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Bioelectrochemical Sysetem (BES)

BES converts chemical energy of organic waste, biomass into electricity by
microbial fuel cell (MFC) or produce hydrogen/chemical products through

microbial electrosynthesis cells (MEC or MES)
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Electrochemically Active Bacteria
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Extracellular Electron Transport

inner memhbrane

outer memhrane

Geobacter sulfurreducens g Shewanella oneidensis

succinate
fimarate
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| Electron accepter/donor ;.
» Sustainable J
* Non-toxic i,
* Controllable

Kracke et al. Frontiers in Microbiology 2015 5



Microbe-Electrode Hybrid System
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Electrode

 Live cell continuously interacts with electrode to exchange respiratory

electrons
- Applied potential influences gene expression and metabolic pathway



Microbial fuel cell & Microbial electrosynthesis cell

Microbial electrosynthesis cell (MEC)

Power
supply

Ox Ox

Red Red
Anode IEM Cathode Anode IEM Cathode
(MEHT) (22T (EHED) (MetE=)  (2eleh (EEEF)

. Spontaneous oxidation/reduction * Non-spontaneous oxidation/reduction

* Microbial catalyst on cathode

* H,, CH,, VFA and platform chemical
production by electrical energy

» Microbial catalyst on anode

* Production of electricity from
biodegradable organic materials
and waste * MES can be used for upgrading of CO,
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Global oil demand by sector 2020-35, 7035-50,
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Capture
sources

Concentrated
sources

(e.g., power
plants, gas
cleanup, biomass
combustion, or

fermentation)

Co,
Emissions
(~36 GT)

Air capture
(e.g., in terrestrial
and marine
ecosystems, and
direct air-capture
with chemicals or
weathering)

Capture and
conversion processes

Capture products

Advanced
Combustion
Gaseous or
Solvent supercritical
carbon
Sorbent
Cryogenic
Membrane Organic
carbon
Electrochemical
Thermo-
chemical
Photo-
electrochemical Inorganic
carbon
Mineralization
https://energy.gov/seab
Biological /downloads/final-report-

task-force-co2-utilization

Modified from SEAB Report, 2016. CO,, Utilization and Negative Emissions

Pathways and end states
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* CH,
+ Liguid fuels
- Biomass
(D chemicals and materials
. Plastic
. Cement
= Consltruction materials
C ) Minerals
s Ex-situ carbonate
formation
(D Geological formations
*  Oil and gas reservoirs

. B formion
*  Shale and coal

O Grasslands and agriculture
. Management practices
. Crop selection
. Biochar
L] Enhanced species
. Microbial enhancement

(O Forests

L) Reforestation

+  Afforestation

. Land management
. Enhanced species

Wetland creation and
restoration

O Ocean

*  Direct CO, injection
*  QOcean fertilization
*  Alkalinity augmentation

DOI:10.2118/194190-PA

Frontiers in Climate 4:841907
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Carbon Neutral Process by CO, Valorization

Utilization
‘ 6 value added Electrocatalytic CO,ER reaction pathways
— — = Chemicals L
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2
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b2 Xto| 7i 4= SHE) ?. Coupling .ﬁ D.

CO; + 2H* +2e- — CO + H,0 -0.53 ' G-DE . F-Cu
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Oxalate 2C0, + 2H* + 2" — H,C,0, 0913 ®c WenitsEars o G
Formaldehyde CO, + 4H* +4e- — HCHO + H,0 de- -0.48 9o Aacoe Flow cell
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Ethylene 2C0O, + 12H* +12e- — C;H, +4H,0 - -0.349 = s e Loaoh,
e- ii
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Pathway 2: li' II'I
Ethane 2C0O, + 14H* +14e- — CH, +4H,0 14e- -0.27 S 2N /Ca,
o=c=0 __ 0-70 o o 0 o
e | | H+ | | e | H HCOOH
Propanol 3CO, + 18H* +18e- —+ C3H,OH +3H,0 18e" -0.31 L . ‘ o ™ ’ o
- CO, is very stable and most oxidized form of carbon P 0 o, _on
o=c=0 ¢ He ¢ Hese-  HCOOH - CO+H0
* Electron/reducing power is required for conversion ) ©
Chemical Fast reaction rate, Study of reaction High temp/pressure, Limited products,
Catalyst mechanism Catalyst poison, Limited lifecycle

Catalyst reproducible, High value-

added products, Room Temp/pressure, Low reaction rate, Difficult to control
Improvement of performance by the mechanism

OMICS 11
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Renewable |
Electricity |
|

Renewable hydrogen based sustainable protein production
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Human food as meat replacement

Electricity-based P2P process

+ Secure of alternative chemicals to oil refinery
+ Conversion of CO, to platform chemicals

* Leading innovation technology of bio-P2P

dry
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Power to Product (P2P) for CO, Conversion{El

Three different SCP production strategies

PV-driven SCP Sugar beet SCP [N

extraction
L™ 40m? e
DAC == L
- o 2 < SB cultivation
electrochemical [ 930 m sugar beet field M| 90m® soybean field
6,650 m? 9,390 m? 10,000 m2
microbial
y’7 4 cultivation % mi::trobti'al
4T prom oo
=z '
1 hectare l 1 hectare l 1 hectare l
15 tons protein y ' 2.7 tons protein y-' 1.1 tons protein y
o000000000 °
sseessesss ' 520 peopl $2 | 90 peopl $ L 40 peopl
eeecceseee i ' peagie s people
::oooouoo ®

PNAS 2021 Vol. 118 No. 26 2015025118

« The PV-driven SCP produces more protein per hectare as compared to sugar beet SCP
and conventional soybean agriculture

« The protein yields and amount of people that could be fed from 1 ha

« Assumption of an irradiance of 2,000 kWh-m~—2:y~"
13



Gas chromatograph
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Mixed gas, Pure Cathode Anode
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Young Eun Song and Jung Rae Kim. 2022. Chemical Engineering Journal. 427:131885

14



Acetate production (g/L)
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Metabolic Engineering for Acetate Conversion

TCA Cycle for Acetate Influx
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Acetate toxicity at high concentration
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CO, to H, with Rhodobacter sphaeroides

R. sphaeroides

* Photoheterotrophic H,
production

* No Photosystem Il
Light energy > ATP (PS1)

PQ: Plastoquinone , PC: Plastocyanin

Photoautotrophic CO, conversion & H, production R. sphaeroides

- i

roentonat © |1 4 « -0.9V vs. Ag/AgCl applied

-0.9V vs. Ag/AgCl

— under light (5000 lux)

« Consumption of CO, and

simultaneously H,

production

cOo, 100%
Shuwei Li and Jung Rae Kim. 2021.
Bioresource Technology. 320:124333 18
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CO, to H, with Rhodobacter sphaeroides

Planktonic cell attach to electrode surface Coulomb Recovery into H,
NH4CI-MES (consumed)

0.10 1200
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Shuwei Li and Jung Rae Kim. 2021. Bioresource Technology. 320:124333
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CO, to PHB with Rhodobacter sphaeroid

ELSEVI
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ISSM 1385-8947

CHEMICAL
ENGINEERING
JOURNAL

Electrode-driven regulation of C0, conversion pathway

Polyhydroxybutyrate (PHB) Production

Shuwei Li & Jung Rae Kim et al. Electron uptake from solid electrodes
promotes the more efficient conversion of CO2 to polyhydroxybutyrate by

using Rhodobacter sphaeroides. Chemical Engineering Journal 469 (2023)
143785




CO, to PHB with Rhodobacter sphaeroides

Electrode—driven regulation of CO, conversion pathway

(

Formate
dehydrogenase

[N + e
FOH

a By
Formate

SOl - BN - EE
FDHv<|NA.NA 051-1.o| NA

1 2 3 4 5 8 7

Under high

Cathodic
Current

Shuwei Li and Jung Rae Kim. 2023. Chemical Engineering Journal. 469:143785
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CO, to PHB with Rhodobacter sphaeroides

Applied potential vs. Ag/Ag/Cl

?)

Phytoplanktonic cell (ODgg0)

Current consumption (uA/cm
S

Under -0.5V vs. Ag/AgCl

A
-0.5
101 No H, production
-1.5 T T T T T
0lB

15 4
— R. sphaeroides w/ -0.5V
—— Abiotic control w/ -0.5V

-20 T T T T T

0.10

C—o— ODggp W/ -0.5V L o6 NE

—— Electrode associated protein w/ -0.5V 2

0.08 2

@ -@ ODggow/ OC £

,,\ —— Electrode associated protgin w/ O c

[9]

0.06 1 '\ g

N o

\ Q

I\ ©

0.04 \

0.02 -

0.00

Time (day)
Shuwei Li and Jung Rae Kim. 2023. Chemical Engineering Journal. 469:143785 22

Applied potential vs. Ag/Ag/Cl
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CO, to PHB with Rhodobacter sphaeroides
R. Sphaeroides stick to the various

Carbon rod “yempee carbon surface in MES
! i g - Carbon rod
- ITO

- Titanium mesh
- Glassy carbon

FE-SEM pf electrode-associated cell

Glassy Carbon

v R Sphaeraides may uptake electron directly
from the cathode electrode through Fla2
flagella sysem

Shuwei Li and Jung Rae Kim. 2023. Chemical Engineering Journal. 469:143785 23




CO, to PHB with Rhodobacter sphaeroides
50 3 5 — 7
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= kK - alokol . ‘
1

[ 1
40 1 5 day

30 1 == Electrode attached cells
[ Suspension cells
20
* % *

0.4 |
! 0.3 -
: *
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| |—| i 0.1 -
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ay : 00 :
o LBz -_ ' |

PHB concentration (mg/L)
Logo fold change of NADH

g

Open circuit -0.5V -0.I63V -1.0V @”)/o?&?\z\/ Q’y//
O@e //Qgi70® 900%
%% %(Zo@) “%
% ¥ M3 EOoEL R '
T % M= BHEE R sphaeroides®|
PHB Accumulation in the cell . %% HIZS pHBEHEO| =2
Initial -0.5V -
nitia
Sample . Electrode- Electrode-
inoculum® Suspended Suspended
attached attache
DCW(g/L) 0.84 0.03 NA™ 0.05 0.20
PHB (mg/L) 75.09 2.77 NA™ 1185 19.97
PHB of DCW (%) 8.94+2 9.23+2.3 NA™ 23.50+2.8 9.44+3.6 24




CO, to PHB with Rhodobacter sphaeroides

cetyl-CoA acetyltranferase (phaA)

™

M A R sphaeroides

etyl-CoA |

PHA synthase (phaC)

|®-3-hydroxybutyryl-CoA | —
(PhaP)
E Elf-'l_i E ‘bll'zl' CH; 0
R. sphaeroide.
H
P H B 0 CH, OH

PHB depolymerase m
(phaZ)

| Depolymerased PHB |

Shuwei Li and Jung Rae Kim. 2023. Chemical Engineering Journal. 469:143785

Pathway of PHB synthesis from CO,

Relative gene expression profile

PhaA{ NA 4.66
PhaB{ NA -1.27
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CO, to PHB with Rhodobacter sphaeroides

Electrode-based electron transfer regulates
metabolic pathway of R. Sphaeroides

CO,

) Up-regulation —
e- o . Ri'BuLose—1 ,5-bisphoshate
1

A
: Formate CBB I
Potentiostat dehydrogenase co, e 3-phospho-glycerate | cycle /
. 5 \
& FDH ) ~_.-"
a B v Form I{ NA [2287 | NA [-247|-0.36 |- NA
' g Formate
CO,
Form II{ NA NA -0.80 [ -1.58 | NA
e FDHa 4 NA [BNBM NA | 1.66 220 | NA 1 2 3 4 5 6 7
FDHy 4 NA [RBE NA | 051 161 | NA Bt GOl ATE Up- lati
Isocitrate p regu ation
1 2 3 4 5 6 7
rTCA
> cycle
=8 ’
A Under high
(@e > a-Ketoglutarate C02 1 Co2 level

IDH NA | 0.81 | NA [0.89 [3.44 [ 1.76 | NA
L — 4 5 6

Fla2 pili (?)

: Open circuit

: Electrode attached cell (-0.5V)

: Suspended cell (-0.5V)

: Electrode attached cell (-1.0V)

: Suspended cell (-1.0V)

: Electrode attached cell (-1.0V dark)
: suspended cell (-1.0V dark)

Shuwei Li and Jung Rae Kim. 2023. Chemical Engineering Journal. 469:143785 26
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Scaled-up MEC Reactor for H, Production

:-.._EE]

CHsC00+2H,0 -> 2CO; +8e+8H*  (H*

H, production rate (L/L/day)

~ (o 3 i VersaSTAT3 - '
: HY e & iw., 1 A ’AV ! N - = 'Q"\ 99 '\t\ '\‘.b
Anode : Cathode .
Applied voltage (V)

Microbial electrolysis cell (MEC)

Single-chamber MEC (5L)

]
N

H, production rate (L/L/day)
w
1

Electrode potential
+~——— monitoring
(Lab-view) 2_
Gas analysis
Reference 1 =
Water jacket electrode
MEC ~—————
Reactor 0— T T
-0.7 -09 1.1 1.3

Applied voltage (V)
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Upgrading AD Biogas with MEC

Conversion of CO, in AD biogas to CH,

CH,: ~60 %
CO,: ~40 %

—_—
-

G

4H*+4e +0,
1 | @
g 'Jﬁ<<® 2H20I‘
. . AD Biogas, e - \ g
Anaerobic digester (AD) e gas, o — PEM yop
Pure CO, (@ 2) RXtstAE =)
v' Conversion of CO, using low quality
electricity or idle power -
) y P ] Improve CH, purity .
v" Reduction of burden of post separation and production in City Gas
process of AD biogas Pipeline
v" Combination with AD as a pretreatment CH, content > 97%

process practically
Minsoo Kim and Jung Rae Kim. 2022. Chemical Engineering Journal 446:137079 28
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S P
g 907 5
[J] o
£ >
8 - 1 4 g
g 407 T2
® 3
=
20 -
- 1.3
0
Initial 1 2 3 4 5
- = . Time (day)
Cost estimation of MES CH, production * Below 300 kWh industrial, ~ 6 cent/ kWh
. CH, Production .
Reactor I;Ao F:Fe)::igl Temp rate CH;el:f::r;t;(on Cost of CH, production
Volume ) (L CH,/m?2 (USD/Nm3CH,)
(V vs Ag/AgCl) cat/hour) (L CH,/kWh)
250 + 250 mL -1.0V 30 29 259 0.24 USD
3L+3L -1.0V 40 2.29 14.9 4.13 USD

Calculated at standard temperature and pressure (STP)
Calculated with the immersed cathode surface area.

BS7100 17tkl= HYCHH|, HIEHY QS 0| 83t0] A LSS, (2XIH|, 2FH], oFH|,

X Present city gas in Korea: 0.48 USD/Nm3

QI H]|, Utility2[H]| H[2l)

LPG : 0.78 USD/Nm3
29



CO, to CH, with MES
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Effect of Hydrodynamic
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Biofunctionalization of Electrode Surface by Live Cell

May et al. 2016. Curr Opin Biotechnology
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