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 [Exploring the Frontiers] v ‘Lequialifiii

Microbial
Electrochemistry

Study of the interaction
between microorganisms
and electrodes

Microbial Electrochemical Technologies
METs

Courtesy of Abraham Nuiez-Esteve
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_ [Exploring the Frontiers]

J Solid State Electrochem (2011) 15:1481-1486
DOI 10.1007/s10008-011-1395-7
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Discover the possibilities: microbial bioelectrochemical
systems and the revival of a 100-year—old discovery
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Fig. 1 Number of publications from 1960 to 2010 containing the
phrase “microbial fuel cell” (SciFinderScholar, February 2011)

]
lequia-udg.com .




[Exploring the Frontiers]

Bioresource Technology 347 (2022) 126705

Contents lists available at ScienceDirect

Bioresource Technology

+ -

EIL.SEVIER journal homepage: www.elsevier.com/locate/biortech

Review

Let’s chat: Communication between electroactive microorganisms

Catarina M. Paquete *, Miriam A. Rosenbaum °, Lluis Baneras , Amelia-Elena Rotaru®,
Sebastia Puig"

)

Key players

]
lequia-udg.con

Chat




_ [Key players] @ leauii
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PHB, poly-p-hydroxybutyrate. *The electrode potentials of all electron donor and acceptor couples are calculated from Gibbs free
energy data, from REFS 99,117, according to the methods described in REF. 13. The E' values of the electron mediators are from
REFS 83.118.
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Exo-electrogenic

Bacteria
*Geobacter spp.
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Logan et al., 2019. Nature Reviews Microbiology
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Exo-electrogenic — Organic matter oxidizers

Biochar

https://www.gardenista.com

S & e

-
Ed

e

R

" hittps://www.carbongold.com/

lequia-udg.co



[Key players] 9 ‘lequia

An electrotroph is a microorganism which can receive electrons necessary for its
growth from an electrode (power supply) terminal.

Water + N,

Nitrates
(water)

Carbon-neutral products

" Electrode

lequia-udg.



[Key players]

Betaproteobacteria

Bacteria
E I e Ct rOt ro p h s Acidithiobacillia
waeo?® Gamma-
ot© - 2 proteobacteria
o g §
% 2 d 3
%"6 % >'—‘ ~ gg ":’
% = o~
% & % W R
% e E g § < D
& % % g &8 5 5 &
& . U & e
& %, 5 Vals g ¢ ~é§ $ A,
F A T £EF R § i
3 @, ", /(»/f) - £ § ¥ eé' & = o
F ., M % %08 B0 -
< e, i '/}') ')0, % Ya g & {@'O i A
: A
o qushet
aeMCC\w“
©
Escherichia coli U 5/41 g.
Shigeljq
G ﬂexneﬂ;BDoOZ g—
e, @
Y > Clecy, 3.
P 4‘%% Nk
S f 5 T %
L o oéﬁ‘"s a°$ é‘;"?o‘? Y %%_%5”-%5 %, I Y
3 W TSRS Yy
0 AR
& v -~ 3 ) G \ (-3 '3,
Bacteria ) f?" § i F13RL N T
Ok & g A T e
- Clostridium spp. : T E LN 2
5 3 L %
* Sporomusa spp. & : % Zetaproteo-
2, bacteria
2,

» (Geobacter spp.

Archaea
» Methanobacterium spp.

lequia-udg.con

‘Alphaproteobacteria

Deltaproteobacteria

Logan et al., 2019. Nature Reviews Microbiology
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Electrotrophs — Nitrate reducers

 Growndwater wells

https://www.watertechonline.com_

shutterstock.com « 1061041094
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Electrotrophs - Methanogens

Ruminant gut
Paddy soils
Rice field

shutterstock.com « 1383828836
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[Dialogues in METs] Q@  lequialifi
KEY PLAYERS AND THEIR EXTRACELLULAR ELECTRON TRANSFER PROCESSES

Direct electron transfer
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nd outermembrane EET via OMCs °
esicles EET via pili & EET via shuttles ~ EET using
OMCs, or OMC extracellular
nanowires enzymes (e.g.
hydrogenases
Legend yarog )
Nanowires/membrane extenssions » Outermembrane multiheme c-type cytochromes . OMC-nanowires
Outermembrane vesicles - Pili Extracellular hydrogenase

Paquete et al. (2022). Bioresource Technology 347, 126705
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[Dialogues in METs] Y  lequiaiils

The microbe-electrode interaction

Electron transfer mechanisms - ‘ N

G

~ '

* Mediated electron transfer (a)

Mediator (ox.)

o

________________________

» Short-range electron transfer (b)

Anode - o

* Long-range electron transfer (c)

Microbes with 0 .
Butti et al., 2016 Nanowires

Exoelectrogenic microorganisms (give electrons)
 Geobacter, Shewanella, Thermincola

Yuri Gorby, Rensselaer Polytechnic Institute, Troy, New York Electrotrophic microorganisms (uptake electrons)
» Desulfovibrio, Sporomusa, Clostridium
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[Dialogues in METs]

Cmame

Specialized

Electron Transfer

Appendages for

Geobacter
Bacteria
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Power source
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Strategic Research Pillars

BIOREMEDIATION

Electro-Bioremediation

Restoring water quality through the bio-
electro-remediation of nitrates and
microplastics in contaminated aquifers or

wastewater.

Thermal
Energy

A2

Synthesis of methane from (indoor) CO»,

SUSTAINABLE FUELS

Microbial Electrosynthesis

Aviation Fuel (SAF) from solar, and

bioethanol from recycled carbon.

NOVEL PRODUCTS

Microbial Proteins

Empowering land-free protein production
via continuous fermentation of H,-oxidizing

bacteria using water, urea and electricity.
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[Carbon recycling — Air recovery] Y lequiaill
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[Carbon recycling — Air recovery] ¥ lequia

Abiotic vs. Biotic mediated H, production

70
#® Biotic production
©  Abiotic production
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Fig. 2 — Hydrogen production rate versus energy consumed
(linear regression fitted) in the biotic and abiotic MEC.
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 [Carbon recycling — Air recovery] Q@  lequialiie
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[Carbon recycling — Air recovery]

Assessment of biotic
and abiotic graphite
cathodes for hydrogen
production in microbial
electrolysis cells

@+
co,

®

Green
electricity

Modelling the simultaneous
production and separation of
acetic acid from CO, using an

anion exchange membrane

microbial electrosynthesis system

Acetate

Bioelectrochemical
transformation of carbon
dioxide to target compounds
through microbial
electrosynthesis

1

| .

Butyrate

J\

Microbial Community
Pathways for the Production
of Volatile Fatty Acids From

CO2 and Electricity

Bio-electrorecycling of carbon
dioxide into bioplastics.

Deciphering the electron transfer

mechanisms for biogas upgrading

to biomethane within a mixed
culture biocathode

Methane

Tracking H2-mediated
microbial electrosynthesis of
commodity chemicals from
carbon dioxide

Microbial electrosynthesis of
butyrate from carbon dioxide

microbial electrosynthesis from CO2

Continuous acetate production

On the edge of research and
technological application: a
critical review on
electromethanogenesis

through
Acetate

with microbial mixed culture

Microbial electrosynthesis of
butyrate from carbon dioxide:
production and extraction
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Bioplastics

(PHA)

Unravelling the factors that
influence the bio-
electrorecycling of

carbon dioxide towards
biofuels

Butyrate

Ethanol

V7
Microbial
Protein




[Carbon recycling — Air recovery] Q  lequialiti
Thermodynamics analyses

Cco, H*+ 2H, ixed culture
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#) Methane (Ci)d 370C
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Acetate (C A—) Ethanol (C,) 1 atm
’AG
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kJ/mol H 4 M,
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Chain elongation k3/mol .
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— —~— _/

Biofuels production
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Adapted from Agler et al. (2011). Trends in Biotechnology




[Carbon recycling — Air recovery] @ lequialiiiat

Simultaneous CH, and Cl, production
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Batlle-Vilanova et al. (2019). Science of The Total Environ. 690, 352-360
EP3527538A1. (2018)
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[Carbon recycling — Air recovery]

Case scenario

50,000 - 60,000 ’ﬁ
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Batlle-Vilanova et al. (2019). Science of The Total Environ. 690, 352-360
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[Carbon recycling — Air recovery]

Advancing Anaerobic Digestion

Integrating bioelectrochemical systems directly
into anaerobic digestion fundamentally
accelerates the biological pathways. This synergy

yields over a 40% increase in the specific

methane production rate compared to

conventional methods.

lequia-uc

€0,

Organic

G CHy
matter — |

The system consistently produces high-quality
biogas (75-80% CH,) with significantly reduced
H,S. Additionally, the process demonstrates
superior resilience against organic overloads and

mitigates severe acid regression.




[Carbon recycling — Air recovery] ©® lequiaii

C-BES-1 ANODE

Advancing Anaerobic Digestion LEiTET | = om l
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Molognoni D, Garcia M, Sdnchez-Cueto P, Bosch-Jimenez P, Borras E, Lladd S, et al. Electrochemical optimization of bioelectrochemically improved anaerobic digestion for

agricultural digestates’ valorisation to biomethane. Journal of Environmental Management 2025;373:123898.
S. Feilner, M. Espejo, M. Garcia, D. Molognoni, E. Borras, K. Herkendell, CFD simulation for optimizing flow dynamics in a bioelectrochemically enhanced single-chamber

anaerobic digester. International Journal of Thermofluids (2025) 101432.
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[How does AD-BES work?]  LEITET =i o

)
100 Reactor

O ap AD-BES

. . . . ) +15%
* Promotion of VFAs oxidation reactions, H, production, and ’

hydrogenotrophic methanogenesis

* Favoring Direct Interspecies Electron Transfer (DIET)

* Electro-Fermentation process, with improved hydrolytic and
acidogenic phases due to better redox balance N - '

e Leitat validated AD-BES from lab to pilot scale (TRL 7) *EET”E’ ._ 02y 28-59 (0ay 3na)

Power supply @

Gas production (L/m2-d)

et BisHETAy
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matter | © ) RPN
\ e,
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- ! :I@z,.. ) i et }{
Anode ~— ,\ Cathode

Organic Short-chain . _ é:

matter  fatty acids - 1@)
Stable microbial

community for AD-BES

I: hydrogenotrophic methanogenesis pathway
Il: direct clectromethanogenesis pathway
[1: DIET-based methanogenesis pathway

1S, Tan, L. Li, S. Liu, L. Han, C. Duan, Y. Liu, X. Wang, Biogas upgrading via microbial electrolysis cell-integrated anaerobic digestion: A critical review of stabilization strategies towards practical
application, Journal of Environmental Management 2026 lequia-udg.c

2Garcia-Montolio M. et al. Bioelectrochemical stimulation enhances methane production and microbial stability in anaerobic digestion. Bioelectrochemistry, under review




[Carbon recycling — Air recovery] @ lequialiiat

Bioelectrochemical system
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Bolognesi et al., 2022. Carbon dioxide to bio-oil in a bioelectrochemical system-assisted microalgae biorefinery process. Sustainable
Energy & Fuels 6(1), 150-161. https://doi.org/10.1039/D1SE017018B
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[Carbon recycling — Air recovery] ©®  lequiadiiis
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Pepeé Sciarria et al. Green Chemistry, 2018, 20, 4058 — 4066.
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[Microbial protein]

e el L R B R —

o EEm EEm EEm EEm N RN MmN M EE MEm MmN MmN REm MEm MEE ME REm REm MEm MmN MEm MEm MEm MEm Em MEm MEm MmN MEm MEm MEm MEm M M M SEm MEm BEm MEm M ME Smm Mmm Em MEm M M Mmm MEm Em Emm Mmm M M M M R E oy,

Current situation
3rd Agricultural Revolution

" 4% N
94% N
Ml — NH4+ — B Hum.an
4 . feeding
7 \ 14% N
Haber-Bosch X
2% World energy
demand Agro-systems
" 4th Agricultural Revolution 43% N
= L Spent-off > Human |
n o &* feeding
94% N 89% N
2 &3‘ 10% N
SU U
- Edible microbial )
‘ ‘lm ‘ Liquid waste METs brotein |
| NH,* ﬁ ﬁ

lequia-udg.co



Hydrogen-oxidizing bacteria (HOB)

4H 0.24 NH,*

1CO,
10,
Edible microbial
protein

4H,+0,+CO,+0.24 NH; ->
-> CH; 6N 2400 46 + 354 H,0

H,O
' Bio-electro H,
Abiotic O, Lo

- \:roduction
production
H2

HOBs
cultivation

NH,*

Pous et al,, 2022. Bioresource Technology Reports 18, 101010
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® B CECO-INNOVATIVE
4 lequiaciisiuer
UdG
H,0
Renewable EOWGF source Automatic control Co, H, o, Urea
! F ®
()

cgg |\ _, [ Hydro- NH,
Cycle genase /| ATP \)
L Microbial

Protein

NH;+ H,0 --> NH,* + OH" (pka= 9.25)

ﬁ Urea {fﬁ
(9 > Anode Cathode
Q::}Magatirrer ii:}

Effluent N/ TR

Hydrolysis of Urea: CO(NH,), + H* + 2H,0 --> 2 NH,* + HCO; Centrifuge  Dryer  Product
Hydrolysis of Water: 2H,0 --> O, + 2H,
Biomass growth: 4H, + O, + CO, + 0.24NH; --> CH; (¢N; 5,00 46 + 3.54H,0
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Digitalization ' quu.agﬁmlonwwwﬁ
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Pous et al,, 2023. Journal of Environmental Chemical Engineering 11, 11550
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[Growth rate under continuous-flow mode] ® lequiatiiiia
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Pous et al,, 2023. Journal of Environmental Chemical Engineering 11, 11550
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[ P ro d u Ct] | 1 HOB inbatch ] HOB in continuous [l C. Necstor [ HOE_Matessa [ Soybean 2 Fishmeal BB Whey protein
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Rovira-Alsina et al.,, 2025. Chemical Engineering J. 526, 171375

Composition of freeze-dried microbial biomass

Protein (%)

Fat (%)

Carbohydrate (%)
Moisture (%)

Ash (%)

# estimation by difference

65.17 £ 0.55
7.20+0.77
13.58"
2.16+0.23
11.89 £ 0.06
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[Scaling up]
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[Scaling up]

Inici ‘Sinbptic  Grafical | Grafica2 | Alarmes eMail Ajusts

Ciclic @) Sempre ON Os Ciclic @) Sempre ON 0
AG0l Lectura Consigna Lectura
ON [ 360]s ’ =" 0%8; X ON [ 360l p (5.00]V Ooo.gg v
— .000| : = K - A
OFF | 500(s = OFF | 300]s 02008
0202 )
21.30 °C SED 21.33°%C 5.34 ppm
“Limits0; ol Limis0> |
Marxa si: = Nivell Baix— Wi . Nivell Baix —
TT-01 <(23.00C 0,<(7.00)ppm TT-pm EXD 0, <(3.00/ppm
Parar si: i arar si: .
Nivell Alt— 0 = Nivell Alt—
: o a2 TT-01 > | 25.00/°C
TT-01 >(30.00/°C 0,>(8.00|ppm 125.00] . 0,>(5.00/ppm
211h p.! T 17,1 1h @ S f
-ME-H — IEER m
E‘\ (24)mi/minK ! [ 392 ]ml/min [ 16]mI/min | [ 417 )JmlI/min C‘\
S - e
=& | X

Q

O 2 20T O 5 270 L0827

n| 0‘ D| 0| D| 0‘
@ RS PRE PRG 18 |8 BE RS RS [7RE 18 |&

FF
Pantalla Botonera Pantalla Botonera Pantalla Botonera Pantalla Pantalla Pantalla Pantalla Botonera Pantalla Botonera Pantalla Botonera Pantalla Pantalla Pantalla

TRL
3

]
lequia-udg.com




[Scaling up]
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[Conclusions]

&1 Resource recovery would become a new niche for the MET platform
v/ Zero-chemical-input technology

& Minimization of intermediates
/| Lab-to-pilot scaling achieved

Innovation Valley of Death

Public funding Private funding
" (R&D, Universities) (For-profit companies)

Move towards upscaling METs
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£ P g
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proteins
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