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Abstract: Optimal product synthesis in bioelectrochemical systems (BESs) requires a com-
prehensive understanding of the relationship between external voltage and microbial yield.
While most studies assume constant growth yields or rely on empirical estimates, this
study presents a novel thermodynamic model, linking anodic oxidation and cathodic car-
bon dioxide (CO,) reduction to methane (CHy) by growing microbial biofilm. Through
integrating theoretical Gibbs free energy calculations, the model predicts electron and
proton transfers for autotrophic methanogen and anode-respiring bacteria (ARB) growth,
accounting for varying applied voltages and substrate concentrations. The findings identify
an optimal applied cathodic potential of —0.3 V vs. the standard hydrogen electrode (SHE)
for maximizing CHy4 production under standard conditions (pH 7, 25 °C, 1 atm) regardless
of ohmic losses. The model bridges the stoichiometry of anodic and cathodic biofilms,
addressing research gaps in simulating anodic and cathodic biofilm growth simultane-
ously. Additionally, sensitivity analyses reveal that lower substrate concentrations require
more negative voltages than standard condition to stimulate microbial growth. The model
was validated using experimental data, demonstrating reasonable predictions of biomass
growth and CHy yield under different operating voltages in a multi substrate system. The
results show that higher voltage inputs increase biomass yield while reducing CH, output
due to non-optimal voltage. This validated model provides a tool for optimizing BES
performance to enhance CHy recovery and biofilm stability. These insights contribute to
finding optimum voltage for the highest CH4 production for energy efficient CO; reduction
for scaling up BES technology.

Keywords: thermodynamic model; microbial yield; acetate oxidation; methane production;
electroactive biomass yield

1. Introduction

The modeling and simulation of bioelectrochemical systems (BESs) have recently
gained significant attention, integrating microbiology, electrochemistry, and reactor engi-
neering. Several mathematical models have been developed to describe substrate degrada-
tion, microbial growth, and electron transfer mechanisms in BESs. The key parameters of
BES models include substrate and biomass concentrations, biofilm thickness, current gener-
ation, and bioelectrochemical reaction kinetics, typically described using Nernst-Monod
or Butler—Volmer equations [1]. These advancements have facilitated the optimization of
BES configurations and operational strategies, such as reactor flow modes and electrode
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arrangements, ultimately reducing construction and operation costs as well as extensive
expenses related to testing various parameters separately [2].

Early models often assumed constant biomass density, whereas more recent studies
incorporate variable biofilm growth, substrate diffusion, and dynamic electrochemical inter-
actions. Effective mixing enhances substrate diffusion and improves nutrient distribution in
the biofilm, consequently improving microbial metabolism and electron transfer. However,
excessive mixing can generate shear stress on the electrode, leading to biofilm detachment,
that could reduce bioelectrochemical performance [3,4]. Therefore, modeling efforts often
include mixing intensity or biofilm detachment velocity as a key parameter to balance
nutrient availability and biofilm integrity [5,6]. Electrode properties such as conductivity,
surface area, and porosity also influence electron transfer efficiency and biofilm formation,
which must be incorporated in BES modeling. Another critical aspect of BES modeling is
the correlation between applied energy and product yield. In microbial electrochemical
cells, the applied voltage directly impacts electron transfer driving forces, influencing both
production efficiency and microbial growth rates [1,7]. While some studies have modeled
microbial yield using coulombic efficiency and biofilm density [8], accurately quantifying
microbial biomass yield in response to varying applied voltages remains a challenge. This
highlights the need for more comprehensive models capable of predicting yield coefficients
under diverse operating conditions [4].

BES modeling has progressed from simplified kinetic descriptions to integrate multi-
physics frameworks, such as computational fluid dynamics and machine learning, to
optimize system performance. However, gaps remain in accurately predicting microbial
yield under different applied voltages, necessitating further research into parameter-specific
models that account for reactor configurations, electrode materials, and biofilm behavior.

In the context of bioelectrochemical methane (CHy) production, BES modeling of-
fers significant benefits for process optimization. Different substrates lead to varying
CHy yields in anaerobic digestion (AD) and BESs. Therefore, estimating biomass and
product yield helps balance substrate input for enhanced CHy production [9]. The BESs
address the deficiencies of conventional AD, such as low volumetric productivity, limited
organic compound conversion, and inhibition due to the accumulation of volatile fatty
acids (VFAs), ammonium, or sulfide [10-12]. BES can enhance CH, production through
higher oxidation of organic compounds and improved CO, reduction to CHy [13]. How-
ever, these systems have not been fully scaled up due to energy efficiency concerns and
unstable production [14].

The reduction of CO, to CHy in BES requires external overpotentials for bacteria and
archaea to overcome potential losses. Organic matter typically serves as most frequent
electron donor (substrate) for microorganisms. Nevertheless, reduced inorganic substances,
such as ammonia, sulfide, and hydrogen (H;), can also serve as electron donors, with
CO, as the electron acceptor in energy metabolism. Oxidation-reduction reactions provide
the energy that microorganisms need for growth and maintenance [15]. In these systems,
electroactive methanogens take electrons from the solid electrode to reduce CO; to CHy [16].

In mediated electron transfer theories, the kinetics of electron transfer begins with
anode-respiring bacteria (ARB), which oxidize organic compounds and provide electrons
for the cathode. The biochemical mechanisms underlying extracellular electron transfer
(EET) by ARB remain unclear. The most straightforward EET mechanism involves direct
contact between the anode surface and the outer cell membrane cytochromes, where the
general electron donor is used, and a solid acceptor substitutes the general electron acceptor,
completing the catabolic reaction [17].

The growth kinetics of bioelectrochemical CO, reduction to CHy is essential for devel-
oping predictive models for AD and BESs [6,18]. One crucial aspect of microbial growth
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processes is the Gibbs energy dissipation required to produce 1 mol of biomass when utiliz-
ing CO; as a carbon source. Calculating the bioenergetics of methanogenic reactions helps
identify optimal operating conditions. Two approaches are conventionally used to establish
the stoichiometry of biological CHy production: the empirical approach, based on molar
empirical biomass yield, and the theoretical approach, corresponding to thermodynamic
biomass formation and electron equivalent reactions. The empirical approach is simpler to
apply when calculating biomass growth stoichiometry, whereas the theoretical approach is
more detailed and relates Gibbs free energy to the biomass growth stoichiometry based on
electron equivalent reactions [19,20]. However, there is a lack of clarity regarding which
method is more straightforward and how it should be implemented in bioelectrochemical
growth modeling to relate biomass yield to applied voltage. Understanding these relation-
ships is essential for developing growth yield models for both anodic and cathodic biofilms.
This is a primary step for implementing such models in various software to predict CHy
production under different operating conditions. External energy inputs at optimum levels
increase the microbial community of anodic oxidizing bacteria and enhance methanogenic
biomass activity. Estimating the theoretical optimum voltage in BESs helps identify ohmic
losses in the reactor, which are influenced by factors such as electrode material, configura-
tion, and electrolyte characteristics. Consequently, regulating the concentration of organic
and inorganic compounds can help reduce potential losses [5].

In most dynamic simulations, only bioanodes or biocathodes are simulated. To the
knowledge of authors, no model attempted to connect bioanodic oxidation to the bio-
cathodic reduction. The biomass yield on the biofilm in the BES system is taken from
other literature, and the voltage at which the biofilm growth is maximum, is taken as an
assumption in most papers [6,21-24]. To make the validation applicable, a method based
on thermodynamics should be presented to calculate the electroactive biomass yield.

This study presents a novel investigation into the thermodynamic evaluation of how
external voltage impacts biomass yield and CH,4 production in electro-reductive systems
involving ARB and methanogens. Additionally, it establishes stoichiometric frameworks
for CHy production by autotrophic methanogens and bioelectrochemical processes, empha-
sizing the application of Gibbs free energy for reaction modeling. To obtain this objective,
the stoichiometry of autotrophic CHy production should be understood. Then, the stoi-
chiometric growth of electroactive biofilm must be developed using the proper method to
obtain the biomass yield on the biofilm at different voltages with respect to bioenergetics.
This research advances the understanding of BES dynamics and offers a more precise
approach to designing efficient CH4 production in BES.

2. Theory, Methods, and Assumptions

Empirical and theoretical approaches were applied to obtain the stoichiometry of
autotrophic microbial growth reaction for H; as electron donor and CO; as the inorganic
carbon source as electron acceptor. Then, the stoichiometric growth reactions for 1 mol
biomass via the two approaches were compared and the method that could be applicable
in bioelectrochemistry was selected. The selected approach was used to establish the
stoichiometry of growth for anodic biofilm growth and the stoichiometric metabolism of
cathodic biofilm, where CHj is produced. The thermodynamic model was established
in the Microsoft Excel solver spreadsheet-based program to relate the stoichiometry of
biofilm growth to the voltage applied on the cathode and electroactive methanogen growth
reaction. In addition, the effect of non-STD conditions on the applied voltage, biomass
yield and CHy production was assessed. Then, the model was validated with experimental
data from a BES reactor.
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2.1. Empirical Method (Approach-1)

The biomass formula for the biomass growth is defined as CH; §Op 5Ny 2. In approach-1,
the autotrophic anabolic reaction based on inorganic carbon consumption (Equation (1)) is:

f+ COy + a-mol electron donor + b -N — source +1- CHy gOg5Np2 + d-

1
H,0 + e-oxidized electron donor + c-H™ 1)

In this method, the conservation of elements and charge (electrons) should be fulfilled
for the stoichiometric reaction. Thus, the stoichiometry of anabolism and the molar aquired
biomass differs by varrying the carbon and electron source [19]. The anabolic reaction
needs energy from the catabolic redox reaction. An electron acceptor and an electron
donor engage in a redox reaction during catabolism which is connected to the conservation
of energy in form of adenosine triphosphate (ATP) [17]. Biochemically, ATP is the main
Gibbs energy carrier which delivers energy for anabolism and cell growth. The catabolic
reaction is defined per mole electron donor oxidized. The overall growth reaction is given
in Equations (2) and (3):

Owerall growth reaction = Anabolism + feqt-Catabolism (2)

mol substrate consumed
mol biomass produced

foar = =Yp + Y = Yy ©

1
biomass yield
where, Y7} is the stoichiometric coefficient of the electron donor in the anabolic reaction.
Ogr . . . . .
—YDg " is obtained from biomaslm assuming 1 mol/L acetate in the system at STD condi-

tion [19]. The yield of autotrophic methanogens was assumed as 0.05 and 0.2 g biomass/g
carbon source as a low and high biomass yield for comparison [15,25].

2.2. Theoretical Method (Approach-2)

In approach-2, when microorganisms use CO; as a carbon source, a fraction of electrons
as a source of energy (f2) is transferred to the electron acceptor to provide energy for
conversion of the other fraction of electrons (f?) into microbial cells. The electrons in f? are
transferred to the acceptor to produce more energy, and another portion is transformed into
an inactive organic cell residue as cells degrade due to normal maintenance or predation.
The general equation to obtain the cell structure is given in Equation (4):

c

d

1
d

2n—0b+c)

@Coz +£ :

d d
whered =4n +a — 2b — 3c.
In this approach, all calculations are according to mol electron equivalent per mol

HCO3 + = NHy + H" +e~ + ZCH18005No2 + H,0  (4)

product. Equations (5) and (6) give the overall biological reaction in approach-2:
R = feRa + fsRcs — R4 ()

fetfs=1 (6)
where,

e f. is the fraction e~ mol of substrate oxidized per e~ mol of substrate used
for catabolism.

e R, is electron acceptor half-reaction (based on one mol electron equivalent).

e  f,is the fraction e™ mol of substrate used for cell synthesis (anabolism).

® R is cell synthesis half-reaction (based on one mol electron equivalent).

e  Rjis electron donor half-reaction (based on one mol electron equivalent).
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Two phases are involved in the microbial yield from substrate use. The energy process first
produces high-energy carriers like ATP. The energy carriers are secondarily spent to promote
cell synthesis or cell maintenance. Every transfer result in a small loss of Gibbs free energy.
The losses are not included in calculating the energy dissipation of cell formation to obtain
the theoretical yield. Along with how to account for energy loss during transfers, the true
yield (fI¢*') can be obtained from experimental data in various condition. Calculation of f0
for the genuine biomass yield is possible applying thermodynamics and Gibbs free energy
of half-reactions involved in the microbial growth reaction. So, the energy for maintenance
is set to zero to ensure that all energy is used for cell synthesis. When the nitrogen source is
ammonium, the energy needed to create one equivalent of cells from a given carbon source is
AGs. The energy shift caused by the transformation of the carbon source into the typical organic
intermediates (for example, Pyruvate). The half-reaction of pyruvate formation (Equation (7)) is:

1

1 1 2
5CO2+ 15 HCO; + H' +¢” = 15CH3COCO0™ + 5 H,0 AGY =35.09k] /e eq (7)

10 10 5

AG, in Equation (8) is the energy of converting the carbon source to pyruvate:
AGp = 35.09 — AGY 8)

For autotrophs, inorganic carbon must be reduced to pyruvate using a lot of energy. Following
that, pyruvate carbon is changed into cellular carbon. During electron transfer, energy is always lost.
By inserting a term for energy-transfer efficiency ¢, the loss is considered. In conclusion, the amount
of energy needed for cell production is obtained by Equations (9)—(12):

AG,  AGpe
AGs = —F+—F )
0 _
A= fio = A (10)
fs s(AGQ)
and A
0 _1_ ¢0 _
fe=1-f =774 (11)
1
0 _
=112 (12)
where,

o AG;s is energy for cell synthesis from a specific carbon source (k] /e~ eq).

e  AG, is energy required to convert carbon source to pyruvate (kJ/e™ eq).

e AGy is energy required to convert pyruvate carbon to cellular carbon (kJ/e™ eq).

e  cisenergy capture efficiency, typically 55 to 70% under optimum conditions (e = 0.6)

e  nis energy transfer efficiency to convert carbon to pyruvate. n = +1 if AG, > 0 (energy is
consumed), and n = —1if AG, < 0 (energy is produced)

e AG!is the Gibbs free energy of exergonic reaction (kJ/e~ eq).

e  Ais the equivalent electron donor which must be oxidized (energy of maintenance is not considered).

The energy transfer efficiency can vary at different conditions with diverse microbial types. Some
microorganisms lack highly efficient enzyme systems which imply € < 0.6. In general, microorganisms
with a low ¢ are not anticipated to survive well in mixed cultures. In approach-2, the theoretical
biomass yield will be estimated according to thermodynamics in STD conditions. It can differ from
the real yield obtained from experiments at non-STD operating conditions. The concentrations of
components, the microbial species, mixing, flow rate, pressure and temperature are some important
parameters affecting the biomass yield [17].

The required reactions for CH, production are given in Equations (13)-(15) at standard condi-
tions (pH 7, atmospheric pressure, 25 °C and 1 mol/L of components) [16].

$CO +HY +e~ — LCHy+ 1H,0  E=-024Vvs.SHE, AG’= +2353kJ/e"eq  (13)
H* +e” — 1H, E'=—042Vvs.SHE, AG®=43987kl/e"eq (14)
$COx+ 3H, — LICHy+ 1H,O AEY, = 40169V, AGY = —1634K]/e” eq  (15)
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By far, the most popular and beneficial electron donor is acetate. The half-reaction of acetate
oxidation is given by Equation (16) [26]:

510 L

1 0 _ _ -
gCHgCOO’ + gH2() — 5 AG” = -27.68k]/e” eq

(16)
EY, = +0.2839 V SHE

1
CO, + gHCO; + H* +e”

2.3. Gibbs Free Energy of Catabolism and Anabolism Reactions

It is crucial to estimate the Gibbs energy of catabolism because it provides Gibbs energy for
metabolic growth. The Gibbs free energy for the growth reaction at standard condition can be
calculated by Equation (17). The G fo values in STD conditions (1 mol/L component, 25 °C, and 1 atm)
can be found in Supplementary Materials (Table S3) [19,27].

0 0 0
AGT = Z Gf,i, products — Z Gf,i, reactants (17)

The catabolic reaction is affected directly by changes in concentration and temperature. The
released AG will affect microbial growth and biomass yield. Assume a general catabolic reaction
as aA + bB — cC + dD with standard Gibbs free energy as AGY. Change in AG? can be calculated
by Equation (18).

[SHIE
[A]"[B]’
where R is the ideal gas constant 8.314 (J/k/mol), T is temperature (K), and the values in brackets

AG, = AG? + RTIn (18)

correspond to concentration (mol/L).

The interface of electrochemistry and microbial biochemistry requires an awareness of the
relationship between the potential difference (AE, V) and the free energy (AG, kJ /mol) as shown in
the Nernst equation (Equation (19)):

AG = —nFAE (19)

where AG is the Gibbs free energy (k] /e~ eq), n is the number of electrons, F is the Faraday constant
96.485 (kJ/V /e~ eq), and AE is the potential difference in the cell [28].

2.4. Implementing Bioenergetics on Electroactive Biofilm Growth

A primary step for simulation of biofilm models is to assess bioenergetics of bioelectrochemical
CH, production corresponding to the applied voltage through relating the anodic biofilm to the
stoichiometric growth of cathodic biofilm. The activity of electroactive cathodic biofilm is limited by
the number of electrons and H™ flowing from anode to cathode. The assumptions for calculating the
stoichiometry of electroactive biofilm growth are as follows:

e  Atmospheric pressure is assumed for the entire model.

e  The anodic and cathodic media are well mixed.

e  Only bioelectrochemical oxidation and reduction are emphasized.

e  Negative applied voltage on cathodes is assumed.

o A well-grown ARB biofilm which can oxidize acetate as substrate (electron donor) and deliver
electrons to anode (electron acceptor) is assumed.

e  The well-developed methanogenic biofilm on cathode takes electrons from cathode (electron
donor) and reduces CO, and H* to CHy.

e  No electrons are lost in other reactions, and potential losses in the system due to ohmic resis-
tances and reactor design are ignored.

e  Electrode material and the self-potential of the electrode are not considered.

° HCOjy , and CO; are considered in equilibrium

Figure 1 illustrates the assumption for establishing the stoichiometric metabolic model of
electroactive microbes in a double chamber or single chamber reactor. It illustrates that two complete
metabolic reactions take place; one on anode and the other on cathode.
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Electric
potential

e
supply—r—1 _

Cathodiccatabolicreaction 2:
Electron donor: cathode
Electronacceptor:CO, and H*
Anabolism: Methanogenic biofilm

Anodic catabolicreaction 1:

Electron donor: organic matter
Electron acceptor:anode

Anabolism: Anode oxidizing bacterial

(ARB) biofilm growth and growth and maintenance
maintenance

Figure 1. Graphical view of catabolism and anabolism in a bioelectrochemical reactor.

The thermodynamic model in this work was established for cathodic voltage of —0.25 V to
—0.8 V vs. SHE. When ohmic resistances are ignored, the negative applied voltage on cathode can
be interpreted as positive applied voltage on anode [29]. f0 =1 — 0 = HLA changes by change in
voltage. The equivalent electron donor value (A) is relevant to f and f0. In STD condition, AGY of
the catabolism (Equation (20)) is [27]:

AG? = AGP +AGY (20)

oxidation reduction

AGSxidation is normally given in reduction half reaction in thermodynamic reference books.

Thus, the oxidation reaction and AG values of half reaction should be reversed. Therefore, for AGY,

Angi Jation 1S acetate oxidation, but anode, which is a solid electron acceptor, do not have a typical

AG?Edu ction- INstead, the anode has an electric potential. Regardless of the self-potential of anode,

anodic potential can be controlled by an external voltage to transfer electrons and the oxidized

components for CH4 production. In BESs, the anode and cathode are connected and CH4 production

0
reduction

to Nernst equation. So, negative voltage should be applied on cathode to make the reduction reaction

has an optimum voltage. If a negative voltage is applied on cathode, AG is positive according

spontaneous. According to this, Equations (21) and (22) define the potential difference:

AEr, anode = Efinal - Einitial (21)

which means:

AEr,anode = Eanode — Eacetate oxidation (22)

The applied voltage on the electrode is relevant to AG by Nernst equation (Equation (19)). Ejitial

is the voltage of acetate oxidation half reaction (+0.2839 V in STD conditions), while E,,, is the re-
verse value of the applied cathodic voltage regardless of losses [28,29]. On cathode, the electron donor
is a solid cathode, and the electron acceptors are CO, and H*. In this case, AGp = 35.09 — AGapode-
On cathode, AGp, AGs, and AG? vary by changing the applied potential. AGy040 is Obtained from
Nernst equation according to the applied voltage on cathode, which is given in Equation (23).

0 _ 0 0
AE r, cathode, electron donor — E CO, reduction — E cathode (23)
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Deviating the concentrations from STD conditions changes the BES cell potential. Assume the
reaction aA + bB — cC + dD. To calculate the concentration over-potential, the entire reaction can
be expressed using Equation (24) [28]:

a
anode[

RT [A} B] Znode
S—Fl n cF (24)

AEconc = - d
cathode [D] cathode

In biological environments, high acetate concentrations lead to oversaturation of the acetate
oxidizing bacteria, that in turn, results in inhibition of the oxidation process. On the other hand,
high amounts of CO, and H may lead to a pH imbalance and oversaturation of the methanogenic
biofilm on cathode [15,30]. Thus, acetate (CH 3COO0™ ) concentration was calculated for 0.5, 1.5, and
2.5 g/L. Also, the effect of temperature variations on the biomass yield and cathode potential for 25,
35, 45, and 55 °C at constant concentration was calculated for the anodic and cathodic biofilm.

2.5. Validation and Implementing the Model in a Complex BES System

To implement and validate the model with a more complex system, the model was used to
estimate the yield of ARB and methanogens in a laboratory scale reactor of another work with heat-
treated stainless-steel grade 314 as the anode and grade 316 as cathode material. The microbial media
consisted of a complex media including acetic acid (CH3COOH), soluble CO, (added as NaHCO3),
and soluble chemical oxygen demand (SCOD). The single chamber BES reactor had a well-developed
anodic and cathodic biofilm. Additionally, the bioanode and biocathode potential in open circuit
voltage (OCV) condition was reported to be average —0.43 V vs. SHE for biocathode and —0.4 V vs.
SHE for bioanode. The data used in this paper were taken from that experimental study from the
final week of CCV1 (applied —0.6 V vs. SHE) and CCV3 (applied —0.7 V vs. SHE) operations. The
average daily results from the experimental study are given in Table 1 [31].

Table 1. The extracted data from an experimental study to calculate the bioenergetics of bioanode
and biocathode in a single chamber BES reactor.

Parameters Value

Applied voltage on cathode (V vs. SHE) —0.6 -0.7

Anodic potential response (V vs. SHE) —0.34 —0.24
Relative anodic voltage considering to OCP (V vs. SHE) +0.06 +0.16
Average daily CHy production (ml/L/d) 215 130

Average SCOD consumption (mg/L/d) 264 136

Average acetic acid consumption (mg/L/d) 80 No acetic acid content

Average CO; consumption (g/L) 0.41 0.41

Acetic acid value is equal to 1.32 mmol/L/d, the molar CO, value is 4.8 mmol/L/d, and the molar CHy values
are, respectively, 8.8 mmol/L/d and 5.3 mmol/L/d. The molar value of protein assumed as the SCOD is 0.8
mmol/L/d and 0.386 mmol/L/d.

The data in Table 1 was used to establish the yield of methanogens and ARB. In a complex
microbial media, especially in single chamber designs, calculating the yield of biofilm requires
opening the reactor and take samples directly from the electrode, which may disturb the biofilms due
to air exposure. This model helps to estimate the daily biofilm yield in different steps of the operation.
In this work, the yield was calculated for 1 week in order to compare the effect of the applied voltage
on biomass and CHy yield.

SCOD can be the source of CO, and H™ in the system. The analysis in the experimental study
shows that protein compounds (including amino acids, proteins, and nitrogenous organics) can be a
strong candidate as the SCOD, corresponding to degradation reaction shown in Equation (25) [15]:

1 1 27 0 _ -
NH} + 2LHY 4o 5 L CigHasOsNs + = HyO AGoy =3222k]/e” eq 25)
33 66 66 E), = +0.33V vs. SHE

8 2

As reported in the experimental study, SCOD oxidizers were enriched on anode as one type
of ARB. The acetate consuming bacteria were also found on anode. Nonetheless, as stated in the
experimental study, a part of CH4 production has taken place in the suspended media by taking
electrons directly from anode, in addition to the cathodic methanogens. For simplicity, in this study, it
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is assumed that the entire CH4 production occurs on cathode. Moreover, in this real complex system,
the source of H* was not only from SCOD and acetate oxidation. According to the mass balance,
water reduction mechanisms were most probably active in the system to provide extra HT for CO,
reduction to CHy.

It should be noted that in a real BES reactor, extra potential due to ohmic resistances and the
intrinsic potential of the electrode material leads to applying higher voltage on the working electrode.
Measurements of anode and cathode potential in stable mode is important to calculate the relative
positive potential of anode for microbial growth. For cathodic microbial growth, the exact applied
voltage on cathode should be considered to include the losses in the model.

3. Results and Discussions
3.1. Stoichiometry of Biological CO; to CHy Conversion by Approach-1

The electron donor can be from different sources for autotrophic methanogens growing on
COy, and Hj can be produced in AD in the acidogenesis and acetogenesis step. Also, syntrophic
acetogens such as special genera of clostridia can oxidize acetate to CO, and H,. Then, the hy-
drogenotrophic methanogens produce CHy by utilizing H, and CO,. The activity of autotrophic
methanogens is restricted by the availablability of H in the system [32]. Therefore, production of
1 mol autotrophic biomass is much slower than heterotrophs. Assuming Hj is available as the electron
donor (Equation (14)). The anabolic autotrophic growth was obtained as shown in Equation (26):

0.8 CO, +0.2 HCO; 402 NH{ +42H" +4.2¢~ — CH;y5005No2 + 1.7 H,O (26)

Assuming the low yield, and converting it to molar unit gives:

Y087 0.05gbiomass  1molbiomass 0.8(44g>) + 0.2(61gHCO; ) — 0.0% molbiomass
X,aut,methmin g(CO,/HCO;) 2463 1mol(,/HCO3) " molcarbonsource

The overall growth reactions (Equations (27) and (28)) were obtained for the low and
high biomass yield for the formation of 1 mol autotrophic biomass using the catabolic reaction
(Equation (15)) for CO; reduction to CHy.

AG = —63 kJ/mol
Ybiomass, molar = 0.385 27)
fcat =16

24 CO,+0.2 HCO; +0.2 NH; 485 Hy — 1.6 CHy+
CHy8005No2 +4.9 H,O

AG® = —1083.8 k] /mol
Ybiamuss, molar = 0.096 (28)
ffat =941

102 CO, +0.2 HCO; + 02 NHf +39.7 Hy — 9.4 CHy+
CH;8005Np2 4 20.5 H,0

3.2. Stoichiometry of Biological CO, to CH4 Conversion by Approach-2
The electron equivalent of cell synthesis can be obtained from Equation (29).

57 COy + 51 HCO; + 5y NHf + HT +e —

AGY = 1+34.79K]/e” eq 29
2 CHy3095No2 + % H,O @)

To calculate AGy, the AG of reduction reaction should be considered, which for H* to Hj is
+39.87 k] /e~ eq. The required parameters are given in Table 2. Also, Equation (15) in STD conditions
was used for calculating the electron equivalent value (A).

Table 2. The calculated bioenergetic parameters required for CH, formation from Hy.

Electron Donor AG,(KJle™ eq) AGyc(KJle~ eq) € n
H, 35.09 — 39.87= —4.78 +34.79 0.6 -1
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Substituting the values in Table 2 and using the Gibbs free energy of Equation (15) gives A = 5.62
and the bioenergetic coefficients f0 = 1 — f = 0.8489. For autotrophic H, to CHy, the theoretical
reaction (Equation (30)) based on AGY values is:

0.135 CO, +0.0072 HCO3 + 0.0072 NH; +0.5 Hy — 0.106 CHy+

30
0.036 CH; §005Ng.2 + 0.27H,0 (30)

Therefore, for 1 mol biomass the growth reaction (Equation (31)) will be:

—3.75 CO; — 0.2HCO; — 0.2 NH{ —13.9 Hy +2.95 CHy + 1 CHy §0g5Ng» + 7.6H,0  (31)

. : : i : EON : mol biomass
The theoretical biomass yield from the stoichiometric reaction is obtained to be 0.2532 ol (CO2/HCOZ )
Assuming the biomass yield of 0.05 g((%fz/o% , the corresponding fs as f;, 1., can be estimated propor-
tionally as:
0 —
Yiheoretical = 0.2535 . fSr theoretical 0.1511
Yreal = 0.096 fs, real =?
Thus f; ;eq = 0.0572, which finally gives Equation (32):

0.13 CO, +0.0027 HCO; + 0.0027 NHZ—i—O.S Hy — 0.12 CHy+

(32)
0.014 CH; §0g5Np2 +0.26 H,O

Equations (33) and (34) show the upscaled reactions for 1 mol biomass in STD conditions.

Approach-1:
10.2CO, +0.2 HCO; +0.2 NHI+39.7 Hy — 9.4 CHy+ AGY = —1083.77 kJ/mol (33)
CH;8005No2 +20.5 H,O Ybiomuss, molar = 0-096
Approach-2:
-95C0O, - 02 HCO; —0.2 NHZ —36.7 Hy — 8.6 CHy+ AG® = —1152.41 k] /mol (34)
CHl.SOO.SNO.Z +19 H>O Ybiomuss,molur =01

The stoichiometric values for autotrophic reaction with approaches 1 and 2 is remarkably
close. Since approach-2 is based on electron equivalent of components, it is easier to be combined
with Nernst equation (Equation (19)) to obtain electric potential of the reaction. In approach-2,
the number of electrons is equal to 1 in the half-reactions. According to this, the stoichiometry of
bioelectrochemical anodic and cathodic reactions were assessed by implementing approach-2.

3.3. Stoichiometry of Bioelectrochemical Microbial Growth
3.3.1. Stoichiometry of the Growth of ARB

For acetate as the carbon source for ARB, the AG of CO, reduction to acetate is +27.40 k] /e~ eq.
AG, =+7.69 k]/e™ eq. Therefore, AG; for the ARB is calculated to be 70.8 k] /e™ eq. In addition, the

—70.8
06-(AGY)"
The expression shows that the A value cannot be negative. Because f0 will be greater than 1

voltage and AG are limited by A = {(—’g =

and f0 <0, which is not possible. Moreover, AG? should be negative indicating spontaneous reaction.
Also, higher A is more beneficial because f0 will be higher ( f < 1). This means the biomass yield
is low, and more electrons are available for CH4 production. Figure 2 shows cathodic voltage —0.3
V vs. SHE results in the highest A for anode oxidizing bacteria. All the calculated values for these
thermodynamic models can be found in the Supplementary Materials Tables S1 and S2.

Figure 3 shows —0.3 V vs. SHE at cathode that theoretically results in +0.3 V vs. SHE at anode,
results in the highest feo which means ARB need less substrate for maintenance. Thus, more electrons
will be delivered to the anode. More negative voltage reduces f2 and increases f0 of ARB. Cathodic
voltages more positive than —0.3 V, results in negative A value (Figure 2) which further results in 0
< 0 that is impossible. It means that the biomass is consumed rather than it is produced. This analysis
shows that even when all the potential losses in the system are ignored, the anode voltage cannot be
higher than a certain value. Higher anodic voltage as the result of bigger cathodic potential, may



Fermentation 2025, 11, 40

11 0f 18

result in bigger f0 which means less electron flow toward cathode. Nonetheless, the voltage reported

for cathodes in experimental studies is more negative than —0.3 V vs. SHE, since more components

are involved in oxidation. Moreover, the potential losses are higher due to complex media.

Equivalent electron donor (A) of

anodic biofilm

60
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40
30
20

i °..
0 0000000

00 0-9-9.9.9
-y

-10 o

®

-04-03-02-01 0 01 02 03 04 05 06 07 08 09

Anode voltage (V vs SHE)

Figure 2. The equivalent electron donor value (A) for the anode voltage response —0.3 to +0.8 V vs. SHE.

Bioenergetic coefficients of anodic biofilm

5

-2

-3

4

. fBO

-04-03-02-01 0 01 02 03 04 05 06 07 0.8 09

Anode voltage (V vs SHE)

Figure 3. Bioenergetic coefficients, f0 and f0 for anodic biofilm metabolism at anode voltage response
—0.3 to +0.8 V vs. SHE.

According to the f0 and f obtained from the applied voltage, the ARB growth reaction

(Equation (35)) based on acetate consumption is:

~1:(§COs + JHCO3 + H* + e~ = §CH3C00™ + §Hy0) + f0- (4 COx+
% HCO3 + 3 NH{ + H* +¢~ — §CHi5005No2 + § Hz0)

(35)

Also, + fé) - (—e™) will be delivered to anode to have a complete catabolic reaction. The stoichio-

metric reactions of ARB growth calculated for 3 cathodic voltages is given in Equations (36)—(38)).

0.125 CH3COO~ 4 0.367 H,O + 0.001 NH] —
0.005 CHy 3005Np2 +0.12 CO, 4-0.124 HCOZ +
0.98 H" +0.98 ¢~

0.125 CH3COO™~ 4 0.272 H,O + 0.012 NH} —
0.0605 CH1.8005Np2 + 0.076CO; + 0.113 HCO; +
0.746 HT +0.746 ¢~

0.125 CH3COO~ + 0.214 H,0O + 0.019 NH; —
0.095 CH; §095Np2 + 0.05 CO, +0.12 HCO; +
0.602 Ht +0.602 e~

Ecathode = —0.3 V vs. SHE
YARB, molar — 0.0384

Ecathode = —0.55 V vs. SHE
YARB, molar = 0.484

Eathode = —0.8 V vs. SHE
YARB, molar = 0.7582

(36)

(37)

(38)
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3.3.2. Stoichiometry of the Growth of Electroactive Methanogens

Figure 4 shows that the electron equivalent (A) is the highest at cathodic voltage —0.25 V vs.
SHE for methanogenic growth. Nevertheless, the electron source is acetate oxidation at anode and
the optimum A value is obtained at +0.3 V vs. SHE, which corresponds to —0.3 V vs. SHE at cathode,
theoretically. Therefore, —0.25 V vs. SHE is too low to provide enough electrical energy to undergo
acetate oxidation. Thus, the starting value for cathode will be —0.3 V vs. SHE. The stoichiometry of
cathodic biofilm was calculated for the obtained f? and f? based on the cathodic voltage and direct
CO, reduction to CHy (Figure 5). Then, the stoichiometric coefficients were calculated according to
the available electrons from anode. Figure 5 shows that —0.25 V vs. SHE results in the highest f0.
This means the methanogenic anabolism needs less energy. Thus, more electrons will be available for
CO, reduction to CH,4. However, because of anodic limitations, ff? and fso obtained at —0.3 V vs. SHE,
were the optimum bioenergetic coefficients to establish the metabolic stoichiometry of methanogens.

250

=N
1S} B e
o O

—
]
(=]

S]]
(==}

0 -0 0 -0-0- 8- 087

cathodic biofilm

o

L e S s ¢

n
=

Equivalent electron donor of (A)

-09-0.8-0.7 -06 -05-04-03-02-01 0 01 02 03 04
Cathode voltage (V vs SHE)

Figure 4. The equivalent electron donor value for methanogenic biofilm metabolism at different
applied cathode potentials from —0.8 to +0.3 V vs. SHE.
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Figure 5. Bioenergetic coefficients f0 and f0 for methanogenic biofilm metabolism at cathode voltage
—0.8 to +0.3 V vs. SHE.

The stoichiometry of metabolic reaction of electroactive methanogenic biofilm growth was
established for three voltages shown in Equations (39)-(41). The electron, CO,, and H source was
obtained from the oxidation of acetate via ARB. The cathodic biomass yield for different applied
voltages shows that the biomass yield based on CO; consumption increases at higher applied
voltages. The higher biomass yield is not thermodynamically beneficial because lower substrate will
be available for CH4 production.
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0.125 CO, 4 0.002 HCO; +0.98 HT +0.98 ¢~ +
0.002 NH; — 0.011 CH; 309 5N + 0.12 CHy+
0.25 H,O

0.107 CO, +0.01 HCO3 +0.746 H* +0.75 ¢~ +
0.01NH; — 0.048 CH; 305Ny 2 + 0.068 CHy+
0.22 H,O

0.095 CO; +0.014 HCO3 +0.6 HY +0.6 ¢~ +
0.014 NH; — 0.07 CHy §095No2 + 0.038 CHy+
0.2 H,O

Ecathode = —0.3 V vs. SHE
YARB, molar — 0.083

Ecathode = —0.55 V vs. SHE
YARB, molar = 0.417

Ecathode = —0.8 V vs. SHE
YARB, molar — 0.65

(39)

(40)

(41)

Figure 6 shows that the optimum anodic biomass yield can be achieved at cathodic voltage
—0.3 V vs. SHE. At voltages lower than —0.3 V, the anodic biomass yield becomes negative which is
thermodynamically impossible.

2 0.8
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Figure 6. Biomass yield of anodic ARB on acetate consumption and methanogenic biomass yield on
CO, consumption at cathodic voltage —0.8 to +0.3 V vs. SHE.

Figure 7 also shows that in higher voltages, more acetate is consumed for microbial cell synthesis,
and less substrate and electrons will be available for CHy4 production. Since electroactive methanogens
rely on electron and the substrate supply from anode, —0.3 V on cathode is optimum for the highest
CHy production. Also due to the anodic limitations, the methanogenic biomass yield is theoretically
obtained to be 0.083.

Although the model is developed for STD conditions, the results align with CHy yield ob-
tained from experimental studies. In a study conducted in long term operation of heat-treated
steel electrodes, lower applied voltage on cathode (—0.6 V vs. SHE) resulted in higher CH, pro-
duction compared to higher voltage (—0.7 V vs. SHE). It is stated that higher voltage disturbed the
methanogens and was not favorable for increasing CHy production [31]. Another research on a
single chamber BES reactor with graphite felt cathode showed that —0.65 V vs. SHE was in favor of
enhancing CH, evolution, while increasing the voltage to —0.8 V vs. SHE shifted the system toward
acetic acid production [16]. Another experimental study with amended iron graphite cathode also
showed that between —0.65, —0.7, —0.75, and —0.8 V vs. SHE, the optimum voltage for the highest
CH, production was —0.75 V vs. SHE [33]. The different optimum voltages in various reactors are
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due to factors such as different electrode materials, various substrates, microbial community, and

conductivity in different systems which impact ionic gradients in the BES reactors [34].
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Figure 7. Acetate consumption (in negative values) for anabolism and catabolism of anodic biofilm
and the maximum amount of CHy, which could be produced from acetate oxidation.

3.3.3. Effect of Acetate Concentration at Different Temperatures

f2and f? at different acetate concentrations and temperatures is given in Table 3. According to the
table, more negative voltage should be applied on cathode at lower acetate concentrations (0.0085 mol/L).
The values show the optimum theoretical voltage on cathode deviates to —0.4 V vs. SHE from —0.3 V at
STD condition (1 mol/L acetate).

Table 3. Theoretical voltages required for anodic oxidation of acetate at different concentrations and
temperatures, the minimum cathode voltage, and bioenergetic coefficients of ARB.

CH3COO™ (mol/L) T(CO Enew,oxacetatﬂ V) Ecathode (V) fe fs
0.0085 25 0.368357 —-0.4 0.9610 0.0390
0.0085 35 0.371187 —0.4 0.9644 0.0356
0.0085 45 0.374017 -0.4 0.9678 0.0322
0.0085 55 0.376847 —0.4 0.9712 0.0288

0.025 25 0.337177 -0.35 0.9838 0.0162
0.025 35 0.338961 —0.35 0.9860 0.0140
0.025 45 0.340745 —0.35 0.9883 0.0117
0.025 55 0.342529 —0.35 0.9905 0.0095
0.042 25 0.322182 —0.34 0.9656 0.0344
0.042 35 0.323464 —0.34 0.9671 0.0329
0.042 45 0.324745 —0.34 0.9686 0.0314
0.042 55 0.326026 —0.34 0.9702 0.0298

In addition, change in acetate concentration has more influence on applied voltage compared to

temperature changes. Higher temperature increases the ARB yield, so less electrons and substrates

will be released to be further consumed via methanogens at cathode. However, the effect of tem-

perature is insignificant at higher acetate concentrations for both ARB and methanogens (Figure 8).

Overall, concentration has more influence on the applied voltage. Nevertheless, f. which is the

coefficient of catabolism, increases by temperature elevation.
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Yield of ARB and methanogens
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ent temperatures.

3.4. Implementing the Model in a Real BES System, Model Validation

Figure 8. Yield of ARB and methanogenic biofilm at different acetate concentrations and differ-

According to the data from the reference experimental study described in Section 2.5, the

SCOD and acetic acid could be the most possible feed for the anodic microbes. The stoichiometry of
bioelectrochemical protein and acetate oxidation was established as given in Table 4:

Table 4. Bioenergetic coefficients calculated for experimental data at two different applied voltages.

Applied Cathodic Voltage Microbes fe’ f‘s’
SCOD oxidizers 0.947 0.053
—0.6 V vs. SHE Acetate oxidizers 0.9532 0.0468
Autotrophic Methanogens 0.89 0.11
SCOD oxidizers 0.87 0.13
—0.7 V vs. SHE Acetate oxidizers 0.884 0.116
Autotrophic Methanogens 0.877 0.123

At —0.6 and —0.7 V vs. SHE, the stoichiometry of anodic ARB for SCOD and acetate oxidizers,

and the calculated yield is given by Equations (42)—(45).

0.015C;5H24 05Ny + 0.0025HCO; + 0.3877H,0 —

0.0126CHy §095No2 + 0.058NH; + 0.2324CO,+ Ecathode = —0.6 V 0s. SHE (42)
0.886H+ +0.947¢~ YSCOD oxidizers, molar = 0.84
0.125CH3CO0~ + 0.356H,0 + 0.0022NH; —
0.011CHy §005No2 + 0.1161CO, + 0.1228HCO; + Ecathode = —0.6 V 0s. SHE (43)
0.9532H+ + 0.953¢~ YAcetate oxidizers, molar — 0.088
0.015C1H405Ny + 0.0062HCO; + 0.356H,0 —
0.031CHy §005No2 + 0.054N H} +0.2176CO,+ Ecathode = =0.7'V vs. SHE (44)
0.81H" + 0.87¢~ Yscop oxidizers, molar = 2.06
0.125CH3COO~ 4 0.953H,0 + 0.0055NH; —
0.0276CHy 509 5Np2 + 0.103CO, + 0.119HCO; + Ecathoge = —0.7 V vs. SHE (45)
0.884H+ + 0.884¢~ YAcetate oxidizers, molar — 0.221

The methanogenic growth stoichiometry with molar biomass and CH4 production yield can be seen
in Equations (46) and (47).
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0.132CO, + 0.0052 HCO; + 0.0052NH; + H* + Eeuthode = —0.6 V vs. SHE
e~ — 0.0262CH; 805Ny + 0.111CH,+ Ytethanogens, molar = 0.19 (46)
0.267H,0 Yer,, molar = 0.81
0.133CO, +0.0085 HCO; + 0.0085NH + H* + Ecathode = =07 V vs. SHE 47
e~ — 0.029CH; 5005No.2 + 0.109CH + 0.269H,0 Yiethanogens, motar = 0.205

YCH4, molar — 0.77

The model in the complex system shows that the molar biomass yield increases when higher
electric potential is applied to cathode, while molar CH, yield decreases at higher voltage. This
model thermodynamically proves that —0.6 V vs. SHE is the optimum voltage for CH4 production,
which aligns with the results of this experimental study. The model is valid for implementation in
real systems with multiple substrates, considering ohmic losses due to many factors such as non-STD
conditions, electrode intrinsic potential and mixed microbial environment.

4. Conclusions

The overall growth response of anodic and cathodic microbial biofilm gives essential system op-
erating data. It enables us to determine the acid /base dose requirements for nutritional requirements
per unit of electron donor and pH regulation. Also, it makes it simple to calculate the thermodynamic
characteristics of the system. For the growth of 1 mol biomass, the stoichiometric coefficients obtained
by both empirical and theoretical approaches were almost similar. While the empirical approach
is more straightforward to calculate the stoichiometries of growth, relating AG; to AE by Nernst
equation is easier by the theoretical approach. Therefore, a theoretical approach which is based on the
electron equivalent of the reaction, can be used to establish the stoichiometry of electroactive biofilms.
The model showed that more negative voltage (higher energy input) on cathode should be applied
when the acetate concentration is lower than the STD amount (1 mol/L). The thermodynamic model
showed that the applied voltage in a bioelectrochemical reactor for CHy recovery depends highly on
the concentration of organic substrate, even if ohmic losses are ignored. Higher temperature helps
for better performance at lower organic concentrations. To have energy-efficient process, temper-
ature and voltage can be regulated according to the availability of organic substrate for bioanode.
Implementing the thermodynamic model using accurate data, aligned with experimental results,
proves that the model can be used as an accurate tool for microbial biomass and CHy yield prediction,
enabling more effective system design and operation. By enhancing predictions of biofilm growth
dynamics, this approach supports the development of more energy-efficient BES configurations for
sustainable CH,4 recovery.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation11010040/s1, Table S1: The calculated parameters to
establish the stoichiometry of ARB growth at anode when the bioelectrochemical reactor is controlled
by different cathodic potentials.; Table S2: The calculated parameters to establish the stoichiometry of
electroactive methanogens at cathode at different cathodic potentials. Electrons and H* is generated
at anode. title; Table S3: Gibbs free energy of formation of different components.
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