaline environments.  
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(A) 
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Figure 3. 9. (A) Relative abundance heatmap plot of MAGs. The taxa level shown 

on the left-hand side represents the phyla while on the right-hand side represents 

the lowest classification level possible (u: unclassified, c: class, o: order, f: family, 

or g: genus). (B) Neighbor-joining phylogenetic tree showing the evolutionary 

(B) 
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relationship between the seventeen recovered MAGs and closely related 

genomes downloaded from the NCBI genome repository. The tree includes MAGs 

(shown in bold text) recovered from the different samples. Gene bank accession 

numbers of the genomes are provided in parenthesis. Branch node numbers 

represent bootstrap support values and the bootstrap consensus inferred from 

1000 iterations.  

 

3.3.5 Presence of genes encoding enzymes for CO2 fixation pathways, hydrogenases, 

and formate dehydrogenases  

Since members of the genus Marinobacter are heterotrophs (unable to fix CO2) [66] and 

amplicon sequencing and metagenomics revealed that they are the dominant members 

at the biocathode (Figure 3.8 and Figure 3.9) where no other carbon source was provided 

other than CO2, we screened the MAGs of other members in the biocathode for the 

presence of genes encoding enzymes for CO2 fixation pathways: Wood-Ljundahl pathway, 

reductive citric acid cycle, 3-hydroxypropionate bicycle, hydroxypropionate-

hydroxybutyrate cycle, and dicarboxylate-hydroxybutyrate cycle. Of the different CO2 

fixation pathways, we only detected marker genes encoding enzymes of a complete 

Wood-Ljundahl pathway, including genes encoding for formyl-tetrahydrofolate ligase, 

which catalyzes the activation of formate utilizing ATP, methylene-tetrahydrofolate 

dehydrogenase/methenyl-tetrahydrofolate cyclohydrolase, 5,10-methylene-

tetrahydrofolate reductase, 5-methy-tetrahydrofolate corrinoid/iron sulfur protein 
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methyltransferase, acetyl-CoA synthase, carbon-monoxide dehydrogenase, and CO 

dehydrogenase/acetyl-CoA synthase (CODH/ACS).[67] Genes for complete Wood-Ljundahl 

pathway were mainly detected in 4 (Firmicutes_3, Firmicutes_7, Firmicutes_13 and 

Firmicutes_16) out of the 17 MAGs (Figure 3.10). The presence of Firmicutes_7, 

Firmicutes_13 and Firmicutes_16 at the biocathode suggests that Marinobacter sp. most 

probably received fixed carbon through the activity of acetogenic Firmicutes. Based on 

genomic data we predict that these Firmicutes were mainly using the poised cathode 

directly or indirectly via H2 generated from the HER as the electron donor for driving the 

reductive Wood-Ljundahl pathway because of the presence of genes encoding for 

hydrogenases in their genomes, such as [NiFeSe]-hydrogenase.[68, 69] Further, the 

presence of genes encoding for formate dehydrogenases and formate transporter in 

these Firmicutes suggest their capability of using formate as electron donor [67] and 

possibly mediating formate-dependent uptake of electrons from the cathode.[68, 70]  
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Figure 3. 10. Metabolic comparison of the seventeen recovered MAGs with well-

known homoacetogens and several closely related Marinobacter genomes. 

Marker genes involved in the biochemical CO2 fixation pathway (Wood–Ljungdahl 

pathway), hydrogenases and formate dehydrogenase in the different genomes 

were presented as presence (colored) and absence (blank). These genes were 

presented here with annotation and KEGG Orthology (KO) identifiers (or K 

numbers). Gene bank accession numbers of the reference genomes are provided 

in parenthesis.  
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3.4 Discussion 

The use of brine pool solution (25% salinity) as electrolyte in MES reactors during the 

initial enrichment in phase I was intended to mimic the natural brine pool environment 

as much as possible with the same micronutrients, salinity and metal ions. Since microbial 

density is, in general, low in brine pools,[13] a long-term enrichment in MES mode was 

adopted to allow acclimation of brine pool microbial community to autotrophic and 

cathodic condition. In succeeding stages of MES operation, the brine pool solution was 

replaced with synthetic saline media (10% salinity) to eliminate the probable influence of 

metals from the original brine to act as electron acceptors. The production of acetate 

(Figure 3.7) in the MES reactors at 10% salinity, with no other carbon source other than 

CO2 and H2 or cathode as the sole electron donor, suggests homoacetogenic activity of 

biocathode community. Lowering the salinity from 10% to 3.5% increased the 

concentration of acetate and formate in MES 5 (Figure 3.7C). This increase in 

homoacetogeneis at 3.5% salinity could be due to the increase in CO2 dissolution and at 

the same time, reduction of salinity stress on homoacetogens. Life at haloalkaline 

conditions is energetically costly, and therefore, extreme haloalkaliphiles could hardly 

produce metabolites.[26] Energy conservation at high salinity may limit the VFA production 

from CO2 reduction in homoacetogens. At high salinity, microbes produce organic 

compatible solutes, also known as osmoprotectants, such as ectoine, glycine, betaine or 

have high intracellular K+ concentrations,[71] that can help bacteria to provide the 

necessary osmotic balance under high saline condition. Acetate and HCO3
- assimilation to 

produce ectoine for osmotic adaptation was also reported in haloextremophiles.[72, 73] In 
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homoacetogens, acetyl-CoA formed from CO2 reduction is converted to acetate during 

catabolism and the same acetyl-CoA is converted to cell carbon during anabolism.[1] Thus, 

it is expected that cell biomass production be more dominant than acetate production in 

the MES reactors operated at high salinity (25 and 10%). Interestingly, Firmicutes_7 

(closely related to G. ferrireducens) was only detected in MES 5 (3.5% salinity), seeded 

with the same inoculum (Incoculum_Culture) as MES 3 and MES 4, which were operated 

at 10% salinity. G. ferrireducens is a known halophilic homoacetogen [74] and it has been 

reported that G. ferrireducens does not require NaCl for its growth and can grow up to 4 

% (w/v) NaCl.[75] This could explain why Firmicutes_7 was significantly enriched after the 

salinity was lowered to 3.5% (seawater salinity) in MES 5 biocathode, supporting the high 

acetate production. In contrast, Marinobacter sp. (closely related to M. adhaerens) 

remained equally abundant at 10% and 3.5% salinity. M. adhaerens can tolerate a wide 

range of saline conditions (0.5-20%).[76] It should be noted that methanogens were not 

detected in the MES reactors and serum vials in both phases of operation and there was 

no detection of CH4 suggesting that the environmental conditions in the cathode were 

not suitable for their enrichment.  

The concentrations of acetate was higher in the serum vials operated under H2:CO2 

(80:20) and 10% salinity (Figure 3.5C) compared to MES reactors operated at 10% salinity 

(Figure 3.7A and B). Using carbon cloth as cathode material, the current densities 

recorded in the MES reactors were low (Figure 3.2 and Figure 3.6) even at ‒1 V vs Ag/AgCl. 

This obviously relates to the low production of H2 via HER resulting in the low production 

of VFAs from CO2 reduction by acetogenic Firmicutes. In contrast, H2 was abundant in the 



 

 

132 

serum vials. Improved cathode material for HER is required to increase the product yield 

under saline conditions. Furthermore, CO2 dissolution is expected to be low under highly 

saline solutions.[77] Lower dissolved CO2 affects the microbial CO2 reduction and also can 

limit the proton availability (carbonic acid formation) thereby affecting the HER rate. 

Incubation in serum vials under H2:CO2 (80:20) environment enhances the growth of CO2 

reducers and can lead to an increase in their biomass density. However, the microbial 

communities become H2-dependent and may not acquire any electrical interaction with 

the cathode. This limitation can be eliminated by directly enriching the community at the 

cathode of MES. The electrically poised cathode in MES can provide multiple route of 

electron transfer (through direct uptake from cathode and/or through H2 produced by 

HER at the cathode surface). Moreover, MES cathode environment may create a niche 

environment to select for cathode-driven homoacetogenic lifestyle and electrochemically 

active bacteria. Using the same inoculum source (brine pool sediment and solution), 

different microbial communities were enriched under MES environment compared to 

incubation in serum vials (control 1) under H2:CO2 (80:20) and 25% salinity. Marinobacter 

sp. (closely related to M. adhaerens) was the dominant biocathode community detected 

in the MES reactors (Figure 3.8), whereas the genera Selenihalanaerobacter and 

Halanaerobium from the phylum Firmicutes (order Halanaerobiales) were dominant in 

H2:CO2 serum vials. The order Halanaerobiales contains halophilic anaerobes with 

fermentative or homoacetogenic metabolism.[78] The enrichments of homoacetogens 

belonging to the phylum Firmicutes in H2:CO2 serum vial culture were mostly reported 

from non-saline sources.[79] Marinobacter sp. remained dominant at the biocathode of 



 

 

133 

MES reactors after replacing the brine pool solution (25% salinity) with synthetic saline 

media (10% salinity) (Figure 3.8). Predominance of Marinobacter sp. in the biocathode 

was continued in phase II of MES operation at 10% and 3.5% salinity (Figure 3.9). The high 

enrichment of Marinobacter sp. in MES reactors and their lack of enrichment in the serum 

vials (control 1) under H2:CO2 (80:20) suggest some role of cathodic environment in their 

enrichment, which is discussed further below. It should be noted that the microbial 

community composition of Firmicutes enriched in the serum vial (Inoculum_Culture) 

under H2:CO2 (80:20) in phase I was different from the composition of Firmicutes enriched 

at the biocathode of MES in phase II (Figure 3.9), also suggesting some role of cathodic 

environment in their enrichment.  

Marinobacter spp. are considered “biogeochemical opportunitrophs” [80] because they 

have the ability to utilize a wide variety of substrates and are versatile in respiration 

modes; they could be aerobic or facultative anaerobe depending on the strain.[81] They 

have the ability to shift their metabolic activity in the presence of O2 gradient and also, 

they can reduce nitrate presumably to nitrite and several species have been reported to 

utilize nitrate as an electron acceptor.[81, 82] Fermentation of glucose in the presence of 

nitrate was observed in Marinobacter spp..[83] Likewise, iron oxidation capability of 

Marinobacter spp. has been reported.[80] Their abundance at the anode [84-86] and cathode 

[87-91] biofilm consortium in bioelectrochemical systems (BES) was also been reported. 

Recently, Marinobacter atlanticus CP1 was reported to be the dominant member of the 

biocathode community in Microbial fuel cell (MFC) with CO2 as the only carbon source 

and no electron donor other than the poised cathode.[87, 89] The authors hypothesized 
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that “Candidatus Tenderia electrophaga”, an electroautotroph, catalyze the electron 

transfer from the cathode to oxygen and CO2 for growth. “Ca. Tenderia electrophaga” 

fixes CO2 through the Calvin-Bensen-Bassham cycle and M. atlanticus CP1 presumably 

receives fixed carbon from “Ca. Tenderia electrophaga”. In the current study, we 

proposed based on genome-resolved metagenomic analysis and electrochemical data a 

hypothetical model of metabolic interactions at the biocathode biofilm in MES with no 

added carbon other than CO2 and poised cathode as the primary electron donor (Figure 

3.11). We hypothesized that the biocathode biofilm was fixing CO2 through the activity of 

Firmicutes to support the growth of Marinobacter sp. The cathode was used as the 

electron donor, directly or indirectly via H2, to support the growth of homoacetogens 

(phylum Firmicutes) by reducing CO2 to acetate as the catabolic end product, which was 

then utilized by Marinobacter sp. and other aerobic heterotrophs for growth through 

aerobic respiration. The finding that Marinobacter can live in close association with 

homoacetogens in ex-situ condition is a unique finding and was attained only through 

enrichment in MES biocathode. This finding suggests that in environments that are limited 

with organics, Marinobacter spp. can thrive with homoacetogens which can provide them 

with fixed carbon.  

The presence of Marinobacter spp. in the anode and cathode biofilm of BES suggest some 

electrochemical interaction between Marinobacter spp. and electrodes. The genomes of 

Marinobacter spp. (Proteobacteria_15 and Proteobacteria_17) revealed the presence of 

genes for multiheme c-type cytochromes that may participate in extracellular electron 

transfer (EET), however, they do not contain large multiheme c-type cytochromes similar 
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to the ones present in known electrochemically active bacteria like Geobacter 

sulfurreduces and Shewanella oneidensis MR1.[66] Recently, it was demonstrated that M. 

atlanticus CP1 biofilms can generate very low level of anodic and cathodic current in BES 

fed with oxygenated seawater medium supplemented with succinate as carbon and 

electron donor source, suggesting its ability to perform EET.[66] Addition of redox-active 

species such as riboflavin or excess trace minerals resulted in an increase in current 

production indicating that soluble redox mediators can facilitate EET in M. atlanticus CP1. 

Future studies are needed to better understand the EET mechanism in Marinobacter spp. 
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Figure 3. 11. Schematic of the potential metabolic interactions of the cathodic 

community with CO2 as the only carbon source provided and the cathode as the 

primary electron donor. These metabolic interactions were inferred based on 

genome-resolved metagenomic analysis and electrochemical data. In the 

schematic electrons are taken from the cathode to generate H2 abiotically through 

the hydrogen evolution reaction. Homoacetogens from the phylum Firmicutes 

utilize the abiotic H2 via hydrogenases as a source of electron donor for driving the 

reductive Wood-Ljundahl pathway for CO2 fixation to acetate. Marinobacter sp. 

+ - 
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utilize the fixed carbon (acetate) as their electron donor and carbon source using 

oxygen that diffuses from the anode as the electron acceptor.  

3.5 Conclusions 

Our study provided evidence for the enrichment of Marinobacter sp. and halophilic 

homoacetogens at the biocathode of MES system using Red Sea brine pool as inoculum. 

Here we demonstrated that with no carbon source other than CO2, and with poised 

cathode as the main electron donor, Marinobacter sp. was the dominant biocathode 

community in MES. Their dominance at the cathode was possible due the presence of O2 

(electron acceptor) escaping from the anode to the cathode and fixed CO2 (carbon and 

energy source) from the activity of homoacetogenic Firmicutes, which utilized the poised 

cathode as electron donor to reduce CO2 to acetate. These findings obtained using MES 

system might have important implications for how Marinobacter spp. may interact with 

CO2 fixing bacteria such as homoacetogens in natural saline environments under organic-

carbon limiting conditions. 
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ABSTRACT 

Microbial inocula from marine origins are less explored for CO2 reduction in microbial 

electrosynthesis (MES) system, although effective CO2–fixing communities in marine 

environments are well-documented. We explored natural saline habitats, mainly salt 

marsh (SM) and mangrove (M) sediments, as potential inoculum sources for enriching 

salt-tolerant CO2 reducing community using two enrichment strategies: H2:CO2 (80:20) 

enrichment in serum vials and enrichment in cathode chamber of MES reactors operated 

at –1.0 V vs. Ag/AgCl. Porous ceramic hollow tube wrapped with carbon cloth was used 

as cathode and for direct CO2 delivery to CO2 reducing communities growing on the 

cathode surface. Methanogenesis was dominant in both the M- and SM-seeded MES and 

the methanogenic Archaea Methanococcus was the most dominant genus. Methane 

production was slightly higher in the SM-seeded MES (4.9±1.7 mmol) compared to the M-

seeded MES (3.8±1.1 mmol). In contrast, acetate production was almost two times higher 

in the M-seeded MES (3.1±0.9 mmol) than SM-seeded MES (1.5±1.3 mmol). The high 

relative abundance of the genus Acetobacterium in the M-seeded serum vials correlates 

with the high acetate production obtained. The different enrichment strategies affected 

the community composition, though the communities in MES reactors and serum vials 

were performing similar functions (methanogenesis and acetogenesis). Despite similar 

operating conditions, the microbial community composition of M-seeded serum vials and 

MES reactors differed from the SM-seeded serum vials and MES reactors, supporting the 

importance of inoculum source in the evolution of CO2-reducing microbial communities. 
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4.1 Introduction  

Microbial electrosynthesis (MES) is an emerging technology in the field of 

bioelectrochemical systems (BES).[1] It is mainly applied for converting CO2 to methane 

and/or multi-carbon commodities [2-4] by employing biocatalysts (microbes), which use 

the reducing equivalents (indirectly or directly as hydrogen) generated by the cathode for 

CO2 reduction. Numerous studies have been conducted to evaluate the performance of 

MES and to optimize the system.[5-10] These studies were conducted using non-saline 

electrolytes. High ionic conductivity of the electrolyte decreases the internal resistance in 

BES that otherwise remains high in low conductivity electrolyte. For example, power 

density in a microbial fuel cell (MFC), which is a type of BES, was improved by 85% due to 

the reduction in internal resistance by increasing NaCl concentration from 5.8 to 23.4 

g/L.[11] Further, hydrogen production in commercial alkaline water electrolysers requires 

addition of KOH at 33% concentration (pH above 14) to reach a conductivity of 60 Sm-1.[12-

14] Therefore, using saline electrolyte (e.g., seawater) can be beneficial for the 

development of MES as seawater is abundant and can be used as highly conductive 

electrolyte to reduce ohmic resistance[4]. However, implementing MES under saline 

conditions requires first the enrichment of efficient chemolithoautotrophic CO2 fixing 

communities that can function under saline conditions. Most studies in MES have been 

conducted using pure or mixed-culture anaerobic inocula obtained from non-saline 

environments.[15, 16] Microbial inocula from marine origins are less explored for CO2 

reduction in MES. Recently, we examined the performance and the microbial interactions 

at the cathode of MES operated under hypersaline conditions (salinity of 25% and 10%) 
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using brine pool sediment and interface electrolyte as a source of inoculum.[17] Product 

formation was low at high salinity (salinity of 25% and 10%), and when the salinity was 

reduced to 3.5%, CO2 reduction to acetate by halotolerant homoacetogens was 

enhanced.[17] These findings inspired us to explore other natural and easily accessible 

saline environments as inocula sources to operate MES system at 3.5% salinity, which is 

the typical salinity of seawater.  

Salt marsh sediments and mangrove sediments are rich in microbial diversity and 

are easily accessible saline environments, thus making them suitable inocula sources for 

MES. Further, exploring these environments as potential inocula sources for enriching 

salt-tolerant chemolithoautotrophic CO2 fixing communities in MES under the selective 

pressure of the cathode will bring new insights on MES biocatalysts for CO2 reduction.  

Proper microbial enrichment strategies and well-designed cathode configurations 

are needed to ensure enrichment of robust communities and high yield production in 

MES.[6, 8, 18] Typically, CO2 fixing communities are enriched in serum vials by providing H2 

(electron donor) along with CO2 in the headspace. In MES, the cathode acts as the 

electron donor for chemolithoautotrophic CO2 fixing communities by providing electrons 

either directly or indirectly through H2 generated from the hydrogen evolution reaction 

(HER). To ensure proper cathode design and effective CO2 supply, dual-functional metal-

based hollow fiber cathodes were used in previous studies to produce CH4 [5] and acetate 

[7] from CO2 in MES systems. The dual-functional hollow fiber cathodes served as both a 

cathode as well as a porous membrane for direct delivery CO2 to chemolithoautotrophs 

growing on the surface of the cathode to minimize CO2 mass transfer limitation in MES.[5, 
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7] However, metal-based dual-functional hollow fiber cathodes are not suitable for saline 

environment applications because of corrosion and leaching of metals into the solution. 

Furthermore, the fabrication of these cathodes at large scale is not easy.[19, 20] An 

alternative to metal hollow fiber cathodes is to use porous ceramic hollow tube 

membranes, which are resistant to harsh environments. However, ceramic membranes 

are electrically nonconductive, and therefore, cheap and easy methods are needed to 

render them catalytic and electrically conductive.   

Therefore, the objectives of this study were to: i) explore mangrove and salt marsh 

sediments as potential inocula sources for enriching salt-tolerant chemolithoautotrophic 

CO2 fixing communities in MES operated at 3.5% salinity, and ii) explore for the first time 

the use of porous ceramic hollow tube wrapped with carbon cloth to function as a non-

corrosive cathode for HER and porous membrane for direct delivery of CO2 to 

chemolithoautotrophic CO2 fixing communities. We also evaluated two enrichment 

strategies for selecting salt-tolerant chemolithoautotrophic CO2 fixing communities from 

mangrove and salt marsh sediments as inocula. In the first strategy, we electrically 

polarized the dual-functional ceramic hollow tubular cathodes in MES reactors with CO2 

pumped through the cathode to the electrolyte. In the second strategy, we provided H2 

along with CO2 in the headspace of serum vials. We compared the two enrichment 

strategies in terms of the established microbial community structure and product 

formation rates and selectivity. 
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4.2 Materials and Methods 

4.2.1 Inoculum source and chemical characterization 

Salt marsh (SM) sediments were collected from Yanbu 1 (24.073606N, 38.081317E), 

Yanbu 2 (24.075230N, 38.081508E), and from Thuwal (22.272686N, 39.088871E) located 

on the shore of the Red Sea. Yanbu and Thuwal sediment samples were combined to 

represent the SM inoculum. Mangrove (M) sediments were collected from the King 

Abdullah Monument area (22.3256N and 39.1007E) at King Abdullah University of Science 

and Technology. The sediments were collected using 50 mL sampling tubes and sealed in 

an anaerobic airbag and immediately stored at 4oC.  

The metal concentrations in the sediments were measured using an inductively coupled 

plasma optical emission spectrometer (ICP-OES) (Optima 8300, Perkin Elmer), as 

previously described.[21] The total organic carbon (TOC) concentration in the sediment 

was measured using an on-line TOC analyzer (TOC-VCSH, Shimadzu) as previously 

described.[21] The total dissolved solids (TDS), conductivity, and pH were measured using 

a WTW Multi 3320 meter (WTW, Germany). The concentrations of sulfate, nitrite nitrogen 

(NO2
--N), ammonium-nitrogen (NH4

+-N), and total nitrogen (TN) were measured using 

HACH Kits (HACH, CO, USA) following the manufacturer’s instructions. 

4.2.2 Enrichment Strategies  

Two enrichment strategies were used in this experiment using SM or M as inoculum 

sources (Table 4.1). For each type of inoculum source (i.e., SM or M), triplicate serum vials 

and triplicate MES reactors were operated in parallel. The inocula mixtures were prepared 

by adding ~200 g of wet sediment (SM or M) into 1200 mL of homoacetogen media (as 
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described below) in a 1:6 ratio and dispensed into the MES reactors and serum vials. 

Transfer of culture was adopted in the serum vial enrichments after each batch (10 days 

of incubation to match the batch duration in MES), where 5 ml of suspension was 

transferred into a new serum vial containing 40 ml of fresh media till batch 6. The serum 

vials were incubated at 30oC with H2:CO2 (80:20) in the headspace.  

The media for enrichment was prepared according to Patil et al.[18] and the composition 

of salts was adjusted to meet the salinity (3.5%) of Red Sea water. The media contained 

13 g NaCl, 1.03 g KCl, 2.5 g NaHCO3, 0.25g NH4Cl, 0.20 g KH2PO4, 0.089 g NaBr, 0.02g 

B(OH)3, 0.085 g KOH, 15.9 g MgCl2.6H2O, 1.92 g CaCl2.2H2O, 0.026 g SrCl2.6H2O, 0.1 g yeast 

extract, 1 ml trace element, 10 mL vitamin solution, and 1 mL of selenite-tungstate 

solution; all dissolved in a total final volume of 1 L distilled water. The trace element 

solution (SL_10), vitamins, and selenite-tungstate solution were prepared as described in 

Sporomusa Ovata DSMZ growth medium (DSMZ 311).[9, 22] Carbon sources (like betaine 

or casitone) and possible electron acceptors (such as sulfide and cysteine) were omitted 

from the media. The media was sterilized by autoclaving. The same saline homoacetogen 

medium was also used as the catholyte in MES. 

Table 4. 1. Experimental strategies followed in the study 

  
Enrichment methods 

MES reactors Serum vials 

Number of 

batches 

6 batches with pumping of CO2 

through the cathode 

6 batches  
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Batch 

Duration 

10 days  10 days  

Mode of 

operation  

Triplicate reactors operated in 

CO2 fed-batch mode; applied 

potential of –1.0 V vs. Ag/AgCl; 

100% CO2; 30°C 

Triplicate serum vials with 

H2:CO2 (80:20) in headspace with 

~10% culture transfer to a new 

batch; 30°C 

 
 

4.2.3 Cathode configuration  

Plain carbon cloth (11 cm width, 10 cm length) cathodes were wrapped around the porous 

ceramic hollow tube membranes (TAMI Industries, France) (Figure 4.1A). This cathode 

configuration was intended to facilitate the delivery of CO2 through the pores of the 

ceramic hollow tube to the biofilm growing on the surface of carbon cloth. The ceramic 

hollow tube membrane was made of TiO2 and ZrO2 (TAMI, France) with an inner diameter 

of 6 mm, outer diameter of 10 mm, and pore size diameter of 1.40 µm. The ceramic 

hollow tube was sealed at one end to direct the CO2 flow through the pores of the ceramic 

hollow tube. Special epoxy concrete was applied to block the bottom of the hollow 

membrane, and a fitting septum was inserted to close the end. Epoxy glue and Teflon 

tape were used to seal the end properly. The other end of the ceramic hollow tube was 

inserted into a silicone tube, and the border was sealed with epoxy glue and packed with 

heat shrinking tape. The silicone tube was connected to the CO2 inlet line. Titanium (Ti) 

wire as a current collector was sewed along the vertical mid-symmetry line of the carbon 

cloth. Then the whole carbon cloth (11 cm × 10 cm = 110 cm2) was wrapped around the 
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ceramic hollow membrane in three layers, and it was then tightened using two plastic 

cable ties at the top and the bottom of the cathode. 

 

Figure 4. 1 (A) cathode with carbon cloth wrapped around a ceramic hollow tube 

used in MES reactor for direct delivery of CO2 to the biofilm growing on the surface 

of the carbon cloth, (B) photograph of H-type MES reactor, (C) MES cell connected 

to the CO2 gasbag that circulated through a peristaltic pump. 

 

4.2.4 MES reactor construction and operation  

Two chambered H-type cells (Adams and Chittenden Scientific Glass) were used as MES 

reactors (Figure 4.1B). The anode and cathode chambers were separated by Nafion® 117 
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membrane (Sigma, USA). The total and working volume of each chamber was 350 mL and 

300 mL, respectively. The cathodes were assembled, as mentioned above. The anodes 

were made of titanium plates (2.5 cm width, 9 cm length) (KunshanTengerhui Electric 

Tech Co. Ltd, Japan), and coated with 20 nm iridium oxide (Ir2O) on each side.[23] The 

current collector for both electrodes was Ti wire. An Ag/AgCl reference electrode, 

saturated in 3M NaCl (BASi, USA), was placed between the working electrode (cathode) 

and counter electrode (anode). Oxygen evolution (2H2O à O2 + 4H+ + 4e-) and/or chlorine 

evolution (2Cl-à Cl2 + 2e-) reactions are expected to occur at the anode as counter 

reactions in saline electrolyte. The resistance between the current collector and the 

carbon cloth was 1 Ω. The resistance of the Ti wire and the titanium plate (anode) was 0.4 

Ω. A gasbag (~5 L) (Calibrate, Inc., USA) filled with 100% CO2 was connected to the gas 

inlet of the cathode (ceramic hollow membrane), and the gas outlet at the headspace of 

the cathode chamber was connected back to the gasbag. The anolyte chamber was filled 

with artificial seawater consisting of (8.4 g/L) NaHCO3, (26.6 g/L) NaCl, and the pH was 

adjusted by adding NaOH (2 g/L) to reach alkaline pH 9-10. The total salinity (3.5%) of the 

anolyte solution was similar to the catholyte solution to avoid osmosis gradient. The 

cathode was poised at –1.0 V vs. Ag/AgCl using a multichannel potentiostat (VMP3 

BioLogic). Current densities were calculated by normalizing the current to the projected 

surface area (110 cm2) of the cathode. All MES reactors were provided with a magnetic 

stirring bar, rotated at 120 rpm, and operated in a dark temperature-controlled room 

(30°C). The abiotic reactors were constructed and operated similarly as biotic MES 
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reactors except that the media was sterilized by autoclaving, and filtering through 0.2 um 

filters.  

A peristaltic pump with multi-channels was used to actively pump CO2 from the 5-L CO2 

gasbag to the reactors and then to recirculate the headspace gas. To ensure proper CO2 

gas flow from the cathode, 12 mL/min flow rate was used for effective pumping and 

recirculating CO2 gas in the cathode chamber.  

 

4.2.5 Chemical analysis and calculations 

Gas and electrolyte volatile fatty acid (VFA) composition were analyzed using 

chromatographic techniques as reported elsewhere.[24, 25] Liquid samples were filtered 

through 0.2 µm syringe filters and VFAs were measured using high-performance liquid 

chromatography (HPLC) equipped with an Aminex HPX-87H column (Bio-Rad Laboratories 

Inc., California, USA), with a UV detector (210 nm wavelength) and mobile phase 0.005 M 

H2SO4.  

The gas composition (H2, N2, and CH4) in both the cathodic chamber headspace and 

gasbag was analyzed using gas chromatography (GC) (model 310C; SRI Instruments, USA) 

with argon as a carrier gas. The concentration of CO2 was measured using a separate GC 

(model 310C, SRI Instruments, USA) with a helium carrier gas. 

The performance of the MES reactors was evaluated in terms of products formed (i.e., 

CH4 and/or VFAs in mmol) and cathodic columbic efficiency (CCE) of CO2 reduction to 

products. The calculation of electron mass balance was estimated using columbic 

efficiency equations as previously described.[5-7, 18] The mole electron equivalent in 

(A) (B) 
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products and the cathodic columbic efficiency (CCE) of CO2 reduction to products were 

calculated as follows: 

Mole electron equivalent in H2 = 2 × nH2, mole electron equivalent in CH4 = 8 × nCH4 and 

mole electron equivalents in acetate = 8 × nacetate. 

n	(mol) = !"
#$

         Equation (1) 

CCE	(H-)% = &!"×-.

∫ 012#
#$%

× 100       Equation (2) 

CCE	(CH5)% = &&!'×3.

∫ 012#
#$%

× 100      Equation (3) 

CCE	(acetate)% = &*+,#*#,	×	3.

∫ 012#
#$%

× 100     Equation (4) 

where nH2 and nCH4 are the number of moles of hydrogen and methane, p is gas pressure 

(1 atm), V is the volume of H2 or CH4 in L, which were calculated from the GC gas 

composition measurement, T is the temperature (298 K) and R is the gas constant 

(0.08206 L atm K-1 mol-1). The nacetate is the number of moles of acetate produced 

calculated from the acetate measured by HPLC. I is the current (A) and F is Faraday’s 

constant F=96485 C mol-1. 

4.2.6 Scanning electrons microscopy  

Biofilm samples for scanning electron microscope (SEM) were soaked in 2% 

glutaraldehyde solution containing phosphate buffer (50 mM, pH 7.0) and stored at 4°C 

for two days. The samples were washed with phosphate buffer, then dehydrated in serial 

gradual ethanol solutions. The samples were fixed on an aluminum metal stub and 

sputter-coated with Pt/Ir using Quorum Q300RT sputter coating apparatus (Quorum 
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Technologies Ltd, UK) for 30 seconds at 25 mA current under argon atmosphere. Scanning 

electron micrographs were obtained using FEI Quanta 600 FEG SEM (FEI Company, USA).  

4.2.7 DNA Extraction, library preparation, and sequencing  

At the end of the experiment, samples were collected for DNA extraction using standard 

protocol for FAST DNA Spin kit for Soil (MP Biomedicals, USA) with the subsequent 

modifications; 500 µL of the sample, 480 µL of sodium phosphate buffer and 120 µL MT 

buffer were added to a Lysing Matrix E tube. Bead beating was completed at a speed of 6 

m/s for 4 times at 40 sec each.[26] DNA concertation was estimated using Qubit dsDNA 

HS/BR Assay kit (Thermo Fisher Scientific, USA).  

The 16S rRNA gene region sequencing libraries were prepared using a customized Illumina 

protocol. The extracted DNA (up to 10 ng) was used as a template for PCR amplification. 

Each PCR reaction (25 µL) consisted of dNTPs (100 µM of each), MgSO4 (1.5 mM), 

Platinum Taq DNA polymerase HF (0.5 U/reaction), Platinum High Fidelity buffer (1X) 

(Thermo Fisher Scientific, USA) and tailed primer mix (400 nM of each forward and 

reverse primer). PCR was run with the following program: initial denaturation at 95o C for 

2 min, 35 cycles of amplification (95 oC for 20 s, 50 oC for 30 s, 72 °C for 60 s), and final 

elongation at 72 °C for 5 min. Duplicate PCR reactions were performed for each sample, 

and the duplicates were combined after PCR. The forward and reverse tailed primers were 

designed according to Illumina and have primers targeting the Archaea and Bacteria 16S 

rRNA gene region V4: forward primer [515FB] GTGYCAGCMGCCGCGGTAA and reverse 

primer [806RB] GGACTACNVGGGTWTCTAAT.[27] The primer tails enable attachment of 

Illumina Nextera adaptors, which is required for sequencing in a subsequent PCR. The 
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resulting amplicon libraries were cleaned by following the standard protocol for 

Agencourt Ampure XP Beads (Beckman Coulter, USA) with a bead to sample ratio of 4:5. 

DNA was eluted in 25 µL of nuclease free water (Qiagen, Germany).  

Sequencing libraries were prepared from the purified amplicon libraries using a second 

PCR. Each PCR reaction (25 µL) contained PCRBIO HiFi buffer (1x), PCRBIO HiFi Polymerase 

(1 U/reaction) (PCRBiosystems, UK), adaptor mix (400 nM of each forward and reverse) 

and up to 10 ng of amplicon library template. PCR was conducted with the following 

program: initial denaturation at 95oC for 2 min, 8 cycles of amplification (95 oC for 20 s, 

55 oC for 30 s, 72 oC for 60 s), and final elongation at 72o C for 5 min. The resulting 

sequencing libraries were purified using the standard protocol for Agencourt Ampure XP 

Beads (Beckman Coulter, USA) with a bead to sample ratio of 4:5. DNA was eluted in 25 

µL of nuclease free water (Qiagen, Germany). DNA concentration was measured using 

Qubit dsDNA HS Assay kit (Thermo Fisher Scientific, USA). Gel electrophoresis using 

Tapestation 2200 and D1000/High sensitivity D1000 ScreenTapes (Agilent, USA) was used 

to validate product size and purity of a subset of sequencing libraries. The libraries were 

paired-end sequenced (2x300 bp) on a MiSeq™ (Illumina, USA). All raw sequencing data 

associated with this study are available at the National Center for Biotechnology 

Information (NCBI) under BioProject PRJNA631224. 

4.2.8 Processing of amplicon sequencing data 

Forward and reverse 16S rRNA amplicon reads were trimmed for quality using 

Trimmomatic v. 0.32,[28] with the settings SLIDINGWINDOW:5:3 and MINLEN: 225. The 

trimmed forward and reverse reads were merged using FLASH v. 1.2.7,[29] with the 
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settings -m 10 -M 250. The trimmed reads were dereplicated and formatted for use in the 

UPARSE workflow.[30] 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 (version 7.0.1090)-usearch_global 

command with -id 0.97 -maxaccepts 0 -maxrejects 0. Taxonomy was assigned using the 

RDP classifier,[31] as implemented in the parallel_assign_taxonomy_rdp.py script in 

QIIME,[32] using –confidence 0.8 and the MiDAS database v. 1.23,[33] which is a curated 

database based on the SILVA database, release 123.[34] The statistical analyses were 

performed in R v. 3.5.0 (R Core Team, 2017) through the Rstudio IDE using the ampvis 

package v.2.3.17.[26] Principal coordinates analysis (PCoA) was performed based on 

Weighted UniFrac distance matrix to compare the overall microbial composition in all 

samples. 

4.3 Results and Discussion 

4.3.1 Enrichment in serum vials under H2:CO2 (80:20) 

Two sediment sources (SM and M) were used as inocula for enriching CO2 fixing microbial 

community. The salinity of the SM sediment (~19%) was almost 5 times higher than the 

M sediment (Table 4.2). Organic contamination from the inoculum was minimal due to 

the low TOC content in both inoculum sources (Table 4.2). High concentrations of Ca, Na, 

Fe, and Mg were measured in the M and SM sediments. Serum vials inoculated with M or 

SM sediments showed the production of acetate and methane (Figure 4.2) when H2:CO2 

(80:20) was provided in the headspace over six batches of serial transfers (Table 4.1). In 

the first batch (10 days) with M inoculum, 1.5 ± 0.1 mmol of acetate and 0.5 ± 0.2 mmol 
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of methane was produced at room temperature and atmospheric pressure (Figure 4.2A). 

In the second batch with M inoculum, acetate production decreased to 1 ± 0.4 mmol, and 

the production of methane increased to 1.2 ± 0.4 mmol. In batches 3 and 4, similar 

quantities of acetate were detected as in batch 2 whereas methane production decreased 

and remained close to 0.4 ± 0.1 mmol. In batch 6, methane production increased to 1.2 ± 

1 mmol. Overall, the average acetate production was 1.2 ± 0.2 mmol and methane 

production was 0.7 ± 0.4 mmol in a batch. In the case of SM inoculated serum vials, an 

average of 0.2 ± 0.1 mmol for acetate was produced in each batch, but methane 

production started from batch 3 onwards, and increased to 0.9 ± 0.7 mmol in batch 4, 

then decreased to 0.4 ± 0.2 mmol in batch 5 and 6 (Figure 4.2B). Methane production was 

slightly higher than acetate in SM vials.  

Despite the detection of both methane and acetate in M and SM inoculated serum vials, 

the product profiles were different. Overall, methane and acetate productions in SM 

inoculated vials were relatively lower than in M inoculated vials. Such differences might 

be due to differences in the microbial communities between the M and SM-seeded serum 

vials, which are further discussed in section 4.3.4. 

Table 4. 2. Chemical Composition of the salt marsh (SM) and mangrove (M) 

sediments 

Parameter Unit SM (Yanbu+ Thuwal) M  

TOC  Ppm 74.50 4.25 

Li(7) Ppm 10.99 4.88 
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Be(9) Ppm 0.66 0.35 

Mg(24) Ppm 13592.82 10109.14 

Al(27) Ppm 15427.68 9670.78 

K(39) Ppm 4452.24 2102.34 

Ca(44) Ppm 37439.29 132402.93 

Na Ppm 64759.85 7156.92 

Ti(47) Ppm 2274.02 1033.28 

V(51) Ppm 58.39 39.99 

Cr(53) Ppm 44.93 33.85 

Mn(55) Ppm 300.46 172.12 

Fe(56) Ppm 19427.95 12136.94 

Co(59) Ppm 7.08 4.88 

Ni(60) Ppm 16.80 13.50 

Cu(63) Ppm 20.26 10.58 

Zn(66) Ppm 43.95 29.29 

As(75) Ppm 8.61 12.62 

Se(78) Ppm 0.89 0.69 

Rb(85) Ppm 10.06 4.81 

Zr(90) Ppm 17.78 7.24 

Mo(95) Ppm 1.10 0.91 

Pd(105) Ppm 0.66 1.53 
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Ag(107) Ppm 0.46 0.39 

Cd(111) Ppm 0.19 0.10 

In(115) Ppm 0.20 0.18 

Sn(118) Ppm 0.85 0.36 

Sb(121) Ppm 0.34 0.24 

Ba(137) Ppm 43.21 25.04 

W(184) Ppm 0.54 0.48 

Pt(195) Ppm 0.13 0.12 

Hg(202) Ppm 0.28 0.25 

Tl(205) Ppm 0.28 0.28 

Pb(208) Ppm 3.14 1.69 

U(238) Ppm 1.36 1.30 

SO4
-2 mg/L 2670 1210 

NH4
+ mg/L 0.88 2.91 

NO2
- mg/L 0 0 

TN mg/L 43.70 79.00 

Conductivity mS/cm 190.75 37.03 

TDS g/L 191.25 37.10 
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Figure 4. 2. Products obtained (mainly acetate and methane) in triplicate serum 

vials operated under H2:CO2 (80:20) using (A) M sediment and (B) SM sediment as 

inoculum source. Values represent the average of triplicate serum vials for each 

inoculum.  

 

4.3.2 Amperometry for abiotic MES reactors operated under direct vs indirect CO2 

delivery 

Initial tests were conducted in abiotic MES reactors to determine the effect of direct vs 

indirect CO2 delivery on cathodic current density and HER. The abiotic control MES 
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reactors with direct CO2 pumping through the dual-functional cathode showed an 

average reductive current density of –0.03 mA/cm2 (here, ‘–’ sign in current densities is 

indicative of reduction current) at –1.0 V vs Ag/AgCl (Figure 4.3), with H2 production of 

3.0 ± 0.3 mmol in 7 days. When the abiotic MES reactors were switched to indirect CO2 

supply (passively through headspace), the current density decreased to –0.015 mA/cm2 

at –1.0 V vs Ag/AgCl cathode potential (Figure 4.3) and 1.5 ± 0.7 mmol of H2 gas was 

produced in 7 days. Higher current densities and hydrogen production suggest that the 

cathode configuration with direct CO2 supply was more favorable to the cathodic HER. 

This is possible because the pH at the surface of the cathode, which could not be 

measured in the current MES configuration, can become acidic with CO2 dissolution (CO2 

+ H2O à H2CO3 à H+ + HCO3
- and ) under direct CO2 pumping through the dual-functional 

cathode, which favors the HER (2H+ + 2e- à H2) since more protons are available and it 

reduces or eliminate pH-related concentration overpotentials as the equilibrium potential 

is highly dependent on the pH (Eo
 H2,pH  = -0.059 × pH).[5, 35] 
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Figure 4. 3. Current density profiles in triplicate abiotic control MES reactors 

during direct CO2 delivery through the pores of ceramic hollow tube membrane 

cathode and indirectly by passive CO2 delivery from headspace. 

4.3.3 Performance of M and SM inoculated MES reactors 

Microbes at the surface of the electrically poised cathode in MES can uptake electrons 

directly from the cathode and/or through abiotic H2 produced by HER at the cathode 

surface. Triplicate MES reactors inoculated with M (M1, M2, and M3) or SM sediment 

(SM1, SM2, and SM3) showed higher current density peaks (almost 6.5 times higher) than 

the abiotic control MES reactor when the cathode was operated at an imposed potential 

of –1.0 V vs Ag/AgCl (Figure 4.4). In the abiotic MES reactor, on average 11 ± 4 mmol 

electron equivalents of H2 was produced in a batch which corresponds to a CCE of 77 ±21 

% (Table 4.3). The mmol electron equivalent of hydrogen (only product) in the abiotic 

MES was lower than the mmol electron equivalent of products (hydrogen, methane and 

acetate) obtained in the biotic MES reactors. This indicates that the biofilm on the 

cathode surface played an important role in catalyzing CO2 reduction, possibly by taking 

electrons directly from the cathode and/or facilitating abiotic H2 generation by HER at the 

cathode surface.[36] 

Table 4. 3. Products formed (in mmol electron equivalent) and cathodic Coulombic 

efficiencies (CCE) at the cathode of Mangrove (M) MES reactors and abiotic 

reactor 

 
 

MES 

 
 

Batch # 

mmol electron equivalent in products 
(mmol e-) 

 
 

CCE % Hydrogen Methane Acetate 
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M1 Batch 1 0.49 23.80 12.29 66.81  
Batch 2 1.33 40.25 6.19 70.82  
Batch 3 0.01 46.04 9.24 125.23  
Batch 4 0.01 44.70 4.70 115.86  
Batch 5 0.00 37.11 1.78 92.24  
Batch 6 0.00 50.42 4.18 104.22 

M2 Batch 1 0.01 30.27 17.45 61.33  
Batch 2 0.00 3.55 45.29 65.03  
Batch 3 0.02 37.17 25.56 73.69  
Batch 4 0.63 11.02 48.24 61.54  
Batch 5 0.08 7.35 75.48 80.32  
Batch 6 0.01 38.22 47.74 90.44 

Abiotic Batch 1 8.94 - - 100.11 
 Batch 2 18.90 - - 96.63 
 Batch 3 7.92 - - 54.16 
 Batch 4 9.46 - - 58.40 
 Batch 5 10.07 - - 77.75 

M3 is not included due to gas leakage issues in the reactor 

The current density profiles were similar between the two sets of MES reactors (Figure 

4.4), and similar reproducible current densities were obtained in repeated batches. The 

first batch of operation in the M MES reactors showed an increasing trend in current 

density (–0.1 to –0.15 mA/cm2) for the initial 3 to 5 days and then decreasing to –0.04 ± 

0.01 mA/cm2 by the end of the batch. Similarly, the SM MES reactors showed a gradual 

increase in current densities (–0.13 to –0.18 mA/cm2) in the first 4 days of batch 1 and 

then decreasing to –0.08 ± 0.02 mA/cm2 at the end of the batch. Similarly, from batch 2 

to 5, high current densities (between –0.12 to –0.16 mA/cm2) were recorded at the start 

of the batch for the two sets of MES reactors, which slowly decreased to reach to the 

lowest current densities (between –0.05 to –0.025 mA/cm2) at the end of each batch. A 
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decline in current density at the end of each batch for all the MES reactors indicates a 

slow decrease in the reductive activity of the cathode, which was revived with the 

replenishment of fresh catholyte in a subsequent batch. Slightly higher current densities 

were obtained in the SM inoculated MES reactors than the M inoculated MES reactors 

and current densities were slightly increasing over subsequent batches in SM1, SM2, and 

SM3.  

 

Figure 4. 4. Current density profiles obtained in six consecutive batches of 

operation for (A) M inoculated MES reactors and (B) SM inoculated MES reactors. 

The profile of current density in the abiotic control operated under direct CO2 

delivery is also provided for comparison.  

In all biotic MES reactors, the volume of CO2 provided in the gasbag decreased after each 

batch of operation due to pH buffering and microbially catalyzed CO2 reduction. The pH 

profile of the catholyte over time within a batch when CO2 was pumped directly through 

the dual-functional cathode and when CO2 was supplied in the headspace are shown in 

(Figure 4.5). In both sets of MES reactors (i.e., M and SM inoculated reactors), the 

production of acetate and methane was observed in all the batches except for batch 1 of 
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the SM MES reactors where only acetate was produced (Figure 4.6). Hydrogen was also 

produced in the biotic MES reactors, but at much lower quantities than what was 

produced abiotically due to the consumption of H2 by chemolithoautotrophs for the CO2 

reduction reaction.[37, 38] 

 

Figure 4. 5. pH variation in MES reactors during (A) batch 5 with pumping of CO2 

directly through the cathode, and (B) a batch with passive diffusion of CO2 from 

headspace.  

 
The M MES reactors produced on average 3.8 ± 1.1 mmol of methane and 3.1 ± 0.9 mmol 

of acetate in a batch. Reactor M3 was excluded from the calculation of the average 

methane and acetate production due to gas leakage issues in the reactor. High methane 

production was observed in batch 3 (5.2 ± 0.5 mmol), but it decreased in batches 4 and 5 

and then increased to reach the highest value in batch 6 (5.5 ± 0.8 mmol) (Figure 4.6A). 

In M1, the production of methane in mmol electron equivalent was more pronounced at 

almost 6 times higher than acetate in all six batches. In contrast, relatively more acetate 
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was produced than methane in batch 2 and from batch 4 to batch 6 of M2 MES reactor 

(Table 4.3). On average, acetate production in M2 was 2 folds higher (in mmol electron 

equivalent) than methane production. The average total amount of products (methane + 

acetate) in M2 was almost 1.4 times higher than M1 (Table 4.3); notably, current densities 

in M2 were also more than double that of M1. Even though the amount of products (in 

mmol electron equivalent) recorded in all the batches of M2 reactor was higher than M1, 

the average CCE for production of acetate, methane, and hydrogen together was lower 

in M2 (72 ± 12 %) compared to M1 (96 ± 24 %) suggesting more losses to unknown 

electron sinks. It should be noted that in few batches (batches 3, 4 and 6 of M1), the CCE 

was > 100%. The CCE >100% was not attributed to cathode corrosion since carbon cloth 

was used as cathode, and electrochemical corrosion is not feasible with carbon materials 

at the set cathode potential (-1.0 V vs Ag/AgCl) applied in this study. This was supported 

by the abiotic MES reactors where the CCE did not exceed 100%. It is possible that CCE > 

100% was due to endogenous decay leading to production of acetate and hydrogen 

through fermentation process. This was supported by the presence of fermenters 

belonging to Firmicutes in the biofilm (see section 4.3.4). 

In the case of the SM MES reactors, the average methane production was 4.9 ± 1.7 mmol 

in a batch, which was slightly (1.3 times) higher than in the M-seeded MES reactors. 

Methane production started from batch 2 onwards and was highest (7.0 ± 0.6 mmol) in 

batch 4 and then stabilized in the following batches (Figure 4.6B). The overall average 

acetate production was 1.5 ± 1.3 mmol, which is almost 2 times lower than M-seeded 

MES reactors. The acetate production increased in consecutive batches from batch 1 to 
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batch 3, reaching a maximum of 4.4 ± 3.3 mmol in batch 3 and then declined considerably 

in subsequent batches. Overall, methane production was dominant over acetate 

production during the batch operation of SM MES reactors and became more pronounced 

from batch 4 onwards. Around 7 times higher mmol electron equivalent went to methane 

production than acetate production in batches 4 to 6 (Table 4.4). The CCE for the 

production of acetate, methane and hydrogen in a batch at peak performance (average 

from batches 4 to 6) was 98 ± 25% for SM1 (lower current density reactor), 58 ± 6% for 

SM2 & 63 ± 11% for SM3 (higher current density reactors) (Table 4.4). These results were 

consistent with the M-seeded MECs where more losses to unknown electron sinks were 

observed at higher current densities.  
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Figure 4. 6. Average products formed (in mmol) in the cathode of (A) M MES 

reactors and (B) SM MES reactors over six consecutive batches. 

Table 4. 4. Products formed (in mmol electron equivalent) and cathodic Coulombic 

efficiencies (CCE) at the cathode of salt marsh (SM) MES reactors  

  
MES 

  
Batch # 

mmol electron equivalent in 
products (mmole e-) 

CCE % 

Hydrogen Methane Acetate 
SM1 Batch 1 12.46 0.00 6.48 42.74  

Batch 2 0.00 31.15 6.00 89.41  
Batch 3 0.19 47.83 8.66 124.46  
Batch 4 0.06 51.25 1.73 98.82 
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Batch 5 0.00 32.35 2.38 73.08  
Batch 6 8.09 49.35 4.32 122.66 

SM2 Batch 1 44.07 0.00 0.82 52.53  
Batch 2 50.25 0.12 8.23 69.98  
Batch 3 0.00 2.18 71.86 70.47  
Batch 4 0.02 62.70 3.22 60.51  
Batch 5 0.00 69.81 0.36 62.94  
Batch 6 0.01 32.56 11.45 51.43 

SM3 Batch 1 5.56 0.00 6.29 13.23  
Batch 2 0.03 21.22 16.92 60.45  
Batch 3 0.02 42.01 25.10 74.70  
Batch 4 0.02 55.41 9.84 63.34  
Batch 5 0.11 40.15 12.55 51.03 

  Batch 6 7.80 55.18 17.62 74.08 
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Overall, methane and acetate were produced at the cathode of MES with both M and SM 

inoculum. Methane production increased after several batches of MES operation. This 

indicates that the microbial communities were adapting towards methane production in 

long-term enrichment when the electric potential of ‒1.0 V vs Ag/AgCl was applied 

continuously with continuous CO2 availability. Acetogenesis and methanogenesis were 

occurring at comparable rates in M-seeded MES reactors. In contrast, methane 

production was dominant in SM-seeded MES reactors than M-seeded MES reactors. 

These variations in product generation rates and product specificities between the two 

sets of MES reactors could be due to differences in the origin of each inoculum which 

resulted in differences in the microbial community composition (see section 4. 3.4) on the 

cathode surface despite similar operating conditions.  

SEM images of M and SM inoculated MES cathodes revealed biofilm formation on the 

carbon cloth cathodes after six batches of operation at ‒1.0 V vs Ag/AgCl (Figure 4.7). 

Also, SEM images of the abiotic cathode after batch 6 of operation was provided where 

no microbial cells were visible (Figure 4.7A).  
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Figure 4. 7. SEM images of carbon cloth at different magnifications for (A) abiotic 

control, (B) M inoculated MES, and (C) SM inoculated MES showing microbial cells 

and salt precipitates on carbon fibers. 

 
4.3.4 Microbial community analyses  

Based on the PCoA plot, the serum vial microbial communities were clustered separately 

from the MES cathode biofilms (Figure 4.8A) regardless of the inoculum source. This 

difference in microbial community composition suggests that the MES cathode 

environment, with continuous poised potential of ‒1.0 V vs Ag/AgCl and continuous CO2 

availability, provided a specific niche for the enrichment of a different community 

compared to cultivation in serum vials under H2:CO2 (80:20). In the serum vials, H2:CO2 in 

the headspace is the main environmental factor shaping the microbial community. In 
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contrast, multiple processes occurring simultaneously such as hydrogen evolution 

reaction, metal ion reductions, diffusion of substrate and ions, interaction of redox 

shuttles from microbial origin, microbial CO2 reduction, local pH changes, etc. can shape 

the biofilm microbial community at the cathode of MES. Such conditions at the cathode 

may create specific selective pressure on microbial communities during enrichment in 

MES cathode compared to serum vial. Further, these processes can create different 

micro-environments at the cathode-biofilm interface. Variations in local 

microenvironment at the biocathode of MFC was studied with respect to OH- and oxygen 

transport at the cathode biofilm.[39] Similarly, microaerophilic microenvironment at MFC 

biocathode stimulated the production of polyhydroxyalkanoates at the biocathode.[40] 
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Figure 4. 8. Principal coordinates analysis (PCoA) was performed based on 

Weighted UniFrac distance matrix for (A) all samples, (B) biofilm samples on 

cathode, and (C) serum vial samples. 

The PCoA plots also revealed that the microbial community in the M-seeded MES reactors 

were clustered separately from the SM-seeded MES reactors despite similar operating 

conditions (Figure 4.8B). Similarly, the microbial community in the M-seeded serum vials 

were clustered separately from the SM-seeded serum vials (Figure 4.8C). Dissimilarity in 

the evolved microbial communities at the cathode was also reported in microbial 

electrolysis cell (MEC) using two inoculum sources: anaerobic bog and anaerobic digester 

sludge.[41] The dissimilarity was more obvious in the bacterial community, whereas the 

archaeal community was dominated by Methanobacterium and Methanobrevibacter 

regardless of the inoculum source.[41] 

The difference in the relative abundance and the presence/absence of genera 

between the different samples including the inoculum can be seen in a heatmap of the 

25 most abundant genera (Figure 4.9). Both serum vial under H2:CO2 and MES cathode 

with direct CO2 delivery resulted in the enrichment of microbial communities that are 

distinct from the original inoculum sources. The original microbial community shifted 

significantly after H2:CO2 (80:20) cultivation in serum vials and MES cathode. For example, 

genera belonging to methanogenic archaea (Methanococcus, Methanoculleus, 

Methanobacterium) and Firmicutes (Acetobacterium and an unclassified genera 

belonging to class BRH-c20a_OTU_2) were found to be highly enriched on cathode 

biofilms as well as serum vial cultures despite their absence in the inoculum (Figure 4.9). 
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Figure 4. 9. The 25 most abundant genera obtained for M and SM inocula, MES 

biofilm, and the serum vial samples. If no genus-level classification could be 

obtained, the lowest assigned taxonomic classification (c: class; f: family) is given. 

The phylum-level classification is provided for each genus. 

 

Methanococcus was the most abundant genus in the biofilm of both the M (~18% of 

sequence reads on average) and SM (~23% of sequence reads on average) seeded MES 

reactors. The high abundance of Methanococcus in M and SM biofilms may be linked to 

the high methane production in the respective MES reactors. The same genus was 
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abundant in the M-seeded serum vial samples (~23% of sequence reads on average) but 

was not detected in the SM-seeded serum vials. In the SM-seeded serum vials, 

Methanobacterium was the dominant methanogen with nearly 50% of the total reads. As 

an exception, Methanosarcina was abundant up to 5.1% of the total reads in SM vial 3 

instead of Methanobacterium, but it was not presented within the top 25 abundant OTUs 

(Figure 4.9). Methanobacterium was also detected at high abundance in M biofilm 1, but 

it was not detected in M biofilm 2 and all SM biofilm samples. Members of the genus 

Methanococcus and Methanobacterium can produce CH4 from H2/CO2 or formate.[42-44] 

Methanococcus maripaludis was reported to reduce CO2 to methane at MES cathode.[45] 

Some species of Methanococcus possess 70 archaeal flagella, named as archaellum.[46] 

Archaellum was found to be electrically conductive in Methanospirillum hungatei while 

reducing CO2 to methane.[47] The enrichment of Methanococcus in the biocathode from 

M and SM inoculum can be of interest for future studies to explore the ability to accept 

electrons directly from the cathode for CO2 reduction. Also, it has been reported that cell-

derived enzymes, such as hydrogenases and presumably formate dehydrogenases, 

facilitated electron uptake in members of Methanococcus.[48] Methanoculleus was mainly 

enriched in MES biofilms inoculated with SM sediments (Figure 4.9). Methanoculleus spp. 

were also reported to generate methane through hydrogenotrophic methanogenesis.[49] 

The detection of these methanogens (i.e., Methanococcus, Methanoculleus and 

Methanobacterium) in the MES reactors and serum vials suggest that methane 

production was mainly through hydrogenotrophic methanogenesis.  
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The relative abundance of the genus Acetobacterium belonging to the phylum Firmicutes 

was much higher in the M-seeded MES reactors than SM-seeded MES reactors, and it was 

not detected in the serum samples inoculated with SM sediment. Members of this genus 

are homoacetogens (i.e., generate acetate from H2 and CO2).[50] This could explain the 

higher acetate production in M-seeded MES reactors and serum vials compared to the 

SM-seeded MES reactors and serum vials (Figure 4.2 and 4.6). Variation in the relative 

abundance of Acetobacterium within the triplicate M-seeded MES reactors was high, 

particularly, the relative abundance of Acetobacterium in M biofilm 2 was 36% compared 

to <10 % in M biofilm 1 and 3. This difference can also explain the higher production of 

acetate in M2 MES reactor than M1 (see electron equivalent of acetate in Table 4.3). The 

relative abundance of other members belonging to the phylum Firmicutes (class BRH-

c20a_OTU_2, Bacillus, Terrisporobacter, Tepidibacter, and Fusibacter) also varied 

between the M-seeded MES/serum vials and SM-seeded MES/serum vials (Figure 4.9), 

which further explains the variation in acetate production between M and SM-seeded 

vials (Figure 4.2) and M and SM-seeded MES reactors (Figure 4.6).  

The difference in the microbial community between the M and SM seeded MES reactors 

and serum vials (Figure 4.8 and Figure 4.9) support the importance of the inoculum 

source in the evolution of microbial communities in the serum vials and MES reactors. 

The two inoculum sources were selected from two saline environments that varied in 

their salinity (Table 4.2). The mild saline environment in the M sediment (salinity of 3.7%) 

might support high microbial diversity and enrichment than the SM sediment (salinity of 

19%). Mild salinity can support both acetogens and methanogens, whereas at high 



 

 

179 

salinity, homoacetogens may outcompete methanogens growing on H2 and CO2 because 

of the high energy demand of methanogens to accumulate organic compatible solutes for 

osmoregulation, while homoacetogens accumulate KCl to establish osmotic balance 

which is less energy demanding.[17, 51] Using brine pool sediment and interface electrolyte 

(salinity of 25%) as a source of inoculum in MES, acetate formation by homoacetogens 

was low at 25% salinity and increased when the salinity was reduced to 3.5%, in contrast 

methanogenesis was not detected at both salinities.[17] Taken together, these studies 

suggest that methanogenic activity can be expected to be low in the SM-seeded MES 

because of high salinity in the original inoculum source. Surprisingly, the SM-seeded MES 

reactors resulted in the enrichment of relatively higher abundance of methane producing 

microbial community (Methanococcus and Methanoculleus) compared to the M-seeded 

MES reactors (Figure 4.9). This explains why methane production in the SM-seeded MES 

reactors was higher than the M-seeded MES reactors. Although the salinity of 19% in the 

original SM sediment might have inhibited methanogens due to thermodynamic 

limitation, the repeated batches of enrichment at 3.5% salinity may have overcome this 

limitation in the SM-seeded MES reactors and serum vials. 

Marinobacter, which was present in low relative abundance in both inoculum sources (M: 

0.4%; SM: 1.9%), was also detected in low relative abundance (0.1-4.5%) in the cathode 

biofilms. The finding of aerobic heterotrophs such as Marinobacter in the cathode 

biofilms of MES reactors supports the possible oxygen diffusion from the anode to 

cathode compartment, as previously reported in dual-chamber MES reactors seeded 

operated with brine pool as inoculum and electrolyte.[17] The relative abundance of 
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Marinobacter in the current study was significantly lower than the previous study with 

brine pool.[17] This suggests that dissolved oxygen in the current study was relatively 

insignificant because of continuous pumping of CO2 through the ceramic hollow tube 

cathode; CO2 bubbling can deoxygenate the catholyte.  

The genus Desulfovibrio and Desulfomicrobium, whose members are sulfate-reducing 

bacteria (SRB),[36, 52] were mainly enriched in the SM biofilms despite operating the M-

MES and SM-MES reactors under the same conditions. The selective enrichment of 

Desulfovibrio and Desulfomicrobium in SM-MES and not in M-MES could be due to 

differences in the inoculum source that resulted in different communities evolving on the 

cathode as mentioned above. SRB are known to produce H2 when sulfate is limited in the 

medium and exist in a syntrophic association with hydrogenotrophic methanogens.[53] In 

MES reactors, Desulfovibrio paquesii can produce H2 in the absence of sulfate using the 

cathode as a source of electron donor.[54] This explains why members of Desulfovibrio spp. 

are often detected in methanogenic biocathodes, dominated by Methanobacterium 

(hydrogenotrophic methanogen), where they are suspected to promote biotic hydrogen 

production at the cathode, thus contributing to methane production by 

hydrogenotrophic methanogens.[36, 55] In this study, Methanococcus and Methanoculleus 

were the dominant hydrogenotrophic methanogens detected at the biocathode, with 

Methanoculleus mostly enriched in the SM-MES. The co-existence of Methanoculleus 

with SRB was reported earlier to promote syntrophic anaerobic hexadecane oxidation.[56] 

Thus, we speculate that the enrichment of SRB in the SM-MES reactors under sulfate-

limited environment was driven by syntrophic interaction with Methanoculleus. Members 
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of the family Desulfuromanadaceae_OTU_38 are sulfur-reducing bacteria and were also 

mainly enriched in the SM biofilms.  

Overall, the predominance of methanogenic archaea and homoacetogens support the 

production of methane and acetate in the serum vial (Figure 4.2) and MES reactors 

(Figure 4.6). The specific selective pressure in the serum vials under H2:CO2 or in the 

cathode of MES enriched for methanogens and homoacetogens capable for CO2 

reduction to methane and acetate, respectively under seawater salinity conditions. These 

results support that M and SM sediments, which are easily accessible saline 

environments, can be used as inoculum sources for enriching salt-tolerant CO2 reducing 

communities. These results have implications on the application of saline MES systems 

for the production of chemicals and fuels.  

Hydrogen production from water electrolysis needs only water and electricity as input. 

However, as the demand on freshwater resources increases due to the rapidly growing 

human population, freshwater is likely to become scarce. The direct use of seawater 

instead of freshwater in water electrolysis for hydrogen production is gaining attention in 

the scientific community due to the abundance of seawater compared to freshwater.[57-

59] Further, direct seawater electrolysis avoids the high investment costs and energy 

required to generate high purity freshwater by incorporating extensive water purification 

systems when operating commercial water electrolysers with freshwater.[14] However, 

hydrogen production with seawater electrolysis still requires high voltage and at the same 

time hydrogen is difficult to handle and store. In this context, direct production of 

chemicals and fuels that can be easily handled and stored from CO2 reduction employing 
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salt-tolerant chemolithoautotrophs from saline environments in MES with renewable 

electricity input is more attractive. Also, it can solve one of the main issues in the 

proliferation and development of renewable energy, and that is intermittency.[60] 

However, the use of seawater directly in MES requires the development of efficient anode 

and cathode materials and membranes that are suitable for impure water.[14] In the 

current study, carbon cloth was used as the cathode material and the current densities 

recorded in the MES reactors were low even at –1 V vs. Ag/AgCl. This obviously relates to 

the low production of H2 via HER using carbon cloth resulting in the low production of 

products from CO2 reduction by chemolithoautotrophs. Improved cathode material is 

required to increase HER and hence the product yield under saline conditions. In addition 

to the cathode material, the effect of cathode potential should be explored in future 

studies as previous studies showed that the cathode potential affects the HER and 

biocathode microbial community in microbial electrochemical systems.[55, 61, 62] Superior 

corrosion resistance and efficient OER and HER electrocatalysts have recently been 

developed for seawater electrolysis. For example, a multilayer anode consisting of a 

nickel-iron hydroxide (NiFe) electrocatalyst layer uniformly coated on a nickel sulfide 

(NiSx) layer formed on porous Ni foam (NiFe/NiSx-Ni) demonstrated superior OER 

catalytic activity and corrosion resistance.[63] Similarly, a sandwich-like nanostructure HER 

catalyst constructed by decorating both sides of nickel phosphide (NixP) microsheet arrays 

with nickel cobalt nitride (NiCoN) exhibited very good HER activity and corrosion 

resistance.[64] These advances in electrode materials will be especially useful for 

implementing MES for CO2 reduction to chemicals and fuels using seawater.  
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4.4 Conclusions 

Methanogenesis and acetogenesis became the main processes in both MES cathode with 

continuous CO2 supply at –1 V vs Ag/AgCl and H2:CO2 serum vial enrichments under 

seawater saline condition using M and SM sediments separately as inoculum. CO2-fixing 

communities were dominated by hydrogenotrophic methanogens, mainly 

Methanococcus, and acetogens belonging to the phylum Firmicutes in both enrichments. 

This supports that both M and SM habitats can be used as inoculum sources to enrich for 

salt-tolerant CO2-reducing communities in MES and serum vials. However, the relative 

abundance of hydrogenotrophic methanogens and acetogens belonging to Firmicutes 

and the quantities of products (i.e., methane and acetate) obtained from microbial CO2 

reduction, varied depending on the saline inoculum source. The M inoculum was slightly 

preferential for promoting acetogenesis in the M MES reactors than SM reactors. 

Therefore, screening of various inocula sources and selection of efficient mixed culture 

microbial community are necessary for enhancing bioproduction in MES. Despite using 

the same inoculum source, the microbial community that was enriched on MES cathode 

differed from the microbial community in the serum vials. The MES cathode environment 

with continuous poised potential of ‒1.0 V vs Ag/AgCl and continuous CO2 availability, 

provided a specific niche for the enrichment of a different community compared to serum 

vials under H2:CO2 in headspace.  

. 
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Chapter 5: Summary and Conclusions 

The overall objective of this thesis has been to assess the application of microbial 

electrosynthesis (MES) technology for the sustainable CO2 recycling to value-added 

chemicals by applying novel dual-functional cathode architecture and gaining insights in 

the biotechnological potential of halophilic mixed culture inoculum. Research questions 

underlying this thesis are raised by the increased concerns of CO2 (greenhouse gas) 

mitigation[1] and interests to establish MES technology as a sustainable and economically 

viable chemical production process.[2] Whereas numerous opportunities for adding values 

to the waste CO2 streams by converting them to storable chemical commodities are 

foreseen from MES studies,[3] but  its implementation has not been tested in lareg-scale 

so far. The lack of approach to assess the significance of dual-functional cathode in 

microbial CO2 reduction and the knowledge gaps regarding the technological potential of 

halophilic inoculum were the main challenges undertaken as part of this research for 

simplifying the practical problems encountered in MES scaling up. 

The rate of cathodic activities, i.e., microbial electrochemical CO2 reduction and abiotic 

H2 evolution reaction, is governed by the CO2 gas-liquid mass transfer at the cathode-

biofilm-electrolyte interface of MES.[4] The solubility issue of CO2 gas in the electrolyte 

creates the concentration overpotential in MES (due to the concentration gradient of 

reactants, i.e., HCO3
−, and CO3

2− ions), which adversely influence the cathodic activities. 

The work presented in Chapter 2 evaluated the role of novel dual-functional (cathode as 

well as a CO2 supply membrane) porous hollow-fiber electrode architecture in MES 

process.[5] The dual functionality of the porous hollow fiber cathode leads to an 
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approximately three-fold increase in cathodic current density with 77.5 ± 3.0% Faradaic 

efficiency for the production of CH4 from CO2 reduction through hydrogenotrophic 

methanogenesis. It also improved the rate of CH4 production (140 ± 13 mmol m−2 d−1) and 

H2 evolution reaction (286 ± 5 mmol m−2 d−1). The high selectivity towards CO2 reduction 

to CH4 demonstrated that the dual-function of cathode provided a suitable niche for the 

enrichment of hydrogenotrophic methanogens as a biofilm on the surface of the cathode. 

Another main finding in Chapter 2 was the correlative relationship between CO2 

concentration and cathodic activity. We hypothesized that by sustaining elevated CO2 

concentration near the cathode-biofilm-electrolyte interface, the microbial CO2 reduction 

and H2 evolution can be improved. Furthermore, the data presented in Chapter 2 

supports the synergetic benefits of integrating hollow-fiber cathode architecture with CO2 

reduction MES process for solving the bottlenecks associated with process scaling-up. The 

allied high specific surface area of the cathode design maximizes the diffusion of CO2 gas, 

and the high surface area-to-volume ratio of the cathode architecture solves the issue of 

cathode packing density for large-scale applications. 

Operating MES with saline electrolyte is beneficial for large-scale implementations. 

Seawater potentially acts as an endless source of saline electrolyte for offsetting the 

fresh-water demand required for the MES operation. Furthermore, the high electrical 

conductivity of saline electrolytes is useful to reduce the internal resistance for ions 

mobility and minimizing the concentration overpotential losses.[6] Therefore, in Chapters 

3 and 4 of this thesis, emphasis was placed on the exploration of halophilic CO2 reducing 
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microbial communities from saline habitats using cathode selective pressure, which will 

provide an opportunity for niche-specific applications of saline-MES. 

Chapter 3 results demonstrated the potential of hypersaline Red Sea brine pool habitat 

as a source of inoculum for salt-tolerant homoacetogens. The study showed that MES 

mode operation created a niche-specific environment for the enrichment of 

homoacetogens from the inoculum compared to the serum vial growth (fed with H2 and 

CO2 gas), which signifies the importance of cathode selective pressure on relevant 

community enrichment in MES process. The consistency of enriched cathode-biofilm 

activity at different operational conditions [i.e. electrolyte type (original brine pool 

solution and synthetic saline media) and salinity (25% and 10%)], signifies the robustness 

of the biofilm function. Another important finding from chapter 3 is that the 

thermodynamics of homoacetogenesis process was practical when MES operated with 

3.5% saline electrolyte. Several fold increase in acetate production and enrichment of 

Geosporobacter ferrireducens (a known halophilic homoacetogen)[7, 8] in cathode-biofilm 

was observed with 3.5% salinity. Genome-resolved metagenomic analysis predicted that 

some of the enriched halophilic communities (predominantly from Firmicutes) in 

cathode-biofilm could perform homoacetogenesis via the Wood-Ljungdahl (acetyl-CoA) 

pathway.[9] Experimental results presented in this chapter first time evidenced the 

importance of deep Red Sea brine pool mining for hypersaline homoacetogens, and 

insights obtained from this study are useful for advancing the saline-MES research. 

However, further studies are warranted to optimize the saline-MES process for improving 

the cathodic activity and controlling the heterotrophic growth at the cathodic chamber. 
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Exploring easily accessible saline habitats from nature as a source of inoculum for the 

enrichment of halophilic CO2 reducing communities is desirable for the scaling-up of 

saline-MES process. The study in Chapter 4 validated for the first time that other saline 

habitats, in particular, the sediment of mangrove and salt marsh environments can be a 

good source of inoculum for a saline-MES startup. Results demonstrated that the 

community evolution was affected by the inoculum type (mangrove vs. salt marsh) and 

mode of enrichment approach (i.e., MES vs. serum vial growth). Microbial community 

analysis of cathode-biofilm enriched from both inocula infers that microbial CO2 reduction 

facilitated by salt-tolerant hydrogenotrophic methanogens, such as Methanococcus, 

Methanobacterium, Methanoculleus species, and homoacetogens, like Acetobacterium 

and unclassified species from Firmicutes. The process parameters optimized in earlier 

chapters of this thesis, such as cathode architecture (Chapter 2) and electrolyte salinity 

(Chapter 3) were combined in Chapter 4 to assess the collective-efforts of both 

parameters on MES process. Acetate and CH4 were the dominant end products of 

microbial electrochemical CO2 reduction in this study, and high product yields were 

achieved through integrating MES with dual functional porous hollow-fiber cathode 

architecture (linked to Chapter 2) using 3.5% saline electrolyte (linked to Chapter 3). 

Another important finding of Chapter 4 was the demonstration of long-lasting functional 

stability of the carbon-based custom-built dual-functional cathode architecture to use in 

saline-electrolyte. The robustness of the custom-built cathode and its simple fabrication 

approach are advantageous for large-scale MES system and minimizing the capital 

investment associated with cathode fabrication. Overall, a combined approach of 
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applying these best practices both in cathode architecture and established niche-specific 

cathodic microbial community yield synergistic results. 

5.1 Future work 

The research outcomes of this thesis recommended the following research directions for 

future work: 

The economic feasibility of MES process could be favorable if system operation cost is 

minimized through linking sustainable use of natural resources. For example, the 

utilization of solar/wind power for offsetting the process energy demand[4, 10] and the use 

of abundant seawater resource on the earth as a source of electrolyte[6] might be the 

effective strategies for the large scale implementation of MES technology. Future 

research efforts are necessary for the optimization of CO2 conversion rates and 

production yields in saline-MES for potential commercial application. 

Development of biocompatible, inexpensive, and scalable dual-functional cathodes with 

non-corrosive properties in the saline electrolyte is a prime requisite for advancing in the 

Saline-MES system. Exploring salt-tolerant electroautotrophs from nature with unique 

metabolic versatility to reduce CO2 to valuable and industrially relevant chemicals is 

warranted for projecting the economic feasibility of MES. The stability and robustness of 

saline-MES under different perturbations, such as dynamics in CO2 concentrations in the 

biofilm-cathode interface, different CO2 gas flow-rates, and anodic stability over the time 

should be tested to maximize the microbial electrochemical CO2 reduction. Screening of 
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key parameters that stimulate the direct electron uptake (from cathode to microbial cell) 

mechanism in halophilic electroautotrophs over indirect electron transfer route (i.e., 

through H2)[11] is advantageous for improving the reaction kinetics at the cathode. Besides 

this, promoting H2 evolution reaction at the cathode can also enhance the rate of 

microbial electrochemical CO2 reduction.[11, 12] So, by developing corrosion-resistant 

biocompatible dual-functional cathode the possible modifications of cathode materials[4, 

13] and enhancement of microbial interactions[14] can be incorporated which is beneficial 

for saline-MES application. 

Another component of MES system to be improved is the anode. Precious noble metal 

(such as Pt or Ir) electrodes or these metal based oxygen evolution reaction (OER) 

catalysts [15] are generally used as an anode in MES research. However, these catalysts 

possess short-term stability and promote chlorine evolution reaction in saline 

electrolytes.[16] In this framework, research should be done to explore long-lasting stable 

anode materials, which efficiently perform OER reaction in saline electrolytes.[17] 

Fabrication of OER catalysts from earth-abundant metals is advantageous for minimizing 

the costs associated with MES practical application. Also, the exploration of the potential 

integration of anodic-biofilm for MES anodic-half cell reaction is of considerable 

significance from an economic standpoint. Electricigens such as Geobacter 

sulfurreducens[18] and Desulfuromonas acetexigens[19] (for non-saline wastewaters) and 

Desulfuromonas acetoxidans[20] (saline waste streams) can be used as an anode catalyst 

in the real-scale scenario to produce value-added products from CO2. By this way, 
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industrial wastewaters treatment (using bioanode) can be combined with microbial 

electrochemical CO2 reduction (at biocathode).  

The intrusion of O2 from the anode (generated during the OER) to the cathode chamber 

through the membrane[21] promotes the heterotrophic growth at the cathode which 

adversely affects the net product yields in MES.[22] The oxygen interference at the cathode 

can be solved by integrating MES with bioanode. However, significant research should 

also be conducted to develop smart MES reactor architecture to simplify the reactor 

operation and to avoid the O2 interference at the cathode from the anode. 
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Appendices  

 

 
Appendix A1. Products formed (in mmoles of electron equivalents) and Coulombic 

efficiencies of microbial electrosynthesis at cathode M reactors. 
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Appendix A2. Products formed (in mmoles of electron equivalents) and Coulombic  

efficiencies of microbial electrosynthesis at cathode SM reactors. 
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Appendix A3. Products formed (in mmoles of electron equivalents) of M serum vials. 
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Appendix A4. Products formed (in mmoles of electron equivalents) of SM serum vials. 
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Appendix A5. Products formed (in mmoles of electron equivalents) and Coulombic 

efficiencies of microbial electrosynthesis at cathode 

 

MES Batch # 
Electron equivalent in products 

(mmole e-) 

Charge 
from 

Current 
(Coulomb) 

CE % 

  Hydrogen Methane Acetate   

M1 Batch 1 0.49 23.80 12.29 5450.4 66.81 
 Batch 2 1.33 40.25 6.19 6606.66 70.82 
 Batch 3 0.01 46.04 9.24 4318.82 125.23 
 Batch 4 0.01 44.70 4.70 4203.56 115.86 
 Batch 5 0.00 37.11 1.78 4138.41 92.24 
 Batch 6 0.00 50.42 4.18 5133.01 104.22 

M2 Batch 1 0.01 30.27 17.45 8716.81 61.33 
 Batch 2 0.00 3.55 45.29 8203.28 65.03 
 Batch 3 0.02 37.17 25.56 8902.75 73.69 
 Batch 4 0.63 11.02 48.24 10077.71 61.54 
 Batch 5 0.08 7.35 75.48 10148.3 80.32 
 Batch 6 0.01 38.22 47.74 9380.45 90.44 

M3 is not included   
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Appendix A6. Mangrove serum vials. 

 

Serum vials  Batch # 
Electron equivalent in products 
(mmole e-) 

  Methane Acetate 
M1 Batch 1 1.29 13.79 

 Batch 2 4.83 13.20 

 Batch 3 1.89 10.07 

 Batch 4 1.90 9.87 

 Batch 5 5.75 12.33 

 Batch 6 14.20 5.74 
M2 Batch 1 6.11 11.45 

 Batch 2 11.58 5.22 

 Batch 3 2.01 8.68 

 Batch 4 3.33 8.14 

 Batch 5 3.89 12.99 

 Batch 6 14.20 8.30 
M3 Batch 1 5.47 11.52 

 Batch 2 11.58 5.68 

 Batch 3 3.33 9.59 

 Batch 4 4.68 8.60 

 Batch 5 0.00 11.75 
  Batch 6 0.09 9.54 
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Appendix A7. Products formed (in mmoles of electron equivalents) and Coulombic 

efficiencies of microbial electrosynthesis at cathode 

 

    
Electron equivalent in products 
(mmole e-) 

Charge 
from 
Current CE % 

MES Batch # Hydrogen Methane Acetate     
SM1 Batch 1 12.46 0.00 6.48 4323.00 42.74 

 Batch 2 0.00 31.15 6.00 4065.40 89.41 
 Batch 3 0.19 47.83 8.66 4456.70 124.46 
 Batch 4 0.06 51.25 1.73 5261.88 98.82 
 Batch 5 0.00 32.35 2.38 4655.83 73.08 
 Batch 6 8.09 49.35 4.32 4933.70 122.66 

SM2 Batch 1 44.07 0.00 0.82 8380.02 52.53 
 Batch 2 50.25 0.12 8.23 8196.06 69.98 
 Batch 3 0.00 2.18 71.86 10142.13 70.47 
 Batch 4 0.02 62.70 3.22 10680.79 60.51 
 Batch 5 0.00 69.81 0.36 10935.46 62.94 
 Batch 6 0.01 32.56 11.45 8361.57 51.43 

SM3 Batch 1 5.56 0.00 6.29 8706.76 13.23 
 Batch 2 0.03 21.22 16.92 6148.56 60.45 
 Batch 3 0.02 42.01 25.10 8761.66 74.70 
 Batch 4 0.02 55.41 9.84 10084.50 63.34 
 Batch 5 0.11 40.15 12.55 10113.32 51.03 

  Batch 6 7.80 55.18 17.62 10633.65 74.08 
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Appendix A8. Salt marsh serum vials 
 

    
Electron equivalent in products 
(mmole e-) 

Serum vial Batch # Methane Acetate 
SM1 Batch 1 0.00 1.98 

 Batch 2 0.00 2.41 

 Batch 3 6.45 0.47 

 Batch 4 14.01 0.29 

 Batch 5 2.17 0.43 

 Batch 6 1.56 0.99 
SM2 Batch 1 0.00 2.84 

 Batch 2 0.00 2.62 

 Batch 3 1.58 2.15 

 Batch 4 6.81 1.59 

 Batch 5 5.04 1.49 

 Batch 6 4.23 0.92 
SM3 Batch 1 0.00 2.42 

 Batch 2 0.00 1.71 

 Batch 3 0.00 1.15 

 Batch 4 0.18 3.27 

 Batch 5 3.29 1.89 
  Batch 6 4.91 1.67 
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