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ABSTRACT

The advancement of microbial electrosynthesis systems (MES) towards industrialization is currently hindered
by a limited understanding of the fundamental constraints affecting selective production of high-value chem-
icals. To address this challenge, we develop a comprehensive computational model that integrates microbial,
electrochemical, and acid-base reactions with pore-scale transport processes within a three-dimensionally
resolved biofilm. This study investigates the H,-mediated CO, fixation pathway to acetate, butyrate, and
caproate. The effect of applied cathode potential and biofilm thickness on macroscopic parameters, such
as efficiency and selectivity, is analyzed based on local concentrations and electrochemical and biochemical
fluxes. Among the limiting factors, the availability of CO, emerges as the main limitation for biochemical
reactions due to its low solubility and high half-saturation constant. Additionally, hydrogen - serving as the
electron mediator — limits the reaction rate at low current densities and reduces electron transfer efficiency at
higher current densities. A key insight from our study is the identification of an optimal electrode potential
for each biofilm thickness, balancing both H, transfer and CO, consumption efficiencies. Furthermore, carbon
selectivity shifts with increasing biofilm thickness: net acetate production declines while caproate production
increases. This trend is attributed to the prolonged residence time of metabolic intermediates within thicker
biofilms, promoting chain elongation pathways. Thus, our work takes an important step towards a fundamental
understanding of caproate selectivity across different biofilms, which can be used to optimize the electrode

structure and operating conditions to control the local biofilm thickness.

1. Introduction

The atmospheric concentration of CO, has reached alarming lev-
els, primarily due to the continued reliance on fossil fuels [1,2]. In
response, significant efforts have been directed towards mitigating
excess CO, emissions, including approaches such as carbon capture
and utilization (CCU) [3-5]. Microbial electrosynthesis (MES) provides
a promising utilization approach, by using electricity to convert CO,
into acetate and other useful organic compounds [3,6]. This technol-
ogy leverages the ability of microorganisms to transfer electrons and
convert CO, into multicarbon products through intracellular metabolic
pathways. MES offers several benefits over other CO, conversion tech-
niques, such as the ability of biocatalysts to self-regenerate, mild op-
erating conditions, the absence of toxic reagents, and environmental
sustainability. These benefits make MES an attractive and promising
method for CO, conversion [7-9].

MES employs pure or mixed cultures of microorganisms that can
take up electrons from the electrode through conductive pili (direct
electron transfer, DET) or utilize dissolved electron carriers (mediated
electrochemical electron transfer, MET) produced at the electrode to
reduce CO, [10,11]. Since the first proof of concept by Nevin et al. [12]
in 2010, MES has been actively studied for the production of acetate
and for synthesizing higher-value compounds, such as butyrate and
caproate, through chain elongation. Thus far, most research on MES has
been focused on studying the electron transfer mechanism, metabolic
routes to reduce CO,, improving and understanding microbial strains,
and enhancing the electrode structure and material [3,4,13,14]. De-
spite significant achievements on these fronts, MES has yet to achieve
industrial viability [3,15]. Reaching this goal requires a deeper under-
standing of the rate-limiting steps, identification of optimal operating
conditions, and development of a scale-up strategy that integrates
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electrochemical and biochemical processes while managing their con-
current physical, chemical, and biological interactions. To that end,
as noted by Korth et al. [16], computational modeling is essential
to obtain a detailed understanding of MES systems by decoupling
these interactions across length scales, enabling systematic analysis and
optimization.

Several modeling studies have advanced our understanding of MES
bioelectrochemistry. Kazemi et al. [17] developed a 1D cathode-
biofilm model based on Nernst-Monod kinetics, capturing diffusion-
driven substrate and product transport while neglecting electromigra-
tion. Gadkari et al. [18] proposed a dynamic model including both
chambers to analyze the influence of substrate concentrations and
operation cycles on efficiency. Cabau-Peinado et al. [13] introduced a
black-box kinetic model for acetate, butyrate, and caproate production,
highlighting the limitation of dissolved CO, and estimating kinetic
parameters for a mediator-based MET pathway. Kim et al. [19] pre-
sented a fundamental model of acetate production via direct electron
transfer, accounting for biofilm growth in porous electrodes. Beyond
acetate and carboxylates, Li et al. [20] modeled methane-producing
MES, incorporating diffusion-driven transport and local pH effects,
while Gharbi et al. [21] extended this to dynamic systems with pH
inhibition.

Acetate is the predominant product in most MES cells, but efforts
have been made to promote the production of higher-value compounds
such as caproate [22]. Consequently, several experimental studies have
focused on enhancing the caproate production by varying the CO,
loading rate, increasing the hydraulic retention time, and supplying
the precursors for caproate [22,23]. Previous numerical studies focused
on either methane or acetate production, while numerical simulations
towards chain elongation are essential to identify the governing trans-
port and reaction limitations that determine caproate selectivity and
yield. Moreover, the effect on bioelectrochemical processes with MET
using H, has not been understood at the biofilm level, as most studies
have focused on DET. However, DET prevails at low cathodic potential,
which limits the achievable current densities [9,24]. In contrast, H,-
mediated electron transfer is the rapid way of transferring electrons to
the microbes for higher production rates [24]. Moreover, the electro-
chemically produced H, that facilitates MET in MES has enabled higher
production rates of longer-chain carboxylates such as butyrate [25].
Studies have shown that Sporomusa sp., which is an anaerobic strain,
can reduce CO, through a chain elongation pathway, with the use of
H, [17,26,27].

Building on the works that improved caproate yield, this study will
account for the acetate production as well as the chain elongation pro-
cess by MET through H,. The concentration gradients across the biofilm
can be modulated by the pH, electric field, and the concentration of
buffer compounds in the electrolyte. Understanding these gradients
is crucial for optimizing MES performance and scaling up, as the
operating current density and production rates continue to increase [3].
Previous (one-dimensional) modeling studies relied on assumed effec-
tive diffusivities, as the biofilm structure was not explicitly resolved.
This approach introduces uncertainty when three-dimensional data
are unavailable. To address this limitation, we implement a resolved
microbe-scale model in which the biofilm is explicitly represented. This
eliminates the need for assumed effective parameters and instead al-
lows transport behavior to emerge naturally from the simulated biofilm
domain (Differences between our resolved model and a homogeneous
model are shown in Supplementary information S12). Our numerical
model incorporates species transport by both diffusion and migra-
tion in a resolved microbe-scale biofilm that can fix CO, to produce
long-chain carboxylates up to caproate. The biofilm is represented by
randomly packed spherocylinders (with uniform biomass density) with
the characteristic size of the Sporomusa ovata on top of an electrode.
We begin by validating that our transport model and the corresponding
carboxylate product ratios accurately reproduce previously reported

Electrochimica Acta 557 (2026) 148494

values. We then offer detailed insights that extend and complement
existing data.

The main objective of this work is to study the complex interplay
between the electrochemical, biochemical, and homogeneous acid-base
reactions that regulate the local pH. The complex nature of MES,
involving multiple interactions that influence performance and chain
length, is examined through the effects of cathode potential and biofilm
thickness. Reactor-scale parameters, such as H, transfer and CO, uti-
lization efficiencies, as well as product selectivity, are analyzed over a
range of cathode potentials and biofilm thicknesses (BFT). Finally, the
transport and reaction limitations are discussed by analyzing the local
species concentrations and connecting them to the reactor-scale results.

2. Model description

An MES system consists of anodic and cathodic chambers separated
by a proton exchange membrane to enable selective ion transport and
avoid product crossover [28]. In the cathodic chamber, microbes are
either attached to the cathode to form a biofilm or remain planktonic in
the catholyte. These anaerobic bacteria serve as a catalyst to fix CO, to
produce the carboxylates. There are several strains of bacteria that can
perform these bioconversions; however, the specific strains responsible
for different pathways remain unclear. For simplicity, a black box
kinetic model is used for biochemical reactions, according to which, the
biofilm is considered to be composed of only Sporomusa ovata, each of
which has a spherocylindrical shape with a size of approximately 10
x 1 pm. In a 3D porous electrode, such as graphite felt, the microbes
may form internal and external biofilms [3]. For this micro-scale study,
we focus on the external biofilm, which directly interfaces with the
bulk electrolyte, due to its large thickness relative to internal biofilm
within the felt, also represents critical transport resistance for substrate
supply and product removal. A schematic representation of the biofilm
system is shown in Fig. 1b. The system is composed of the cathode
surface, the biofilm, and, in its vicinity is the diffusion boundary layer.
The continuous concentration and electrolyte potential fields are solved
only in the extracellular electrolyte phase between microbial cells. In
Fig. 1c, the potential difference applied over the system drives the
hydrogen evolution reaction (HER) at the cathode (I}). CO, diffuses
from the bulk across the diffusion boundary layer to be reduced within
the biofilm, along with the electrochemically produced H,. The con-
sumption of substrates and production of carboxylates is modeled as
surface fluxes at the microbe-electrolyte interface (I3). I, represents
the outer boundary, which covers a fraction of the diffusion boundary
layer from the vicinity of the biofilm. A 3D structure of the biofilm in
Fig. 1 was generated with randomly arranged microbes. For compu-
tational efficiency, the domain is periodic in the lateral directions (X
and Y directions). All the simulations were performed using COMSOL
Multiphysics Version 6.2.

The governing equations for the electrolyte phase (grey zone in Fig.
1c) and the different interfaces in the system are further formulated
and discussed in detail based on the following assumptions and sim-
plifications. (1) The biofilm is well-developed, resulting in a biofilm
with tightly packed microbes. There are no planktonic microbes in the
catholyte. (2) The biofilm is composed of a single strain of densely
packed bacteria that can perform acetogenesis and chain-elongation to
butyrate and caproate. (3) The temperature of the system is strictly
controlled. (4) The microbial growth rate is negligible compared to
the rate of chemical reactions and their corresponding transport in this
micro-scale system (Supplementary information S3). (5) Therefore, a
static biofilm is considered with homogeneous biomass density and
random cell orientation. (6) The effect of pH on the biochemical
reaction rates is unknown, and hence it is neglected in this model. (7)
The microbes cannot directly take up electrons from the cathode. (8)
Intracellular transport and electron transfer pathways are not resolved
explicitly. Microbial metabolism is represented through surface-based
reaction fluxes imposed at the microbe-electrolyte interface (I3,). (9)
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Fig. 1. Schematic representation of the species source at different interfaces. The domain considered in the model encompasses the biofilm and diffusion boundary
layer. The interface between the electrode and electrolyte is I', and I}, is the microbe-electrolyte interface. I, represents the exit boundary, which is assumed to
be a plane within the diffusion boundary layer (starting from L, and ending at L,).

Since the pH across the biofilm increases towards the electrode surface
with respect to the bulk at pH=5.8, which is higher than the pKa of the
fatty acids, it is assumed they exist only in their conjugate base form.
(10) CO, is the only inlet carbon source considered in this study. (11)
Gas evolution, such as that of gaseous hydrogen, is not considered.

2.1. Biochemical reactions

In MES for the production of long-chain fatty acids, acetate is
produced by fixing CO, through the acetyl-CoA (acetogenesis), fa-
mously known as the Wood-Ljungdahl metabolic pathway [5,29-32].
The chain elongation of acetate to butyrate and caproate can oc-
cur through multiple pathways [33]. One such pathway is reverse
p-oxidation, which uses acetate and ethanol produced during solvento-
genesis [34,35]. The biochemical reactions can be modeled as multiple
separate steps, such as the energy-providing catabolic reaction, the an-
abolic reaction for biomass production, the chain elongation reactions,
and intracellular redox reactions (between NADH/NAD™ and outer cy-
tochromes) [13,22,36]. For the biochemical process, a black box model
is used that encompasses all the major metabolic processes proposed by
Cabau-Peinado et al. [13]. The acetogenesis reaction (catabolic reaction
that yields energy), which is mediated through H,, is given by [29,37]:

2CO0, + 4H,— C,H;0,” + H* + 2H,0 )

This work uses a CO,-independent chain elongation pathway not linked
to microbial growth, eventually eliminating the intermediates like

ethanol [13]. The energy-demanding chain elongation reactions to
butyrate and caproate mediated by H, are given by:

2C,H;0,” +2H, + HY — C,H,0,™ + 2H,0, 2

C,H;0,™ + C4,H;0,™ + 2H, + Hf —— C¢H,;0,” + 2H,0- 3

The Herbert-Pirt relation couples substrate (CO,) uptake, biomass
growth, and the elongation reactions to estimate the biochemical rates,
but for the small system that is considered in this study, it is possible to
decouple the biomass growth from the other reactions (supplementary
information S3). Hence, the simplified form of the Herbert-Pirt rela-
tion is given by:

A B Ca
Qi = Vi Clcht' + Vi quut + V,‘ quap’ (4)

with stoichiometric coefficients for acetogenesis, butyrate, and caproate
elongation (v"), (vB"), and (vicap) respectively. The respective local
reaction rates (qgac-»> qpu-»> dcap-) are determined by the Michaelis—
Menten equations given by:

dact- = daor- Coo, Cy (5)
t~ — - B
< A" Ceo, + Kco, Cu, + Ku,

CACI CH

2
dBut = dpuy , (6)
B Cpg + Ko Ch, + Ky,

pa— Cact Cout CHz )
WP Cpop + Kaor Cpu + Kpue Cu, + Ky,
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Here, the maximum rates of acetogenesis, butyrate and caproate elon-
gation are denoted by gy, gp, qg:; (mol m~2 s~1), with the corre-
sponding actual rates denoted by g~ dput> dcap T€SPeCtively, and the

parameters are listed in Supplementary information S11.
2.2. Electrochemical reactions

For the above biochemical reactions (Egs. (1)—(3)) to occur, elec-
trons need to be transferred from the cathode to the microbial redox
centers (cytochromes). In this system, electrochemically produced H,
mediates electrons to the microbes. In general, electrochemical evolu-
tion of H, occurs in acidic solution by reducing protons (Eq. (8)) and
in alkaline solution by reducing water (Eq. (9)) [38]. The pH of the
catholyte is slightly acidic (nearly neutral), and hence, HER can occur
from both H* and H,O.

H +¢e— %Hz @, =0V [vs]SHE 8)

H,0 +¢ —> %HQ +OH™ &, =0V |[vs]SHE 9)

Here @, is the equilibrium potential at pH = 0 [39,40]. Several studies
have indicated that the proton-based hydrogen evolution dominates at
low cathodic overpotential, and as the cathodic overpotential increases,
a rapid consumption of protons occurs near the electrode, creating a pH
difference between the bulk and the electrode (in case of an unbuffered
or not well-buffered system). Consequently, the HER from H* becomes
transport-limited, and HER from H,O dominates [41-47]. The Butler—
Volmer current density from both these cathodic half-reactions is given
by:

ct —ayy+ Fi
. .Ht H H+ e
Jut = —J, [< ref ) exp <—RT ) , 10)

. H,0 —ay,oFn.
) o

where j, is the exchange current density (A m~2) for a graphite
electrode and Cl’_lef is the reference proton concentration in mol m=3
(Supplementary information S2). The overpotential with pH correc-
tion is defined as 5, = (&, — D)) — ((I)O - MpH in V, which is
valid when pH+pOH=14. Here, &, is the catEode potential (vs SHE)
at the biofilm-electrode interface and @, is the electrolytic potential at
the cathode interface.

2.3. Homogeneous reactions

Concurrent with the heterogeneous biochemical and electrochem-
ical reactions, the electrolyte undergoes homogeneous volumetric re-
actions. Autoprotolysis of water (Eq. (12)) is possible due to the pres-
ence of protons (transported from the anodic chamber, produced from
buffer) and hydroxide ions (produced as a byproduct of HER from wa-
ter) [48]. The phosphate compounds are the main buffers in the system,
assigned to regulate the pH [49]. For simplicity, only the dissociation of
dihydrogen phosphate in Eq. (13) (H,PO,~, pKa = 7.21) is considered,
as it is relevant to the operating pH, while the further dissociation
of hydrogen phosphate (HPO,>~, pKa = 12) is neglected. The system
can also produce bicarbonate (HCO;~) through CO, hydrolysis (Eq.
(14)). Further dissociation to CO32‘ is not considered (Supplementary
information S13 shows its minor influence).

A
H,0
H,0—= H" + OH",

(12)
Con-Cir+

eq
ICHZO

'H,0 = kHZO
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S
Ky, PO}

H,PO,~ k——\

Hy PO,

HPO,?~ + H*,

13)
CHPOZ— CH+
i,po- = ki, Cipo- — ———
H, PO4 HZPO; H, PO4

) SR
H,PO;

o
0,

CO, + H,0==H" + HCO; ",
s
o,

a4
Crco; Cu+

eq
lCc02

_ _
rco, = kcoz C002

The rate (r; [mol m~3 s711) and direction of each reaction are be
determined from the local concentration of the reactants and products,
the forward rate (kl.f ) and equilibrium constants (leq). These reactions
are much faster than the electro- and biochemical reactions, and the
values of the parameters used for these homogeneous reactions are
listed in Supplementary information S11. The bulk region of the
domain is assumed to be in chemical equilibrium, and the estimations
are in Supplementary information S5.

2.4. Diffusion boundary layer

The diffusion boundary layer in the vicinity of the biofilm creates
an external mass transfer resistance, which can result in a difference
in concentration between the biofilm surface and the bulk region.
The bulk velocity can also affect the thickness of the concentration
boundary layer, and hence it is essential to include their effect while
estimating the mass transfer coefficient for each species entering or
exiting the domain [17,50-53]. Under continuous operation with aver-
age bulk flow velocity, the Sherwood number (Sh) correlation is used
to estimate the altered mass transfer coefficient (8, = Sh;(D;/dy)). The
Sherwood number of a species (i), related to the Schmidt number (Sc),
Reynolds number (Re), and hydraulic diameter of the flow channel(d,),
is given by [17]:

Sh; = 2Re®3Sc% (d,,/ L)’ (1 +0.0021Re) (15)
Mdh v
Re= —, Sc. = — 1
e=—= Sc D, (16)

2.5. Mass and charge balance

The species transport in an electrolyte is generally driven by diffu-
sion, migration, and convection. By comparing the transport scaling for
migration velocity and flow velocity across the biofilm with the species
diffusion, the flow-based Peclet number was found to be negligible
(Pefoy << 1) (Supplementary information S1). The Nernst-Planck
equation with the volumetric source term (¥ R; in mol m~3 s71) gov-
erns the species transportation and mass conservation (Eq. (17)). For
any soluble component i, the mass conservation is set up by diffusion

. ; Z.D.C.;FV®
(N‘.lef = —D,VC;) and migration transport (Nf.v[lg = —#1)
excluding convection (N; = NPiff 4+ N?/ﬁg). The steady-state form of
Eq. (17) is solved in the electrolyte region.

Fle) Z,D,CFV®,
e <—D,.vc,. "7 RT T 2R an

The species diffusion coefficients D; (m? s~1) correspond to the bulk
values and Z; denotes the species valency. Because the electric double
layer is negligibly thin at the microbe scale, local electroneutrality is
assumed. Consequently, current conservation (V - i = 0 elaborated in
Eq. (18) together with the electroneutrality condition (}}; Z;C; = 0) are
used to estimate the electrolyte potential gradient (V@,), which drives
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ion migration. The local ionic conductivity k (S m~1) in Eq. (18) is given
in Eq. (19).

V- ((k+k)V®,) + FV - (Z ZiDiVCi> =0 18)
k= (z’D,c;) a9
RT - i 11/ "

In Eq. (18), the ionic conductivity is decomposed into the contribution
from the reacting (k) and non-reacting (k') ions in the catholyte. The
drift flux contribution towards ionic current from the non-reacting
metabolites is neglected, and a uniform ionic conductivity (k') is es-
timated using their corresponding bulk concentrations. This provides
computational ease by only solving for the species involved in chemical
reaction, i.e., i = CO,, H,, H", Act™, But™, Cap~, HCO;~, H,PO,",
HPO,>~, OH™. The electrochemical and biochemical reaction rates
are modeled as fluxes of respective species, while the homogeneous
reaction rates are modeled as volumetric sources. At the electrode-
electrolyte interface (I,), the boundary conditions for Eq. (17) and (18)
are net flux and current density, respectively, as shown in Eq. (20),
which is based on Butler-Volmer kinetics.

N7 Vin+Ju+ * ViH,0J/H,0

== T

! F on T, (20)
iio=j

The stoichiometric coefficients of species in HER from H* and H,O are
represented as v;y+ and v;y,, respectively. Their respective current
density and number of electrons in each reaction are jy+ and jy, 0, and
nep+ and nep . For the species not involved in the HER, the net flux
will be zero at that interface (I',). On the microbe-electrolyte interface
(I,), the Michaelis-Menten reaction rates are modeled as fluxes and
the current density is computed using the sum of all the source/sink
fluxes at the interface, as shown in Eq. (21). The exit boundary (I)
is assumed to be in the diffusion boundary layer. Since the flux across
the diffusion boundary layer is theoretically constant, the mass transfer
type boundary condition in Eq. (22) can be used at any distance within
the diffusion boundary layer. A zero electrolyte potential is set at the
exit boundary for the current conservation equation.

{Ni n=9 on I} 21

i-n =FY, 70

{N,. m=pC-Cw) I 22
@ =0

The values of the physical and biochemical parameters employed in the
model are summarized Supplementary information S11.

3. Results and discussion

First, the model is validated by comparing the effective ionic con-
ductivity against the Bruggeman correlation, and for reactions, the
product ratio was compared with experimental results for correspond-
ing current densities. The transport model used in this work is validated
by simulating a non-reactive system with poly-dispersed spheres and
comparing the effective ionic conductivity from simulations with the
Bruggeman correlation. The system description and results, such as
local potential gradient and species fluxes, are given in the supple-
mentary information S4. The Bruggeman correlation is widely used
to quantify effective transport properties for porous media, but the
expression is strictly suitable only for a packing of poly-dispersed
spheres. Fig. 2 shows that the effective conductivity from simulation
agrees well with the Bruggeman correlations. We also note that the
effective conductivity of the biofilm, which we model as a layer of
densely-packed spherocylindrical microbes, is higher than that of a
poly-disperse sphere packing of the same volume fraction (red markers
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Fig. 2. Relative effective ionic conductivity against porosity.

in Fig. 2) and should thus not be estimated with a Bruggeman corre-
lation. The relative effective conductivity (k. /k,) of the biofilm is ~
41%, consistent with other numerical works [54,55].

Next, a preliminary check on the microbial bio-kinetics is performed
by comparing the product ratios towards the desired products (Eq. (23))
to those reported experimentally by Jourdin et al. [23]. The reported
current densities in the experiments are scaled to the projected area
rather than the actual electrode area within the 3D carbon felt. This
scaled current density is relevant for our comparison because the
external biofilm is considered in this study.

= P A But Cap~. 23)
b XinP,

Here, n; and P; represent the number of carbon atoms and the produc-
tion rates of the carboxylic acids, respectively. Fig. 3 shows that the
ratio of carboxylic acid products from our simulation agrees well with
the experiments, especially for the thicker biofilms considered in this
study. However, we note that the biofilm thickness in the experiments
is not controllable and can vary in space and time. Therefore, it is
important to gain insight into how the bioelectrochemical process
depends on the biofilm thickness, rather than only modeling the single
biofilm that agrees best with the global experimental outcomes.

R

3.1. Performance parameters: carbon selectivity

In the following, the validated model is used to investigate macro-
scopic parameters such as carbon selectivity towards different products,
the H, transfer efficiency, and CO, uptake efficiency under the effect
of cathode potential (&,) and the BFT. First, we evaluate the carbon
selectivity towards the various products, defined as:

n,-// N, -ndl,
— o

L, //F Neo, - idT, @9

i=Act”,But”,Cap™, HCO;,

nJ;
Jco,

i

S

where n; and J; (in mol s™!) denote the number of carbon atoms and the
net rate of the ith species entering or exiting the domain, respectively.
At steady state, the production or consumption rates can be related
to the species flux exiting/entering the domain, respectively. Before
using Eq. (24), the carbon conservation in the domain was verified
(supplementary information S7). Fig. 4 shows that the acetate selec-
tivity (Sp.-) decreases as the biofilm thickness increases, in favor of the
butyrate and caproate selectivity. In Fig. 4a, the thinner biofilms (30,
60 pm) show a peak in Sy~ for @, = —0.95 V and —1.05V, respectively.
With the increase in cathode potential (®,), the selectivity increases
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Fig. 3. Preliminary comparison between simulated and experimental [23]
product ratios of (a) acetate, (b) butyrate, and (c) caproate.

until it peaks due to the enhanced biochemical conversion limited by
the H, production at the electrode. On further increasing the magnitude
of @, the acetate selectivity (S,.~) decreases due to two factors,
namely (i) the CO, consumption for biochemical conversion becomes
insensitive to an increase in electrode potential (®,), as can be inferred
from Fig. 5a. (ii) Moreover, the increasing magnitude of the cathodic
potential (@,) causes an increase in the pH across the biofilm (Fig.
5b) due to the increased electrochemical OH™ production. This drives
consumption of CO, through homogeneous carbonation (4d), leaving
less CO, available for biochemical conversion to acetate (Act™). For
HCOj; ™, the suppression of biochemical activity by H, at low |®| leads
to a greater proportion of CO, being diverted toward CO, hydrolysis
(Eq. (14)).

The caproate selectivity (Sgap-) is the lowest of the products due
to the low reaction rate of biochemical elongation to caproate and
the intermediates are transported out of the biofilm faster due to
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their higher diffusion coefficient (Dpe~ > Dpy~ > Dcap-)- In Figs.
4b and 4c, the thicker biofilms are more selective towards butyrate
and caproate, with Sg,,- reaching a maximum of ~0.14 for BFT =
120 pm. The residence time of the intermediate species namely, ac-
etate (L2/Degrpc-) and butyrate (L2/Degrpy-) increases for thicker
biofilms, favoring biochemical elongation to butyrate and caproate.
The dimensionless Damkdohler number (Da; = 7yeaction/ Tiransport)s Which
represents the ratio of the reaction time to the transport time, can be
used to explain the effect of BFT on biochemical elongation. In case of
acetate, Day.~ ~ 1.25 for BFT = 30 pm, whereas Day- ~ 0.33 for
BFT = 120 pm. This indicates that the thicker biofilms have a longer
timescale for transport, facilitating better utilization of intermediates
for biochemical elongation.

3.2. Performance parameter: H, transfer and CO, consumption efficiency

The H, produced at the electrode-electrolyte interface is utilized by
the microbes as it diffuses across the biofilm. The evolved H, might
not be completely utilized for biochemical CO, reduction [24] and
ultimately exit the biofilm, lowering the current efficiency and energy-
input efficiency of the process. If the consumption rate of H, is lower
than its production rate, the excess H, will exit the domain to the bulk.
Hence, we define a hydrogen transfer efficiency (n,) to characterize
the system performance as the ratio of the hydrogen consumed by
the biocatalyst (1) to the hydrogen produced electrochemically at the
cathode (I},):

// Ny, - ndIy
Iy

= ————x100. (25)

M,
[ N .
I—C

In Fig. 6a (black lines), for lower magnitude cathodic potential (|®|),
Ay, is 100% due to low electrochemical production of H,. The threshold
|@,| at which nH, deviates from 100% increases with increasing biofilm
thickness, i.e. above &; ~ —0.9 V, ny, deviates from 100% for BFT =
30 pm, while the deviation from maximum ny, in BFT = 120 pm is
from @ ~ —1.2 V . This is mainly due to the increased demand for
hydrogen by the biocatalyst over a longer distance from the electrode
in thicker biofilms. In addition, the 2 other factors contributing to the
drop in performance in thicker biofilms are (i) the ohmic potential drop
is higher for thicker biofilms (see Supplementary information S9),
resulting in a reduction of overpotential magnitude for the electrochem-
ical reaction and, (ii) the pH at the cathode-electrolyte interface (Fig.
5b) increases with biofilm thickness, resulting in a higher magnitude
of the equilibrium potential for hydrogen evolution reaction due to the
Nernst potential shift. From Fig. 6a, though 5;;, remains 100% even at
lower |®|, this comes at the cost of the CO, consumption efficiency
(nco,), which we define as:

// Qco,dT,
_ 1 Ty
Nco, = qu -7
Act™ dr
J,on

For low |®|, the 100% hydrogen transfer efficiency combined with
a low CO, consumption efficiency indicates that the CO, conversion
rate is limited by a lack of available H,. As |®,| increases, a maximum
CO, consumption efficiency of ~ 60% is measured for the 30 pm thick
biofilm and the efficiency decreases for thicker biofilm (¢, =~ 40%
for BFT =120 pm). This effect is due to the increase in the diffusive
mass transfer barrier for CO, from the bulk, resulting in a reduced
concentration of CO, for conversion by the microbes. These results
emphasize a key trade-off: while thicker biofilms are favorable for H,
retention, thinner biofilms support better CO, utilization, underscoring
the importance of optimizing both biofilm thickness and cathode po-
tential for enhanced performance in bio-electrochemical systems. The
overall efficiency (4, = ny, X nco,) for H, and CO, usage as a function

% 100. (26)
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Fig. 5. (a) CO, flux at the exit boundary and (b) pH difference across the biofilm.

of &¢ and BFT are shown in Fig. 6b. The results indicate that there is
an optimal electrode potential (&) for a corresponding BFT at which
the overall efficiency is maximum. To the right of this peak (towards
lower magnitude cathodic potential), 5, decreases due to an inefficient
CO, conversion rate, owing to the lack of sufficient H, produced at
the electrode. On the other hand, the decrease in 5, to the left of
this peak is caused by the decreasing hydrogen transfer efficiency, due
to excess electrochemical H, production. Thinner biofilms (30-60 pm)
achieve higher peak efficiencies, with the maximum observed at ~60%
for 30 pm at @; ~—1.0 V. In contrast, increasing the BFT to 120 pm
yields a marked reduction in efficiency (~40%). Overall, the thicker
biofilm favors higher Sc,,- and enhanced H, retention, but the CO,
consumption efficiency is reduced and vice versa for thin biofilms.

3.3. Local field variables: gradients

Micro-scale parameters such as the concentration gradient, local pH,
biochemical rates, and electrolyte potential () within the biofilm are
crucial, as they provide mechanistic insight into the macroscopic be-
havior observed earlier. Fig. 7a shows a decrease in CO, concentration
from the biofilm surface towards the electrode, reflecting microbial
consumption, while Fig. 7b highlights the heterogeneous CO, flux dis-
tribution with local maxima in the vicinity of the biofilm. A 3D resolved
model is essential to resolve such spatial heterogeneity and identify
localized activity, which can then be condensed into 1D profiles by
averaging over the electrolyte in cross-sectional planes parallel to the
electrode surface. In the following, we will compare such 1D profiles
for different @.
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The concentration gradient and local biochemical conversion rates
are discussed for the thin and thick biofilm, i.e., BFT = 30 and 120 pm
(results for other BFTs in Supplementary information S9). Fig. 8
shows the concentration and the biochemical reaction rate as a function
of the distance from the electrode for the 30 pm thick biofilm. From
Fig. 8a, the local CO, concentration (black lines) across the biofilm
decreases as the cathodic potential is increased, which is due to the
increased CO, consumption rate (‘Icoz) (red lines). It is due to the high
production of H, at the electrode interface (from Fig. 8b) that improves

(Wcoz) (red lines), (b) Overall efficiency (5,) as a function of &, and BFT for

the CO, consumption across the biofilm. Although the H, production
increases (resulting in higher concentration across the biofilm) by in-
creasing the cathodic potential from @, = —1.1 V to @, = —1.3 V, there
is no significant change in the local CO, concentration. Conversely,
the local concentration of H, across the biofilm is significantly higher
compared to its half-saturation constant (CH2 > kHz) for cathodic
potential greater than —1.1 V, resulting in the acetogenesis rate not
being affected by local H, concentration, as can be seen from Qco, in
8a. Fig. 8b shows that, although the H, concentration increases with
|®,|, its biochemical consumption rate remains unchanged for @, <
—1.1 V, inferring that the excess H, diffuses into the bulk, consistent
with the observed trend in hydrogen transfer efficiency in Fig. 6a. As
H, drives acetogenesis and chain elongation to butyrate and caproate,
regions of the biofilm deprived of cathodically produced H, remain
inactive.

At low |®|, H, production is insufficient to meet biocatalyst de-
mand, creating inactive biofilm zones with negligible conversion rates
(red-solid lines in Fig. 8). The inactive zone decreases with increasing
|@,|, and above 1.0 V, the local biochemical conversion rates do not
change with increasing |®,|. From Fig. 8a, when H, no longer limits
the reaction rates, maximum acetogenesis occurs at the biofilm outer
surface, where CO, concentration is highest. Thus, at |®,| greater
than this threshold, CO, transport rather than H, availability limits
acetogenesis. At high cathodic potential (|@,| > 1.0 V), the local
production rates of acetate and caproate are not highly influenced by
the cathode potential. The local net production rate of acetate (ga-)
has a marginal increase from cathodic potential of —-1.0 V to —1.3 V,
but there is a decrease in its local concentration. This is because the
increase in cathodic potential results in an increase in the magnitude
of the electric field and the migrating flux of the ionic species. Hence,
there is an increase in the acetate migrating out of the biofilm with
an increase in cathodic potential, while the acetogenesis rate remains
unchanged. The consequence of this effect is a marginal reduction
in the local production rates of caproate (gc,,-), due to the reduced
acetate concentration available for the chain elongation process to
butyrate and caproate. This can be seen from Fig. 8d, where there is
a reduction in concentration and production rate of caproate.

For the 120 pm biofilm, the interplay of migration, electrochemical,
and biochemical reactions leads to dominant mass transfer limitations.
The greater thickness increases transport resistance, producing larger
concentration gradients than in the 30 pm case. Fig. 9 shows the
corresponding concentrations and biochemical fluxes of reactants and
products. From Fig. 9b, the cathodic potential at which the H, is
available throughout the 120 pum thick biofilm is greater than that for
the system with 30 pm BFT. In terms of acetogenesis from Figs. 9a,
9b, 9c, the reduction in magnitude of biochemical flux of CO,, H,,
and acetate is significant in the deeper region of the biofilm (region
close to the electrode) at higher |®|. For a lower |®,|, the maximum
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Fig. 8. Concentration and biochemical flux profiles of (a) CO, (b) H, (¢) Act™ (d) Cap~ across 30 pm biofilm at &, = [-0.75, —0.9, —1.0, —1.3]V.

biochemical flux for acetogenesis is near the electrode. This behav-
ior reflects the confinement of hydrogen to the immediate electrode
vicinity, where its concentration is sufficient to sustain biochemical
activity, while the remainder of the biofilm experiences negligible
flux. On further increasing the cathodic potential, from —0.75 V to
—0.9 V, there is a reduction in the maximum value of biochemical
flux. This is because the increased hydrogen production results in a
wider active region across the biofilm, which acts as a CO, sink. The
consumption of CO, by the biocatalyst at the far end of the active
region results in a decreased concentration of CO, very close to the
electrode. This causes a reduction in the acetogenesis reaction rate due
to the concentration of CO, approximately equal to its half-saturation
constant (Cco, ~ kco,) near the electrode (as a result of it diffusing
over a thicker biofilm). The acetogenesis reaction rate is faster than
the chain-elongation reaction rates and hence the local reaction rates of
acetate, H,, and CO, are mainly influenced by g,-. Although there is a
decrease in the magnitude of g,.- across the active zone while shifting
from &, = -0.75 V to -0.9 V, the production rate gc,,- increases in
magnitude. The acetate concentration close to the electrode increases
with increasing @, from —0.75 V to —0.9 V, and it is the reactant for
the production of both butyrate and caproate along with H,, which is
available near the electrode.

On further increasing the absolute value of cathodic potential (to @
= —1.1 V), the peak in Q, - shifts away from the electrode within the
active region of the biofilm, due to the relatively high amount of CO,
and H, available away from the electrode. Also, the net biochemical
flux of acetate (Q,.-) near the electrode is significantly below the
maximum value at a distance of approximately 75 pm from the elec-
trode. The aforementioned reason is that the increased availability of

CO, away from the electrode results in an increase in the magnitude
of the sink term (qco,), thereby lowering the CO, concentration near
the electrode, as shown in Fig. 9a. This results in lower production
of acetate near the electrode and hence lowering S,- in Fig. 4a.
At @, = -1.3 V, the H, production rate at the electrode-electrolyte
interface surpasses its demand at the bio-electrolyte interface, as can
also be inferred from the ny, in Fig. 6a. In such a case, similar to
the 30 pm thick biofilm, the maximum production rate of acetate
shifts towards the outer part of the biofilm, but there is a significant
decrease in the Q,. - near the electrode. In fact, from Fig. 9c (&, =
—1.3 V), there is a net consumption of acetate near the electrode
surface (Qp- < 0), indicating that the acetogenesis rate is slower
than the net rate of the chain-elongation reactions (to butyrate and
caproate using acetate). The expanding active zone with increasing
|@,| results in a decrease in the CO, concentration (Cgo, < k¢o,) near
the electrode due to diffusion limitations. The acetate produced at the
outer end of the biofilm (maximum local Q,.-) exits immediately to
the bulk, resulting in an increase in selectivity towards acetate again
in Fig. 4b. Eventually, the caproate production rate is lower at the
outer end of the biofilm due to the fast transport of intermediates,
i.e., acetate and butyrate. Thus, the interplay between H, availability,
CO, transport, and intermediate migration observed from the micro-
scale results rationalizes the efficiency trends and selectivity shifts,
confirming that spatial heterogeneity within the biofilm governs both
global consumption efficiency and the product spectrum.

Although this model addresses the critical performance parameters
and the transport limitations at the microbe scale, several limita-
tions must be pointed out. Firstly, although the simulated current
densities agree reasonably with preliminary experimental data, the
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literature-derived kinetic parameters do not fully capture graphite felt
characteristics under relevant conditions: the precise relation between
current density and applied potential will depend on particulars of
the electrode (graphite felt) material. The model considers that all
the microbes within the biofilm can perform acetogenesis and the
chain elongation process. In reality, the microbe strain responsible for
chain elongation can be different from the acetogens. In such a case,
an altered thermodynamic approach with additional Gibbs energy for
anabolism (4G4, AGR™, AGii:p) must be considered, which can alter
the overall stoichiometry of the metabolites due to different catabolic
factors [16]. The local biochemical activity, which is affected by the pH
(pH inhibition), is not considered in the model. On knowing the optimal
pH for each biochemical process, the Michaelis—-Menten equation can be
corrected for local pH [20,56]. This multi-chemical species single-phase
model does not account for H, bubble nucleation at the electrode when
the local solubility limit is exceeded. These detached bubbles can affect
the biofilm structure, which is not included in this model. Finally, the
biofilm model considered in this work is a small fraction of a bigger
reactor-scale system, indicating that cell-scale simulation will allow for
a more direct comparison with experiments. Further, microelectrode-
based experimental information on the local gradients of CO, and pH
can aid in better validation of such micro-scale models.

4. Conclusion

In this work, we have developed a three-dimensional resolved model
of the biofilm in a microbial electrosynthesis cell. The model describes
species transport across the biofilm involved in electrochemical, bio-
chemical, and acid-base reactions. We have studied the case of a
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cathodic biofilm that can fix CO, into acetate and further to butyrate
and caproate using H, as the charge-transfer mediator (MET).

Our results show that CO, utilization, H, transfer efficiency, and
product selectivity are strongly influenced by both the applied electrode
potential and the biofilm thickness, with the optimum performance
arising from a balance between these two factors. For each biofilm
thickness, there exists a threshold cathode potential below which the
local concentration and biochemical activity are limited by the local
H, concentration. Beyond this threshold of |®|, the local gradients
are limited by the transport of CO, and intermediates like acetate
and butyrate (sensitive to biofilm thickness). Thicker biofilms enhance
chain elongation to butyrate and caproate, while thinner biofilms favor
an efficient CO, conversion. Thus, this work reveals the transport
and reaction limitations that govern system performance, providing a
mechanistic basis for optimizing operating conditions. These findings
can be extended to formulate strategies for selective inoculation of
microbes in a multi-culture biofilm, if the microbe strain is known for
each biochemical reaction.
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