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Towards upscaling of microbial electrosynthesis reactors

Summary

As of today, reducing the anthropogenic release of greenhouse gases might be
considered as humankind’s most pressing challenge. Moving away from fossil fuels to
renewable energy technologies is an essential step, but will not suffice. The chemical
industry is responsible for a significant 6.3% of all CO2 emissions, thus fossil-free
chemicals production is also required. To that end, carbon capture and utilization (CCU)
offers a way to reduce emissions in industrial processes, while converting captured CO»
into commodity and specialty chemicals. Under the umbrella of CCU technologies,
microbial electrosynthesis (MES) offers a sustainable solution with minimal water usage
and the capacity to increase the value of electrical energy produced from renewable

sources.

The ability of microorganisms to accept and utilize electrons from an electrode to
catalyze the reduction of COz is the basis of MES processes. Whilst significant progress
on understanding its fundamentals has been achieved, performance improvements have
been modest. To reach industrial viability, a major breakthrough is needed. Unraveling
multi-scale interactions between microbial, electrochemical and engineering parameters
within MES systems will allow for the rational design of scalable bioreactors. Still, it
remains widely unknown what is limiting current setups. The work presented in this
thesis aims to identify, understand, and tackle major key process parameters, allowing

for a step-by-step design approach to develop scalable MES bioreactors.

How microorganisms adapt to changing operational parameters and different reactor
environments was investigated in Chapter 2. A general framework for modeling
microbial kinetics within MES reactors was developed, and results showed that CO;
availability may be a limiting factor in existing systems. An insufficient mass transfer
capability led to partially limited biomass growth under reported operational conditions,
either because of a low gas partial pressure or an inefficient gas delivery strategy. The
dynamic reactor-scale model also revealed that in biofilm-driven reactors, a continuous
operational mode markedly improved microbial growth and potentially led to denser
biofilms and higher current densities. Simulations indicated distinct correlations between
operational process conditions and critical performance indicators (e.g., productivity),
underscoring existing process limitations and paving the way for future system

optimization.
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Summary

A major knowledge gap in MES is that biomass-specific rates such as microbial growth
rates had not been experimentally elucidated and were thus unknown to date. In
Chapter 3, a method using nitrogen balances and optical density to determine the
amount of microorganisms in biofilm and in suspension at any given time was
developed. This was necessary to allow further complex computational attempts, since
biomass concentration was one of the major unmeasured variables within biofilm-based
MES processes. Measured growth rates during the colonization stage ranged from 0.12
to 0.16 days'!, values in accordance with the ones obtained in previous mathematical
simulations. Interestingly, results showed that biomass-specific production rates were
relatively low (0.37 molc molx! day!) when compared to syngas and chain elongation
studies (up to 10 molc molx™! day!). Thus, this comparative analysis highlighted that
there is room to significantly improve metabolic rates in MES.

After gaining insight on what major factors limit MES performance, a novel directed-
flow-through bioelectrochemical reactor (DFBR) with a serpentine flow-pattern entirely
filled with a 3D carbon-based electrode was developed in Chapter 4. The elimination
of free-flowing liquid in the cathode chamber allowed the DFBR design to substantially
increase mass transfer as well as carbon and hydrogen utilization efficiencies. Results
demonstrated a 3-fold higher volumetric current density (-28 + 7 mA cm3cathode) and
productivity (43 * 24 kgc m3camode day!) than previously reported in biofilm-based
MES studies. Most notably, volumetric productivities obtained were now comparable
to lab-scale syngas fermentation, a technology that has been successfully scaled up to an
industrial level. These findings serve as a milestone in developing MES and emphasize
key design parameters for efficient bioelectrochemical COz reduction. Furthermore,
results obtained with the novel DFBR design proved that a knowledge-driven step-by-
step approach allows for successful MES reactor development.

Collectively, this dissertation shows that it is possible to unravel the main limitations in
currently used MES reactors. The subsequent utilization of such knowledge to design
scalable reactors able to achieve industrially relevant performance is also demonstrated.
Nonetheless, new challenges are sure to arise while further developing MES as a
technology. Extensive research, accounting for a multiscale and multidisciplinary

approach is therefore a must in order to bring MES to industrial production.
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Towards upscaling of microbial electrosynthesis reactors

Samenvatting

Tegenwoordig kan het verminderen van de door de mens veroorzaakte uitstoot van
broeikasgassen worden beschouwd als de meest urgente uitdaging voor de mensheid.
De transitie van fossiele brandstoffen naar hernieuwbare energie is een essentiéle stap,
maar zal niet voldoende zijn. De chemische industrie is verantwoordelijk voor een
significante 6,3% van alle COs-uitstoot, wat betekent dat ook de productie van
fossielvrije chemicalién noodzakelijk is. Koolstofafvang en —gebruik (CCU) biedt
hiervoor een manier om de uitstoot in industriéle processen te verminderen, terwijl de
opgevangen CO2 wordt omgezet in basis- en speciale chemicalién. Als een van de CCU-
technologieén biedt microbiéle elektrosynthese (MES) een duurzame oplossing met
minimaal watergebruik en de capaciteit om de waarde van geproduceerde elektrische

energie uit hernieuwbare bronnen te verhogen.

Het vermogen van micro-organismen om elektronen van een elektrode te accepteren en
te benutten om COz-reductie te katalyseren, vormt de basis van MES-processen.
Hoewel er aanzienlijke vooruitgang is geboekt in het begtijpen van de fundamentele
aspecten, zijn de prestatieverbeteringen bescheiden gebleven. Om industri€le
haalbaarheid te bereiken, is een significante doorbraak nodig. Het ontrafelen van
interacties op meerdere schalen tussen microbiéle, elektrochemische en technische
parameters binnen MES-systemen zal het mogelijk maken om rationeel ontworpen,
schaalbare bioreactoren te ontwikkelen. Toch blijft het grotendeels onbekend wat de
huidige systemen beperkt. Het werk dat in dit proefschrift wordt gepresenteerd is erop
gericht om belangrijke procesparameters te identificeren, te begtijpen en aan te pakken,
waardoor een stapsgewijze ontwerpmethode voor de ontwikkeling van schaalbare MES-

bioreactoren mogelijk wordt gemaakt.

Hoe micro-organismen zich aanpassen aan veranderende operationele parameters en
verschillende reactoromgevingen werd onderzocht in Hoofdstuk 2. Er werd een
algemeen kader ontwikkeld voor het modelleren van microbiéle kinetiek binnen MES-
reactoren, en de resultaten toonden aan dat COz-beschikbaarheid een beperkende factor
kan zijn in bestaande systemen. Een tekort aan massaoverdracht beperkte de biomassa-
groei deels door lage partiéle druk of inefficiénte gaslevering. Het dynamische
reactorschaalmodel onthulde ook dat in biofilm-gebaseerde reactoren een constante
doorstroom van medium de microbiéle groei aanzienlijk verbeterde en mogelijk leidde
tot dichtere biofilms en hogere elektrische stroomdichtheden. Simulaties gaven aan dat
er duidelijke correlaties waren tussen operationele procescondities en kritieke prestatie-
indicatoren (bijv. productiviteit), wat bestaande procesbeperkingen onderstreept en de

weg vrijmaakt voor toekomstige systeemoptimalisatie.
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Samenvatting

Een belangrijke kenniskloof in MES is dat biomassa-specificke snelheden, zoals
microbi€le groeisnelheden, tot nu toe niet experimenteel waren aangetoond en dus
onbekend waren. In Hoofdstuk 3 werd een methode ontwikkeld die gebruik maakt van
stikstofbalansen en optische dichtheid om de hoeveelheid micro-organismen in biofilm
en in suspensie op elk moment te kunnen bepalen. Dit was noodzakelijk om verdere
complexe rekenkundige pogingen mogelijk te maken, aangezien biomassa-concentratie
een van de belangrijkste niet-gemeten variabelen was binnen biofilm-gebaseerde MES-
processen. Gemeten groeisnelheden tijdens de kolonisatiefase varieerden van 0,12 tot
0,16 dag'1, waarden die in overeen kwamen met de waarden die in de eerdere wiskundige
simulaties waren verkregen. Opvallend genoeg toonden de resultaten aan dat biomassa-
specifieke productiesnelheden relatief laag waren (0,37 molc molx! dag!) in vergelijking
met synthesegas- en ketenverlengingsstudies (tot 10 molc molx! dag?'). Deze
vergelijkende analyse toonde dus aan dat er ruimte is om de metabole snelheden in MES

aanzienlijk te verbeteren.

Na inzicht te hebben verkregen in de belangrijkste factoren die de MES-prestaties
beperken, werd in Hoofdstuk 4 een nieuwe directe doorstroom bio-elektrochemische
reactor (DFBR) met een slangachtig stroompatroon dat volledig gevuld was met een
driedimensionale koolstof-gebaseerde elektrode ontwikkeld. Het elimineren van viij
stromende vloeistof in de kathodekamer stelde het DFBR-ontwerp in staat om de
massaoverdracht en de koolstof- en waterstof-omzettingsgraad aanzienlijk te verhogen.
Resultaten toonden een 3-voudig hogere volumetrische elektrische stroomdichtheid
(-28 £ 7 mA cm3mode) en productiviteit (43 £ 24 kgc m3kamode dag?!) dan eerder
gerapporteerd in biofilm-gebaseerde MES-studies. Het meest opvallend was dat de
behaalde  volumetrische productiesnelheden nu  vergelijkbaar waren met
laboratoriumschaal synthesegasfermentatie, een technologie die met succes op
industriéle schaal is opgeschaald. Deze bevindingen vormen een mijlpaal in de
ontwikkeling van MES en benadrukken belangtijke ontwerpparameters voor efficiénte
bio-elektrochemische CO»-reductie. Bovendien bewezen de resultaten die met het
nieuwe DFBR-ontwerp werden behaald, dat een kennis gestuurde stapsgewijze aanpak
succesvol is bij de ontwikkeling van MES-reactoren.

Als geheel laat dit proefschrift zien dat het mogelijk is om de belangrijkste beperkingen
in de momenteel gebruikte MES-reactoren te ontrafelen. Het daaropvolgende gebruik
van dergelijke kennis om schaalbare reactoren te ontwerpen die in staat zijn industri€le
relevante prestaties te bereiken, wordt ook aangetoond. Desalniettemin zullen er nieuwe
uitdagingen ontstaan bij de verdere ontwikkeling van MES als technologie. Uitgebreid
onderzoek, rekening houdend met een multidisciplinaire en multischaal benadering, is

daarom vereist om MES op industrié€le schaal haalbaar te maken.
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Resum

Actualment, la reducci6 de les emissions antropogéniques de gasos d'efecte hivernacle
es podria considerar com el repte més urgent per a la humanitat. Abandonar els
combustibles fossils i moure’s cap a les tecnologies d'energia renovable és essencial, pero
no en sera pas suficient. La indistria quimica és responsable d'un significatiu 6,3% de
totes les emissions de COa. Per aquesta rad, també sera necessari desenvolupar una
produccié de productes quimics sense combustibles fossils. En aquest sentit, la captura
1 utilitzacié de carboni (CUC) ofereix una forma de reduir les emissions en els processos
industrials, convertint el COz capturat en productes quimics. En el marc de les
tecnologies CUC, electrosintesi microbiana (ESM) ofereix una solucid sostenible amb
un s minim d'aigua i la capacitat d'incrementar el valor de I'energia eléctrica produida a

partir de fonts renovables.

La capacitat d’alguns microorganismes d'acceptar i utilitzar electrons d'un eléctrode per
catalitzar la reduccié de COz és la base dels processos ’ESM. Tot i que en els dltims
anys el progrés cap a la comprensié dels seus fonaments basics ha estat significatiu, les
millores en el seu rendiment han estat modestes. Per assolit la viabilitat industrial, sera
necessari un gran aveng. Desxifrar les interaccions entre parametres microbians,
electroquimics i d'enginyeria dins dels sistemes ’ESM permetra el disseny racional de
bioreactors escalables. Tanmateix, encara es desconeix ampliament que limita els
sistemes actuals. La recerca presentada en aquesta tesi té com a objectiu identificar,
comprendre i abordar els principals parametres del procés, permetent una estratégia de

disseny pas a pas per a desenvolupar bioreactors d’ESM escalables.

Al Capitol 2 es va investigar com els microorganismes s’adapten a canvis en els
parametres operatius 1 a diferents ambients dins els bioreactors. Es va desenvolupar un
marc matematic generalista per modelar la cinética microbiana dins dels reactors ’ESM,
1 els resultats van mostrar que la disponibilitat de CO2 podria haver estat el factor limitant
en els sistemes estudiats. Una capacitat de transferéncia de massa insuficient va provocar
un creixement de biomassa parcialment limitat sota les condicions operatives reportades,
ja sigui a causa d'una baixa pressié parcial de gas o una estrategia inefica¢ de
subministrament del mateix. El model dinamic a escala de reactor també va revelar que
en reactors que utilitzen biofilms, un mode d’operacié continu millora notablement el
creixement microbia, potencialment facilitant la formacié de biofilms més densos i
I'obtencié de densitats de corrent més altes. Les simulacions indiquen correlacions clares
entre les condicions operatives del procés i els indicadors clau de rendiment (per
exemple, la productivitat), destacant les limitacions existents del procés i obrint el cami

per a una futura optimitzacié del sistema.
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Resum

Una gran llacuna en el coneixement de TESM és que les velocitats de reaccié especifiques
de biomassa, com la velocitat de creixement microbia no s’havien obtingut
experimentalment i, per tant, eren desconegudes fins ara. Per aquest motiu, al Capitol
3 es va desenvolupar un metode utilitzant balangos de nitrogen i densitat optica per
determinar la quantitat de microorganismes en biofilm i en suspensié en qualsevol
moment donat. Aixo va ser necessari per permetre simulacions computacionals més
complexes, ja que la concentracié de biomassa era una de les principals variables no
reportades per als processos d’ESM basats en biofilm. Les velocitats de creixement
mesurades durant I'etapa de colonitzacié van variar de 0,12 a2 0,16 dies’!, valors en acord
amb els obtinguts en anteriors simulacions matematiques. Curiosament, els resultats van
mostrar que les velocitats especifiques de produccié eren relativament baixes (0,37 molc
molx! dia!) en comparacié amb els estudis de syngas 1 fermentacié d’acids carboxilics
(fins a 10 molc molx! dia!). Per tant, aquesta analisi comparativa va servir per destacar
que hi ha marge per millorar significativament les velocitats de reaccié metaboliques en
processos I’ESM.

Després d'obtenir informacié sobre els principals factors que limiten el rendiment dels
processos d’ESM, al Capitol 4 es va desenvolupar un nou reactor bioelectroquimic de
flux dirigit (RBFD) amb un patré de flux serpentejant completament saturat amb un
electrode 3D de carboni. L'eliminacié del liquid amb moviment lliute a la cambra del
catode va permetre que el disseny RBFD augmentés substancialment la transferéncia de
massa, aixi com les eficiéncies d'utilitzacié de carboni i hidrogen. Els resultats van
demostrar una densitat de corrent volumeétrica (-28 £ 7 mA cm3eode) 1 una productivitat
(43 * 24 kgc m3ode dia) tres vegades superior a la reportada anteriorment en estudis
d’ESM basats en biofilms. El més destacable és que les productivitats volumetriques
obtingudes eren ara comparables a les obtingudes en fermentacions de syngas a escala
de laboratori, una tecnologia que s'ha portat amb exit a escala industrial. Aquests
resultats s6n una fita en el desenvolupament de 'ESM i serveixen per ressaltar
parametres de disseny clau per a una reduccid bioelectroquimica de CO; eficient. A més,
els resultats obtinguts amb el nou disseny RBFD van demostrar que una estrategia de
disseny pas a pas permet un desenvolupament reeixit dels reactors ’ESM.

En conjunt, aquesta tesi mostra que és possible desxifrar les principals limitacions en els
reactors d’ESM utilitzats actualment. També demostra que és possible el posterior us
d'aquest coneixement per a dissenyar reactors escalables capacos d'aconseguir
rendiments rellevants a escala industrial. No obstant aixo, de segur sorgiran nous
problemes i desafiaments en continuar desenvolupant la tecnologia ’ESM. Per tant, la
investigacié exhaustiva, amb un enfocament multiescalar 1 multidisciplinari, és

imprescindible per portar 'ESM a escala industrial.
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1.1. Background and Context

Over the past two centuries, industrial revolutions and the subsequent
transformation of many aspects of human life have dramatically increased
humankind needs for energy [1]. While these transformative changes ushered an
unprecedented increment of living standards, the energy required to sustain them
has been predominantly derived from fossil fuels. The subsequent anthropogenic
release of greenhouse gases precipitated a rapid increase in global temperatures, with
profound implications for the planet's ecological, social, and economic fabric. This
climate change stands as one of the most pressing and prominent challenge of our
era. Even with its effects already visible, fossil fuel’s usage may increase even further
as growing economies continue their fast industrialization and strife for higher living
standards in par with those of already fully developed countries [2]. To
accommodate this change, a general and widespread implementation of renewable
energy technologies will not suffice. Since the chemical industry accounts for a
significant percentage of the usage of fossil fuels, and the associated CO; emission,
the development of effective fossil-carbon-free commodity and specialty chemicals

production platforms will also be required [2,3].

In response to these intertwined challenges, the concept of carbon capture and
utilization (CCU) has emerged as an attractive idea not only to reduce the volume
of emissions but also to obtain a benefit through the use of CO; in different
industrial processes. Even though CCU methods will not suffice on their own, they
can act as complementary key stones to renewable energy and carbon-free
technologies [4]. Multiple routes can be taken for CO, conversion, pure biological
approaches such as syngas fermentation, traditional catalytic synthesis like Fischer-
Tropsch or direct electrochemical conversion as CO; electrolysis [5—7]. Regardless
of the method used, converting CO» and utilizing it in alternative processes is a
challenging endeavor, mainly due to its thermodynamically stable nature. At the
moment, CCU technologies are still subject of extensive research aimed at the
economic improvement of the processes, as well as technological development to
achieve products with higher added value [8]. A relatively novel technology that has
been getting increasing attention from multiple research groups and could
potentially solve some of the aforementioned complications 1is the

bioelectrochemical conversion of COs.
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1.2. Microbial Electrosynthesis

Nevin et al. (2010) proved for the first time that some microorganisms, when
allowed to take up electric power, can convert carbon dioxide and water into organic
chemicals [9]. In subsequent years, several studies have shown the possibility of CO:
conversion into different multi-carbon extracellular organic compounds such as
butyrate, caproate, ethanol or butanol [10—12]. This discovery of so-called microbial
electrosynthesis (MES) triggered the question whether MES could satisfy the
growing demand for commodity chemicals, and increase the value of the electrical
energy produced from renewable sources [13]. The low water usage and virtually
unlimited carbon dioxide availability make MES a highly interesting candidate to
become one of the sustainable technologies of the future [14,15].

1.2.1. Working Principle

Microbial electrosynthesis relies on the ability of microorganisms to accept and
utilize electrons coming from a solid-state electrode to catalyze the reduction of CO»
into industrially relevant products. Being an electrochemical process, a typical MES
system consists of an anodic chamber where the oxidation reaction of a supplied
electron donor takes place (e.g., water), a cathodic chamber where CO; reduction
and microbial growth occur, and optionally a membrane that separates them both
(Figure 1.1). The eclectrons produced during the oxidation half-reaction are
transferred via an external circuit to the cathode surface where they are accepted,
directly or indirectly, by the microorganisms to biocatalyze the reduction half-
reaction. As indicated in Box 1, the reduction of CO; requires a driving force,
therefore both electrodes are connected to an external power supply unit, which

increases the electrons’ potential in order to drive the catalysis [16].

R )
Biofilm

Organics
Hydrogen

p H* + CO,

Q =

co,

Figure 1.1. Schematic representation of a typical MES cell. CEM: cation exchange membrane.

24



General introduction

Box 1. Theoretical potential (AE 01cell) calculation for a typical MES to reduce CO;
(as bicarbonate species). Theoretical potential values for each half reaction were
obtained from Hamelers et al. (2010) [17]. Values are presented vs. standard hydrogen
electrode (SHE).

Assuming water oxidation as the anodic half-reaction:

4H,0 <> 20, +8H*+8e E" anode =0.81V
The most studied cathodic half-reaction on MES is the production of acetate
(CH,COO):

2HCO5 +9H"+8e > CH:CO0 +4H50 E" cathode =—0.28V

Overall reaction:
2HCO5 + H*— CH;C00 +20, AE" ot =E" cotmode —E' anode =—1.09V

AEmceu is the minimum voltage required on the system at biochemical standard
conditions (25°C, pH 7). The negative sign indicates that the overall reaction requires
energy to be thermodynamically favorable, hence the addition of external energy is
necessary.

Water oxidation, like shown in Figure 1.1 and Box 1, is currently the most
commonly used anodic half-reaction in MES systems. Alternative anodic reactions
could be envisioned such as the biological oxidation of carbon-rich wastewater or
the selective oxidation and chemical upgrading of complex molecules into
industrially valuable compounds [18]. Protons that are produced at the anode will
be consumed at the cathode. Cation-exchange membranes between anode and

cathode can be used to minimize transport of other species than cations.

1.2.2. Microbial Production Platform

Acetate is a key intermediate in the bacterial anaerobic metabolism, and since the
discovery of MES using an undefined mixed culture, several isolated homoacetogens
species have been shown to be capable of catalyzing the reduction of COzin an
electrochemical setup [19]. When using mixed cultures in chemostat conditions
under selective pressure, however, the most productive strains will grow and evolve,

without the effort of keeping conditions aseptic.

In nature, when growing at favorable conditions (i.c., nutrient surplus, optimal
temperature), bacterial cultures tend to stay in suspension. However, usually they
are subjected to harsh environments, and a biofilm will be formed at the expense of
a lower growth rate [20]. Regarding MES cultures, COz is the only carbon source
and reductive power can only be obtained from the solid-state electrode. At these
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harsh conditions, cells tend to form cathodic biofilms as complex aggregates of
microbial colonies attached to the surface of the electrode [21]. It is not clear if cells
on a biofilm obtain reductive power via direct or indirect electron transfer
mechanisms. However, if hydrogen would be abiotically produced at the cathode, it
can be casily obtained by the attached cells [22,23]. A thick biofilm will have
favorable, high production rates. Its formation has proven to be a difficult task, but
improved performance of biofilm-based systems has been observed in the past
years. Since the discovery of MES in 2010, the complexity of the product spectrum
and the production rates have increased. Labelle et al. (2014) studied the effect of
acidic pH on the acetate production of an Acefobacterinm community biofilm [24].
Acetate and hydrogen production rates of 3.1 g L't d'1 and 2.6 g L'! d! respectively,
were obtained. Coulombic efficiency for acetate production was 40% at its peak.
Bajracharya et al. (2015) used a mixed culture biofilm to produce acetate from COx.
A maximum acetate production rate of 4.8 g L1 d! was achieved, which is 20 times
higher than the one obtained by Nevin et al. (2011) four years before [9,25]. Jourdin
et al. (2018) developed a continuous system with a thick biofilm with a maximum
acetate production rate of 9.8 g L1 d'1. During the experiment, butyrate and caproate
were also produced by the biofilm at production rates of 3.2 and 0.95 g Lt d*,
respectively [11].

1.2.3. Energy Efficiency Losses

The costs of providing electricity ate important for the economic feasibility of MES.
Side processes that compete with the reduction of COz to the desired end-products
need to be accounted for as they reduce the amount of electricity used for product
formation (Faradaic losses) [17,26,27]. These competitive processes are not limited
to purely electrochemical ones such as the abiotic Hz evolution or metal reduction
at the cathode surface, but include biological ones as well, like methanogenesis and
bacterial growth [28]. In addition to these side reactions, MES reactors can deviate
from their theoretical ideal behavior in many other ways. This leads to the presence
of overpotentials, a difference between the thermodynamically determined redox
potentials and the actual potentials the system needs to catalyze the desired reactions
[26,29]. These losses include activation, concentration, and ohmic overpotentials,
which will be explained subsequently. When overpotentials are present, additional
electrical energy is required to drive the catalysis and lower energy efficiencies are
obtained (see Box 2) [16,26,29].

Any given chemical reaction needs an activation energy threshold to occur. This
activation energy induces the so-called activation polarization, a non-ideal catalytic

activity of the electrodes. Since the electrons have to be transferred from a solid-

26



General introduction

state electrode to the reactant (i.c., the biofilm), these losses can occur when there is
not enough electrode surface area, when temperature is not optimal or, for example,
when the biofilm is not well enriched [26,29]. Activation losses show a non-linear

behavior and are notably relevant at low current densities.

Box 2. Cell voltage (AEc.) in a typical BES.

The cell voltage (AEc) of a typical BES is determined by the theoretical cell voltage
(AE" o)) lowered with losses that occut on the system. Calculation of the AE% . has
been previously explained in Box 1. Losses occurring in a BES are called
overpotentials. Those include activation overpotential (AEy), concentration

overpotential (AEc), and ohmic overpotential (AEq).
AEaccll :AEmccll _AET] _AEC _AEQ

Both activation and concentration overpotentials can be seen as the overpotential of
the anode (n) and the one of the cathode (c), as shown in the following equations:

AET] = nanodc + ncathodc

AB = canode | ceathode
Ohmic losses are proportional to the current (I) and ohmic resistances of the system
QRQ):
AEQ =1 -YRQ

On the other hand, concentration losses show a non-linear behavior and occur at
high current densities, mainly due to mass transfer limitation of molecules by
diffusion from or towards the electrode surface. This overpotential occurs when the
diffusion rate of the reactant (e.g., CO,, H+) and the rate of the microbial metabolism
are not equivalent. A concentration gradient of reactants and products is formed in
the proximity of the electrode, limiting the maximal cutrrent consumption for the
cathode and current production for the anode [206]. If the ratio between reduced and
oxidized species at the cathode surface increases due to diffusion limitations, a drop

in the cathode potential can occur [30,31].

In contrast to concentration and activation overpotentials, ohmic losses are due to
electric resistances of the materials used in the reactor (e.g., reactor frame,
electrolyte, wire connectors). All materials offer a certain resistance to charge flow
(electric current), and this resistance is linear to this flow. Three main ohmic

resistances can be found in a MES reactor; ionic resistances in the electrolyte and
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through the membrane, electronic resistances on the electrode and current
collectors, and contact resistances at the contacting interface of two electric
connections [32]. In general, resistance offered by the electrodes and the current
collector can be neglected when working with lab-scale reactors, but not when
scaling up. This is especially true when working with carbon-based electrodes, since
these materials have a higher internal resistance compared to that of a metal-based
electrode and therefore can lead to significant losses at industrial scale [33,34].
Although these can become a problem when scaling-up a reactor, it is important to
notice that ohmic losses due to ionic resistance of the electrolyte are usually more
relevant at any point of the process development [32]. The resistance of a salt
solution can be reduced to two main factors: the conductivity of the electrolyte and
the distance between the electrodes.

1.3. Bioelectrochemical Reactor Design

While extensive research and significant progress in production rates and efficiencies
have been achieved, as of today MES still needs considerably more research for
industrial feasibility [35]. The vast majority of this research is performed at
laboratory scale, with working volumes rarely exceeding the liter scale. Although
these studies are beneficial for answering fundamental research questions,
optimization and upscaling of MES reactors is a topic mostly overlooked. Most
studies often aim to improve a single bottleneck of the system (e.g., higher rates, a
better mass transfer, less membrane resistance) while the remaining ones are left as
independent variables. However, basing the reactor design on only one or a few
parameters may lead to reactors that are unfit for large scale [36]. A complete review
of the literature is out of scope here, but several interesting reactor concepts and
configurations atre discussed in the following subsections, as well as their most

relevant advantages and disadvantages.

1.3.1. Single-Chamber Reactors

Overpotential losses are one of the main causes for inefficiencies on
bioelectrochemical reactors. Consequently, extensive research has been done on
trying to decrease these in MES systems. An interesting design by Cheng et al. (2011)
revolves around a membrane-less reactor with rotating half-disks as electrodes [37].
A stack of disks is rotated with half a disk submerged in the liquid phase and the
other half exposed to the headspace gaseous phase. As a result of the reactor
geometry and since both phases are separated, no pH gradient is possible between
anode and cathode, hence overpotential produced by concentration polarization is

significantly decreased. However, the high energy needed to rotate the disks is a
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major concern when trying to scale-up this reactor. Unfortunately, due to polarity
inversion each half-disk becomes alternatingly anode and cathode hence making it
hardly applicable to MES. To tackle this problem, Hackbarth et al. (2023) developed
a novel rotating disk membrane-less reactor [38]. Up to 14 working graphite
electrode disks are used, corresponding to 1 m? of working electrode surface and a
reaction liquid volume of up to 10 L. In contrast to the previous design by Cheng
et al,, the presence of counter electrode disks allows the avoidance of polarity
inversion and enables the reactor to operate in either anodic or cathodic mode. As
a proof-of-concept, a pure culture of Kyrpidia spormannii was cultivated for an aerobic
MES process. Although the low applied current density of 3 pA cm=2 resulted in
low growth rates, after 24 days up to 87% of the cathode was covered with a biofilm.
Organic production was not reported, yet their results suggest that such reactors
could successfully be wused to wupscale niche aerobic processes (e.g.,
bioelectrochemical bioplastic production from CO»).

The removal of the membrane that separates both cathode and anode
compartments is a promising way of decreasing the extra resistance for proton
diffusion. The use of single-chamber reactors can help to limit this effect, as shown
by Xafenias et al. (2014) [39]. On their research, a membrane and a membrane-less
reactor were compared on their methane and acetate production capabilities with
water oxidation as the anodic reaction, showing a cathodic faradaic efficiency over
60% towards acetate when no membrane was used. However, they also observed
that both systems produced different ratios of methane and acetate. The challenge
of using membrane-less reactors due to side-processes and cross-over of O has
been observed in other experiments as well [40,41]. Aiming to solve this problem,
Giddings et al. (2015) used a single-chamber reactor with an anode-on-top strategy,
where the electrodes were placed one above each other instead of parallel to each
other. By putting the anode above the cathode, cross-over of O3 to the cathode side
was minimized. Although an interesting way to decrease membrane resistance while
avoiding oxygen microbial inhibition, significant hydrogen production was detected
and faradaic efficiency towards acetate produced was below 50% [27].

1.3.2. In-situ Recovery Reactors

Product recovery in MES is a challenging endeavor as low organic titers and
heterogenic product spectrums make the process not only technically challenging
but also economically [42—44]. If carboxylates are produced, the acid species of the
carboxylate is usually the main product of interest. Then, an acidification step is
required downstream. One way to mitigate this is to utilize a three-chamber reactor

that couples production and recovery in a single vessel. Using an additional anion
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exchange membrane next to a cation exchange membrane, the carboxylates can
cross to a middle chamber where they are protonated and can later be more easily
recovered [45]. By using such a reactor, Gildemyn et al. (2015) recovered acetate as
an acidified stream containing up to 13.5 g L acetic acid. However, the high
distance between both electrodes induces high energy losses and will become an
impediment when scaling-up. Uncharged acetic acid cross-over to the anode
compartment and bicarbonate cross-over to the middle chamber is also of concern

at industrial scale.

Accumulating acetic acid inhibits MES. Therefore, Bajracharya et al. (2017)
recirculated the catholyte through an external anion exchange column [46]. This
process was carried in a batch-wise mode over a 2-day period, while the MES reactor
was operated in fed-batch mode. An eluent with a final concentration of 5 g Lt
acetate was obtained, but an overall recovery of 70% and the long operational time
required makes the economic feasibility of such setup unlikely. Nevertheless, the
fact that acetate production (0.5 g L?! day!) remained unaltered after the
recirculation might point towards a possible future viability of integrated extraction
in MES.

1.3.3. Gas Diffusion Electrode Reactors

The design of large-scale MES reactors should take into account the rate of CO,
diffusion from gas to liquid to microbes. In the field of chemocatalytic CO:
electrolysis, the limiting mass transfer of CO» through a liquid phase has been solved
by the use of electrodes with a conjunction of a solid, liquid and gaseous interface
[47]. These gas diffusion electrodes (GDE) are typically composed of a hydrophobic
gas diffusion layer, a current collector, and a catalyst layer. GDEs create a three-
phase interface at the electrode surface, increasing CO, availability on the cathode
surface and have been reported to increase CO, electroreduction several orders of
magnitude [47-50]. In order to increase mass transfer over the cathode and improve
reactor performance, several studies tested the possibility of using GDE for MES.
Bajracharya et al. (2016) demonstrated the possibility of using a GDE for acetate
production with improved mass transfer rate and a continuous supply of gaseous
CO,. An average, acetate production rate of 0.61 g I'1 d'! was achieved with an 80%
CO, gas mixture and faradaic efficiencies around 55% [51]. Another potential
benefit of using GDEs is the possibility of reducing activation potentials at the
cathode surface, thus decreasing losses through activation overpotential [52].
Although rates obtained with GDE are still low when compared with traditional
MES, the possibilities to increase mass transfer and avoid high energy demanding
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bubbling of the gas into the liquid phase make GDEs a promising solution when
designing and optimizing a future reactor [48,53]. The use of an enriched biofilm
could lead to an increment on rates, as well as the use of a different cathode material

and/or structure.

Bian et al. (2018) used modified porous hollow fibers as GDEs for the production
of acetate in a H-cell type MES reactor [54]. By functionalizing the hollow fiber
membrane with carbon nanotubes, the specific surface area and CO; transfer
capabilities of the resulting GDE were significantly increased. However, the acetate
production rate remained low and only reached 0.021 g L1 d! by the end of the
experiment. The reactor was only operated for a week, making it hard to assess the
overall performance of such modified GDEs. The used laboratory-type reactor
architecture limits the direct assessment of such systems’ potential industrial
viability. Ohmic overpotential due to the anode-cathode distance will become an
issue when upscaling, and better performances are needed to make the fabrication
and use of such complex electrodes at larger scales viable. Nonetheless, these results

serve as proof-of-concept for research with modified hollow fibers as GDEs.

In a recent development, a column-type membrane-less reactor for MES processes
was patented [55]. The novel invention consists of a tubular GDE, hence without
liquid between the COs-rich gas and the cathode, with a modified active layer as
working electrode and an anode positioned perpendicular to it. The main product
of the experiments were acetate, formate and methanol. However, low current
densities (1-4 mA cm?) as well as modest production rates (2-7 g Lt day) are
reported, indicating major limitations in the system. A possibility is the CO»
recirculation, as Kumar et al. (2021) claim that negligible amounts of O» are
produced at the anode and that is why it is not separated from the CO; stream.
However, this might imply that O, may stil have reached the anaerobic
microorganisms, resulting in lower rates due to inhibition. Also recently, Cui et al.
(2023) reported an electrolytic bubble column with an external hollow fiber
membrane gas—liquid contactor for the production of acetate from CO; [56]. The
main column unit allows for a more efficient H, utilization by the suspended
microorganisms, while the hollow fiber external contactor allows to recover the
unused gas increasing overall reaction efficiency. They obtained an acetate titer and
production rate of up to 34.5 g L' and 1.15 g L1 d'1, at an average faradaic efficiency
of 64% into acetate. Even though the use of an external membrane unit might
become an issue when upscaling, these results show the potential of such bubble

column reactors for non-biofilm MES processes.
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1.3.4. Flow-Through Reactors

In order to dectrease mass transfer limitations, Jourdin et al. (2018) used a flat-plate
double-chamber reactor where catholyte is forced through a 3-dimensional carbon-
based porous electrode [11]. The flow-through configuration increases convective
flow near the biofilm surface, resulting in faster mass transfer. The study achieved a
maximum acetate production rate of 9.8 g Lt d'!, but most relevant an increased
conversion to longer carboxylic acids was also observed (3.2 g L1 d'! butyrate and
0.95 g Lt d caproate). The authors hypothesized that this increment on butyrate
and caproate production rates was linked to the operation mode of their setup. By
running the reactor in continuous mode, enhanced biofilm formation was observed,
leading to a thick and uniform biofilm evenly spread throughout the porous
electrode. Their results highlight the possibility to broaden the product spectrum
and possible implementations of MES technology. In a subsequent study by the
same group, modified operational parameters achieved increased selectivity towards
longer carboxylic acids [57]. Using the same reactor, the study reports how adjusting
the CO; loading rate and increasing the hydraulic retention time of the system
triggers bioelectrochemical chain elongation. A selectivity increment of up to 63.6%
total carbon into both butyrate and caproate was obtained while maintaining high

production rates (9.8 g L't d! acetate, 5.7 g L1 d! butyrate and 2.0 g L d-! caproate).

Recently, Chu and coworkers (2023) used a flow-electrode-based MES reactor,
which was constructed using a liquid-type flow-electrode separated from the
electrochemical cells [58]. Powder activated carbon was used as cathode material
which was suspended in the catholyte and recirculated through the cathode
chamber. A hollow serpentine channel was carved into a conductive graphite sheet
and used as cathode compartment. The reactors were operated in batch mode with
passive CO; supply from a gas bag and reported an acetate production rate of 16 g
m?2 d?! at -5 A m?2, and an acetate concentration of about 1.5 g L' both in the
catholyte and extraction compartment. Baek and coworkers (2022) designed a zero-
gap MES reactor configuration with a vapor-fed anode and a liquid catholyte, which
they used for methane and acetate production from CO3 [59]. The cathode chamber
was filled with carbon felt and the catholyte forced through it. They operated their
reactors in batch with both bicarbonate and sporadically sparged CO» as C-source,
achieving methane and acetate production rates up to 12 and 55 g m? d},

respectively, at 17.4 A m2.

Even though flat plates and laminar flow systems are highly suitable for upscaling,
the results obtained with such reactors are not yet ready for industrial

implementation. The distance between both electrodes is a big limitation of the

32



General introduction

setup used in the studies, as even a few centimeters distance leads to high internal
resistances. The time for complete microbial colonization of the working electrode
is also a major concern when moving towards a full-scale production platform.
Though these reactors claim the highest productivities achieved so far in a biofilm-
based MES system, they are not yet at the level of already established gas
fermentation technologies. For comparison’s sake, typical production rates for

ethanol in syngas fermentation are on the order of 4 g L1 h'! [60,61].

1.4. Upscaling of Microbial Electrosynthesis Reactors

As of now, MES systems are far from being scalable. According to a techno-
economic analysis, under the current state-of-the-art performance and economic
conditions MES is industrially non-viable [44]. Some relevant key factors associated
with this low performance are insufficient product specificity, low production rates,
high cell voltage, low energy conversion efficiency, and high capital costs [35]. The
design of optimized reactor parameters is strongly underrepresented in literature,
indicating that large advancements in process performance are still possible [62]. By
focusing on improvements from a non-biological nature, mainly reactor design,
quick advances towards a more feasible and scalable process could be achieved. As
research on this topic is currently scarce, an increase in research on mass transfer,
fluid dynamics and reactor cell geometry is requited to obtain the necessary
information for proper reactor design [63]. Besides, it is also unclear how to
rationally upscale a MES reactor. Bioreactor design is a complex task as operational
parameters need to be tailored to each specific process. The optimum conditions,
with limited deviations from the best possible performance, can be difficult to
achieve. It is therefore crucial to understand which are the limiting steps of each
MES sub-process and adapt the design strategy accordingly. Hence, to push MES
to an industrial level a deep understanding of all factors that limit reactor efficiency
and a clever way to overcome scalability issues must be combined and applied during

the design part.

1.5. Scope of this Thesis

The objective of this dissertation is to develop a scalable bioreactor that will allow
for a reactor-scale performance of microbial electrosynthesis from CO, comparable
to those of already established technologies. Microbial fundamentals are therefore
out of the scope of this thesis. The literature review presented in this chapter
highlights the main knowledge gaps that need to be addressed for successful and

cost-effective upscaling of microbial electrosynthesis systems:

33




Chapter 1

- A lack of understanding on how microorganisms respond to relevant
operational parameters and reactor environments impedes designing

successful microbial electrosynthesis processes.

- Microbial growth rates and microbial kinetics have not been experimentally

elucidated, hindering process understanding and effective optimization.

- Reactor designs have not considered, assessed, and addressed all key
process parameters and their intertwined interactions to achieve industrially

relevant performances.

The work presented in this thesis addresses these knowledge gaps by combining

mathematical modelling and experimental work.

Control over the desired bioelectrochemical reactions necessitates the proper
adjustment of process parameters, thus creating a need for a deeper understanding
of the complex interactions taking place within a MES reactor. To achieve this,
Chapter 2 introduces a reactor-scale computational model describing key processes
occurring within a biofilm-based MES reactor. The presented model not only serves
as a framework for future modelling studies but also allows for quick predictions of
the overall performance of different reactor setups. Simulation results show clear
links between critical performance indicators (e.g., productivity) and operational
process conditions, highlighting prevailing process limitations and opening a door

for future system optimization.

Microorganisms are essential in all biotechnological systems, and their proper
determination is crucial not only for research purposes but for process development
as well. However, biomass concentration is one of the major unmeasured variables
within biofilm-based MES processes, hindering further complex computational
attempts. Therefore, Chapter 3 presents the results of a collaborative effort to
develop a method to determine biomass concentration in biofilm-based MES
systems. A simple method using nitrogen balancing and optical density allows for
the determination of biofilm and planktonic cell concentrations at any given time.
Biomass-specific growth rates and production rates of desired products are also
derived, allowing for a more effective and comparable assessment of the

performance of MES reactors.

Insight on which major factors currently limit the overall performance of MES
allows for a more comprehensive reactor design strategy. To simultaneously tackle
most relevant limitations, a novel directed flow-through bioreactor that can

continuously reduce COs is presented in Chapter 4. The new design outperforms
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all previously reported MES reactors by achieving 3-fold increased productivities
with high faradaic efficiencies. Results demonstrate the capability of MES to attain
process performances comparable to those in gas fermentation technologies already
present at industrial scale. These findings serve as a milestone in developing MES as
a competitive technology and emphasize key design parameters for efficient
clectricity-driven microbial COs reduction. Despite the need for further
improvement, the combination of computationally derived knowledge on limiting
parameters and a step-by-step design approach shows the scale-up capacity of MES

reactors.

Finally, Chapter 5 presents a general discussion on the main outcomes of this thesis.
An outlook on future research, focusing on the next steps necessary to make MES

upscaling a reality is also presented.
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Abstract

Up to now, computational modeling of microbial electrosynthesis (MES) has been
underexplored, but is necessary to achieve breakthrough understanding of the
process- limiting steps. Here, a general framework for modeling microbial kinetics
in a MES reactor is presented. A thermodynamic approach is used to link microbial
metabolism to the electrochemical reduction of an intracellular mediator, allowing
to predict cellular growth and current consumption. The model accounts for CO;
reduction to acetate, and further elongation to n-butyrate and n-caproate. Simulation
results were compatred with experimental data obtained from different sources and
proved the model is able to successfully describe microbial kinetics (growth, chain
clongation, and product inhibition) and reactor performance (cutrent density,
organics titer). The capacity of the model to simulate different system configurations
is also shown. Model results suggest CO» dissolved concentration might be limiting
existing MES systems, and highlight the importance of the delivery method utilized
to supply it. Simulation results also indicate that for biofilm-driven reactors,
continuous mode significantly enhances microbial growth and might allow denser

biofilms to be formed and higher current densities to be achieved.

Keywords: microbial electrosynthesis, bioelectrochemical system, microbial

kinetics, mathematical model, CO; reduction, chain elongation
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2.1. Introduction

Microbial electrosynthesis (MES) is based on the use of microorganisms that can
reduce COz to industrially relevant products (i.e., alcohols, carboxylic acids) by using
electrons coming from a solid-state electrode [1-3]. MES is a promising technology
to satisfy the growing demand for commodity and specialty chemicals, and has the
potential to increase the value of the electrical energy produced from renewable
sources [4]. Until now, research on MES has been primarily focused on developing
the technology by means of studying its fundamentals (e.g., electron transfer
mechanisms, metabolic routes used for reducing CO3) and improving the efficiency
of crucial components (e.g., microorganisms, cathode structure, and material) [5,6].
Even though significant progress has been achieved on these aspects, MES
technology still needs to be pushed to higher performance to reach industrial
viability [7]. In that sense, rate-limiting steps, scalability, and system optimization are
key aspects that need to be assessed. Initial work in all those directions has been
published in the last decade [8—11], but progress has been modest.

MES is a complex system that combines both electrochemistry and biotechnology.
When trying to improve reactor performance, all physical, chemical, and biological
processes occurring simultaneously have to be propetly regulated. A major
breakthrough would require a deeper understanding of this inherent complexity. To
that end, computational models are a systematic approach that can be used for
testing hypotheses and obtain knowledge on the described system, as pointed out
by Korth and Harnisch (2017) in their detailed review on modeling microbial
electrosynthesis [12].

When looking at the biocatalyst itself, metabolic modeling allows for an in-depth
analysis of the molecular and biochemical mechanisms occurring within a particular
microorganism. These complex mathematical expressions encompass all major
metabolic pathways, and simulate them in perspective of the entire metabolic
network. Pandit and Mahadevan (2011) used flux balance analysis to develop one of
the first computational genome-scale metabolic models, and used it to characterize
the role of bioelectrosynthesis in chemical production [13]. Their model was based
on the genome of Escherichia coli, and showed that trade-offs between improving
growth rates and yields could exist. Kracke and Krémer (2014) used elementary
mode analysis to create multiple core networks of metabolic carbon pathways, and
found that the yield obtained with electrical enhancement depends strongly on the
electron transport mechanism [14]. Marshall et al. (2017) constructed three full
genome-scale metabolic models that in combination with flux balance analysis,

allowed them to predict the metabolic activity of different microbial communities
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[15]. Their results identified the main metabolic pathways in those systems, as well
as demonstrating the possibility of multiple species being active within a very limited
space near an electrode. Metabolic network models are of great use when exploring
suitable MES processes, as well as when studying the pathways present within a
particular microorganism. However, these are complex mathematical expressions
that require prior knowledge on the genome and transcriptome of the studied
organism. Moreover, data on interactions between species in mixed microbial
culture biofilms, biofilm structure, and mass transport phenomena are needed when
extrapolating results to a biofilm superstructure. Since this information is largely
unknown in MES to date, and metabolic models are mostly focused on microbial
cells and their immediate surroundings, these models are hardly suited for a more

generalized study at a reactor scale.

To date, few modeling studies have been published on microbial electrosynthesis
and the dynamics between microorganisms and operating conditions. Kazemi et al.
(2015) modeled a biofilm-based MES cathode with a pure culture producing acetate
using a conductive biofilm approach [16]. The model allowed them to study current
density and biofilm thickness on different CO» concentrations and applied cathodic
potentials. Their model showed that high COz concentrations decreased coulombic
efficiency, while a higher cathodic potential increased the coulombic efficiency.
Gadkari et al. (2019) performed a study of the interdependence of some operating
parameters in a MES system using a bioanode [17]. They developed a two-chamber
model with two cell populations, allowing them to analyze the effect of parameters
such as initial substrate concentration and operation cycle time on MES
performance. Their results showed that reducing the operation cycle time favored
production rates, but decreased substrate utilization and coulombic efficiency. Abel
and Clark (2021) very recently modeled a biomass-producing system that reduces
CO; into formate electrochemically, which is then used aerobically by planktonic
cells to grow [18]. They were able to study the dynamics between COs, Os, and
biomass growth as well as the influence of some operational parameters on the
general performance of the reactor. Oz and CO; mass transfer were found to be
limiting the formate-mediated reactor. Their study also indicates that gas recycling
to increase overall CO» utilization will be necessary when scaling-up these systems.
Salimijazi et al. (2020) also very recently developed a mathematical model to
determine the maximum theoretical efficiency of MES processes from electrical
power to biofuels [19]. They predicted that by wusing highly engineered
microorganisms, the conversion efficiency to biofuels could increase up to 52%.

Their study also shows an interdependence between said efficiency, and biofilm
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thickness and resistivity. To maintain a given efficiency, if a biofilm resistivity

increases its thickness must decrease, while increasing its area.

The use of computational modeling of MES at reactor scale for process
understanding and system optimization has cleatly been underexplored. Previous
modeling papers mainly focused on studying the effects of operational parameters
on the general performance of specific MES processes. Moreover, one of the main
knowledge gaps in MES is that microbial growth rates and microbial kinetics have
not been experimentally elucidated and are thus unknown to date. To achieve a
higher process performance, a deeper understanding on the microbial metabolism
and production kinetics is necessary. In addition, the study of how microorganisms
adapt to changing operational parameters and to different reactor environments (i.e.,
changing substrate and/or product concentrations) is of crucial importance when
clucidating what is limiting MES performance. A general black-box mathematical
model allowing for the dynamic description of attached microbial cells, and their
interactions with the cathode can help to study such complex environments and
potentially elucidate current process bottlenecks. To this end, the objective of this
work was to develop a reactor-scale mathematical modeling framework for the study
of biofilm-driven microbial electrosynthesis processes with multiple product
spectrum and different operational conditions, i.e., batch or continuous mode,
continuous or discontinuous COz supply. To achieve this, a dynamic black-box
model of a MES reactor for the reduction of CO; including microbial kinetics with

product inhibition and integrated chain elongation, was implemented and solved
with the MATLAB software package (MATLAB 2019b).

Since microbial kinetics in MES are not yet available, the biofilm-driven reactor from
Jourdin et al. (2019) is used to fit the model and estimate the unknown kinetic
parameters [20]. The model is then applied to and validated with experimental data
obtained from other studies. First, the capacity of the model to successfully predict
different operational conditions is shown by simulating the system from Jourdin et
al. (2018) [21]. In this first simulation, the same reactor but operated under different
dilution rates and feeding strategies is evaluated. Afterward, since not all reported
MES reactors reach chain elongation and more than 75% of all MES studies have
reported only acetate production [22], the ability of the model to simulate different
product spectrum is also shown. For this purpose, the experimental data from the
batch reactor used in Marshall et al. (2013) is used for validation [23].

49



Chapter 2

2.2. Model Description
2.2.1. System Overview

The model consists of a bioelectrochemical reactor with multiple domains
encompassing all subsequent mass balance equations, as well as all electrochemical
and biological kinetic reactions. The four domains of the system modeled to
simulate reactors from Jourdin et al. are shown in Figure 2.1B, namely the
gas/liquid mass transfer compartment, the cathode biofilm, and both bulk liquid
compartments on either side of the cathode/biofilm. The two domains of the
modeled reactor from Marshall et al. can be found in Figure 2S 1 in the
Supplementary Material 2.7.1. All symbols used and their respective units can be
found in the main text in Table 2.1 and in the Supplementary Material 2.7.1.

Assumptions for all cases are:

* The biofilm is a continuous phase, thus different microbial species and their
distribution are neglected.

* All reactions occur in the biofilm only. Reactions occurring in the bulk liquid are
neglected, as the prevalence of the biofilm over suspended cells was demonstrated

on their investigation.

* Electrical resistances of the catholyte and the biofilm matrix can be neglected.
* Volumes of all compartments are constant.

* All liquid compartments are well mixed.

* The biofilm domain is also well-mixed (no concentration gradients, see section
2.3.3).

* Microorganisms accumulate in the biofilm domain and do not flow out

(detachment from the biofilm is neglected).
* pH, electrical potential, and temperature are strictly controlled.

Simulations were performed with a set of mass balances including the exchange rate
(flow in and out) from the continuous operation, the net rate of reactions in the
biofilm, and the gas/liquid transfer of CO; (in detail in Supplementary Material
2.7.1). The gas/liquid mass transfer from the gas to the liquid phase was modeled
with the overall gas/liquid mass transfer coefficient (ka). It is possible to simulate
reactors with different geometries, cathode properties or cell cultures modifying the
obtained mass balance equations. A general scheme of the microbial catalyst, with
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all the relevant biological and electrochemical reactions is depicted in Figure 2.1A,
and further described in sections 2.2.2 and 2.2.3.
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I
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Figure 2.1. (A) Biological and electrochemical reactions occurring within a single cell. The energy
generated during the reduction of carbon dioxide (catabolism) is used for biomass formation
(anabolism), butyrate and caproate formation (chain elongation), and partly dissipated as heat. The
reductive power is regenerated in the bioelectrochemical reduction of the oxidized mediator M* and
the excess of reduced mediator is used in the chain elongation metabolism. (B) Model domains of the
continuous reactor based on Jourdin et al. (2019) [20]. CO2 is supplied in the external bubble column
during liquid recirculation and the catholyte is forced through a porous biocathode.

2.2.2. Electrochemical Reactions
Electron Transfer from Cathode to an Intracellular Electron Mediator

In microbial electrosynthesis, electrons must be transferred from the surface of the
cathode to the intracellular space of the microorganism likely via multiple
transmembrane redox centers (e.g., cytochromes) [24]. This redox protein chain
leads to the reduction of an intracellular redox mediator, which is then used by the
microorganism in its metabolism [25]. For simplicity purposes and since
intermediate processes are not expected to be limiting the electrochemical rate, the
electron transfer between the cathode and the microorganism was assumed to occur
by the direct reduction of an oxidized mediator species (M*):
K
M* + H* +2e”~ Z MH (D
kG
The electrochemical rate 15 (molM+m]?C35'1) for Eq. 1 is obtained with the Butler-
Volmer equation (Eq. 2). This general model has been successful in the modelling
of heterogeneous electron transfer between microorganisms and electrode in

microbial fuel cell processes [25,20].
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retec = k1 s Cyv — K5 Cuyy (2)

The electrochemical rate coeflicients, which account for the electrical potential of

the electrode and the mediator, k£ (Eq. 3) and k¢ (Eq. 4) are:
k! = kexp [—a— (Ec — EM)] 3)
nF
Kt = kexp | (1 = ) 7 (Bc — )| o

To date, the exact mechanism for extracellular electron transfer (EET) is largely
unknown. A wide range of different mechanisms has been investigated, from direct
clectron transfer [27,28] to mediated processes [29,30]. The electron transfer
mechanism can be highly dependent on the type of system being studied, hence the
aforementioned mathematical expressions were chosen as they allow to mimic

different EET mechanisms by adjusting the electrode and the mediator potentials.

Current Density

The transfer of electrons from cathode to microorganism results in the observed
electric current. This current is determined by a balance between the electrochemical

reaction rate rE%¢

(Eq. 2) and the biological conversion rate. In the present model,
the current at the cathode is given by the electrochemical reduction of the redox
mediator (Eq. 5). Since the electrochemical rate is defined per biofilm volume, a

correction to account for the volume of the biocathode (V) domain is included.
I = nFrgVy, (5)

2.2.3. Biological Reactions
Microbial Metabolism

Acetate originates from COz, but the pathways for butyrate and caproate production
in MES systems are largely unknown. Acetate elongation can occur via multiple
pathways, including or not carbon dioxide utilization [21,31,32]. In addition, ethanol
has been hypothesized to act as electron donor for the elongation of acetate into
longer carboxylates [32-34]. Owing to the high complexity of mixed microbial
communities, simplifications are needed when trying to model such environments.
The present study approaches this simplification by encompassing all major
metabolisms from different cells into one hypothetical black box organism.
However, the addition of solventogenesis and chain elongation to the general
growth metabolism would require prior knowledge of the exact ratios at which
acetate, butyrate, caproate, and ethanol are produced [35,36]. Since these ratios are
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not known, the metabolism of the modeled organism can be separated into four
different steps, iec., 1) the energy-generating catabolic reaction, 2) the energy-
consuming anabolic reaction for biomass production, 3) the chain elongation
metabolism, and 4) the electrochemical regeneration of the reductive power (Figure
2.1A). The use of a thermodynamic approach allows to account only for end
products of the metabolism, bypassing intermediates like ethanol. Hence, for
modeling purposes and since this information is currently not available for MES
processes, a COsz-independent acetate and butyrate elongation pathway not linked
to growth is hypothesized. The model includes reaction rates for CO,, acetate,
butyrate, and caproate. Including reaction rates for compounds that have not been
detected would lead to additional kinetic parameters, and these would be
unidentifiable. The studies used in this work for parameter fitting and model
validation did not detect ethanol or propionate, for example, so reaction rates for
these compounds are not included here. To model studies that did measure

concentrations of these compounds, model extension is needed.

The general growth stoichiometry of the proposed bacteria is then calculated
following a thermodynamic state analysis [36]. From an energetic point of view,
acetate is produced from carbon dioxide to generate energy for all the other
reactions occurring within the cell (AGe,,). A part of that energy is used for butyrate
(AGpy:) and caproate (AGeqy) production, as well as for biomass growth and cell
maintenance reactions (AG,,), whereas the rest is dissipated as heat (AGp;s). The
biomass formula is assumed to be CH18O035No2 [37,38]. The catabolic microbial
reaction for carbon dioxide reduction to acetate (Eq. 6) and the anabolic reaction

for growth (Eq. 7) can be written as follows:
2C0,+4MH+3H* = CH;CO0~ +4M* + 2 H,0 (6)
CO,+21MH+02NH; +19H* = CH 405Ny, +2.1M* +1.5H,0 (7)
As explained previously, ethanol is not included in the elongation metabolism of the
proposed bacteria and the reductive power is assumed to directly come from the
redox mediator MH. Then, acetate (Eq. 8) and butyrate (Eq. 9) elongation reactions

are described as:

2CH;C00™ +2MH +3H* = (3H,C00™ +2M™* + 2 H,0 €3))
CH3C00~ + C3H,C00™ +2MH + 3 H* = CsH,,C00~ +2M*+2H,0 (9)
The Gibbs energies of reaction AGy,, AG,, AGRy,, and AGZ,, ate calculated using

the values for the energy of formation obtained from [36], and adapted to reactor
conditions (Supplementary Material 2.7.1). In this model, the mediator couple
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MH/M+ is the only redox mediator species that limit the rate of the redox reactions
of the modelled microorganism. The Gibbs energy of formation for this pair was
estimated from the standard redox potential and adapted to reactor conditions, as
described by Korth et al. (2015) [39]. In this study, the standard redox potential of
NADH/NAD* was chosen (in detail in the Supplementary Material 2.7.1).

The catabolic rate (A.q) is a factor representing how many times the catabolic
reaction must occur to supply enough energy for the anabolic, elongation, and

dissipation reactions. Using a dissipation energy for chemoautotrophic CO:

reducing processes of AGEL.ZZS = 1076 k] molx* [35], the catabolic rate (Eq. 10) is
calculated:

AGE?2 + AG,,

Diss

C
_AGCat + YABcutAGBut + chapAGCap

(10)

Acat =

The thermodynamic yields Y2 and Y* are calculated as the ratio between the
energies of formation of both butyrate and caproate over acetate. The growth
stoichiometry (YM¢*) is then obtained by combining both catabolic and anabolic
reactions (Eq. 6 and Eq. 7) as A Y;“* + Y™, resulting in the following general

metabolic reaction (Eq. 11):
—Y/5t CO, — Yifist MH — Yt NHY — Y% HY
+Y{1e CHy 500 sNo 5 + YAret CHs 05 + Yt M* + Vet H,0 (11)
Microbial Kinetic Equations
A triple hyperbolic uptake equation accounting for both the carbon and nitrogen

sources, as well as for the electron donor is used to describe the carbon dioxide
specific uptake rate [40-42] (Eq. 12; Parameters in Table 2.1).

_ qnax Ceo, Cnuy Cmu
? Keo, + Ceo, Kynp + Cyuy Kmu + Cun

qco, (12)
The maintenance coefficient on CO, for anaerobic microorganisms, meo,
(molp, moly™ h™) is estimated with a temperature dependent Arrhenius-type
equation (Eq.13) [43]. The specific biomass growth rate u (h™') can then be
described as a function of the carbon dioxide uptake and maintenance rates (Eq.

14).

3.3 —-69.4 (1 1
meo, = gerexp [ (5= (13)
qco, + Mco,
=% <% 14
o (14)
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The specific elongation rates for butyrate and caproate production are then
described using double and triple hyperbolic uptake equations, respectively. Jourdin
et al. (2018) described a threshold concentration of acetate necessary for chain
clongation to occur [21]. A follow-up study suggested that also a threshold
concentration of butyrate for caproate production might exist [20]. To incorporate
these threshold values into the model, the method proposed by Ribes et al. (2004)
is applied to the hyperbolic specific uptake rates for both acetate (Eq. 15) and
butyrate (Eq. 10) [44].

qelong — qmax CAC - CchAc CMH (15)
But P Kae + Cac — Chewac " Ky + Cun
qelong — q{;"“x CAc - CchAc /A CBut - Cg’utWBut ot CMH (16)
cap P Kac + Cac = CheWac “ Kpue + Coue — ChueWaue  Kuu + Cun

Where w; and Z; are empirical sigmoidal functions used to ensure the rates have a
smooth increase when the concentration reaches the threshold value Cf and to avoid

negative values if the threshold is yet to be achieved (Eq. 17 and Eq. 18).

1
YT T explA(CF = €]

17)

1
5= T explA T, - O]

(18)

The additional tuning parameters A; and T; incorporated into the substrate uptake
expressions have no biological meaning and are 10/C} and 1.1C}, respectively. An
elaborated discussion on how to determine these terms can be found in the original
paper [44].

The overall coupling between substrate uptake, biomass growth, maintenance, and

elongation reactions for all the remaining metabolites (excluding CO») is achieved
by using a Herbert-Pirt relation (Eq. 19) and the general metabolic stoichiometry

(Eq. 11).

Yicat elon,

— g C elong

q =Y""u— Mco, ycat + YiButhut +Y; aquap (19)
CO,

Finally, biological rates for all chemical components are 1; = q;Cx and ry = uCy for

biomass.
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Carboxylic Acids Inhibition

Carboxylic acids (CAs) are known for their toxicity, which can be attributed to their
acid form. The acid form is able to diffuse across the cell membrane and deprotonate
in the cytoplasm, generating a pH gradient. In order to maintain homeostasis, cells
typically have to use membrane-bound ATPases to expel the excess of protons to
the outside. As more ATP is redirected to keep this gradient under control, growth
and production yields are substantially decreased [45,46]. Moteover, the longer the
carbon chain, the higher the toxicity of the acid, since long CAs are able to damage

the structure of the cell membrane [47].

When modelling microorganisms in MES systems, it is important to account for
CAs inhibition. However, product inhibition kinetics in MES remains unknown to
date, hence a generalized inhibition model is preferred here. In this study, a linear
model is adopted [48]. Product inhibition effect is described by the linear term
(1 - C;/C}), where C; (mol m™3) refers to the critical concentration at which the
whole metabolism is halted due to the toxicity of the produced compound. Acetate,
butyrate, and caproate inhibition terms are then added to the carbon dioxide uptake
rate Eq. 12 and to the elongation rates Eq. 15 and Eq. 16 as follows:

max  CCOy Cny Cvn (1 CAc> (1 3 CBut) (1 3 CCap> 20)

4co, = 4co, Kco, + Ceo, Kyt + Cyy Knn + Cun  Cic Caut Ceap

Cuc — Ct w C C C C
l A AcWA MH C
e otng qmax [4 c c 7 (1 /iz) (1 But) (1 ap) (21)

A * *
BUt K pe 4 Cac— Chewae ~ Kmn + Cun Chut Ceap
elong — qmax CAC - C,chAc CBut - CEE‘utWBut CMH
cop P Ky + Cae — ChWae " Kpur + Coue = ChueWour " Kun + Cun
C Con C
o)
CAC CBut CCap

2.2.4. Simulation and Model Fitting Procedures

The kinetic maximum specific rates q¢g. , qgy¢e and qlgy and the concentration

thresholds Cf. and Cf,; have not been experimentally determined in MES to date.
Therefore, they were found by minimizing the residual sum of squares when fitting
bulk concentrations of acetate, butyrate, and caproate over time. In this work, a
residual is the difference between the experimental measurement from Jourdin et al.
(2019) FTR2 reactor and the calculated value for that measurement obtained from
the model [20]. As the model is a non-linear system of equations, a non- linear least-
squares regression was used. The minimization was performed using the Nelder-
Mead method as implemented in MATLAB.
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Table 2.1. Input parameters used in the fitting of the model with their symbols, values, and units.

Parameter Symbol Case value Units Source
Thermodynamics and microbial kinetics
Standard Gibbs energy of dissipation co
for CO; A 1076 I /molx [35]
. Adapted
Standard Gibbs energy of M+/MH Aoy 2185 K /moloe i fmmpm]
Half-saturation constant for CO; Kco, 3.8 mol/m3 [49]
Half-saturation constant for NH4* Kyuy 0.05 mol/m3 [50]
Half-saturation constant for MH Kun 0.1 mol/m3 [39]
Half-saturation constant for Acetate Kac 0.27 mol/m3 [51]
Half-saturation constant for Butyrate Kput 0.076 mol/m3 [52]
Critical concentration for Acetate Cac 800 mol/m3 [53]
Critical concentration for Butyrate Chut 285 mol/m3 [54]
Critical concentration for Caproate Céap 170 mol/m3 [47]
Electrochemical kinetics
Standard heterogeneous electron 0
transfer rate ke 0.03 1/s 53]
Transfer coefficient a 0.5 - [25]
Standatd redox potential of M*+/MH Ey -0.32 V (SHE) [56]
Cathode potential E, 12 V(SHE) 20]
Number of electrons transferred n 2 mol. rom Eq.1
/ mOl(M*/MI 1)
Bulk liguid
Bulk liquid volume vE 370 mL [20]
Bubble column volume Ve 280.9 mL [20]
Dilution rate DL Variable 1/d [20]
H* concentration c 15'+ 10->8 mol/L [20]
. . Calculated
Gas-liquid mass transfer coefficient kia 2.5 1/h from [20]
Initial concentrations
Carbon dioxide Clo, 0 mol/m3 [20]
Acetate Cl. 30 mol/m3 [20]
Butyrate Co.¢ 0 mol/m3 [20]
Caproate C gap 0 mol/m3 [20]
Biofilm
. Adapted
Biocathode volume Vec 25.5 mL from [20]
T . Adapted
0 5
Initial biomass concentration Cy 5.2 mol/m from [20]
Initial concentration of MH + M+ Ot 20 mol/m? 39]
Constants
Faraday constant F 96485.34 C/mol
Universal gas constant R 8.31 J/(mol K)
Standard temperature To 298 K
Working temperature T 305 K [20]
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2.3. Results and Discussion
2.3.1. Model Fitting

To obtain the necessary parameters for the kinetic equations, the model was fitted
with the experimental results obtained by Jourdin et al. (2019) [20]. That system was
operated in continuous mode with continuous CO; sparging. Since the gas-liquid
mass transfer coeflicient k;a for CO2 was not reported in the original work, its value
was approximated from the reported inorganic carbon concentrations and found to
be of the same order of magnitude as those reported on similar sparging
mechanisms, i.e. 2.5 h! [57]. The hydraulic retention time (HRT), used to determine
the dilution rate, was first increased from 4 to 8 days and then from 8 to 14 days.
The best fitting results are shown in Figure 2.2A, together with the organics
concentration measured experimentally by Jourdin et al. (2019) [20]. The model is
able to follow the main trend of the experimental results. For the data points, the
population standard deviation of the model was 31.7 mmol/L for acetate, 14.56
mmol/L for butyrate, and 3.65 mmol/L for caproate. The simulation shows
deviations that can be attributed to the previously introduced simplifications on the
model, such as exclusion of the dynamics occurring within a mixed culture. No
special effect of increasing the HRT can be observed. The kinetic maximum specific
rates qfps, qaue. and qlyy and the concentration thresholds Cf. and Cgy,, were
found to be -0.307 molcoz/(mols h), 2.12x102 molpu./(mols h), 4.64x103
molcyp/ (mols h), 123 mmolac/L and 43 mmols../L, respectively. There is a lack of
reported values in MES for these kinetic parameters, hence it is difficult to assess
the values obtained here. Nagarajan et al. (2013) used a CO» specific uptake rate on
the same order of magnitude as the one obtained in this study, of -0.2 molco2/ (mols
h), when characterizing acetogenic metabolism by using a genome-scale metabolic
reconstruction approach; however they failed to confirm the value experimentally

[58].

The computed substrate concentrations over time (Figure 2.2B) show an initial
decrease, with a later stabilization for CO; and a slight increase for NH4*. This
profile can be related to the developing cell population, with an initial exponential
growth phase and a later plateauing when steady-state is reached (Figure 2.2C)
[40,59]. According to the model, cells use the nitrogen source for growth, whereas
the carbon source is used for both growth, maintenance, and elongation reactions.
The later ammonium concentration increase can then be attributed to biomass
growth slowing down, and the stabilization of the carbon dioxide concentration to

its continuous usage in maintenance and elongation reactions.
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The maximum growth rate (see Supplementary Material 2.7.2) was calculated to be
on average 0.12 d?! and within the range of typical reported growth rates for
acetogens (0.1 to 0.4 d'1) [52,53].
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Figure 2.2. Model fitting results (lines) and experimental data Jourdin et al. (2019) [20] (markers). (A)
Concentration of acetate (blue), butyrate (red) and caproate (green); (B) Substrate concentration of
CO: (black) and NH4* (orange); (C) Cell concentration (light green), maximum growth rate (purple),
and growth rate (purple dashed line); (D) Kinetic uptake terms of CO2 (black) and NH4* (orange), and
kinetic product inhibition terms of acetate (blue), butyrate (red), and caproate (dark green). The vertical
dashed lines represent the time when the hydraulic retention time was increased.

According to the model, none of the substrates was depleted. To study which factor
is mainly controlling biological rates, the kinetic hyperbolic uptake and product
inhibition terms from Eq. 20, 21, and 22 are graphically depicted over time in Figure
2.2D. These terms can be used as indicators for metabolic limitations, being
responsible for the deviations between the theoretical maximum rates and the
observed ones [60—62]. During the first 100 days of the experiment, carbon dioxide
was the main factor limiting microbial kinetics, with a decrease of the maximum rate
of about 30%. After day 100, product inhibition became the main limiting step,
especially due to high acetate and butyrate concentrations. The initial carbon dioxide
limitation can be attributed to its relatively high half-saturation constant of 3.8
mmol/L [63], resulting on a fast drop of its uptake rate even when dissolved CO; is
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still far from being depleted. A combination of poor gas-liquid mass transfer and a
low gas inlet CO; partial pressure were the limiting steps during this first period.
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Figure 2.3. Computed biomass production rate in time for the reactor from Jourdin et al. (2019) [20]:
(A) at different gas-liquid mass transfer coefficients (k,a) with pco, = 0.3 and (B) at different gas CO2
partial pressures (D¢o,) with k a = 2.5h™". No experimental data available.

The effect of changing these input parameters is depicted in Figure 2.3. Increasing
the k;a results on a higher biomass production rate, as CO; is dissolved faster into
the liquid (Figure 2.3A). This improvement decreases the higher the transfer
coeflicient. At a certain point, the rate of the gas-liquid mass transfer is sufficient to
supply COz faster than what the microorganisms consume. Then, the uptake rate
starts limiting the system. After an initial growth phase, all rates sharply decrease.
This effect is induced by the increasing carboxylates concentrations and the
subsequent product inhibition on cell metabolism (Figure 28 2A-C in the
Supplementary Material 2.7.3). The CO; partial pressure (pco,) of the feed gas

determines the saturation concentration at which carbon dioxide can be dissolved
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into the liquid [64]. Increasing this partial pressure substantially improves biomass
production rate, as shown in Figure 2.3B. In this case, the positive effect is because
of a higher driving force for gas-liquid mass transfer, ie. the equilibrium
concentration of CO, with a peg, of 1 is of 34 mmol/L, three times higher than
with a partial pressure of 0.3. The higher the partial pressure of CO> used the more
pronounced the effect of product inhibition is. This can be attributed to the
microbial dynamics during the initial part of the run, reaching the carboxylates’
inhibiting concentrations at a faster rate with higher CO> fraction in the inlet gas
(Figure 28 2D-E in the Supplementary Material 2.7.3).

2.3.2. Model Validation: Prediction vs. Experimentation

A wide range of biological systems and operational conditions applied to MES are
described in literature. In this paper, and in order to study the prediction capabilities
of the model, the work of Jourdin et al. (2018) [21] and Marshall et al. (2013) [23]
were chosen because of their detailed experimental descriptions and model input
parameters availability. The model structure is largely the same as in the fitting case
previously discussed. Any model parameters modification done to reflect differences
between the studied systems can be found in the Supplementary Material 2.7.4 and
2.7.5.

CO: Supply Strategy Greatly Impacts Reactor Performance

Simulation results for the system utilized by Jourdin et al. (2018) [21] can be found
in Figure 2.4. The reactor was operated in fed-batch mode under a discontinuous
CO; sparging regime during periods I and III, in batch mode with continuous
sparging of CO; during period II and in continuous mode with continuous sparging
of CO; during period IV. When comparing the organics concentration obtained
from the simulation with the experimental data, although showing a similar trend,
the model predictions deviate from the experimental results (Figure 2.4A).
Calculated acetate and n-butyrate concentrations are substantially higher, especially
during periods II and III. For the data points, the population standard deviation of
the model was 50.11 mmol/L for acetate, 10.79 mmol/L for butyrate, and 1.13

mmol/L for caproate.

This overshooting contrasts with the good description by the model of the current
consumption, as can be seen in Figure 2.4E. This good match between simulation
and experimental data on the electron consumption, together with the mismatch on
organics prediction indicates an overestimation of the coulombic efficiency. These
differences could be attributed to hydrogen production, as Jourdin et al. (2018)
reported electron recoveries that ranged from 20% to 70% during the first three
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periods of the run and from 60% to 100% during the last period [21]. This dynamic
behavior between carboxylates production and hydrogen evolution is not included
in the present model. During the fitting in section 2.3.1, the biological rates from
the model were calculated to match the organics concentration evolution over time
from the experimental results. As a consequence, the coulombic efficiency of the
system leading to electron losses was not taken into account. When the
experimentally reported recoveries are applied to the organics concentration
predicted by the model, a better representation of the experimental data is obtained
(dashed lines in Figure 2.4A). The population standard deviation of the adjusted
model was 32.09 mmol/L for acetate, 3.62 mmol/L for butyrate, and 0.68 mmol/L
for caproate. This highlights that the model presented in this paper is able to predict
the performance of a MES system with a 100% coulombic efliciency, giving for a

certain set of conditions an approximation of what the best possible outcome can

be.

As can be seen in Figure 2.4B, carbon dioxide was periodically depleted in periods
I and III as the multiple sparging periods were not able to keep up with its
consumption rate. When the feeding strategy was changed to continuous addition
in period 1I, an initial decrease with a later slight increase of CO concentration is
observed, but no depletion occurred. The later increase of the COz concentration
can be attributed to the plateauing of the biomass concentration (see Figure 2.4C)
[59], as the model shows that the ammonium concentration was continuously
decreasing and close to being depleted. No nitrogen limitation was observed.
Ammonium concentration slightly decreased but stayed high during period I,
severely decreased in period II and increased during period III. This later increase
can be attributed to the carbon dioxide depletion and the subsequent halt of cell
growth, inducing cell death and a decrease of the biomass concentration (Figure
2.4C) [65]. During period IV, when the operational mode was switched from batch
to continuous, i.e., nutrients and COz were continuously added, CO» concentration
shows an initial decrease with a later stabilization when the steady-state is reached.
On the other hand, NH4* concentration peaks at the beginning and then slowly
stabilizes. This shatp increase is attributed to the accumulation produced by the
constantly added fresh medium.

62



A General Model for Biofilm-Driven Microbial Electrosynthesis of Carboxylates from CO,

(A)
250

- 80
200

- 60
150

40

100

Acetate concentrations (mmol/L)

50 - 20

Butyrate and Caproate concentrations (mmol/L)

0 )
Time (days)
onom v nom v
(B) 12 7 4 () —T 0,2
| 500 [
I 10 11 4z [ - 0,15
3 33 1o
2 I F 3 E 2400 5
E 8 EE o1 2
c S < d -
5 2 8300 £
g 6 -2 8 ® . A - 0,05 E
£ £ g % A £
@ @ \ oo
g4 £ 2200 M W - o 8
o 1 ° ©
~ < =
S 2 Z 8100
) 0
(D) (E)
-20
-50
? -80
g 3
2 £-110
£ -
< -140
-170
-200
0 100 200 300 0 100 200 300
Time (days) Time (days)

Figure 2.4. Simulation results of a MES system with changing feed strategies and operational modes.
(A) Predicted concentration of acetate (solid blue line), n-butyrate (solid red line) and n-caproate (solid
dark green line) and experimental data from Jourdin et al. (2018) [21] of acetate (blue diamonds), n-
butyrate (red squares), and n-caproate (dark green triangles). Adjusted concentrations with reported
electron recoveries are shown with dashed lines for acetate (blue), n-butyrate (red), and n-caproate
(dark green); (B) Concentration of CO- (black) and NHs* (orange); (C) Microbial cell concentration
(light green), calculated maximum growth rate (purple), and growth rate (purple dashed line); (D)
Kinetic hyperbolic uptake terms of CO: (black) and NH4* (orange), and kinetic product inhibition
terms of acetate (blue), n-butyrate (red), and n-caproate (dark green); (E) Predicted (red) and
experimental (black) current. The vertical dashed lines represent the time when reactor operation was
switched from fed-batch to batch and from batch to continuous mode. The black arrow indicates when
substantial leakage of the medium occurred.
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The depletion of carbon dioxide during fed-batch periods completely stopped the
growth metabolism of the cells (Figure 2.4D). Even though the nitrogen source
could be expected to become the bottleneck of the system during period II, the
uptake of CO; was still the rate limiting microbial kinetics. This can be attributed to
the low ammonium half-saturation constant, buffering the effect of a low
concentration on the overall kinetics. Again, when the operational mode was
switched to continuous in period IV and the steady-state was reached, the CO;
uptake term was the limiting factor, decreasing the maximum rate by about 65%. In
summary, it is clear that the limiting step during the entire duration of Jourdin’s
experiment was the supply of carbon dioxide, pointing out to the importance of not

only the amount of CO; added but also how this addition is carried out.

Continuous Operation Benefits Biofilm Growth

A second simulation to reproduce the set of data obtained by Marshall et al. (2013)
[23] was performed, and the results obtained from the model are showed in Figure
2.5. A series of consecutive batches was simulated. After every batch, the catholyte
was replaced by fresh medium while the biomass remained attached to the electrode
material. The first two batches (periods I and II) operated under a discontinuous
CO; sparging regime, whereas the third batch (period I1I) was continuously sparged
with pure COz The model properly predicts the acetate concentration profile
obtained experimentally (Figure 2.5A). For the data points, the population standard
deviation of the model was 1.94 mmol/L for acetate. The elongation thresholds
from Eq. 15 and Eq. 16 allowed to propetly reproduce a system where only acetate

was produced.

Carbon dioxide concentration oscillated during the intermittent sparging phases in
periods I and II and showed a subtle decrease during period 111, but was far from
being depleted (Figure 2.5B). However, it should be stressed that the actual k;a of
their sparging method was not reported and thus assumed to be the same as in
Jourdin et al. (2019) [20]. Therefore, it is difficult to conclude the system was not
CO; limited. NH4* concentration showed a batch-like behavior, decreasing faster in
every consecutive batch. This is attributed to the increasing biomass concentration
and its exponential behavior, as according to the model nitrogen consumption is
strictly bounded to microbial growth (Figure 2.5C). Although nitrogen uptake rate

was exponentially increasing, NH4* was far from depletion.
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Figure 2.5. Computed simulation results of a MES system with three consecutive batches. (A)
Predicted concentration of acetate (blue line) and experimentally determined acetate concentration
from Marshall et al. (2013) [23] (blue diamonds); (B) Concentration of CO- (black) and NH4* (orange);
(C) Microbial cell concentration (light green), calculated maximum growth rate (purple), and growth
rate (purple dashed line); (D) Kinetic hyperbolic uptake terms of CO: (black) and NH.4* (orange), and
kinetic product inhibition term of acetate (blue); (E) Predicted (red) and experimental (black) current.
The vertical dashed lines represent the three different batch operations.
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The biomass concentration obtained after 50 days (25 mmol/L) is five times lower
than the amount produced in a continuous reactor with constant CO; sparging (125
mmol/L), as can be seen when compating Figure 2.2C and Figure 2.5C. The effect
of the dilution rate on the biomass growth is shown in Figure 2.6. The higher
biomass concentration achieved with biofilm-driven systems operating in
continuous mode can be attributed to the exchange flow. Since microorganisms
grow attached to the electrode, and are therefore not affected by this dilution rate,
the difference in growth rate is caused by the other dilute species concentrations in
the system. In continuous operation, nutrients are constantly replenished while
products are removed from the reactor, diminishing the effects of low substrate
concentrations and product inhibition [66,67]. However, in a batch system like the
one used by Marshall et al. (2013) [23], nutrients deplete and products accumulate

faster over time.

The kinetic parameters are presented in Figure 2.5D. Carbon dioxide uptake was
the limiting kinetic rate during all three batches. During the last intermittent sparging
phase in period II a total decrease of the maximum uptake rate up to 15% was
reached, but stabilized at 10% in period III when continuous gas sparging was
applied. Although a 30% decrease on the carbon concentration during period II is
observed in Figure 2.5B, the use of pure CO; by Marshall helped to mitigate the
effect on the microbial kinetics. The amount of carbon dioxide that can be dissolved
in the system increases lineatly with the COz partial pressure used in the gas [64]. A
3.3 times higher CO; liquid concentration was obtained by the use of 100% CO» as
feeding gas when compared with the 30% used by Jourdin et al. (2018) [21]. This
higher concentration mitigated the decrease of the hyperbolic term for CO; uptake
and avoided a more severe rate inhibition by the carbon source. Since the limiting
effect of CO» and other chemical species in microbial kinetics is low, it is likely that

the reactor was limited by the absolute amount of biomass in the system.

The current in periods II and 111 is correctly described by the model, as can be seen
in Figure 2.5E. However, during the first period, predictions substantially deviate
from the experimental values, with the calculated ones being lower than the ones
observed by Marshall. Again, this deviation can be attributed to hydrogen and other
by-products formation, as side-reactions are not accounted for in the current model.
Microbial attachment and biofilm formation can be a slow process in MES systems,
as bacteria do not obtain much energy from CO; reduction [68]. Hence, it is likely
the case that during the first batch, as the biomass was starting to colonize the
cathode, electrons were redirected toward hydrogen evolution. When cell

concentration further increased, these electrons started being used in microbial
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reactions instead, giving the initial increase in the cathodic current observed at the

beginning of period II.
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Figure 2.6. Cell concentrations in time at different dilution rates (Df) based on the system from
Marshall et al. (2013) [23]. All input parameters are the same between simulations, with the exception
of the dilution rate. No experimental data available.

2.3.3. Model Assumptions Evaluation
Concentration Gradients Over the Reactor

The model assumes no concentration gradients in the individual domains. Hence,
concentration steps occur only between the domains or at the inflow. To support
the assumption that gradients are negligible, the magnitude of the concentration
steps will be discussed. Experimental measurements were performed at the sampling
port (S in Figure 2.1B), thus computed concentrations refer to those leaving the
second bulk liquid compartment (C£?). Individual mass balances over each domain,
together with an explanation on how the concentration gradients were calculated
can be found in the Supplementary Material 2.7.6. Taking into consideration all
compounds present in the system, carbon dioxide and protons are the ones expected

to have the highest concentration steps along the reactor.

First, we focus on carbon dioxide. It is consumed by the microorganisms in the
biofilm domain and transfers from the gas phase to the bulk liquid in the bubble
column. Results obtained for CO; concentration gradients over the entire duration

of Jourdin et al. (2019) [20] experiment are shown in Figure 2.7. Positive values
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indicate a concentration increase between the previous and the current
compartment, whereas a negative value refers to consumption. In no case the
concentration difference exceeds * 1.5%. This is attributed to the small ratio
between the dilution flow rate of 0.018 mL/min and the recirculation rate of 200
mL/min. The characteristic CO» reaction time is estimated to be 4 min, while the
residence time of the convective flow is 0.13 min (Supplementary Material 2.7.7).
The ratio between these times causes overall concentration changes in the system to
become significant after multiple recirculations rather than after a single pass
through the biofilm domain. Therefore, for the purpose of this model CO:

concentration gradients in the reactor domains can be neglected.
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Figure 2.7. CO: concentration difference between domains during Jourdin et al. (2019) [20]
experiment.

pH at the Biofilm

The pH of a biologically active cathodic chamber is highly dependent on the acid-
base reaction equilibria. CO; and all products accounted for in the current model
behave as acid. In addition, the presence of a buffer must also be taken into
consideration. It is therefore the balance between these production and
consumption processes, that determines local pH gradients. In the present study,
pH was assumed to be constant but since it has a great influence on both
electrochemical and biological reactions, this assumption needs to be further

investigated.
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Bulk pH is strictly monitored and controlled by acid and base addition, therefore
gradients due to protons diffusing from anode to biofilm can be neglected. However,
reactions are happening within the biofilm and not in the liquid bulk, therefore a
gradient might still be present at the vicinity of the electrode. An estimation of both
characteristic reaction and diffusion times for CO,, H*, and the buffer compound
was used to determine if large pH gradients would be present in the biofilm. These
calculations and respective explanations can be found in the Supplementary Material
2.7.7. Results indicate that although H* ions are not able to diffuse into the biofilm
quick enough, the presence of a buffer allows to compensate for the consumed H*
in the biofilm by a buffering reaction with a reaction time in the same order of
magnitude as for CO». According to the calculated diffusion and reaction times, CO»
diffusion slowed down the biological reaction, which at the same time limited the
proton consumption rate by the microorganism. The protonated buffer compound
diffusion through the biofilm and buffering reaction would then have to keep up to
effectively control pH. By analogy to the case treated by Vander Wielen et al. (1997),
the mentioned decrease in the general metabolic rate may have been sufficient to
allow the buffer to prevent large pH gradients [69]. A real biofilm is not
homogencous, and large gradients might occur at conditions different from those
simulated here. Experimental data on pH values throughout the biofilm are required

to validate the calculations.

Potential Model Improvements

Only one bacterial population has been included in this model, even though the
simulated reactors were systems working with mixed cultures. Therefore, the model
could be expanded to include multiple microorganisms with differentiated
metabolisms [70,71]. As an example, solventogenesis (i.e., ethanol production from
acetate) and chain elongation could be described independently from acetogenesis,
allowing a deeper investigation of possible interactions between intermediate
compounds, substrates, and microorganisms. It could also lead to a better
understanding of which metabolic routes are being used by microorganisms to

reduce CO; into longer chain products such as caproate.

As previously described, pH gradients and other chemicals’ gradients should be
further investigated for biofilm-driven systems. The addition of acid-base equilibria,
hydrogen evolution, and electromigration would allow to better understand
gradients at the biofilm level, potentially giving additional insights on rate limiting
processes. These gradients could also help to understand biofilm development and
biofilm/planktonic cells dynamics. Moreover, mass and ion transport can be

expected to become of paramount importance as MES current density and microbial
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productivity continue to increase [5]. In this sense, extending the model to a multi-
dimensional model such as the ones developed in Picioreanu et al. (2007), Picioreanu
et al. (2010) and Bottero et al. (2013) for microbial fuel cells could be interesting for
this purpose [72-74].

The use of a product inhibition model is necessary to account for the inherent
toxicity of the produced carboxylates. Even though the model used in this paper
gave good results, it should be expanded and validated with experiments in which
products have been added to the inflow. This would give a better and more tailored
description of product toxicity within these systems, and subsequently a better

understanding of chain elongation metabolism and kinetics.

2.3.4. Model Implications

Simulations done in this work suggest that CO can limit the rate of microbial
electrosynthesis. Carbon dioxide is the main substrate and the only carbon soutce
in most MES reactors, hence its concentration has a great impact on cell kinetics.
Its relatively high half-saturation constant and low solubility make microorganisms
very susceptible to small changes in its dissolved concentration. The model indicates
that the use of pure CO; as feeding gas can mitigate this effect, as shown
experimentally in Rojas et al. (2021) [75]. However, it is important to note here that
avoiding a kinetic limitation may not be enough to substantially increase
productivity, since CO> diffusion might become the limiting step at some point.
Results also indicate not to underestimate the critical effect of the CO» delivery
strategy on reactor performance [76]. In MES studies, mass transfer coeflicients are
hardly ever reported, therefore it is difficult to conclude that poor CO; delivery
systems are one of the reasons why obtained production rates are still low across the
field [6]. Regardless of the supply method used, its mass transfer capability should
always be assessed. The model developed in this work can be used to determine the
minimum mass transfer capability required to avoid kinetic limitations by the supply
method. By ensuring that the used system is able to deliver enough CO; to sustain
a highly active microbial population, a better understanding can be achieved of
which steps are intrinsically limiting steps in said MES processes.

To date, most MES studies have been performed under batch conditions and not
many researchers used a continuous reactor for reducing COz [5,77-81]. The model
indicates that the continuous mode enhances cell growth, hence it might be one of
the reasons why dense biofilms have been mainly obtained with this type of reactors.
This can be attributed to a selective pressure that benefits attached cells since under

a continuous operation, planktonic populations are easily washed out the reactor.
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However, biofilm development is subject to multiple parameters, and the
operational mode is just one of them. It has to be noted that increasing the capacity
for growth of a bacterial population does not necessarily mean that the culture will
be able to grow that much. As an example, in biofilm-driven systems the electrode
surface area available for attachment and its roughness are also key parameters that
limit the development of a thick biofilm [82,83]. In that sense, the model can be
used to calculate the maximum cell growth that can be obtained with a certain system

under a specific set of operational conditions.

2.4. Conclusion

The mathematical model presented in this work is able to accurately describe the
behavior of different biofilm-driven MES reactors operating in batch, fed-batch, and
continuous mode. It was found that under previously reported operational
conditions biomass growth was partially limited by the CO» dissolved concentration.
This implies that a more careful assessment of the inorganic carbon supply method
is needed to increase production rates. Furthermore, simulations show that
operating in continuous mode leads to higher cell densities. Since most current
studies are done in batch mode, this might be one of the reasons why cell titers are
far below their theoretical maximum [5,6]. These results demonstrate the value of
such models in understanding MES systems, and highlight their usefulness when

analyzing current process limitations.
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2.7. Supplementary Material
2.7.1. Model Description
Batch H-cell reactor from Marshall et al. (2013)
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Figure 2S 1. Model domains of the batch reactor based on Marshall et al. (2013) [1].

Mass balances of the dissolved chemical species
i Continuous reactor from Jourdin et al. (2019) [2] and Jourdin et al. (2018) [3]

Overall concentration changes in time of all dissolved species () are caused by

biological reactions, electrochemical reactions, gas/liquid CO; transfer and the
exchange of medium (e.g. continuous operation). The total volume of the reactor
(Vf), including the bioelectrochemical cells and the bubble column, is described in
Eq. S1. In a continuous operating system, a dilution rate term (D¥) can be defined
as shown in Eq. S2. This rate describes the relation between the exchange flow of
fresh medium into the system (F%) and the volume of said system. It can also be

expressed as the inverse of the retention time (HRT).

V'Ig = VB]. + VBZ + VfC + VBC (Sl)
FL 1

pL =" _ ___ S2

"™V, HRT (52)
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The mass balance equations over the entirety of the reactor volume can be described
as:

dc; Ve Vse i

—-=Di(c" - c) b VC e+ V(f ey koa(Co, — CES)  (S3)
The set of equations obtained from Eq. S3 includes changes produced by the
continuous operation mode (Df), reactions within the biofilm (rif 9,
electrochemical reaction of the mediator pair (15*¢) and the gas/liquid CO, mass
transfer (k;a). Volume corrections to account for the difference in volume between

compartments are also included. The initial conditions are C;(0) = C}.

ii.  Batch reactor from Marshall et al. (2013) [1]

The main difference between the H-cell reactor and the reactor from Jourdin et al.
consists on the operating mode and the different liquid compartments. The total
volume of the reactor (V) is now the sum of the bulk and the cathode/biofilm
volumes. Marshall et al. (2013) operated their reactor in batch mode, meaning no

exchange flow was applied, hence Df = 0.

VE =Vy + Vec (S4)

c;, v, v,
at VTI; rlfc * sz T + _kLa(CCOZ Cgoz) (85)

Gibbs energies correction

The Gibbs energies of reaction AGdye, AGSy,, AGY,; and AGgap were first corrected

for temperature using the Gibbs-Helmholtz equation:

Ty —

AG)T = AGO— + AHP =2
To

(56)

Then, the concentration-dependent free energy change was calculated for every
reaction. The effect of non-ideality was neglected, hence the activity coefficients of
all compounds were assumed to be equal to 1. Proton concentrations (Cy+ =

1075 mol L™!) were assumed constant during all simulations.

n
MG = AGY" +RT ) (in(G) -Y}) (s7)

=1
Redox mediator pair

Microbial metabolism is a complex network of interlinked biochemical reactions.
Different redox mediator couples are used for multiple reactions, e.g.,
NADH/NAD*, Ho/H*, ot Fdgea)/Fdey. It is known that some intermediate
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reactions within the anaerobic reduction of CO; to acetate require electrons at low
potential, likely at that of ferredoxin [4,5]. However, NADH is also known to be
involved in the energy conservation mechanisms of acetogenic bacteria [6].
Morteover, the anaerobic chain elongation of acetate to carboxylates has been seen
to be highly dependent on NADH [7]. Therefore, it is not straightforward which
mediator pair limits microbial metabolism in MES.

In this work, a black box organism is assumed and therefore, intermediate reactions
are not accounted for during the thermodynamic state analysis calculations [8]. For
modelling purposes, the energy gain by the microorganism was simplified into one
reaction, i.e. oxidation of the electrochemically reduced mediator pair (Eq. 11 in the
main text). Hence, from a pure energetic point of view, any of the previously
introduced mediators could be used. The proposed model only allows the use of
one mediator pair, and since a mixed microbial biofilm is simulated it is not possible
to know what redox couple would be limiting biological rates. In this study, as the
NADH/NAD* pair is one of the most common redox couples in microbial
metabolisms [9], all simulations are performed with the standard redox potential of
NADH/NAD* of -320 mV vs SHE [10].

2.7.2. Calculation of the Maximum Growth Rate

In this paper, the maximum growth rate is approximated by neglecting the effect of
substrate concentrations and products inhibition. It is therefore calculated as
follows:
max
max _ 40, T Mco,

u - yMet
€O,

(58)
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2.7.3. Simulated Product Inhibition at different k;a and p¢g,in the System

from Jourdin et al. (2019)
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Figure 28 2 Simulated kinetic product inhibition terms of acetate, butyrate, and caproate in time for
the reactor from Jourdin et al. (2019) [2]: (A-C) at different gas-liquid mass transfer coeflicients (k, a)
with pco, = 0.3 and (D-E) at different gas CO; partial pressures (pco,) with kya = 2.5h7".

2.7.4. Model Validation Jourdin et al. (2018)

All parameters used in simulations were taken from Table 2.1 found in the main
text, with the exception of the values presented in Table 28 1.
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Table 28 1. Parameters used to represent the reactor from Jourdin et al. (2018) [3].

Parameter Symbol  Value Units Source
Bulk liguid
Dilution rate D Variable 1/d [3]
Gas-liquid mass transfer Calculated
coefficient kua 045 1/h from [3]
Acetate initial concentration Co. 0 mol/m3 [3]

2.7.5. Model Validation Marshall et al. (2013)

All parameters used in simulations were taken from Table 2.1 found in the main

text, with the exception of the values presented in Table 28 2.

Table 28 2. Parameters used to represent the rector from Marshall et al. (2013) [1].

Parameter Symbol Value Units Source
Bulk liguid
Bulk liquid volume Vg 135 mL 1]
Dilution rate D 0 1/d 1]
H* concentration Chy Variable per batch ~ mol/L [1]
Gas—liquid mass transfer B 0.45 1/h Chosen
coefficient
Acetate initial concentration CY. 0 mol/m?3 [1]
Biofilm
Biocathode volume Vee 15 mL 1]
Initial biomass concentration c? 1 mol/m3  Chosen

2.7.6. Gradients Over the Reactor

Concentration changes in time of all dissolved species (7) for all four compartments

are:
acP* _ Fk i acf* _ Fk
To=m(efMr ) (9 o= E (] - ) (s11)
ac/* _ Fk fey 4 e dcfc  Fk
Tar =y, (GG ) AT (510) == 7o (€72 = €F) + hua(Ceo, = CE5,) (S12)

Reactions in the bulk liquid are negligible, hence any change occurring in the bulk
compartment 2 has to come from the biological reactions occurring in the
cathode/biofilm compartment. Combining Eq. S10 and S11, an expression can be

derived for the concentration in the first bulk domain.
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dck dc’c
TR ($13)

Since no reaction occurs in the bulk liquid, C£* = Cif “ hence Eq. S13 becomes zero

and the following equation is obtained:
Legre (514)

A similar balancing can be done to obtain the concentration after the bubble
column. By combining Eq. S11 and S12, and taking into consideration that Cf? =
Cl.f ¢, the expression for CZ¢ can be obtained. As expected, this expression is only

valid for COz since the other dissolved species concentrations remain constant.
coe = crz 4 L2, a(Cso, — CES) (515)
i =( FL L\ Cco, CO,

The concentration change due to the exchange flow is:

B1,i
dMi m

T = FRCPC + G — Fpu CF€ — FR G (516)

Following previous reasoning, the change in the bulk liquid 1 compartment is equal

to the change due to the addition of fresh medium meaning C?*™ = CF*. Thus,
combining Eq. §9 and S16:

. FL,. _FL
Pt = cEe (1 - %) + CiL""F#f (517)
R R

The concentration difference between two consecutive compartments can then be

calculated as follows:

CCompartment 2 _ CCompartment 1
Difference i i
0, — .
Aji - CCompartment 2 100 (518)
i

2.7.7. pH at the Biofilm

The characteristic reaction time and diffusion time can be calculated with Eq. S19
and Eq. S20, respectively [11]. Concentrations and volumetric rates were taken from
the steady state of Jourdin et al. (2019) reactor [2]. Results can be found in Table
28 3 and the parameters used in Table 28 4.

C'liquid

Reaction time = ——; (519)
Lt
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L 2
Dif fusion time = DL (520)

i

Table 28 3. Characteristic times calculated for the steady state in Jourdin et al. (2019) [2].

Chemical Reaction Diffusion Units
species time time

CO; 4.2 2.2 min
H+ 1.1x10-3 0.45 min
Buffer 45.2 11.6 min

Table 28 4. Parameters used for calculating characteristic times with their symbols, values, and units.

Parameter Symbol  Value Units Source
Biofilm thickness Ly 5x104 m Chosen
Diffusion coefficients in water
Catrbon dioxide Dco, 1.9x10” m2/s [12]
Protons D+ 9.3x10 m?2/s [13]
Buffer Dphosphate  3.6x10-1° m?/s [14]
Concentrations in the bulk liguid
Carbon dioxide C élguid 8.35 mol/m3 . From
2 simulations
Protons chae 1058 mol/L 2]
Buffer Cotate 6:4x102 mol/L 2]
Reaction rates at steady state
.. From
b 3
Carbon dioxide Tco, 120 mol/(m3h) simulations
b 5 From
Protons T+ 85 mol/(m3h) simulations
Same as H*
Buffer U noenare 85 mol/(m*h) " A

CO; characteristic reaction and diffusion times are in the same order of magnitude,
hence it is likely that CO» diffusion in the biofilm limited its uptake rate. For H* it
is clear that the diffusion time is much larger than the time of reaction, therefore it
is safe to say that protons were not able to diffuse into the biofilm fast enough.
However, the presence of a buffer has to be assessed (Figure 2S 3). The diffusion
time of the protonated compound is of the same order of magnitude to that of COs,
hence it is the reaction rate that limited its deprotonation. Since the microbial
reaction cannot be faster than the substrate diffusion rate, CO; diffusion limitation

slowed down biological rates, subsequently limiting proton consumption. This
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decrease in the uptake of protons might have been enough to give enough time to
the buffering reaction and prevent a large pH gradient, as seen by Vander Wielen et
al. (1997) [11].

A :' HB
% L e E @
o HB
£
=
4]
o o e
DH+ H
_____________________ Y
coO
D¢o, 2
Biofilm Bulk

Figure 2S 3. Buffering mechanism within the biofilm. Dashed arrows indicate diffusion mechanisms,
solid arrows indicate reactions. B- refers to the buffer compound and HB to its protonated form.
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Chapter 3

Biomass-specific rates as key performance
indicators: A nitrogen balancing method for

biofilm-based electrochemical conversion

This chapter has been published as: Winkelhorst M, Cabau-Peinado O, Straathof AJJ
and Jourdin L (2023), Biomass-specific rates as key performance indicators: A nitrogen
balancing method for biofilm-based electrochemical conversion. Front. Bioeng.
Biotechnol. 11:1096086. doi: 10.3389/fbioe.2023.1096086



Abstract

Microbial electrochemical technologies (METS) employ microorganisms utilizing
solid-state electrodes as either electron sink or electron source, such as in microbial
electrosynthesis (MES). METSs reaction rate is traditionally normalized to the
electrode dimensions or to the electrolyte volume, but should also be normalized to
biomass amount present in the system at any given time. In biofilm-based systems,
a major challenge is to determine the biomass amount in a non-destructive manner,
especially in systems operated in continuous mode and using 3D electrodes. We
developed a simple method using a nitrogen balance and optical density to
determine the amount of microorganisms in biofilm and in suspension at any given
time. For four MES reactors converting CO; to carboxylates, >99% of the biomass
was present as biofilm after 69 days of reactor operation. After a lag phase, the
biomass-specific growth rate had increased to 0.12 — 0.16 days~!. After 100 days of
operation, growth became insignificant. Biomass-specific production rates of
carboxylates varied between 0.08 — 0.37 molc molx~! d~!. Using biomass-specific
rates, one can more effectively assess the performance of MES, identify its

limitations, and compare it to other fermentation technologies.

Keywords: biomass-specific rates, biofilm, electroactive bacteria,
bioelectrochemistry, chain elongation, CO; conversion, continuous bioreactors,

microbial electrosynthesis
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3.1. Introduction

In recent years, Microbial Electrochemical Technologies (METS) gained substantial
interest as innovative methods to replace fossil fuel based technologies and
processes such as energy and chemicals production [1]. METs exploit
microorganisms by utilizing solid-state electrodes as either electron sink or electron
source. To date, most studies on MET's determine their performance by determining
titers, current density or production rates normalized to volume (catholyte, cathode
chamber or electrode volume) or electrode surface area [2-4]. While these
performance indicators are important from an engineering perspective and to
determine the technologies’ readiness level, they provide limited information on the
actual metabolic activity. While the microorganisms perform the reaction(s) of
interest, replicate, die, and wash-out, their amount changes over time. Traditional
fermentation studies report performance and rates normalized to the amount of
microbial biomass (X) in the reactor at any given time, i.e., biomass-specific rates of
production or consumption (e.g., ¢ in mol; molx = h=! or g; g«=' h=1) [5-7]. This
allows to assess the performance of the microbial catalyst under any condition.
Similarly, chemo-catalytic electrochemical systems or other catalytic processes
typically report the amount of catalyst used. The same approach should be followed
for METs.

One MET of interest is microbial electrosynthesis (MES). In MES, microorganisms
capable of reducing CO; into valuable organic compounds such as carboxylic acids
and alcohols are grown in a bioreactor in the presence of a cathode [8]. This cathode
supplies electrons for the CO; reduction by the microorganisms. To date, the only
experimental study reporting a biomass-specific growth rate in MES is from Sydow
et al. (2017), who derived a biomass-specific growth rate # = 2.16 days™! for
Cupriavidus necator [9]. They measured the amount of planktonic biomass (ie.,
microorganisms in suspension) by calibrating cell dry mass with optical density at
600nm. However, this method is only applicable to systems using planktonic cells.
Cabau-Peinado et al. (2021) constructed a generalized model for biofilm-driven
MES of carboxylates from CO; and detived # = 0.12 days~! based on the open
culture system of Jourdin et al. (2019a) [10,11]. The model showed that the microbial
rates were probably kinetically limited by CO; availability even though dissolved
COzwas far from being depleted during the first 100 days. After 100 days, the system
became limited by product toxicity, mainly from acetate and butyrate. These findings
show that invaluable fundamental insights on the performance of the
microorganisms can be detived from biomass-specific rates, also referred to as ¢-

values. The real impact of variables such as operating conditions, electrode
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composition, and reactor design can be assessed from g-values. Consequently, there
is a need for a low-cost gperando method for quantifying biomass amount retained in
the system to determine g-values at any given time in biofilm-based METSs. Operando
methods refer to methods used to describe systems over time in a non-destructive

manner [12].

Several methods exist to quantify biomass amount, including in biofilm studies, such
as dry weight measurements [9], qPCR [13], optical density measurements [9],
protein content [14], flow cytometry [15], optical coherence tomography (OCT)
[16,17], magnetic resonance imaging [18,19], cell counting using microscopy [20—22]
or by cryo-sectioning thin biofilm slices [23—25]. However, these techniques suffer
from key limitations to determine time-dependent g-values in biofilm-based systems.
Most prominently, several of these techniques are destructive, allowing only one
data point for biofilm biomass quantification at the end of operation. Tracking
optical density of the fermentation broth allows non-destructive cell density
determination over time, but only of microorganisms in suspension. OCT does
allow tracking of the amount of biofilm over time, but only on 2D surfaces and the
equipment is costly and requires a specific experimental design as well as specialized

skills and expertise of the operator [26].

Several of the aforementioned techniques to determine biomass amount are
compromised in reactors fitted with 3D electrodes. Biofilm coverage might not be
equally thick throughout the cathode due to regional differences in porosity
(especially in fibrous 3D electrodes such as carbon felt), preferred flow patterns, and
sheer stress. These can significantly alter the biofilm density and thickness, and
become dynamic due to biofilm growth and its intrinsic effect on porosity [27,28].
For example, Jourdin et al. (2018), who forced their catholyte to flow through a
carbon felt cathode to overcome mass transfer limitations in their MES system,
visually observed that a thick biofilm developed on the membrane-side of the
electrode and a less thick biofilm on the outflow side of the electrode [29].
Morteover, they described full biofilm coverage of the carbon felt fibers inside the
electrode. To the best of our knowledge, biomass-specific rates have not been

experimentally determined in biofilm- based METs.

The purpose of this study was to develop a simple method to experimentally derive
biomass-specific rates in biofilm-based MET's and to show its usefulness. A biofilm-
based microbial electrosynthesis system (bMES) was used as case study here. The
developed method consists of determining the amount of biomass present in the
system, as biofilm and in suspension, at any given time, using total nitrogen and

optical density (ODgoonm) measurements. To demonstrate the need for biomass-
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specific rates in bMES, biomass-specific production rate (¢,) and biomass specific
growth rate () were experimentally determined and used to assess the
microorganisms’ performance during bMES by comparing with other relevant

technologies, i.c., syngas fermentation and chain elongation fermentation.

3.2. Material and Methods
3.2.1. Microbial Electrosynthesis Reactor Operation

Four identical bioelectrochemical reactors were used (R1 to R4), each with a 7.35
cm? piece of unmodified carbon felt (CGT Carbon, Germany) as cathode (7.35 cm?
projected surface area, 1 cm thickness as supplied by the manufacturer). The carbon
felt volume of 7.35 cm? was chosen to allow fast full biofilm colonization. An
overview of the reactor and cathode dimensions can be found in the Supplementary
Material 3.6.1. Prior to use, carbon felt was cleaned by submerging it in 1 mol L~!
HCI and 1 mol L' NaOH for 24 h and subsequently treated with UV/ozone
(Novascan, United States) for 45 min. A titanium wire (Advent Research Materials,
United Kingdom) of 7 * 0.5 cm was weaved through the carbon felt as current
collector. To improve the conductivity between carbon felt and wire, a conductive
coating was applied where the wire entered and exited the carbon felt, and was left

to dry in an oscillator for 2 days.

Each reactor was operated continuously for 194 days with a hydraulic retention time
(HRT) of 8 days (Fin = 0.625 mL h~1) and a total catholyte volume of VCT = 0.12
L. The medium was continuously circulated at a flow rate of 4.1 L h~! (derived from
[11]). The catholyte medium consisted of 0.4 g L=t NH4Cl, 0.12 g Lt MgCl,-6H>O,
0.06 ¢ Lt CaClL-2H,O, 0.9 g Lt NaaHPOy4, 8.1 g Lt KH,PO4, 4.5 ¢ L
BrCH>CH,SOsNa and 2 mL L trace nutrient medium. BrCH>CH>SO3Na was used
as methane inhibitor. The trace nutrient medium consisted of: 10 g L=t EDTA, 1.5
g L1 FeCl5-6H20, 0.15 g L' H3BO4, 0.03 g L~! CuSO4-5H20, 0.18 g L-1 K1, 0.12
g L= MnCl-4H>0O, 0.06 g L1 Na;MoO4-2H>0, 0.12 g L-! ZnSO47H>0, 0.15 g Lt
CoCla:6H>0O and 0.023 g L-! NiCl,-6H»O. At day 62, the catholyte solutes, except
the phosphates and methane inhibitor, were doubled in concentration to avoid
possible nutrient limitations. Moreover, a gas mixture of CO3/N> 50:50 was
continuously bubbled at a rate of 100 mL min~! through the catholyte in a bubble

column.

A titanium plate with a platinum-iridium coating (Ti Pt/Ir MMO, Magneto,
Netherlands) was used as anode. The anolyte composition was similar to the

catholyte composition, but excluded trace nutrients and methane inhibitor.
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Furthermore, the anolyte pH was corrected to pH ~ 1.8 using 87% Hs;PO4
(approximately 10 mL per L anolyte) in order to favor protons crossing over the
membrane over other cations. The cathode and anode compartments were
separated by a cation exchange membrane (CEM, Membrane International, United
States). pH was controlled at 5.80 * 0.03 using either 1 mol L-! NaOH or 1 mol L!
HCI titration, with a pH probe (Prosense, Netherlands) attached to a PID system
(JUMO, Germany). The reactors were operated inside a temperature-controlled
cabinet at 31 + 1°C and kept in the dark to avoid potential phototrophic growth. At
day O all reactors were inoculated with * 460 mg L-! biomass, obtained from
cryogenic stocks of previously long-term operated MES reactors by Jourdin et al.
(2019a) [11]. The inoculum was derived from biofilm as well as from planktonic
cells. The electrochemical studies were controlled by a VMP3 Multichannel
potentiostat (BioLogic, France) using an Ag/AgCl 3 mol L-! KCI reference
electrode (Prosense, Netherlands). During long- term operation, the cathodes were
polarized in potentiostatic mode at —0.85 V vs. SHE (standard hydrogen electrode).
Unless otherwise mentioned, all potentials are reported versus SHE in this

manuscript.

3.2.2. Maintenance Events

On day 42 and on day 52 of the experiment, electricity was switched off for 3 h (no
gas feed, heat control, pH control, liquid recirculation or potential control by the
potentiostat) due to maintenance (events 1 and II, respectively). To prevent
acidification of the cathode chamber due to proton crossover, the anolyte was
drained and refilled with the same composition, except for phosphoric acid, which
was not added in order to maintain a pH of 5.8. After the power restart, the anolyte

was changed again to its normal composition described earlier.

3.2.3. Analytical Methods

A catholyte sample of 5 mL was taken twice a week from all reactors after
inoculation. 100 puL was used to measure alcohols and carboxylic acids by GC-FID
(Thermofisher, United States) with a Stabil-waxTM column of 25 m X 0.2 pm ID.
The column was kept at 50°C for 7 min, ramped to 180°C in 8 min and kept at this
temperature for 9 min. Helium was carrier gas at 1 mL min~!. Flame ionization

detection was used at 250°C.

To investigate microbial growth, 2 mL catholyte was diluted ~7.5x, filtered (0.2 pm),
and the filtrate was analyzed for total nitrogen using a TOC analyzer coupled with a
TN unit and auto sampler (TOC-L Series Total Organic Carbon Analyzer,
Shimadzu, Japan). The oven temperature was set at 720°C. Optical density of the
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original undiluted sample was recorded at 600 nm (ODgoonm) to account for
planktonic cells in the outflow of the system using a UV-VIS spectrophotometer
(UV- 1800 series, Shimadzu, Japan). The OD was calibrated to the nitrogen
concentration in suspended biomass (planktonic cells, cy_,x in mol L) in the
catholyte. The calibration was obtained by the aforementioned total nitrogen
analysis on a series of biomass (obtained from filtration of catholyte outflow on day
75) dilutions in catholyte without a nitrogen source. The derived calibration curve

for concentration of nitrogen in planktonic biomass (mol L=1) was:
Cn-px = 0.0052 * [0Dgo0nm] — 0.00002 1)

The obtained R2 value for the calibration curve was 0.9989. The calibration data can
be found in Supplementary Material 3.6.2.

3.2.4. Imaging

After terminating the reactors, three samples were taken from each biocathode using
a sterile stainless-steel knife under anaerobic conditions for viability analysis. For
live/dead staining a FilmTracet™ LIVE/DEAD Biofilm Viability kit (Invitrogen™)
was used. The biofilm viability checker tool developed by Mountcastle et al. (2021)
was used to quantify biofilm viability at the end of the experiments [30]. For imaging
the stained samples a confocal laser scanning microscope system, LSM 710 (Zeiss
Observer Z.1, Catl Zeiss), equipped with an AxioCam MRm camera was used. This
LSM 710 system uses a Zeiss Observer Z.1 inverted microscope stand with
transmitted light (HAL 100), UV (HBO 50), and laser illumination sources. The
microscope is completely motorized with a motorized stage, z-drive (for focusing),
objective turret. The samples were irradiated at excitation wavelengths at 488 nm
and 543 nm for SYTO 9 and propidium iodine respectively, whereas the detection
wavelengths were set to 493-578 nm and 566797 nm respectively. The pinhole was
setat 1 AU, and the detector gain at 500 and 700 for SYTO 9 and propidium iodine,
respectively. For most images a Plan-Apochromat 20x/ 0.8 M27 objective was used,
with the exception of the image for the R4 outflow sample where a Fluar 2.5x/0.12
M27 objective was used with a pinhole set at 0.68 AU.

3.2.5. Reactor Performance Determination
The mass balance for each reactor’s cathode compartment was defined as:

dni

— C
ar Finci,in - Foutci,out + riVT (2)

Where n; is the mole amount of compound 4, #is time (d), I is the flow rate (L d1),
C;in 18 the ingoing concentration (0 mol; L for products in this study), ¢; oy, is the
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outgoing concentration , 1; is the volume-specific production rate of 7 (mol; L' d-1)
and Vf is the total catholyte volume (L). The titrant flow, Fpr was much smaller
than I, Therefore, we disregarded it in this study, and we assumed Fy = Fou = I
Faradaic efficiency (FE%), or electron recovery, is defined as the total amount of
electric charge retrieved in the products of interest (organics and biomass), Qproaucts
(coulomb), divided by the total electric charge Qr (coulomb) provided to the

cathodic reaction:
FE% = QPQ# % 100% 3)
T

3.2.6. Biomass-specific Rates Determination

One method that does not suffer from being destructive and/or costly is using the
elemental balances to quantify biomass amount and differentiate between planktonic
and biofilm-based microorganisms. de Rink et al. (2022) used a nitrogen balance in
their desulfurization process [31]. They measured organic nitrogen using Hach kits
to account for planktonic cells. Here, we measure total nitrogen to account for
nitrogen assimilation into biomass, and calibrate optical density to nitrogen in
planktonic cells to measure the planktonic cells amount at any given time as
described in the analytical methods section. This prevents the needs for expensive
testing kits for nitrogen species present in the medium. Biomass production was
estimated based on a total nitrogen mass balance, assuming that nitrogen
assimilation into biomass was the only relevant reaction involving elemental
nitrogen. A schematic overview of the parameters used as well as a list of all
parameters and subscripts used in the following equations can be found in
Supplementary Material 3.6.2. Elemental nitrogen balances are used because the
carbon balances include large terms for CO» inflow and outflow, which will obscure

carbon accumulation in biomass.

For total elemental nitrogen (N), balance Eq. 1 becomes:

an

& FCN—aq,in - FCN—aq,out - FCN—pX,out “)

Where ny is the amount of total nitrogen in the cathode compartment, Cy_gqin is
the incoming dissolved nitrogen concentration (mol L), cy_qq oue is the dissolved
nitrogen concentration in the outflow (mol L-1), and cy_,x oyt Is the nitrogen content
in planktonic cells in the outflow (mol L-!). No reaction rate 7 occurs in this equation
as elemental nitrogen cannot be created nor destroyed. Integrating Eq. (4) for short
time intervals At between two sampling moments led to an equation for the amount

of nitrogen accumulating in that interval:
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AnN = (FCN—aq,in - FCN—aq,out - FCN—pX,out)At (49')
Overall nitrogen amount in the reactor over time was described by:
nN = TLN’O + Z ATLN (5)

Where ny, is the initial mol amount of nitrogen, and Y, Any is the sum of the
amounts of nitrogen accumulated between sampling moments. Assuming that the
catholyte composition was similar to the measured outflow composition, the change
in amount of dissolved N in the catholyte, obtained from multiplying cy_gaq,0ut bY
V§ was negligible relative to the change in ny. Therefore, the change in nitrogen
amount in the cathodic compartment was assumed to be due to uptake by biomass
growth. Consequently, assuming vy y = 0.2 moly molx! as coeflicient of nitrogen in
the elemental formula of dry biomass [32], the total amount of biomass in the reactor

was obtained from:

-n
Nyr = VNI)V( (52)

The concentration of planktonic cells biomass ¢,y (mol L) in the catholyte due to

planktonic cell growth and detachment of cells from the biofilm was obtained from:

Cox = EN-pX ©)

)

nx,r

Moreover, after multiplying c,x by V£ to obtain the amount nyx of planktonic cells
in the system, the amount n,y of biofilm-based biomass in the system was obtained

from:
Npx = Nxr — Npx ®)
3.3. Results and Discussion

Four reactors were operated under identical conditions as described in the materials
and methods in order to derive ¢g-values in biofilm-based microbial electrosynthesis.
These reactors were used as benchmark reactors based on previous work [11,29].
For the purpose of benchmarking, the performance of these reactors is shown in
Table 3.1 normalized to conventionally used key performance indicators in MES at
pseudo steady states. As these pseudo steady states occurred at different times, the

selected days vary among reactors. The time-dependent performance of all reactors
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is shown in Supplementary Material 3.6.3. An extended version of Table 3.1 can be
found in Supplementary Material 3.6.4.

3.3.1. Operational Conditions and the Inoculation of an Enriched Culture
Allowed Hexanoate Production after 30 Days

Throughout the experiment acetate, butyrate and hexanoate were the only products
measured in relevant amounts. Small peaks for propionate and valerate were
observed irregularly, but always below the measurement limit. No alcohol peaks
were observed. The first acetate production was recorded in R1 and R3 after 13
days, immediately reaching 1.08 ¢ L-! and 0.46 g L1 respectively. In this study a
50:50 CO2/Njy ratio was used versus 30:70 in previous work. R2 started producing
organics on day 19. However, R4 only started producing organics on day 82. The
reason behind this observed lag phase is not fully clear, but could be explained by
contamination of the reactor by competing microorganisms, as biomass growth as
well as current consumption were still observed during the first 82 days. On the
same day as acetate was first measured, 230 mg Lt and 210 mg L-! butyrate was
recorded in R1 and R3 respectively. This was sutrprising as according to previous
work the threshold Cy concentration triggering butyrate production was 2.5 — 4 ¢
L-1 [29]. The start of hexanoate production did match with the threshold of 0.5 —
2.5 gca L1 observed in said study. It was first measured after 29 days in R1, 77 days
in R2, and 131 days in R4. In R3 hexanoate was only recorded in 2 data points (day
103 and day 106). When comparing the data from Table 3.1 with literature, it can
be deduced that all reactors performed in accordance with commonly derived
numbers for biofilm-based MES using 3D cathodes [33,34]. The methane inhibitor
BrCH>CH,SOsNa (2-BES) was used in this study, which was postulated to function
as electron acceptor to oxidize ethanol to CO; by Azvspira Oryzae by Steinbusch et
al. (2011) [35]. Future research should address if 2-BES affects performance in
biofilm- based MES systems. The results show that the reactors were able to
produce relevant concentrations of carboxylates up to hexanoate, making them
suitable as benchmark systems to determine biomass- specific rates for biofilm-
based MES reactors.
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3.3.2. The amount of Biomass Retained in the Reactors Deviated by a Factor

of 2 After Full Colonization of the Cathode was Achieved

In Figure 3.1, the total nitrogen concentration (A), calculated planktonic cell

amount (PCA) (B), calculated total biomass amount (C) and detived gvalues (D)

are shown for all four reactors.
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Figure 3.1. (A) nitrogen concentration in the reactors, with the total nitrogen inflow concentration as
dashed line (B) planktonic cell amount in the reactor, (C) total biomass amount in the reactor and (D)
specific growth rate # R1 is in blue circles, R2 in orange triangles, R3 in grey diamonds, and R4 in

yellow squares. The arrows in figure 1A indicate event I and II as discussed in the materials & methods
section.

A decrease in nitrogen concentration was measured in all reactors, indicating
nitrogen consumption (Figure 3.1A). On day 62 the soluble total nitrogen in R1
and R3 was almost depleted. Hence, it was decided to double the nutrient
concentration to prevent limitation. This was implemented in all reactors to maintain
similar conditions. After ~100 days the ammonium concentration was close to its
feed concentration, indicating limited growth. After 160 days the nitrogen
concentration measured was higher than the influent NH4+*-N concentration in R4,
with R2 and R1 following on day 167 and 170 respectively. The reason for this was
most likely cell lysis of non-viable cells and/or extracellular polymeric substances
(EPS) releasing soluble nitrogen compounds (proteins, amino acids and NHs*).
Figure 3.1B shows an initially decreasing concentration of planktonic cell amount
(PCA) in the reactor. This can be caused by: 1) washout via the effluent and/or 2)
biomass attachment to the electrode and consequently biofilm formation. An
increasing PCA can be caused by 1) more planktonic cells growth and/or 2) cell
detachment from the biofilm. The effect of these phenomena caused significant
different trends in PCA in all reactors. After 110 days the PCA started to gradually
increase in R2 and performance was deteriorating (see Supplementary Material

3.6.3). After 173 days the reactor PCA sharply decreased and performance spiked.
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The reason for this observation is not clear, but it was suspected that something in
the system caused substantial resistance which was suddenly reduced as cathodic
current significantly increased on day 173. The amount of biomass in all reactors
(Figure 3.1C) was very similar until reaching 10.9 + 1.2 mmolx around day 30. From
this point onwards, the amount of biomass started to deviate between R1 + R3 and
R2 + R4. R1 and R3 reached significantly higher values, plateauing at 50.0 = 1.0
mmolx and 59.2 * 0.8 mmolx, respectively, both after ~150 days. R2 and R4
plateaued much earlier and at lower values, after about 85 days at 23.1 + 1.6 and
26.5 £ 1.1 mmolx, respectively. However, as these trends are not observed in the
PCA in Figure 3.1B, the plateauing can be attributed to full colonization of the
cathode by biofilm. The biomass specific growth rates (z-values) are shown in
Figure 3.1D. A lag phase of 3 days was observed in all reactors, after which the #-
value increased to 0.12 — 0.17 days~!. The g-value steadily decreased for all reactors
to 0.026 = 0.004 days~! after 50 days, and below 0.01 days~! after 100 days. Yet,
even after 100 days the difference in biomass amount in the reactors was increasing.
This was caused by: 1) the z~value being routinely higher in R1 and R3 than R2 and
R4 over long periods as can be observed in the zoom in window in Figure 3.1D,
and 2) The y-value reaching negative values in R2 and R4 especially after 160 days
as biofilm- based biomass decays and/or detaches. The results show that the
reactors did not behave as replicates even though they were controlled at the same
conditions. Due to the complexity of the systems and use of mixed culture the
reactor performances are likely extremely sensitive to slight variations in operational
conditions (e.g., exact applied potential, temperature, retention time, pH control,
electrode packing and placement). The difference in performances between the four

reactors deserves further investigation.

3.3.3. Biofilm Accounted for >99% of Biomass Present in the Reactors

The most plausible hypothesis for the total amount of biomass in the reactors
reaching a plateau as shown in Figure 3.1C is biofilm saturation, in which space
restriction prevents more biofilm growth. Subtracting the planktonic cells amount
(Figure 3.1B) from the total amount of biomass (Figure 3.1C) gives the biomass
retained in the system as biofilm at any time. In Supplementary Material 3.0.5 the
ratio between biomass as planktonic cells and biofilm is shown, which shows that
after 69 days > 99% of the biomass is in biofilm in all reactors. Photos of the
cathodes (membrane side and outflow side) can be found in the Supplementary
Material 3.6.6. These images show full coverage of the carbon felt, but the thickness
of the biofilm varies. The variation in biomass amount per reactor may be due to

the heterogeneity of the structural composition of the carbon felt. Moreover, the
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way the catbon felt electrode is placed and packed inside its chamber can
unintentionally vary, affecting its porosity and thus the space available for biofilm
formation. Consequently, the liquid flow through the carbon felt is also affected by
its packing and placement, also impacting local mass transport and biofilm
formation. The values of the concentrations of biomass when normalizing to
electrode volume at the end of the experiments are 6.7, 3.7, 8.1, and 3.9 mmolx
cm3hode for R1, R2, R3, and R4 respectively. These values are in a similar order of
magnitude as predicted by Cabau-Peinado et al. (2021), who described microbial
kinetics and reactor performance of a comparable MES system by computational
modelling [10]. In their model, the biomass concentration in the reactor plateaus
after approximately 150 days, with a biomass concentration of 8.2 mmol cm3cahode.
In comparison, the theoretical biomass concentration is approximately 13 mmol
cm~3 (based on a cell density of 1.09 g cm=3 and dry weight ratio of 30%) [36]. This
would mean that 29 — 63% of the physical space is occupied by biomass in the
cathodes.

3.3.4.The Biofilm Colonization may be Improved by Growth Medium
Engineering and Enhancement of Mass Transport

As also found in this experimental study, p-values reaching below 0.01 days—! after
100 days of reactor operation resulted from model calculations by Cabau-Peinado
et al. (2021) [10]. This indicates that all reactors used in the present study reached a
mature biofilm and organics production was most likely maintenance dictated. The
derived biomass growth rates in this study are relatively low compared to growth
rates found in related anaerobic fermentation technologies such as syngas
fermentation and chain elongation. As a consequence, reaching a mature biofilm
was relatively time consuming and requires improvement from an application point
of view. Reported p-values can widely vary due to suboptimal conditions for
biomass growth. For acetogens grown on H»/CO» p-values are generally in the
region of 1.2 — 2.9 days~! [5,37—40]. The highest reported growth rate is by Groher
and Weuster-Botz (2016), who reported a maximum biomass-specific growth rate
of 5.77 days~! for the acetogen Terrisporobacter mayombei grown on a H»/CO» mixture
using their developed growth medium specific to acetogens [37]. Candry et al.
(2018), obtained a maximum specific growth rate for Clostridium kluyveri of 2.9 days~1,
a model organism frequently studied in carboxylate chain elongation using soluble
electron donors [41]. Allaart et al. (2021) found an average growth rate of 1.39 days~!
for an open culture when studying the effect of product inhibition in chain
elongation using sequencing batch bioreactors [42]. In open cultures, generally lower
growth rates are found, ranging between 0.12 days~! to 2.9 days~! [43-45]. The
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relatively low growth rates observed in our study may be attributed to absence of
vitamins and/or yeast extract supplementation. Species dependent on these
supplements must rely on interspecies supplementation of minerals and vitamins,
potentially limiting their growth. Growth medium engineering could be performed
in follow-up work in order to improve the start-up time and full colonization of the
electrode [37,40]. Moreover, the electron transfer mechanisms and mass transport
of protons, hydroxide ions, nutrients, substrates, and products in cathodic biofilms
should be studied more extensively as these may be contributing factors to growth
limitations [47].

3.3.5. Biofilms Are Key in this System, But More Does Not Necessarily Result

in Higher Volume-Specific Productivity
To study the performance of the reactot’s biofilms more extensively, biomass-

specific production rates (g,) were determined over time on basis of moles of carbon

in the three organic products jointly. The results are shown in Figure 3.2.
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Figure 3.2. Calculated g, values for all reactors. R1 is in blue circles, R2 in orange triangles, R3 in
grey diamonds, and R4 in yellow squares.

The general trend for R1-R3 shows a gradual decrease of ¢ over time as the biofilm
matures. Biomass-specific production rates in R1 increased until day 50, reaching
0.62 molc molx ! d~1, and decreased rapidly to 0.24 molc molx ~! d~1. After 55 days
the performance of R1 and R3 gradually decreased from 0.2 molc molx ~! d-! to
0.12 molc molx ~! d~! and 0.06 molc molx ~! d-! respectively on day 128. R2 stayed
relatively stable around 0.17 molc molx ! d~!, until day 100, after which ¢, decreased
to 0.06 molc molx ~! d~! on day 160. As production rates increased again, R2 reached
0.2 molc molx ~! d~! at the end of the experiment. Remarkably, organics production

was only recorded after 80 days of operation in R4. Contrary to the declining trend
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of ¢, observed in the other reactors, ¢, in R4 increased over time from 0.2 to 0.48
molc molx ~! d~! on day 175. This increase of ¢, can be explained by both an increase
in volumetric performance during this time as well as a slight decrease in biomass
amount retained in the system. It is also possible that this microbial community
shifted towards enrichment of acetogens and chain elongators after 80 days. The
highest ¢, value was recorded in R4 on day 196 at 0.96 molc molx ~! d-1, after which
it decreased again to 0.49 molc molx ~! d~1. No clogging of influent or effluent tubing
was observed between day 183 — 195 which could have explained the two outliers.
The results of Figure 3.2 illustrate that g is a variable that can fluctuate over time,
showing a decreasing trend when biomass amount increased while production rates
at reactor scale are relatively stable. More biomass present in the system does not
necessarily mean higher volumetric productivity, especially in systems with active
cell retention. For example, R4 retained three times less biomass than R3 (Figure
3.1C), however the biomass in R4 is 11.6 = 3.2 times more active in terms of
biomass-specific production rate than the biomass in R3 between day 150 and 183

(Figure 3.2).
3.3.6. Biomass-Specific Production Rates in MES Can Be Enhanced

In Table 3.2 the average ¢, of the MES reactors are compared to several syngas
fermentation and chain elongation studies in order to assess whether the derived
values for qp are relevant or insignificant quantities. These studies were selected
based on whether ¢, was reported and/or sufficient data was provided to calculate
it. Moreover, the studies are compared based on whether they utilize open or single
cultures, on the substrate(s) used, and whether a biofilm was formed or only

suspended cells were considered.

The table illustrates that in general, the performance of the MES reactors normalized
to biomass amount was relatively low. The study most closely related to the current
study is by Zhang et al. (2013), as they formed an open culture biofilm in a hollow
fiber membrane bioreactor producing medium chained carboxylates up to caprylate
(Cs) from a CO/H, mixture [48]. Their ¢, is lower than the average ¢, measured in
R4, but higher than the average found in the other reactors. The highest ¢, values
were found in more recent single culture syngas fermentation studies, with the
exception of the chain elongation study [43]. In their study, they managed to form
chain elongating granular sludge, allowing cell retention and applying relatively short
hydraulic retention time, increasing steady-state soluble substrate concentrations,
decreasing product inhibition, and therefore increasing production rates. This
comparative analysis highlights that there is room to significantly improve metabolic
rates in MES.
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3.3.7. Limitations of this Study

Even though the method used in this study circumvents several disadvantages of
more commonly used techniques, there ate still some limitations. Most evident, the
method relies on the assumption that the gap in the nitrogen balance when
accounting for outflow of medium and suspended cells can be assigned to biofilm-
based biomass. Several phenomena can potentially complicate this method. The
identified complications relevant for the current study are nitrogen accumulation in
extracellular polymer substances, nitrogen-containing salt precipitation and retained
non-viable cells accumulating in biofilm. To determine if accumulation of non-
viable cells in the biofilm may have caused an undetrestimation of ¢, live/dead
staining was performed at three different locations of the cathode for every reactor.
Confocal images can be found in the Supplementary Material 3.6.7 and were
analyzed for viable/non-viable ratio using biofilm viability checker tool developed
by Mountcastle et al. (2021) [30] for Image] [60]. The results of the analysis are
illustrated in Figure 3.3.
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Figure 3.3. Relative abundance of live and dead microorganisms in the cathodic biofilm of
each MES reactor at three different locations of the carbon felt.

Figure 3.3 shows that in all reactors a significant percentage of the biofilm stained
as non-viable, but the extent varies greatly per reactor and per location. Izadi et al.
(2020) found >90% of viable cells in their biofilm-based MES reactor when applying
—1 V vs. Ag/ AgCl and feeding COy, after 104 days while refreshing 40% of the
medium every 14-21 days [61]. The higher non-viable cell ratio in our study may be
explained by the longer operation of 194 days and diminished biomass growth rates
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as illustrated in Figure 3.1D. Based on the significant ratio of non-viable cells shown
in Figure 3.3 it should therefore be noted that the biomass-specific rates (g, and -
values) of the reactors were indeed underestimated due to retained non-viable
biomass in the biofilm. The main advantages of the method are that it allows gperando
monitoring of biomass amount present in the system in a non-destructive manner.
Techniques to improve the accuracy, e.g., EPS and live/dead determination, can be
considered as complementary. When applying this method to other METS, other
limitations may be important as well. In this study, reducing conditions were used,
but if ammonium can get oxidized to NOx and/or elemental nitrogen, off-gas
analysis may be required to close the nitrogen balance. In other cases, low biomass
quantity or low nitrogen content may compromise using the nitrogen balance.
Moteover, in this study ODeoonm Was used to calibrate nitrogen content in suspended
cells, which is known to fluctuate over time even in pure cultures [41]. This can be
circumvented by updating the calibration over time. The impact of any change in
the slope of the calibration curve presented for the systems used in this study is very
low. This is due to the low optical density recorded, and thus low planktonic cell
concentration, in comparison to total biomass amount retained in the reactors.
However, other continuous systems with a higher ratio of planktonic biomass could
be impacted to a larger extent as a higher or lower ratio of the biomass retained in
the system would wash out. Moreover, in systems with much higher suspended cell
densities versus biofilm cells or larger reactor volumes, other methods such as
routine dry weight measurements of reactor broth may become viable methods as

well.

3.3.8. Biomass Specific Rates Are the True Microbial Performance Indicators

When normalizing the production rate to projected surface area of the electrode
(PSA), an average production rate of 214 £ 43 ¢ m=2 PSA d~! and current density
of =75 * 10 A m=2 PSA in R1 were found, which is within the top 5% of MES
studies, as reported in the review by Flexer and Jourdin (2020) [34]. Even though
current densities, production rates and titers reported in this study are reasonable
compared to previous studies in MES, biomass specific production rates show that
the microbial community is most likely facing limitations and is not performing to
its full potential. This information is key in order to assess the true impact of changes
such as in operational conditions, reactor configuration or electrode modifications
on the microbial performance. Studying the biofilm as described in this study allows
differentiating improvements in performance thanks to increased biomass quantity
or to higher metabolic activity. Moreover, it allows comparing performance to other

biotechnological processes such as syngas fermentation or chain elongation. Further
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research should focus on investigating what is limiting biofilm-based MES. As
demonstrated in the results section, significant differences in performance were
observed for all reactors. The reasons for these differences are currently unknown
and should be studied more extensively. Proposed research areas are cathode design
(especially porosity) and interactions within the microbial community, using biomass

specific rates as key performance indicators (growth, uptake and production rates).
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3.6. Supplementary Material

3.6.1. Schematic Overview Reactor Set Up

Figure 3S 1. Schematic overview of the reactor set up. The numbers represent: 1. Cathode, 2.
Anode, 3. Cathode chamber, 4. Anode chamber, 5. (Cation exchange) membrane 6. Cathode medium
recirculation column 7. Gas sparger, 8. Condenser, 9. Sampling point, 10. pH control flasks (1M HCI
and 1M NaOH), 11. pH control pumps, 12. Cathode recirculation pump 13. Anode medium
recirculation bottle, 14. Anode recirculation pump, 15. Reference electrode (Ag/AgCl 3M KCI), 16.
pH meter + flask, 17. Influent bottle, 18. Effluent bottle, 19. Influent pump, 20. Effluent pump, 21.
Mass flow controller, 22. pH and temperature controller, 23. Mass flow controller operator, 24.
Potentiostat. The black arrows represent tubing, the black dotted arrow represents the potential
“safety” tubing to bypass the cathode, the yellow dotted, blue dotted and red dotted lines represent the
reference, cathodic and anodic cables respectively, the green dotted line represents the pH control
cables and the purple dotted line represents the mass flow control cable.
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Figure 3S 2. Schematic overview of a) reactor cell with catholyte flow path; b) cathode with its
dimensions. The cathode’s projected surface area equals 7.35 cm?, the volume equals 7.35 cm?3.

3.6.2. Nitrogen Balance
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Figure 3S 3. Schematic overview parameters.
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. Parameter list & abbreviations
Table 3S 1. List of parameters.

Symbol Description parameter Unit
7 mole amount of compound 7 Mol,
t Time d
F Flow rate l Ld!
%4 Total catholyte volume L
7 Reaction rate of compound i | Mol; d'!
Ciin Inflow concentration compound i Mo]; L1
B Outflow concentration compound i l Mo]; Lt
FE% Faradaic efficiency %
Ot Amount of electric char.ge retrieved in the Coulomb
products of interest
Or Total electric charge provided Coulomb
Viy Stoichiometric coefficient of i in y ] Dimensionless
" Biomass-specific production/consumption mol; molx d1

rate of compound i

Table 3S 2. List of subscripts used to discriminate parameters.

Subscript Description subscript
N Nitrogen
N-ag,in Soluble nitrogen in inflow
N-ag,ont Soluble nitrogen in outflow
N-pX,ont Nitrogen content of planktonic biomass in outflow
N,0 Starting nitrogen content
N,X Nitrogen content in biomass
XT Total biomass
bX Biofilm biomass
X Planktonic biomass
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. Nitrogen versus optical density calibration curve

y =0.0052x - 2E-05
R?=0.9989
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Figure 3S 4. Calibration total nitrogen with optical density.

3.6.3. Reactor Performance

i Measured optical density for all reactors
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Figure 3S 5. Measured optical density at 600 nm for all reactors. R1 is in blue circles, R2 in orange
triangles, R3 in grey diamonds, and R4 in yellow squares.
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il.  Performance of R1
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Figure 3S 6. Concentration of organics R1. Color code: blue diamonds is acetate, orange squares
is butyrate, and green circles is hexanoate.
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Figure 3S 7. Volume-specific production rate normalized to total catholyte volume in R1. Color
code: blue diamonds is acetate, orange squares is butyrate, and green circles is hexanoate.
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Figure 3S 8. Volume-specific current density of R1.
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Figure 3S 9. Faradaic efficiency R1. Color code: blue is acetate, oranges is butyrate, and green is

hexanoate.
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1il. Performance of R2

concentration (g L)
N w =N (3] (7] ~

-—
1

_0000__0000.

1% O, O,

0 25 50 75 100 125 150 175 200
Elapsed time (days)

¥

Figure 3S 10. Concentration of organics R2. Color code: blue diamonds is acetate, orange squares
is butyrate, and green circles is hexanoate.
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Figure 3S 11. Volume-specific production rate normalized to total catholyte volume in R2.
Color code: blue diamonds is acetate, orange squares is butyrate, and green circles is hexanoate.
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Figure 3S 13. Faradaic efficiency R2. Color code: blue is acetate, orange is butyrate, and green is

hexanoate.
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iv.  Petrformance of R3
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Figure 3S 14. Concentration of organics R3. Color code: blue is acetate, orange is butyrate, and
green is hexanoate.
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Figure 3S 15. Volume-specific production rate normalized to total catholyte volume in R3.
Color code: blue diamonds is acetate, orange squares is butyrate, and green circles is hexanoate.
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Figure 3S 16. Volume-specific current density R3.
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Figure 3S 17. Faradaic efficiency R3. Color code: blue is acetate, orange is butyrate, and green is

hexanoate.
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v.  Performance of R4
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Figure 3S 18. Concentration of organics R4. Color code: blue diamonds is acetate, orange squares
is butyrate, and green circles is hexanoate.
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Figure 3S 19. Volume-specific production rate normalized to total catholyte volume in R4.
Color code: blue diamonds is acetate, orange squares is butyrate, and green circles is hexanoate.
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Figure 3S 20. Volume-specific current density R4.
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Figure 3S 21. Faradaic efficiency R4. Color code: blue is acetate, orange is butyrate, and green is
hexanoate 1.
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The authors recognize the high improbability of the faradaic efficiencies of >100% obtained from day
100 onwards in R4. However, no flaws were discovered in the calculations, GC analysis, potentiostat
channel or reference electrode. No additional electron donor was introduced to the reactor. One could
speculate electron retention in the form of biomass and/or an unknown product between day 0 and
day 83 which is then metabolized to organics between day 83-198. The faradaic efficiency over the
whole experiment in R4 is 57%. 2-BES cannot be the responsible carbon and electron donor. Rago et
al. (2015) showed degradation of 2-BES in their acrobic microbial fuel cell system, but no degradation
occurred in their anaerobic microbial electrolysis system. Moreover, hypothetical full consumption of
2-BES (4.5 g/L at 15 mL/d inflow) would result in an additional current of 3.2 mA, which is insufficient
to explain the coulombic efficiency excess.”

3.6.4. Concentration, Production Rates and Current Densities with

Conventional Normalizations

Table 3S 3. Current density normalizations and cell voltages. Selected time periods for R1: days
71-101, for R2: days 75-118, for R3 days 54-92, and for R4 days 141-198. The total surface area is
calculated using carbon felt characteristics provided by the supplier: a specific area of 0.7 m2 g and a
density of 0.09 g cm-3.

Current Density Normalizations
Projected Total surface Cathode Biomass-
. Cell voltage
surface area area volume specific current

(A m-ZPSA) (A m-ZTSA) (kA m '3) (A molx-l) (V)
R1 -75.17£10.50 -0.1210.02 -7.52+1.05 3.08%0.69 -4.03+0.17
R2 -22.19£2.64 -0.035%0.004 -2.22%0.26 0.83£0.44 -3.12%0.06
R3 -25.55%2.08 -0.041+0.003 -2.5510.21 1.34£0.56 -3.1240.05
R4 -58.56+13.39 -0.094£0.021 -5.80%1.34 1.62%0.47 -3.64£0.17
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3.6.5. Biofilm Versus Planktonic Cells Retained in the Systems Over Time

Figures 3S 22-25 show the ratio of biofilm versus planktonic cells in the reactors
until day 70, with the exception of R2 (Figure 3S 23) which shows the ratio until
day 197. Reactor 2 showed an increase in the planktonic cells ratio with a peak of
3.6% on day 174, whereas the other reactors remained <1% in planktonic cells ratio
until the end of the experiment. Day 70 was chosen for reactor R1, R3 and R4 for
visualization purposes of the start-up phase.
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Figure 3S 22. R1 biofilm versus planktonic cells until day 70. The planktonic biomass is shown in

blue and biofilm-based biomass is shown in green.
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Figure 3S 23. R2 biofilm versus planktonic cells until day 197. The planktonic biomass is shown
in blue and biofilm-based biomass is shown in green.
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Figure 3S 24. R3 biofilm versus planktonic cells. The planktonic biomass is shown in blue and

biofilm-based biomass is shown in green.
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Figure 3S 25. R4 biofilm versus planktonic cells. The planktonic biomass is shown in blue and
biofilm-based biomass is shown in green.
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3.6.6. Biofilm Pictures
Center
sample
outflow side membrane side
sample sample

Figure 3S 26. Schematic overview of biofilm sampling locations for imaging.
L

Biofilm images R1

Figure 3S 27. Biofilm R1 a) membrane side; b) outflow side.

i.  Biofilm images R2

5

Figure 3S 28. Biofilm R2 a) membrane side; b) outflow side.
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Figure 3S 29. Biofilm R3 membrane side. Picture of outflow side of R3 was not taken.

iv.  Biofilm images R4

Figure 3S 30. Biofilm R4 a) membrane side; b) outflow side.

3.6.7. Live/Dead Staining Images
i Live/dead R1

€ arivis

Figure 3S 31. R1 membrane side image. Z-stack: 42 slices (57.4 yum). 20x magnification.
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Figure 3S 32. R1 center sample image. Z-stack: 31 slices (180 um). 20x magnification.
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Figure 3S 33. R1 outflow side image. Z-stack: 41 slices (120 pm). 20x magnification.

il.  Live/dead R2
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Figure 3S 34. R2 Membrane side image. Z-stack:29 slices (84 pm). 20x magnification.
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Figure 3S 36. R2 outflow side image. Z-stack: 19 slices (54 pm). 20x magnification.

iil.  Live/dead R3
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Figure 3S 37. R3 membrane side. Z-stack: 25 slices (120 pm). 20x magnification.
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C arivis

Figure 3S 38. R3 center sample. Z-stack: 20 slices (95 um). 20x magnification.
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Figure 3S 39. R3 outflow side. Z-stack:18 slices (85 um). 20x magnification.

iv.  Live/dead R4
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Figure 3S 40. R4 Membrane side. Z-stack: 49 slices 144 um). 20x magnification.
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Figure 3S 41. R4 center sample. Z-stack: 51 slices (75 um). 20x magnification.

400 400

63@‘ arivis

Figure 3S 42. R4 outflow side. Z-stack: 29 slices (840 um). 2.5x magnification.
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Abstract

Carbon-based products are essential to society, yet producing them from fossil fuels
is unsustainable. Microorganisms have the ability to take up electrons from solid
electrodes and convert COz to valuable carbon-based chemicals. However, higher
productivities and energy efficiencies are needed to reach a viability that can make
the technology transformative. Here we show how a biofilm-based microbial porous
cathode in a directed flow-through electrochemical system can continuously reduce
CO:z to even-chain C2-C6 carboxylic acids over 248 days. We demonstrate a 3-fold
higher biofilm concentration, volumetric current density, and productivity than the
state of the art. Most notably, the volumetric productivity resembles those achieved
in lab-scale and industrial syngas (CO-H>-CO») fermentation and chain elongation
fermentation. This work highlights key design parameters for efficient electricity-
driven microbial CO; reduction. There is need and room to improve the rates of

electrode colonization and microbe-specific kinetics to scale-up the technology.

Keywords: microbial electrosynthesis, CO» reduction, reactor design, biofilm,
carboxylic acids, microbial activity, gas fermentation, mixed culture, Clostridium

luticellarii, Eubacterinm limosum
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4.1. Introduction

By exploiting the ability of microorganisms to reduce carbon dioxide, microbial
electrosynthesis (MES) has become a candidate technology to satisfy the growing
demand for fossil-free chemicals synthesis, by harnessing the increasing amount of
electrical energy obtained from renewable sources [1]. Microbiomes are living
systems with the ability to self-repair and regenerate, offering a major advantage for
resilient industrial applications over abiotic CO; electrolysis. Unlike heterogeneous
catalysts, which exhibit stability for limited durations (hours/days), microbial
electrochemical reactors demonstrate remarkable operational continuity lasting for
several years [2]. Beyond their robustness, biocatalysts in MES systems exhibit the
capacity to generate multi-carbon products with notable selectivity and faradaic
efficiency [3]. The bioclectrochemical reduction of COs to produce medium-chain
carboxylic acids (MCCAs), such as butyric (4 carbons, C4) and caproic (6 carbons,
Co0) acids, presents a promising avenue for generating low CO3 footprint precursors
crucial for applications in the fuel, chemical, feed, and food industries [4,5].
Nonetheless, it is noteworthy that existing studies elucidating microbial CO»
reduction to MCCAs report production rates lower than those achieved in
alternative fermentation technologies for organics production, including syngas

fermentation and chain elongation fermentation [6—9)].

Following the initial proof-of-concept demonstrating the production of soluble
organics from COz in microbial electrosynthesis [10], the primary focus within the
MES research community has centered on enhancing microbial catalysts, improving
cathode materials, and elucidating fundamental mechanisms and microbial
functionalities [2,11]. These endeavors have been pivotal in achieving noteworthy
key performance indicators (KPIs), including productivities and faradaic efficiencies.
Nevertheless, these KPIs have not yet reached a level that ensures the economic
viability of the technology [4,11]. In the context of transitioning to industrial
implementation of MES and its potential role in the electrification of the chemical
industry, reactor design emerges as a crucial aspect requiring attention [2,11]. State-
of-the-art MES reactors capable of producing acids longer than C2 are
predominantly biofilm-driven systems, exploiting the proximity to the electron
source for CO; reduction [2,6,12]. Biofilm-driven MESs have so far outperformed
MES driven by microorganisms in suspension by several orders of magnitude [3].
Nevertheless, biofilms growing in other environments have demonstrated
susceptibility to mass transfer limitations, impacting microbial activities due to the
necessity for substrates and products to diffuse in and out of biofilms [13-16].
Despite these limitations, relatively few efforts have been dedicated to researching
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and developing biofilm-driven MES reactor design concepts that ameliorate mass
transport [6,17,18].

The predominant focus in devising innovative reactor designs has been directed
towards MES systems employing microorganisms in suspension [19]. Notably, Cui
and colleagues recently presented an electrolytic bubble column featuring an
external hollow fiber membrane gas—liquid contactor for the production of acetate
from COz, achieving an acetate titer and production rate of up to 34.5 g Lt and 1.15
g L1 d! at an average faradaic efficiency of 64% into acetate [20]. In a different
approach, Rosa and coworkers retrofitted a conventional stirred bioreactor with
electrodes, showcasing adaptability to MES applications [21,22]. Enzmann and
colleagues introduced a bioelectrochemical bubble-column reactor, serving the dual
function of a microbial fuel cell and microbial electrosynthesis system [23]. They
tested MES of methane and obtained a mean methane production rate of 36.7 + 7.8
mmol m2 d- at a faradaic efficiency of 49.9 + 4.1%. Puig and coworkers explored a
tubular MES reactor for the production of 34.7 mMC of acetate and 87.5 mMC of
butyrate at a current density of -2.74 + 0.09 A m2 and faradaic efficiency of about
60% [24]. In another study they used the same tubular MES for the production of
35 to 47 mMC of acetate and ethanol at a 1-to-1 ratio, at a current density of -0.33-
0.55 A m? and faradaic efficiency of 12-14% [25]. Additionally, a 4.3 L scaled-up
version of a flat-plate double-chamber reactor design demonstrated the production
of 3.6 + 0.6 g L1 acetate at a rate of 0.23 g L1 d! by microorganisms in suspension,
at -0.6 A m2and faradaic efficiency of 82% [20].

Configurations for biofilm-driven microbial electrosynthesis employing flow-
through designs, where convective flow is intensified near the biofilm-cathode
interface, have resulted in elevated production rates, enhanced biofilm growth, and
increased carbon selectivity towards longer MCCAs compared to other tested
designs [6,13]. However, the flat-plate design employed by Jourdin and colleagues
presents scalability challenges [6]. In this design, the cathode compartment featured
a 1.2 cm-thick free-flowing catholyte volume positioned between the membrane and
the 3D-filamentous cathode. The catholyte was directed to flow through the cathode
material and exit the compartment on the opposite side, where an additional 1.2 cm-
thick free-flowing liquid volume was located. The incorporation of such free-
flowing liquid dead-volumes substantially increases both the footprint and capital
cost of the reactor upon scale-up. Moreover, these dead-volumes contribute to
issues related to hydrogen accumulation, negatively impacting system performance
[27]. The fluid dynamics within this reactor design exhibit suboptimal characteristics,

leading to dead zones within the cathode material where mass transport and
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microbial activity are constrained. Furthermore, the 2.4 cm separation between the
anode and the cathode proves to be excessively large, resulting in considerable

ohmic and mass transfer resistances, consequently leading to high energy losses [11].

Here we introduce a directed-flow-through bioelectrochemical reactor (DFBR)
featuring a serpentine flow-pattern architecture, as illustrated in Figure 4.1A-B. In
this innovative design, CO»-saturated catholyte is directed through a continuous
serpentine channel entirely filled with a porous 3D carbon-based electrode, where
COz undergoes biological reduction to form medium-chain carboxylic acids (Figure
4.1C). Unlike previously used systems, the DFBR design eliminates free-flowing
liquid in the cathode chamber, thereby facilitating substrate and product turnover at
the biofilm-cathode surface. Additionally, the serpentine flow-pattern enables an
extended residence time, potentially enhancing catbon and electron/hydrogen
utilization efficiency, which are key performance indicators upon scale-up. While
not explored in this study, the ability to manipulate this residence time theoretically
positions this reactor design for further carbon elongation towards carboxylic acids
longer than C6. Notably, the design is characterized by its scalability and stackability,
enhancing its versatility and applicability.

It must be noted that serpentine flow channels have been used in many
electrochemical systems (e.g. fuel cell, COz electrolysis, etc.) yet in a different way.
In those systems, 2D electrodes, 2D gas diffusion electrodes or 2D membrane
electrode assemblies are used adjacent to the serpentine channel, where the channel
is used to distribute a gas or a liquid. Here the main novelty lies in filling the flow
channel with a 3D electrode and promoting biofilm growth. Recently, Chu and
coworkers (2023) used a flow-electrode-based MES reactors, which was constructed
using a liquid-type flow-electrode that is separated from the electrochemical cells
[28]. Practically, they used powder activated carbon as cathode materials which was
suspended in the catholyte and recirculated through the cathode compartment. The
cathode compartment was a hollow serpentine channel carved into a conductive
graphite sheet. This reactor differs from the concept studied here, which uses a fixed
carbon felt electrode in a serpentine flow channel, with the catholyte being forced
to flow through the electrode. Chu and colleagues operated their reactors in batch
mode with passive CO» supply from a gas bag and reported an acetate production
rate of 16 = 1 g m2d"! at -5 A m2 and an acetate concentration of about 1.5 g L1
both in the catholyte and extraction compartment. Other by-products were detected
below 0.1 g L. Back and coworkers (2022) designed a zero-gap MES reactor
configuration with a vapor-fed anode and a liquid catholyte, which they tested for
methane and acetate production from CO» [29]. Similarly to our design, the cathode
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chamber was filled with carbon felt and the catholyte pushed through it, yet a flow
channel was not implemented to avoid zones with low fluid velocities. Back and
colleagues operated their reactors in batch with both bicarbonate and sporadically
sparged CO; as C-source and achieved methane and acetate production rates up to
12 and 55 g m2 d'1, respectively, at 17.4 A m2. Quantification of biofilm growth and

biomass-specific microbial rates were lacking in those studies.
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Figure 4.1. Schematic of a directed-flowthrough serpentine bioelectrochemical reactor. (A)
Reactor cell diagram. Each unit consists of a serpentine plate filled with a carbon-based 3D-biocathode
on a graphite cutrent collector, an empty serpentine plate (free flowing electrolyte) on a Pt/ItO; coated
2D-titanium anode, and a cation exchange membrane. (B) Schematic of the serpentine plate design.
(C) Top-view schematic of both flow-channels on a reactor cell unit.

The key performance indicators of the DFBR design for the production of MCCAs
directly from CO; were investigated. We comprehensively examine the microbial
growth, electrode colonization, metabolic activity, organics production, and energy
efficiency over an operational period spanning 248 days. 16S rRNA-sequencing
allowed to identify the dominant microbial species responsible for the elongation of
COz to MCCAs. Our findings highlight the remarkable capability of microbial
electrosynthesis to attain reactor-scale performances comparable to established
technologies, establishing the viability of the novel directed-flow-through reactor as
a potentially scalable system.
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4.2. Materials and Methods
4.2.1. MES Reactor Setup

Two bioelectrochemical reactors were assembled. Each reactor comprised two
identical cathodic and anodic compartments, as well as two supporting plates used
to press and close the reactor cell. A scheme of the reactor setup and a picture of
the assembled reactor can be seen in Figure 4.1. Exact reactor dimensions are also
given (Figure 48 9). A biocompatible resin (BioMed Clear Resin V1, Formlabs) and
the Form 2 printer (Formlabs) were used to 3D-print all the plates that formed the

reactor.

The anode used in this work was a Pt/IrO; coated titanium plate (Magneto Special
Anodes, Schiedam, The Nethetlands). Unmodified carbon felt was used as the
cathode electrode material (CTG Carbon GmbH, Germany). Before being used, all
felt pieces underwent a cleaning step with 1 mol L't HCI, 1 mol L' NaOH, and an
UV/ozone treatment as described in Winkelhorst and colleagues [30]. Once in the
reactot, the total volume of carbon felt was 9.5 cm3, with a thickness of 0.5 cm and
a total projected surface area of 19 cm? In one of the reactors, a titanium wire
(Salomon’s Metalen, The Netherlands) was placed between two layers of tightly
pressed carbon felt (0.25 cm thick each) and used as current collector. The other
reactor used an iso-molded graphite plate (GP) (3.2 mm thick, Fuel Cell Store, USA)
as current collector, placed parallel to the cathodic plate. Conductive coating
(Graphite Conductive Adhesive, Electron Microscopy Sciences, USA) was applied
at the surface between current collector and carbon felt in order to enhance the
electric connection between both materials [30]. A cation exchange membrane
(CEM) (CMI-7000s, Membrane International Inc.) was used to separate the cathodic

and anodic compartment.

A pH probe (QP108X, ProSense) was installed in the catholyte recirculation loop
outside the reactor and a pH controller (AQUIS touch S, Jumo) was used to control
the pH of the catholyte at pH 5.8. pH titrant addition was negligible, likely as a
combination of a fairly high phosphate buffer concentration, CO: continuous
sparging, and proton electrochemical reduction. A bubble column was also installed
in the recirculation loop, and used to sparge a CO»-N mixture into the catholyte.
The total volume of the catholyte in the setup was 135 mL. This volume includes
the cathodic chamber, recirculation bottle, and all tubing comprising the

recirculation loop.
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4.2.2. MES Reactor Operation

The catholyte medium composition was based on the one described in Winkelhorst
and coworkers [30], and contained 0.2 g Lt NH4Cl, 0.015 g Lt CaCl,-2H,0, 0.04 ¢
L1 MgCl'6H20, 8.1 g L1 KH2POy, 0.9 g L' Na;HPOys, 1 mL L of a trace elements
solution, and 4.5 g L1 2-bromoethanesulfonic acid as methanogenic activity
inhibitor. The trace elements solution contained 1.5 g L1 FeCl;-6HO, 0.15 g Lt
H;BOs, 0.03 g Lt CuSO4-5H,0, 0.18 ¢ L1 KI, 0.12 g L't MnClL-4H,0, 0.06 g L
Na:MoO42H,0, 0.12 g L1 ZnSO4+7H,O, 0.15 g Lt CoCly»:6H>O, 0.023 g L
NiCly'6H>0, and 10 g L1 EDTA. To avoid possible limitations caused by nutrients
depletion, a second catholyte medium composition was used from day 18 containing
0.6 g L't NH4Cl, 0.045 g 1! CaCl,'2H>0, 0.12 g L' MgCl-6H2O, 8.1 g L' KH,POy,
0.9 g L' Na;HPOy, 3 mL L' of a trace elements solution, and 13.5 g L1 2-
bromoethanesulfonic acid. The anolyte composition was identical to the catholyte
medium used at that specific moment, without the trace elements solution and the
methanogenic inhibitor. The pH of the anolyte was also decreased to 2 with

phosphoric acid to facilitate proton crossing over the membrane.

The reactors were operated in continuous mode with a hydraulic retention time
(HRT) of 4 days. Both catholyte and anolyte were continuously circulated between
the reactor cell and the recirculation bottles at a flow rate of 1.8 L h-l. Dissolved
COz was supplied by continuously sparging a gas mixture of CO2:Nz 50:50 at a rate
of 0.1 L min'! in the cathodic bubble column. The volumetric CO> mass transfer
coefficient (kra) of the bubble column was determined with the dynamic gassing-
out method and found to be 70 h! (data not shown). The entire setup was placed
inside a cabinet, keeping the reactors in the dark to avoid any phototrophic growth.
Temperature was kept at 31 °C.

The reactors were connected in a three-electrode configuration to a multichannel
potentiostat ~ (BioLogic) to  control either the cathode potential
(chronoamperometry, CA) or the applied current (chronopotentiometry, CP). A 3M
Ag/AgCl reference electrode (QM710X, ProSense) was installed in both reactors.
The CP reactor was first controlled in potentiostatic mode at -0.85 V vs. SHE
(standard hydrogen electrode) from day 0 to 28, and then switched to galvanostatic
mode for the rest of the experiment (day 248). From day 28 to 68 a current of -26
A my !, was applied, from day 68 to 114 it was increased to -53 A ma? pe,, and from
day 114 to the end of the experiment -105 A my? i, were applied. The CA reactor
was controlled at -0.85 V vs. SHE throughout the course of the experiment (221
days).
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Each reactor was inoculated on day 0 with 1.2 g CODy L-1. The inoculum was taken
from running laboratory MES reactors producing acetate, #-butyrate, and #-caproate
from COz [30].

4.2.3. Analytical Methods

Twice a week, liquid samples were taken from each reactor. Concentration of C2 to
C6 carboxylic acids and alcohols were analyzed by gas chromatography
(Thermofisher, USA) using a Stabil-wax™ column with a length of 25 m and internal
diameter of 0.2 um. Colum temperature was kept at 50 °C for 7 min, increased to
180 °C during 8 min and kept at that temperature for 9 minutes. Helium was used
as carrier gas at a flow rate of 1 mL min! and the ionization detector was kept at
250 °C. Production of organics and faradaic efficiency were calculated as described
by Raes and colleagues [31]. Biomass-specific growth rates and production rates
were calculated as described by Winkelhorst and coworkers [30]. Here, carbon
selectivity represents the fraction of carbon going into a specific product over the
total amount of carbon assimilated in all identified products, i.e. acetate, butyrate,

caproate, and biomass.

Samples were filtered with a 0.2 um microporous filter and their total nitrogen
content was analysed using a TOC analyser coupled with a TN unit (TOC-L Series
Total Organic Carbon Analyzers, Shimadzu, Japan). Oven temperature was kept at
720 °C. The optical density of the unfiltered samples was measured at 600 nm with
a UV-VIS spectrophotometer (UV-1800 series, Shimadzu, Japan) to account for
planktonic cells. To study microbial activity, the method described by Winkelhorst
and colleagues [30]. was utilized to estimate microbial growth in both biofilm and
suspension separately as well as biomass concentration and biomass-specific

productivity.

4.2.4. Scanning Electron Microscopy

Carbon felt pieces were carefully cut at different places along the length of the flow
channel (Figure 4.6). Samples were immediately fixed with 2.5% glutaraldehyde in
PBS buffer for 24 h at 4 °C, rinsed with PBS buffer and dehydrated with a graded

series of ethanol.

4.2.5. DNA Extraction and 16S Sequence Analysis
To extract DNA from the biofilm both on and within the 3D porous cathode, the

samples were ground with a pestle in a mortar, periodically incorporating liquid
nitrogen to prevent DNA degradation. The resulting powder comprised a mixture
of biomass and carbon felt fibers. Subsequently, DNA extraction was carried out
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using a Qiagen DNeasy PowerBiofilm Kit (Qiagen, Hilden, Germany), employing a
detergent lysis method in conjunction with bead beating using an MPTM FastPrep-
24 homogenizer (MP Biomedicals, Irvine, CA), following the manufacturer's
instructions. The purified DNA underwent quality assessment by measuring the
A260/280 and A260/230 ratios (Nanodrop 2000  spectrophotometer
(ThermoFischer Scientific, Waltham, MA) and quantification using a Qubit broad-
range assay (Qubit 2.0 Fluorometer and Qubit dsSDNA BR Assay Kit (Thermo
Fischer Scientific)).

4.2.6. Microbial Community Analysis

Microbial community analysis was conducted through 16S rRNA sequencing. For
this purpose, extracted DNA samples were sent to Novogene (UK) (Cambridge,
United Kingdom). The 16S tRNA amplicon was sequenced using barcoded primers
341F (CCTAYGGGRBGCASCAG) and 806R
(GGACTACNNGGGTATCTAAT) to amplify regions V3 + V4 of both bacterial
and archaeal microorganisms. All polymerase chain reactions (PCR) were carried out
in 30 pL reaction volumes, comprising 15 uL. of Phusion® High-Fidelity PCR
Master Mix (New England Biolabs, Ipswich, MA), 0.2 uM of forward and reverse
primers, and approximately 10 ng of template DNA. Thermal cycling involved initial
denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, elongation at 72 °C for
30 s, and a final extension at 72 °C for 5 min. PCR products underwent purification
through gel electrophoresis using a 2% agarose gel and subsequent extraction using
a Qiagen Gel Extraction Kit. Sequencing libraries were generated using the
NEBNext® UltraTM DNA Library Prep Kit for Illumina (Illumina, San Diego,
CA), following the manufacturer’s recommendations, with index codes added. The
library quality was evaluated using a Qubit 2.0 Fluorometer (Thermo Scientific) and
Agilent Bioanalyzer 2100 system (Agilent, Santa Clara, CA), and the sequencing was
performed on an Illumina HiSeq platform to generate 250 bp paired-end reads. Data
analysis was performed as described in Supplemental Material 4.6.2.

4.3. Results and Discussion

In the current investigation, we devised an innovative microbial electrosynthesis
reactor, termed a directed-flow-through bioelectrochemical reactor (DFBR). This
DFBR introduces a serpentine flow-pattern architecture in both the cathode and
anode compartments. At the cathode, the serpentine channel is filled with a carbon
felt electrode through which the catholyte is forced to flow through. Two reactors
were continuously operated, either potentiostatically (CA) or galvanostatically (CP),
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for more than 220 days. Nutrients were replenished using a hydraulic retention time
of 4 days, complementing the continuous sparging of COx.

4.3.1. Biomass Growth Rate and Microbial Kinetics of Electrode Colonization
Similar in Potentiostatic and Galvanostatic-Controlled Reactors

The time-dependent biomass-specific growth rate (1) was experimentally
determined for both reactors (Figure 4.2A), using a recently published method [30].
This method differentiates microbial growth in biofilm and in suspension. The
progression of biofilm quantity per electrode volume over time and the associated
percentage of electrode colonization under our experimental conditions were
assessed (Figure 4.2B). The percentage was calculated on basis of the total biofilm
amount, which reached a plateau after 225 days, representing biofilm saturation.
This saturation point likely indicates a restriction in space that impeded further
biofilm growth.

In both reactors, growth rates ranging from 0.03 to 0.11 d! were recorded during
the initial 50 days, followed by a decline in growth rates to approximately 0.01 d-!
until the conclusion of the experiments. Compatable growth rates and trends were
previously observed in non-optimized flow-through MES reactors [30].
Consequently, the present DFBR did not speed-up biofilm growth and electrode
colonization. These growth rates remain modest compared to those observed in
analogous anaerobic fermentation technologies like syngas fermentation and chain
elongation (up to 2.9-5.7 d1) [32,33]. Consequently, achieving a fully grown and
colonized electrode proved time-consuming in this context (225 days), underscoring
the need for improvements from an application perspective. Furthermore, our
observations indicated that keeping either current or potential at the used static value
did not influence the growth of biofilms and electrode colonization. This suggests
that electron uptake from the electrode may not be the limiting process, indicating
the presence of other limiting factors influencing growth. This underscores the
significant challenge of rapidly colonizing a large electrode, representing a key

limitation in the scale-up of microbial electrosynthesis technology.
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Figure 4.2. Biomass-specific growth rate (A), biofilm concentration and electrode colonization (B)
measured over time in the CP (orange triangles) and CA (blue circles) reactors.

4.3.2. Directed-Flow-Through Bioelectrochemical Reactor Allows Three
Times Denser Biofilm than Previous State-of-the-Art

The preceding state-of-the-art in MES [30] achieved a biofilm apparent density, or
amount of biofilm per electrode volume, of 5.0 + 2.7 mmols cm3eahode (Figure 4S 1
in Supplementary Material). In contrast, the novel serpentine design of the directed-
flow-through bioelectrochemical reactor remarkably increased the biofilm apparent
density (dry cell mass concentration) by over three-fold, reaching
16.4 mmolyx cm3camode. Notably, biofilm constituted >99% of the biomass in the
reactors (Figure 4S 2), underscoring the DFBR's efficacy for biofilm-driven

bioelectrochemical processes. Attempts to promote biofilm growth in other reactor
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concepts faced challenges, with microorganisms being washed out during the
transition from fed-batch to continuous mode [34,35]. A higher biofilm apparent
density translates into a larger number of microbes available for the target reaction.
As inoculum and electrode matetial were consistent between our study and
Winkelhorst and colleagues (2023) [30], this suggests that the reactor architecture
and flow pattern/fluid dynamics played a pivotal role in the increased apparent
biofilm density. The DFBR design mitigates dead zones, ensuring the entire carbon
felt is accessible for biofilm growth. Additionally, the DFBR design eliminates free-
flowing liquid in the cathode chamber, facilitating transport of CO», nutrients, Ho,
and products at the biofilm-cathode interface and throughout the channel. It is
noteworthy that the catholyte superficial fluid velocity through the electrode in the
DFBR was 12 times higher than in Winkelhorst and coworkers (20.0 vs. 1.7 mm s-
1), which may have contributed to the observed biofilm density as well. Further
investigation is warranted to elucidate the impact of fluid velocity on biofilm in
MES.

Figure 4.3. Photograph and scanning electron microscopy images of the biofilm grown on the carbon
felt electrode of the CP (A-C) and CA (D-F) reactors, at the end of the experiment.

Photographic evidence of the cathodes and SEM images from both reactors at the
expetiment's conclusion (Figure 4.3 and Figure 4S 3) confirmed the development
of a thick and dense biofilm, visible to the naked eye, on both sides of the carbon
felt, spanning its entire thickness and along the entire serpentine channel. Well-
formed biofilm on individual carbon fibres, comprising morphologically diverse
microorganisms encapsulated in an extracellular matrix, is observable throughout
the entirety of the carbon felt.
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4.3.3. Directed-Flow-Through Bioelectrochemical Reactor Results in 5-Fold
Higher Volumetric Current Density and Productivity than the State-of-
the-Art

The evolution over time of the current density, cathode potential, organics
concentration, and faradaic efficiency in both reactors were evaluated (Figure 4.4).
The trends in organics production rates and current normalized to electrode volume
are depicted in Figure 4S 4 and Figure 4S 5. Notably, no alcohols such as ethanol

were detected at any point during the experiments.

In the CP reactor, the cathode potential consistently ranged between -0.8 V and -
1.0 V vs. SHE throughout successive applied current steps, reaching up to -105 A
m2psa (projected surface area). In the CA reactor (-0.85 V vs. SHE), the cathodic
current initially remained low at around -5 A m2psy for the first 25 days, gradually
increasing to -15 A m2psa by day 35. Subsequently, the current remained relatively
stable until day 85, coinciding with approximately 30% biofilm colonization of the
carbon felt (Figure 4.2B). Between day 85 and day 139, the current exhibited
exponential growth, reaching -100 A m2psa, corresponding to 50% biofilm coverage
on the carbon felt. The reactor experienced a crash on day 139, inducing biofilm
stress, resuspension, and rapid re-attachment, evident by a sudden increase and
subsequent decrease in optical density (Figure 4S 6). Following a lag phase, the
electron uptake rate recovered from day 170 and remarkably surged further to a
cathodic current of approximately -200 A mZpsa (-40 mA cm3eode) at the
experiment's conclusion, with peaks reaching -300 A m2psa (-60 mA cm3cahode) OVer
a 7-day period between days 200 and 207. The prior state-of-the-art MES reactor,
producing soluble organics, reported a current of -101 A m?2psa, equivalent
to -7.8 mA cm-3cahode, at the same cathode potential [6]. The DFBR demonstrated a
notable enhancement, achieving a two-fold increase in current normalized to
projected surface area and a five-fold increase in volume of the electrode.
Normalizing performance to electrode volume is particulatly relevant when
employing 3D electrodes [36,37], accounting for the electrode thickness. The
previous state of the art current of -101 A m2psa was attained with a 1.2 cm thick
carbon felt, whereas our study employed a 0.5 cm thick carbon felt. A thinner
cathode is advantageous, promoting lower ohmic resistances and consequently
higher energy efficiencies [2,11]. In the last 10 days of the experiment, a faradaic
efficiency of 40% (and increasing) was achieved, corresponding to volumetric
productivities of 43 kgcr m3cathode d1, 30 kgea m3 cathode d, and 5 kges m3cathode d!
(equivalent to a total C production of 37.3 kgc m3cathode d1).
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Figure 4.4. Current density and cathode potential (A-B), concentration of acetate (blue circles),
butyrate (orange squares) and caproate (green triangles) (C-D), and faradaic efficiency (E-F) evolution
over time in the CP (left) and CA (right) reactors. The red arrow (day 139) indicates a leakage event
that emptied the cathode compartment almost entirely, which stopped the potentiostat and the liquid
recirculation, and the reactor remained in this state for 3 days (long weekend).

4.3.4. Biofilm Suspension and Re-Attachment Leads to Higher Carbon
Selectivity and Faradaic Efficiency into C4 and C6

Within the initial 25 days, only biomass growth occurred, representing
approximately 11.3 * 2.9% of electron recovery into biomass in both reactors, at
comparable current densities. Consequently, both reactors exhibited a lag phase of
approximately 25 days before measurable amounts of soluble organics were
produced, a phenomenon previously observed in microbial electrosynthesis (MES)
[30,38]. Acetate (C2) was the initial product in both reactors, closely followed by n-
butyrate (C4). During the initial 100 days, under CP, C2 and C4 concentrations
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increased more rapidly than under CA (7.0 vs. 2.5 gc2 Lt and 0.9 vs. 0.6 ges L),
albeit at the expense of faradaic efficiency (45% vs. 75%), likely due to higher
currents, i.e. higher availability of Ha. A lower faradaic efficiency corresponds to
reduced energy efficiency (Figure 48 7), indicating higher energy wastage. Despite
the application of a higher current (CP) than that measured under CA, it did not
result in increased growth rates or higher biofilm amounts (28% electrode
colonization in both reactors at day 100, Figure 4.2). It did however lead to higher
acetate production rates in the first 100 days, 26 vs 10 kgco m-3cahode d! (Figure 48
4), likely due to a higher H» availability, suggesting a decoupling of growth and
production metabolisms. As observed previously, once a mature biofilm was
established, carboxylate production became maintenance-driven [30]. This pattern
persisted here, with acetate concentration reaching up to 10 g L' and productivity
34 kgca m3amode A1 when the current density increased to similar, and subsequently
higher, levels under CA from day 125 to 139 (up to -100 A m2). Simultaneously,
butyrate concentration reached 4 g L1 and productivity 18 kgcs m3eathode dl. A
higher faradaic efficiency of 65% was achieved at -100 A m2under CA compared to
-52 A m?2under CP (50%). Caproate (C6) production commenced eatlier under CP
than CA (98 vs. 130 days), likely attributable to the eatlier attainment of higher
concentrations of C2 and C4 [6,18].

Following the lag phase subsequent to the CA reactor crash on day 139, a notable
faradaic efficiency of 90% was achieved from day 155 to 169 at a current density of
approximately -47 A m?2. An even higher faradaic efficiency of 93% was reached at
-102 A m?2psa (-20 mA cmBeahode) from day 169 to 180, coinciding with elevated
concomitant volumetric productivities of 50 kgca m3eathode d1, 71 kges m-3cathode dl,
and 15 kges m3ahode d! (equivalent to 69 kge m3camode d1). This represents a
remarkable 3.1-fold increase in soluble organics productivity compared to the state-
of-the-art (22 kgc m-3cahode d1) [0]. Notably, a high carbon selectivity of 57%c4 and
14%cs (Figure 4S 8) and a faradaic efficiency of 55% and 13% into C4 and Co,
respectively, were achieved. Higher selectivity towards C4 and C6 is advantageous
given their higher value compared to acetate [4]. Lower carbon selectivity (29%c4
and 4%ce) and faradaic efficiency (23%cs and 5%cs) into C4 and C6 were recorded
before the reactor crash at the same current density of -102 A m2psa from day 120
to 139. Similarly, a lower carbon selectivity (36 + 6%c4 and 8 £ 5%cs) and faradaic
efficiency (16 £ 7%c4 and 4 £ 4%cs) into C4 and C6 were achieved in the CP reactor
at -105 A m2, which did not experience significant biofilm disturbance. A previous
study also demonstrated that rapid detachment and reattachment, leading to biofilm

reorganization, significantly improved carbon selectivity and faradaic efficiency
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towards C4 and CG6 over acetate [18]. The mechanism responsible for this
phenomenon is yet to be fully elucidated. It is noteworthy that a lower total faradaic
efficiency was recorded from day 120 to 139 (62%) compared to day 169 to 180
(93%) at the same current density in the CA reactor. This discrepancy may be
attributed to a lower biofilm amount (7.4 vs. 10.8 mmoly cm-2camode) and electrode

coverage (43 vs. 68%) (Figure 4.2B) and/or to the biofilm reorganization.

The faradaic efficiency declined notably after the escalation of current density to -
200 A m?2pss (-40 mA cm3emode) from day 195 to 221. The cause of this surge in
cathodic current remains unclear at this stage, but it might be attributed to the
increase in electrode coverage by biofilm to over 90% during that period (Figure
4.2B). A higher biofilm amount correlates with an increased demand for electrons.
On day 180, the highest concentrations ever reported in continuously-operated
MES reactors of C4 (17.4 g L1) and C6 (3.2 g L1) were reached. Subsequently, a
decline in organics concentration and production rates was observed. A plausible
explanation could be the inhibition of the biofilm by C4 and C6 acids, known for
their toxicity, as previously modeled in MES [13], though further investigation is
required for confirmation. Nonetheless, a 2-fold higher volumetric productivity
compared to the previous state-of-the-art was maintained from day 195 until the
experiment's conclusion. Additionally, carbon selectivity remained favorable, with
57% and 11% directed into C4 and C0, respectively.

When comparing with Chu and Back and colleagues, who studied a flow-electrode-
based MES reactor and a zero-gap MES reactor, respectively, an order of magnitude
higher current density, productivity, and products concentration were obtained with
our directed-flow-through bioelectrochemical reactor, while producing significant
amounts of butyrate and caproate in addition to acetate (and no methane).
Combining a vapor-fed anode as tested by Baek and coworkers with our cathode
configuration could be a promising avenue to further increase the energy efficiency

of MES while achieving high productivity.

4.3.5. Potentiostatic Control Results in Higher Faradaic and Energy
Efficiencies

Under galvanostatic control (CP), an increment in cathodic current density from -
26 to -53 or -105 A m2 did not significantly elevate the organics concentration until
day 150 (Figure 4.4C). This observation could be attributed to the fact that by day
150, only half of the electrode was colonized (Figure 4.2B). The limited biofilm
coverage hampers the microbial uptake of electrons (and CO»). This is evident in
the relatively low faradaic efficiency during this period. Subsequently, from day 150
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until the end of the experiment, concentrations and production rates gradually
increased as biofilm coverage expanded. High acetate and butyrate concentrations
of 223 ¢ L1 and 12 g L' were attained in this reactor. Simultaneous volumetric
productivities of 64 kgco m3cathode A1, 42 kges m3catode d, and 17 kges m-3cathode d!
(equivalent to 60 kge m-3canode d1) were achieved (Figure 4S 4), marking a 2.7-fold
increase compared to the previous state-of-the-art and similar to the CA reactor.
Relative to the CA reactor, lower faradaic and energy efficiencies were observed
under galvanostatic control, despite similar current density and biofilm
amount/coverage. The reasons for these differences watrant further investigation.
In the CA reactor, energy efficiencies averaged 34 + 17% at -102 A m2, with a peak
at 64% (Figure 4S 7). It is important to note that optimizing the energy efficiency
of the directed-flow-through bioelectrochemical reactor (DFBR) was beyond the
scope of this work; for instance, a thick membrane was employed, leading to high
ohmic overpotentials. Overall, CP did not accelerate biofilm growth or result in
higher organics productivity and faradaic efficiency in this study.

4.3.6. Biomass-Specific Production Rates Maintained Over a Long Period of
Time

Employing a recently established methodology [30], biomass-specific production
rates (gp) can now be determined over time in MES (Figure 4.5). Biomass-specific
production rate represents a microbial kinetic parameter that normalizes the
production rate to the quantity of biomass within the reactor at a specific moment.
Utlizing biomass-specific rates, one can more effectively assess the specific
performance of the biocatalysts in MES, facilitating meaningful comparisons with
other technologies.

In both reactors, g, exhibited an initial increase before stabilizing at comparable
values of 0.19 + 0.06 molc mol,! d until the conclusion of the experiments. A
preceding study, which reported ¢, in microbial electrosynthesis, documented
biomass-specific ~ production  rates of C2-C6  carboxylates  around
0.25 + 0.05 molc mol! d! in the initial 50 days, followed by a gradual decline to
0.05 + 0.03 molc mol! d! by day 200 [30]. It was suggested that this rate, like the
specific growth rate, declined as the biofilm quantity increased and matured to fully
colonize the electrode. The aforementioned study utilized non-optimized flow-
through reactors with the same electrode material and inoculum. In contrast, our
findings demonstrate that the novel directed-flow-through bioelectrochemical
reactor concept allows for the preservation of biomass-specific production rates

over an extended period, even with biofilm apparent density three times higher and
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elevated product concentrations compared to the study by Winkelhorst and
colleagues [30]. These results can be attributed to improved mass transport of COs,
nutrients, H», and/or products throughout the entite cathode, facilitated by the
specific reactor architecture and fluid dynamics.

A, B

-#-MES - This study

qp (% relative)
1,0

09

08
-e-Hefferman et al. 07

2020 - Lab-scale 06
-o-Leeetal. 2019 - 05
Lab-scale
-Fackler et al. 2021 -
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Figure 4.5. A) Biomass-specific production rates measured over time in the CP (purple bars) and CA
(yellow bars) reactors. B) Comparison of three key performance indicators between our MES reactor
and two of the best-performing lab-scale syngas fermentation reported in literature [8,9] as well as the
industrial LanzaTech syngas fermentation process [7]. Instead of absolute values for each KPIs, relative
percentages calculated from the max value are represented. Biomass specific production rates gp vary
from 0,2 to 20 molc molx! d-!, biomass concentrations [X] from 0.5 to 390 g, L1, and volumetric
productivities (VP) from 0.1 to 1 gc L1 h-l. VP is here normalized to the total medium volume, and
not to the cathode volume in MES. Refer to Table 48 1 in the Supplementary Material to see the
values extracted from literature and used here.

4.3.7. Volumetric Productivity in MES Now Comparable to Syngas
Fermentation

Syngas fermentation serves as a pertinent benchmark for assessing microbial
electrosynthesis. Syngas fermentation, employing acetogens to convert gas mixtures
of Hz, CO, and CO; into a mixture of acetate and ethanol, has been successfully
scaled up to an industrial level, exemplified by the LanzaTech process [7]. When
comparing these technologies, three technical key performance indicators—
biomass-specific production rates (gp), the amount of biomass per reactor volume,
and the product of both i.e. the volumetric productivity—should be considered. A
comparison was drawn using data from two lab-scale syngas fermentation studies
reporting the highest performance to the best of our knowledge [8,9], and the
industrial-scale LanzaTech process [7] (Figure 4.5B). The achieved biomass-
specific production rates in MES were notably lower than those reported in syngas
fermentation, reaching up to 20 molc mol! d1. This observation presents an
opportunity for MES, indicating the potential for higher microbial rates. Conversely,
the amount of microbial biomass per unit of reactor volume in MES (390 g, L
athode) Significantly surpassed that in syngas fermentation (2.5 gx Li'1). MES relies on

a dense biofilm, while the highest syngas fermentation performances were attained
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with microorganisms in suspension. Consequently, our MES process demonstrated
a comparable volumetric productivity of approximately 0.2 gc L' h'! to lab-scale
syngas fermentation and was five times lower than the LanzaTech process. It is
important to note that volumetric productivity calculations in MES here utilized the
total volume of catholyte, including the catholyte in the tubing and in the bubble
column. Comparing volumetric production rates between biofilm-based and
planktonic-based systems makes sense because the productis soluble in the medium.
Normalizing to the volume of catholyte in the cathode chamber yielded productivity
values 14 times higher, surpassing the LanzaTech process by 2.5 times. Optimization
of the catholyte to electrode volume ratio requires further investigation.
Additionally, considering market prices, it is noteworthy that C4 and C6 carboxylic
acids, produced in MES, have higher prices than ethanol, although their market
volumes are lower [4]. Actual scale-up of MES and in-depth techno-economic
assessment of both technologies must then be performed to compare them faitly.
Both technologies may also be complementary. This study represents a milestone in
developing MES as a competitive technology, marking a promising outcome that
warrants further scaling-up of MES technology.

Furthermore, microbial rates in microbial electrosynthesis are within the same order
of magnitude as rates achieved in gas fermentation converting H, + COs to
carboxylates [8,39,40]. In a study by Zhang and colleagues [39], biofilms were
cultivated on hollow-fibre membranes to convert an Hy/CO, mixture, yielding
volumetric production rates considerably lower at 0.003 gc L' h! compared to the
rates reported in our study. Another study by Kantzow and coworkers (2015)
reported the use of a standard stirred-tank bioreactor equipped with a customized
submerged microfiltration unit for biomass retention [41]. Continuously supplying
CO»2-H: gas mixture and yeast extract, 14 g L1 of cell dry weight and 2.5 gc L' h!
of acetate were produced. A systematic comparison of these two technologies is
essential to delineate the advantages and disadvantages of each approach, especially
in the context of scale-up considerations. Notably, Roghair and colleagues reported
higher biomass-specific rates of 10 molc mol! d! in their fermentation process,
converting acetate and ethanol to a mixture of C2-C6 carboxylates, accompanied by
a volumetric productivity of 2.7 gc L1 h! [42]. Such comparative analyses can
contribute valuable insights into optimizing and advancing these microbial

processes.

It is important to note that the calculated biomass-specific production rates (g,) in
MES presented in this study are underestimated, as they do not consider the
accumulation of dead biomass within the biofilm. Winkelhorst and coworkers [30]
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demonstrated that after 200 days, up to 50% of the microbes within the biofilms
were found to be dead. Consequently, the estimated ¢, values were approximately
half of the actual values, emphasizing the need to account for dead biomass to obtain
a more accurate assessment of microbial kinetics in MES. Moreovet, the maximum
theoretical amount of dry biomass per electrode volume should not exceed 12 mmol
cm3, (based on a cell density of 1.09 g cm=3, a dry weight ratio of 30%, and a carbon
felt porosity of 90%; see calculations in the Supplementary Material). However, we
calculated a maximum of 16.4 mmoly cm3cathode, 1.€. 37% higher than the theoretical
maximum. This may be due to approximations in the N-balance method used for
biomass quantification [30]. Therefore, the estimated g and ¢, values may be at least
37% higher than reported above. Nevertheless, the volumettic productivities (VP)
remain true and comparable with VP achieved in syngas fermentation. Even if the
actual biomass-specific production rates were two to three times higher than
reported above, i.e. up to 0.6 molc mol! d-1, it would still be more than 30 times
lower than microbial kinetics reported in syngas fermentation (20 molc molc? d1),

which means that microbial kinetics in MES can be improved further.

4.3.8. Clostridium luticellarii and Eubactersum limosum are Dominant Species

To gain a deeper understanding of the notable performance distinctions between
potentiostatically (CA) operated bioreactors and their galvanostatically (CP)
controlled counterparts, we employed high-throughput 16S tRNA gene sequencing
to investigate microbial community structures. Following an experimental period
exceeding 220 days, microbial samples were collected from cathode-attached cells at
three locations along the serpentine flow channel (Figure 4.6A). Each sample
exhibited a dominant amplicon sequence variant (ASV) representation of more than
65%, encompassing no more than seven ASVs. Across the six samples, only 13
dominant species were identified (Figure 4.6B). Four species—Eubacterinm limosum,
E. callanderi, Fermentimonas caenicola, and Clostridinm Inticellari—were consistently

present in all samples, regardless of the operational mode.

Among the remaining nine species, eight were specific to a single process. The CP
reactor consistently featured ASVs belonging to the Methanobrevibacter and
Psendoclavibacter genera. In contrast, microbial communities from the CA reactor
consistently shared six species, including Oscillibacter and Phocaeicola ASV's, in addition
to the four species systematically found. Strikingly, none of these 13 ASVs have been
associated to MES microbial communities before [43—45].
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Figure 4.6. A) Sampling location along the serpentine electrode. B) Relative abundance of 16S rRNA
of biofilm samples taken from three locations in both the CP and CA reactors, at the end of the
experiment.

Three of the four systematically identified dominant species—ZE. /ZAmosum, E.
callanderi, and Clostridinm Iluticellari belong to the Clostridia class. These are known
acetogens typically found in microbial communities associated with syngas
fermentation. In this process, they grow autotrophically by utilizing a mixture of Ha,
CO and CO; as carbon and energy sources, converting them into the central
intermediate acetyl-CoA which is converted to acetate by most acetogens [40].
Interestingly, Ewubacterium limosum and Clostridium luticellari wete also found to perform
chain elongation and produce C4 and C6 carboxylic acids [46,47], a characteristic
dependent on environmental conditions. The presence of the three anaerobic
species Phocacicola barnesiae [48], Oscilibacter valericigenes and Fermentimonas caenicola
remains unclear. Only Oscilibacter valericigenes (Clostridia class) was linked to C5
carboxylic acid biosynthesis [49]. The presence of these ancillary species could be
necessary to meet specific nutritional requirements and contribute to the stable
establishment of the biofilm.

On basis of these initial taxonomic findings, it is inferred that the serpentine design,
which establishes a flow pattern in the forced-flow-through reactor, enabling an
extended residence time for nutrients, COz, H,, and products within the 3D-
electrode, did not yield a pronounced gradient in community composition along the
flow channel in each reactor. The microbial composition was found to be
comparable at all three locations. It is essential to underscore that relative abundance
does not necessarily align with activity levels. To understand the microbial function
and physiology of these highly active biofilms, further analyses involving

metagenomics, metatranscriptomics, and metaproteomics are imperative.
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The source of the biofilm inoculum plays a pivotal role in shaping the composition
of the ultimate microbial community, and the considerable diversity in inoculum
origins documented in scientific literature poses challenges for meaningful
comparisons. Nonetheless, our results conclusively demonstrate that novel
microbial communities capable of driving highly efficient processes can be
assembled in MES bioreactors.

4.3.9. Towards Scale-up and Practical Applications: Remaining Challenges

We established that forcing an electron flow through the application of current does
not accelerate the growth of biofilms. This investigation underscores that the
primary constraint on the applicability of microbial electrosynthesis lies in the rate
at which a large electrode can be colonized. Mass transport of nutrients, CO», and
products, fluid dynamic through the electrode, and the medium compositions could
help alleviate growth limitations. Once colonization occurred, we demonstrated a
3-fold higher volumetric current density and productivity than the state of the art,
up to a new record of -28* 7 mA cmBgmode (142 £ 39 A m?) and
43 + 24 kge m3camode day, sustained over 50 days. Maximum production of 69 kgc
m3ehode day! were recorded over periods of more than 15 days. Faradaic and energy
efficiencies of 60-97% and 30-35% were achieved, respectively. The designed
directed-flow-through bioelectrochemical reactor (DFBR) showcased in this work
enables the achievement of elevated biofilm concentrations per electrode volume,
sustained microbial activity over a period exceeding 225 days, and notable

volumetric productivity, now comparable to rates observed in syngas fermentation.

This study emphasizes the feasibility of enhancing microbe-specific rates to further
increase volumetric productivity and product selectivity. Uncovering the exact
electron transfer mechanisms from CO; to C6 will help gain control over the
process. A compromise must be found between having enough electrode surface
area for sufficient biofilm coverage, i.c. for high organics production rates, and
efficient mass transport and fluid dynamics through the 3D/filamentous electrode.
Another aspect to improve is the stability of production. Where syngas
fermentations are generally stable in terms of production rates, MES shows
instability over time, up to now. Moreover, high CO; conversion efficiencies should
be aimed at upon scaling up to larger reactor size, which could be promoted with
long flow channels as proposed here. Another aspect to optimize is the catholyte to
electrode volume ratio which can be tuned to increase volumetric productivity, while
avoiding product inhibition and allowing sufficient mass transport. In addition, the
volume of the anolyte / the design of the anode compartment should be considered

and optimized upon scale-up. Volumetric production rate accounting for the whole
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reactor volume must be considered when comparing with other technologies. Here,
we disregarded the anolyte volume because optimizing the anode compartment was
out-of-scope. Given that the anode compartment was identical to the cathode
compartment, one can apply a factor 2 to calculate the reactor-scale volumetric

production rate from the reported values.

A practical challenge to the proposed design approach is the energy needed to force
the catholyte through the carbon felt. Here, an overpressure of 0.4 to 0.7 bar was
measured over a 40cm-long flow channel at the end of the experiments (Figure 48
6). The overpressure increased over time as the biofilm grew, which led to more
fluid channels within the carbon felt to clog (Figure 4.3 and Figure 4S 3). Upon
scale-up, a high overpressure would require more pumping energy, ultimately
decreasing the overall energy efficiency. Further research should look at ways to

minimize the pressure drop, such as using electrodes with a more open structure.

Inhibiting methanogenesis in a cost-effective way when using a mixed microbial
culture remains a pressing challenge. Continuously feeding an expensive compound

such as sodium-bromoethanesulfonate is not a solution.

Society needs sustainable catbon-based chemicals. Several feedstock and
technologies will be needed to satisfy the demand. Carbon dioxide is an attractive
feedstock, as it is widely available and must be taken out of the atmosphere. Beyond
lab-scale research, microbial electrosynthesis has the potential to be one of those
technologies that transform the chemical industry and provide sustainable products
to the society. MES distinguishes itself from other COz-conversion technologies
such as COz electrolysis (using heterogeneous catalysts) or plasma technology, as it
can produce more complex molecules, with more than two carbons. Therefore,
MES does not compete with these technologies, as different markets and
applications are targeted. MES also does not heavily rely on metals for which
availability and supply chain challenges may arise in the future, and instead uses
cheap carbon electrodes and microorganisms. Another advantage is that microbial
biofilms in MES are self-repairing and robust, which has been demonstrated with
reactors operated for more than 2 years. Our here-presented findings represent a
milestone in developing MES as a competitive technology for efficient CO»

valotization.
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4.6. Supplementary Material
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Figure 4S 1. Biofilm concentration measured over time in the CP (orange triangles) and CA (blue
circles) reactors, compared with the state-of-the-art from Winkelhorst et al. 2023 [1] (green diamonds).
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Figure 48 2. Relative abundance of biomass in biofilm (green) and in suspension (blue) in the CP (A)
and CA (B) reactors.
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Figure 4S 3. Photograph of the biofilm on the side of the carbon felt facing the current collector (A)
and throughout its thickness (B). SEM images of the biofilm grown on the carbon felt electrode of
the CA (C-D) and CP (E-F) reactors, at the end of the experiment.
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Figure 4S 4. Production rates, normalized to electrode volume (A-B) and total catholyte volume (C-

D), of acetate (blue circles), butyrate (orange squares) and caproate (green triangles) measured over
time in the CP (A, C) and CA (B, D) reactors.
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Figure 4S 6. Soluble nitrogen concentration (A-B), optical density and normalized overpressure (C-

D) measured over time in the CP (A & C) and CA (B & D) reactors.
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Figure 4S 7. Energy efficiency and cell voltage over time in the CP (A, C) and CA (B, D) reactors.
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Figure 4S 8. Carbon selectivity over time in the CP (A) and CA (B) reactors.
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Figure 48 9. Reactor scheme with dimensions (left and middle) and photo of the CA reactor (right).
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Table 48 1. Literature data used to make Figure 4.5B.

CO,+ Hy0 + Syngas (FIO, CQ;, H;) fermentation
. producing a mixture of ethanol +
electricity
acetate
(MES) Lab-scale Lab-scale LanzaTech
This study [2] [3] [4]
molc mol! d-! 0.2 9.5 12.4 19.9
‘11’ % relative 0.0 0.5 0.6 1.0
Biomass g L1 390 0.5 0.5 2.5
concentration %o relative 1 0.001 0.001 0.006
Volumetric gc L1 ht 0.2 0.1 0.2 1.0
productivity %o relative 0.2 0.1 0.2 1.0

Table 4S 2. Other syngas fermentation studies (N.A. not available).

4.6.1. Theoretical Amount of Dry Biomass per Electrode Volume

Syngas (CO, CO;, H;) fermentation
producing a mixture of ethanol + acetate
(3] (6] 7]
9 molc mol-! d-! 0.8 7.6 0.7
Biomass
-1
concentration &L NA. 14 04
;22‘;22;“; ge L bl 0.13 N.A. NA.

Biomass formula: CH;.5005No.2

Molar mass = 24.6 g mol!

Biomass density (hydrated) = 1.09 g, cm3,

Biomass density (hydrated) = 1.09 / 24.6 = 44.3 mmol, cm3

Dry weight ratio = 30%

Dry biomass density

443 * 0.3 = 13.3 mmol, cm-3

Carbon felt porosity = 90%

Theoretical max dry biomass concentration = 13.3 * 0.9 = 12 mmolx cm3cahode
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4.6.2. Sequencing Data Analysis
Paired-End Reads Assembly and Quality Control
i Data split
Paired-end reads was assigned to samples based on their unique barcode and

truncated by cutting off the barcode and primer sequence.

1i. Sequence assembly

Paired-end reads were merged using FLASH
(V1.2.7 http://ccb.jhu.edu/software/FLASH/) [8], a very fast and accurate analysis

tool, which was designed to merge paired-end reads when at least some of the reads
overlap the read generated from the opposite end of the same DNA fragment, and

the splicing sequences were called raw tags.

iii.  Data Filtration

Quality filtering on the raw tags were performed under specific filtering conditions
to obtain the high-quality clean tags [9] according to the QIIME (V1.7.0,
http://qiime.org/index.html) [10] quality controlled process.

iv. Chimera removal

The tags were compared with the reference database (Gold database,
http://drive5.com/uchime/uchime_download. htmljusing UCHIME  algorithm
(UCHIME Algorithm,
http://www.dtive5.com/usearch/manual/uchime_algo.html) [11] to detect
chimera sequences, and then the chimera sequences were removed [12]. Then the

Effective Tags finally obtained.

ASV Denoise and Species Annotation

i ASVs Denoise
For the Effective Tags obtained previously, denoise was performed with DADA2
ot deblur module in the QIIME2 software (Version QIIME2-202006) to obtain
initial ASVs (Amplicon Sequence Variants) (default: DADAZ2), and then ASVs with

abundance less than 5 were filtered out [13].

1i. Species annotation

Species annotation was performed using QIIME2 software. For 16S/18S, the
annotation database is Silva Database, while for I'TS, it is Unite Database.
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ii.  Phylogenetic relationship Construction
In order to study phylogenetic relationship of each ASV and the differences of the

dominant species among different samples(groups), multiple sequence alignhment was

performed using QIIME2 software.

iv.  Data Normalization

The absolute abundance of ASVs was normalized using a standard of sequence
number corresponding to the sample with the least sequences. Subsequent analysis
of alpha diversity and beta diversity were all performed based on the output

normalized data.

Alpha Diversity

In order to analyze the diversity, richness and uniformity of the communities in the
sample, alpha diversity was calculated from 7 indices in QIIME2, including
Observed_otus, Chaol, Shannon, Simpson, Dominance, Good’s coverage and
Pielou_e.

Three indices were selected to identify community richness:

Observed_otus — the number of observed species (http://scikit-
bio.org/docs/latest/generate d/skbio.diversity.alpha.observed_otus.html);
Chao — the Chaol estimator (http:/ /scikit-

bio.org/docs/latest/generated/skbio.diversity.alpha. chaol.html);

Dominance - the Dominance index (http://scikit-
bio.org/docs/latest/ generated/skbio.diversity. alpha.dominance.html);

Two indices were used to identify community diversity:

Shannon — the Shannon index (http:/ /scikit-
bio.org/docs/latest/generated/skbio.diversity.alp ha.shannon.html);

Simpson the Simpson index (http:/ /scikit-
bio.org/docs/ latest/ generated/skbio.diversity.alph a.simpson.html);

One indice was used to calculate sequencing depth:

Coverage - the Good’s coverage (http://scikit-
bio.org/docs/latest/ generated/skbio.diversity.a Ipha.goods_coverage.html);

One indice was used to calculate species evenness:

Pielou_e — Pielou’s evenness index (http:/ /scikit-
bio.org/docs/latest/generated/skbio.diversit y.alpha.pielou_e.html).
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Beta Diversity

In order to evaluate the complexity of the community composition and compare
the differences between samples(groups), beta diversity was calculated based on
weighted and unweighted unifrac distances in QIIME2.

Cluster analysis was performed with principal component analysis (PCA), which was
applied to reduce the dimension of the original variables using the ade4 package and
ggplot2 package in R software (Version 3.5.3).

Principal Coordinate Analysis (PCoA) was performed to obtain principal
coordinates and visualize differences of samples in complex multi-dimensional data.
A matrix of weighted or unweighted unifrac distances among samples obtained
previously was transformed into a new set of orthogonal axes, where the maximum
variation factor was demonstrated by the first principal coordinate, and the second
maximum variation factor was demonstrated by the second principal coordinate,
and so on. The three-dimensional PCoA results were displayed using QIIME2
package,

while the two-dimensional PCoA results were displayed using ade4 package and
ggplot2 package in R software (Version 2.15.3).

To study the significance of the differences in community structure between groups,
the adonis and anosim functions in the QIIME2 software were used to do analysis.
To find out the significantly different species at each taxonomic level (Phylum, Class,
Otrder, Family, Genus, Species), the R software (Version 3.5.3) was used to do
MetaStat and T-test analysis. The LEfSe software (Version 1.0) was used to do
LEfSe analysis (LDA score threshold: 4) so as to find out the biomarkers. Further,
to study the functions of the communities in the samples and find out the different
functions of the communities in the different groups, the PICRUSt2 software

(Version 2.1.2-b) was used for function annotation analysis.
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General discussion

The research presented in this thesis covers the development and testing of a
scalable bioreactor for microbial electrosynthesis from CO, combining
mathematical modelling and experimental work. In order to obtain the necessary
information on critical process parameters, and to understand prevailing limitations
on currently used reactors, a dynamic computational model was developed (Chapter
2). Simulation results unraveled mass transfer limited biomass growth within state-
of-the-art systems. Such simulations had not yet been reported for biofilm-based
MES reactors. To complement the model, a method to measure biomass
concentration in said reactors was developed and used to investigate biofilm growth
dynamics (Chapter 3). Lastly, with the newly acquired insight on limiting parameters
and their link with operational process conditions, a rational design strategy was
employed to develop a novel bioreactor for the production of carboxylates from
CO: (Chapter 4). Results demonstrated the ability of a step-by-step approach to
design MES reactors to attain performances closer to those required in industry.
Future challenges for the comprehensive upscaling of MES that were identified
during this thesis are discussed in the following sections.

5.1. Effective CO, Delivery is the Main Bottleneck for Present and
Foreseeable Future MES Development

In a typical MES operation, CO; is the main substrate and the sole carbon source
available to the microorganisms. Even though its solubility exceeds that of carbon
monoxide, for example, it remains relatively low as compared to the desired product
concentrations. Hence, to avoid limitations it still needs to be dissolved and supplied
to the organisms at a rate that can keep up with the CO, conversion rate. Chapter
2 showed that dissolved COs concentrations have been partially limiting MES
investigations to date. Even when pure COs is used, diffusion can still become the
rate-limiting step making it unavailable to part of the biofilm, resulting in decreased
performances. Because of this, the critical effect of the employed delivery strategy
should be propetly assessed [1,2]. Understanding what is the most efficient way to
dissolve and deliver COz is of crucial importance when trying to scale up MES. The
most straightforward approaches are to simply use a gas bag or to directly supply it
as bicarbonate salt, but these two methods are highly impractical outside laboratory
research [3-5]. A possible alternative strategy could be the utilization of membrane-
based technologies, such as gas diffusion electrodes (GDE) and hollow fibers (HF).
Membranes provide large interfacial areas that facilitate mass transfer between gas
and liquid phases [6,7]. MES studies utilizing membrane-based CO; delivery
strategies have shown modest performance results so far, albeit most of these

investigations were performed with non-optimized bioreactors [8—12]. Whether
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GDEs and HFs can reach mass transfer rates allowing for production rates similar

to those observed in this thesis remains unknown.

In theory, the biofilm can grow attached on the liquid side of the membrane sutface,
supplying CO» right next to the biocatalyst and thus lowering mass transfer
overpotentials (Figure 5.1a-b). Furthermore, the membrane itself provides support
for biofilm attachment, enabling cell retention [13]. However, CO; still needs to be
dissolved into water before becoming available for the microorganisms. It is
precisely this reason that renders null the major benefit of utilizing membrane-based
electrodes on pure electrochemical systems in the first place. When utilizing a GDE
on for example a CO; electrolysis reactor, mass transfer overpotentials are greatly
diminished because gaseous COz can react at the electrode [14,15]. Avoiding the
need to dissolve CO» into water where its solubility is low allows for increased mass

transfer, improved production rates, and lower potential losses.
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Figure 5.1. Schematic of strategies to supply CO; in a biofilm-based MES system. Yellow star
polygon represents microbial reactions. a) Hollow fiber membrane; b) gas diffusion electrode; c) direct

sparging.

By similarity with the GDE case, HFs suffer from the same technical limitation when
applied to MES systems. Nonetheless, it is also true that the use of a large amount
of small tubular fibers solves one of the critical downsides of GDEs, namely their
low interfacial surface area. This allows for improved mass transfer, even if the issue
of dissolving CO; is still present. Apart from the complications detived from
operating with membranes, these technologies are less likely to be commercially
competitive at large production volumes. The main costs related to them are linked
to membrane area per volume, therefore benefiting very little from economy of

scale.
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Supplementary bubble columns (BC) have been used by some research groups to
supply the reactor with an external recirculation loop (Figure 5.1c) [16—18]. In this
thesis, such a column was used (Chapters 3 and 4), and even though remarkable
performances were obtained it is important to propetly assess if such a gas delivery
method is the most suited one for upscaling. It is therefore of great interest to know
how a BC and the previously presented membrane strategies would perform when
used in the bioreactor developed in this thesis at larger scales. Preliminary results
obtained with computational modeling give us some insight on their theoretical
performance and scalability potential (Figure 5.2). Both membrane strategies suffer
from mass transfer limitations to some extent, especially the GDE system. The HF
strategy is not expected to reach saturation unless pure COs is used, mostly due to
large concentration drops within the gas phase along the fiber. At the rates obtained
in this thesis, only the BC is able to provide a fully CO saturated liquid. However,
at current densities needed for industrial viability (e.g., 103 A m?2 PSA [19]) all
strategies show mass transfer limitations, indicating the need for further
optimization of the CO; supply method in the future. This data shows that even
though at the moment CO» supply is not the main issue when using a BC, it might
eventually limit reactor performance. Therefore, more research is required on what
the most efficient way to upscale the gas supply method is for a hypothetical MES
industrial production plant.

An example on how to approach BC scalability could be to look at tubular
photobioreactors for microalgae production, where a single column is shared
between multiple reactor units [20,21]. Such an approach allows to scale-up the BC
by volume, while potentially allowing for a different upscaling approach for the
reactor. Researchers have also tackled the need to work with multiple phases by
utilizing airlift or fluidized bed type MES reactors. Such configurations allow to
incorporate the COz supply inside the reactor cell while still using the benefits of a
BC [22,23]. It is also possible to couple a BC and HFs in one single reactor setup by
combining an airlift with an external recirculation loop HF module, as shown by Cui
et al. (2023) [24]. Regardless of the chosen strategy, MES development will run into
CO:;, limitations in the future and it is therefore necessary to start investigations in
the present.
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Figure 5.2. Parametric sweep study on mass transfer capabilities of different strategies on a
MES reactor. a) Computational approach used to compare all strategies (bubble column shown as
example). COMSOL Multiphysics was used to compute and solve multiple parametric sweeps on the
different strategies used, namely the bubble column, two different GDE configurations (“GDL — with
free flow” refers to the configuration modelled in Chapter 2 and “GDL — new design” to the design
used in Chapter 4), and two different HF configurations (“symmetric” refers to an axis symmetric
model along the length of the fibers, while “top down” is a top view involving flow around the fibers).
The CO; gas phase fraction was set to 0.3 for the bubble column in b and ¢, and to 0.9 for all strategies
in d and e. Required model parameters were either derived from reported work on similar setups or
obtained experimentally (see [25] for a more in-depth description); b) steady state concentrations
obtained in the bubble column for different gas flow rates at different values of CO, consumption
within the reactor. CO; consumption is reptesented by the fraction out/in within the reactor cell (y).
A consumption factor of 0.5 equals 25 kA m2 PSA; ¢) CO; saturation development over liquid
residence time in the bubble column at different values of CO, consumption (y) within the reactor
(consumption was introduced after reaching 90% saturation); d) mass transfer coefficient of each
strategy at different current densities; €) saturation reached at steady state at different current densities.
Saturation concentration is based on gas composition at the inlet of each system.
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5.2. Unraveling Biofilm Fundamentals for Process Optimization

Microbial fundamentals were out of the scope of this thesis. However,
understanding how microorganisms operate within a MES reactor is key to
successfully identify what the limiting steps are when attempting to scale up and
optimize a MES production platform. Even after the main limitation of a given
system is addressed, a different part will become the main limiting factor holding
back reactor performance. At some point in the future, microbial factors will
become limiting. Therefore, successful scaling up will require a deeper knowledge
on these fundamentals as well. It should become clear how microorganisms react to

a changing local environment and sometimes harsher operational conditions.

5.2.1. Addressing Low Biofilm Growth Rates

Start-up times in MES studies are long, usually necessitating weeks for achieving
decent biofilm coverage and for chain elongation to start. Reported growth rates for
biofilm-based MES reactors are low when compared to typical values of acetogens
growing on H»/COy, in the region of 1.2 to 2.9 d'! [26-29]. Experiments performed
in this thesis suffered from this issue, with relatively low observed specific growth
rates around 0.12 d! (Chapters 3 and 4). For MES to reach industrial scale, low
growth rates will have to be addressed. These not only imply longer operational
times, but many other challenges that could make industrial application impractical.
Assuming the time scale needed for an industrial reactor remains fairly similar to the
values currently observed, large scale carboxylate production would require reactors
to operate for months before reaching steady state. On top of the operational costs
such long start-up times imply, genetic instability and microbial community shifts
become a reality to consider [30-34|. Similar to the strategy applied in this thesis,
focusing solely on macroscale parameters (e.g., flow rate, electrode porosity) can
yield improved growth rates and potentially faster start-up times [35]. However, even
when alternative reactor-level strategies are employed to try and speed up biofilm
growth and development, timescales obtained remain significantly higher than in
other gas fermentations [18,36,37]. Some researchers have claimed that operating at
fixed high current densities during the first stages of a MES operation stimulates
microbial activity [38]. However, Chapter 4 showed no relation between a

galvanostatic operational mode and a faster start-up.

To date, it is unclear how to actively improve biofilm attachment and maturation in
a MES reactor. Because biofilm formation occurs as a natural response to stress,
microorganisms could be pushed by applying different type of stresses. For instance,
Phillips et al. (2017) showed how monoculture biofilm formation could be induced
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by the addition of NaCl, achieving a 20 times higher attached biomass volume [39].
However, it is hard to assess if such an approach would work the same way on mixed
cultures like the one used in this thesis. Microbial syntrophic interactions are crucial
in mixed cultures, hence subjecting the developing biofilm to harsh conditions might
alter its community composition in unpredictable ways [40,41]. An interesting
alternative could be to minimize the first attachment phase by mimicking the
production of extracellular polymeric substances (EPS) needed to sustain biofilm
formation. By either supplying an electrode with a synthetic scaffold or by
supplementing the nascent biofilm with additional EPS, the time needed for
microorganisms to settle and start growing could be significantly reduced [42].
Growth media engineering could also be a way to solve metabolic related limitations
on biofilm formation, such as cell attachment and low growth rates. Such studies
are usually done on processes with a higher technological readiness level, since
extensive fundamental understanding on the metabolism of each different
microorganism and their syntrophic interactions is needed. Albeit this level of
knowledge on MES biofilm communities is mostly unavailable, initial studies could
already be performed to try and improve the start-up time and full colonization of
the cathode [29,43].

5.2.2. Local Gradients Could be Limiting MES Performance

Another aspect that has to be taken into consideration is the presence of local
gradients. The model developed in Chapter 2 focused on reactor scale black-box
simulations, excluding multi-dimensional dynamics at the biofilm level. Dense
biofilms like the ones obtained in this thesis facilitate high rates, but will inevitably
lead to mass transfer limitations [44]. Therefore, in biofilm-based reactors
concentration gradients will be present at the biofilm’s local vicinity, and therefore
need to be accounted for. On top of biological reactions and diffusion, acid-base
equilibria, hydrogen evolution, and electromigration all contribute to their
formation. Significant local gradients of pH, CO», nutrients, products, and hydrogen
are likely to occur [45-49]. Understanding these would give additional insights on
rate limiting processes, as well as help understand biofilm development and
electrode/microbial dynamics. The pH gradients are the most relevant, since they
affect microbial growth and community selection, substrate availability, as well as

most local thermodynamic limitations that might occur [50-53].

To increase current densities and microbial rates, mass transport in the biofilm is
expected to become even more relevant [54]. The local concentrations are difficult
to measure, and require specialized equipment not easily available to most research

groups [55,560]. However, one can utilize mathematical modeling to simulate local
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gradients at the conditions seen experimentally. Preliminary results obtained from
computational simulations showed that small changes on electrode porosity and
conductivity, convective flow rate, or electrolyte composition might yield significant
changes on local gradients within the biofilm (data not shown). It is expected that
the ability to easily obtain such data will give researchers insight on how biofilm

dynamics change at different operational conditions, easing future scale-up efforts.

5.2.3. Operational Conditions and Their Effect on Biofilm Dynamics

Operational parameters are key when trying to understand a bioreactor’s
performance. These can critically affect all aspects of a MES system, from the
biological and electrochemical reactions to the stability of the process, as well as how
to scale up the reactor itself. In this thesis, most operational parameters were based
on previous research with similar microbial communities. Although all operational
conditions and parameters are relevant, some are more critical than others when

assessing reactor performance at bigger scales.

Most microorganisms utilized in research of MES are mesophilic, and temperature
sensitivity on biochemical performance has been observed [54,57]. Temperature
control and heat integration are well-known topics at industrial scale. Instead of bulk
temperature, a more relevant and critical parameter in larger reactors will be the local
temperature gradients at the electrode/biofilm vicinity. With ever increasing current
and biofilm densities, heat generation and dissipation might become problematic, as
seen in COz electrolyzers [58—60]. Even though the operational temperature affects
not only microbial reactions but the electrochemical ones as well, such data is hardly
ever reported. Another effect of increased temperatures is a change on solubility, for
instance CO; solubility in water will decrease. This can generate even more extreme
concentration gradients on the electrode vicinity. Therefore, when possible,
researchers should monitor and report local temperature profiles of all future
experiments to help elucidate changes on process performance and to better

understand microbial and electrochemical dynamics within MES reactors.

The hydraulic retention time (HRT) is a highly relevant operational parameter,
influencing biochemical rates, microbial growth and biofilm formation, as well as
being used as a scale-up metric [61-63]. Hence, its optimization is critical for the
long-term stability of MES reactors, as well as their economic feasibility [64]. Using
computational modeling, the effect on biological reactions of different HRTs was
investigated (Figure 5.3). Preliminary results indicate that achievable product
concentrations and CO; conversion rates are strongly dependent on the HRT. Data

similar to the one obtained here is expected to help identify limiting steps and
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processes within MES reactors, and to pinpoint future design and operational flaws.
Further development, upscaling, and intensification of MES systems will therefore

require researchers to heavily rely on mathematical tools.
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Figure 5.3. Sweep on the vicinity of a fully developed biofilm in a MES reactor utilizing HFs
as CO; supply method. An axis symmetric model was developed to study gradients along the axial
direction and evaluate results in two dimensions (average values are shown here). Sweeping over the
local HRT, not accounting for liquid recirculation outside the reactor cell. The microbial model
equations derived in Chapter 2 were used to simulate biological rates (more details available at [25]).
a) Relative CO; and product concentrations, normalized to the maximum concentration in the sweep;
b) relative conversion rates, normalized to the maximum rate in the sweep.

5.3. Towards Industrial Application

MES processes are still far from being industrially viable, both economically and
performance wise. In this thesis, a rational design approach was utilized to develop
a better performing reactor. Industrial application will require further design,
optimization, and intensification. At the moment, knowledge gaps exist regarding
what strategy to follow when upscaling and how to ensure long-term stability of the
developed process. Assessing these issues is a necessity to unravel how to

successfully upscale MES reactors.

5.3.1. Upscaling by Stacking

To move towards industrial application, understanding how to scale up the newly
designed reactor is crucial. Even though progress has been made when trying to
elucidate the main limiting step within the reactor, it is currently largely unknown
what this step is. In addition, a wide variety of processes (e.g., ion transport, mass
transfer within the biofilm, electrochemistry) could be limiting at different scales. It
is therefore difficult to propetly assess how to immediately scale the reactor
described in Chapter 4. Directly scaling up by volume (e.g., increasing distance
between electrodes) would significantly increase overpotentials within the reactor
and potentially lead to complications, necessitating further extensive research [65].
On the other hand, scaling up by means of creating stacks of manageable sized
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reactors might be the most cost and time effective approach when wanting to push
MES to industrial applicability [66—68]. A small, compact, and stackable design is
thus preferred. However, it is necessary to find the appropriate size of the stackable
unit reactor, understand how to stack and connect said units, and to optimize liquid

flow within the stack.

Flat-plate reactors are examples of scalable configurations, which subsequently
increase the electrode surface to volume ratio [69]. The same concept used when
scaling commercially available designs of electrochemical cells can be applied to
MES reactors [70-72]. The shape and geometry of the flow field directly affects
microbial reactions and the overall reactor performance. For example, dissolved
CO:/H: concentrations and retention time are of great importance when moving
towards bigger scales, while being greatly impacted by the utilized flow field [73]. If
scale-up efforts on a similar design as the one presented in this thesis would to be
pursued, optimization of the flow field should become a priority. Motreover, in a
stackable design the size of cathode and anodic chambers, and of the CO» supply
strategy need to be optimized. Utilizing computational modelling, predictions can
be made on their optimal size. Preliminary results showed no limiting steps with
regard to the anodic chamber at the moment, but this is likely to change in the future
as current densities continue to increase (data not shown). Therefore, the anodic
chamber has to be studied further, although this part of the MES process was out
of scope of this thesis.

In summary, successfully upscaling a new reactor will necessitate an optimal balance
between all processes within the system. Stackability is at the moment the scaling
strategy most likely to succeed, albeit further research and pilot-scale testing is
required. As previously proposed, mathematical models will allow to quickly assess
these considerations and move towards industrial application on a more streamlined

way.
5.3.2. Operational Stability and Long-Term Complications

For long-term operating MES reactors utilizing porous cathodes, fouling is a
phenomenon that has to be taken into consideration. In this thesis, it was observed
that an overpressure within the liquid phase was generated. Even though increased
pressures on their own might benefit mass transfer (e.g., increased CO: solubility)
and be of potential interest for product spectrum diversification, pressures induced
by fouling will become serious issues at larger scales [74-70]. Hence, it is clear that
pressure within the liquid phase should be closely monitored, especially in biofilm-

based reactors utilizing highly dense porous electrodes. This is even more important
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when new designs or pilot-scale setups are being tested. Since the formation of a
dense biofilm is a requirement for high rates, the allowable pressure gradient (i.c.,
shear stress on biofilm) will determine the maximum HRT through the porous
cathode, hence the achievable biofilm thickness in that specific reactor.

A point rarely discussed is the reproducibility of MES results, as the utilization of
fibrous materials can potentially lead to low predictability. The random nature of
their 3-dimensional structure, together with relatively low mechanical stability is a
risk for sustaining sufficient internal electrical connections within the electrode. The
importance of said connections was observed by abiotically testing multiple carbon
felt pieces. Noticeable differences in conductivity of the cathode/cutrent collector
pait, as well as deviations on cathodic overpotentials between similarly identical
cathodes were observed (data not shown). Thus, careful handling and testing of the
cathode before use should be taken seriously and be propetly reported, as small
differences at laboratory scale can easily scale out of hand when moving towards

industrial sized setups.

Similarly, the use of mixed microbial cultures must be assessed. Incidents reported
in literature, as well as in this thesis prove the resilience of such mixed cultures [77—
79]. Although this can generally be considered an advantage over pure microbial
cultures, it can also come along with negative effects regarding reproducibility and
stability. Competing strains make such cultures already less predictable and are
therefore a risk for constant and reliable results [69]. A successful industrial MES
operation might require a simplified mixed culture, by means of identifying and
isolating the key species involved on high-rate COz reduction and chain elongation.
A clear advantage of such an approach is obtaining a culture of well-known and
understood microbes, opening the door for potential genetic engineering, strain

improvement, and synthetic biology [80-83].

5.4. General Conclusion

Tackling the anthropogenic climate crisis necessitates the capture, utilization and
valorization of CO,. For this to occur in time, developing technologies like microbial
electrosynthesis will have to become economically feasible and scalable in the
upcoming years. The work presented in this thesis demonstrates that it is possible
to tackle key challenges of a MES reactor and obtain improved performances closer
to those needed at an industrial level. This was achieved by combining theoretical,
experimental, and computational work in a rational design strategy focusing on main
limiting steps. Even though great progress has been made, when compared with

established commercial-scale fermentations too many unknowns and uncertainties
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remain. Successful MES reactor scale-up will hence necessitate more research on
the topics discussed in this chapter, as well as on new challenges that may atise in
the future while further developing the technology. A multiscale and
multidisciplinary approach is a must in order to effectively tackle all biological,
electrochemical, and engineering challenges to scale up MES.
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