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ARTICLE INFO ABSTRACT
Keywords: The desire for a net-zero carbon future is a key driver for innovation in renewable energy. Amongst several
Soil Microbial Fuel Cells emerging solutions, soil microbial fuel cells (SMFCs) pose an interesting addition as a low-cost, carbon-neutral
Modelling

technology. A full understanding on the electro-generative processes in SMFCs has, however, yet to be achieved,
hindering the technology’s translation into practical applications. In this study, an in-depth investigation into the
evolution of the output voltage generated by membrane-less, flat-plate SMFCs that accounts for the contribution
of both the anode and cathode potential is provided for the first time, along with a study of the influence that
organic matter content and porosity in soil has on voltage dynamics. Four stages in voltage evolution over time
were observed, which depended on soil properties. The content of organic matter had the greatest effect, leading
to an output voltage nearly-three times higher, when it increased from 10 % to 50 %. In this case, the anode
potential reached a value of —450 mV, which prompted an exponential increase in the cathode potential and led
to a power density of 68 mWm 2. The experimental findings were used to develop a novel computational model
that, by predicting the electrochemical behaviour of the SMFC in different soils, becomes a powerful guide for
operating strategies that can markedly enhance electricity generation. Consequently, this study sets the foun-
dation for effective system optimisation and real applications.

Bioanode
Biocathode
Bioenergy

agricultural by-products [3]. Additionally, new bio-based forms of en-
ergy are continually emerging, one of which is soil microbial fuel cell
(SMFC) technology.

SMFCs hold great potential as a low-cost and sustainable power
source [4]. The technology relies on endogenous electroactive micro-
organisms that convert the chemical energy stored in biodegradable
matter in soil directly into electricity [5]. With respect to other types of
microbial fuel cells, the complexity of soil matrices, however, introduces
several unknowns in the processes behind energy generation by SMFCs.
The influence on the performance of SMFC systems of moisture content,
soil texture [6] and reactor design [7], has been investigated to maxi-
mise the power output and enhance the bioremediation capability.
Nonetheless, to date the voltage evolution during start-up in SMFCs has
not been investigated in-depth yet, resulting in start-up times that range
from weeks to months [8]. The start-up time, also referred to as the
enrichment process, is associated with the time required for the elec-
troactive bacteria to acclimate and form a biofilm on the anode surface.
As the electroactive biofilm grows, a charge imbalance is generated due

Introduction

The 21st century will go down in history as a period of transitions,
pressed by the rapidly changing climate. Humans have finally begun to
realise the scale of the damage inflicted on the planet, through the
abusive use of fossil fuels, and there is an urgent demand to find solu-
tions to minimise our carbon footprint whilst satisfying growing energy
demands. Currently, hydro, wind and solar are the dominant forms of
renewable energy, accounting for 54 %, 24 % and 21 % of the world’s
total renewable energy generation capacity respectively [1]. However,
their climate and geographical dependencies, allow them to meet only
11.2 % of the total energy consumption [1]. To fully replace fossil fuels,
additional renewable energy technologies that can work in symbiosis
with nature are needed. Bio-based technologies are particularly attrac-
tive as biomass is an abundant resource [2]. Modern biomass, especially
biofuels and wood pellets, are increasingly used for heat and power
generation, alongside other traditional biomass sources such as
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Nomenclature

List of symbols

Symbol Description Units

aj Specific area of electrodes 17,700m™!

C; Concentration of i-th species molm~3

g4 Free diffusivity of i" species in water m2s~!

i Effective diffusivity i™ species in the j® domain m2s~!
EJQ Potential for the half-maximum-rate (Equations (1), 2)V
F Faraday’s Constant 96,485Cmol !

I Volumetric current density Am—3

Ky Specific rate of k' reaction molm=—3s~!

kq Inactivation constant for biofilm d !

K Half-saturation constant molm3

R Universal constant of gases 8.314JmolK !

T Temperature K

Vj Electric potential in the j-th domain V
Zx Number of electrons in k™ reaction-
Subscripts

Mg Suspended microorganisms

Ma Adhered microorganisms

An Anode

Cat Cathode

S Organic Substrate

Greek letters

€ Porosity of the j-th domain-
n Electrode over-potential V
v Stoichiometric coefficient -
c Electric Conductivity Sm™1

to electron production from microbial oxidation pathways and transfer
to the electrode, making the anode more negatively charged and the
cathode more positively charged. Hence an electromotive force (or
voltage) is created, and a current can flow across the fuel cell [9].

The enrichment process has been widely studied in conventional (i.
e., liquid) microbial fuel cells to design effective strategies that can
enhance performance by promoting the growth of electroactive biofilm
onto the electrode surface, and by accelerating the start-up process [10].
Solutions include: poising the electrode or fuel cell potential; operating
the fuel cell in open circuit voltage (OCV) mode for a defined period of
time; or applying a specific external impedance to the system. [11].
Controlling either the fuel cell potential or the anode potential exposes
the microbial fuel cell to potentials not normally achievable in natural
redox settings, thus providing insights on biofilm evolution, composition
and behaviour [11]. Aelterman et. al.,, demonstrated that fixing the
electrodes at a set potential can regulate the activity of electroactive
species, suggesting that such technique can be used to enhance elec-
trochemical properties of mixed-culture biofilms [12]. The practicality
of such approaches in the field is, however, questionable, given the
requirement of external equipment such as a potentiostat. Microbial
acclimation under open or closed-circuit conditions are more compat-
ible with field settings. The closed circuit method in particular, allows
the tuning of the biofilm electrochemical properties according to the
applied external load [13]. It is, however, also the slowest method; in
fact the highly selective conditions imposed by low external loads delay
the development of a functional biofilm [14]. To date, no in-depth
investigation on the enrichment process in soil microbial fuel cells has
been reported. In SMFCs, parameters such as soil structure, porosity,
moisture and substrate availability can have a marked impact on per-
formance [15]. In particular, porosity significantly affects permeability
and, therefore, the mass transfer rates of the substrate towards the
electrodes and its availability for the bio-electrochemical reactions [16].
Static operations, where there is no input flow of fuel, are typical in
SMECs [17]. Consequently, in these systems slow mass transfer pro-
cesses can lead to local imbalances in the concentration of nutrients due
to faster consumption rates at the electrode surface, markedly affecting
performance over time [19]. A good prediction of the distribution of
chemical species within the soil, as a function of soil properties, is
therefore key to SMFC design. This information can be supported by
mathematical modelling, since effective experimental determination is
difficult to achieve in this case and can be very expensive.

In this study, for the first time an investigation into the evolution of
the output voltage generated by flat-plate membrane-less SMFCs in
different soils is performed. The soils samples differed from each other in
terms of clay content, and therefore porosity, and organic content. The
experimental data are used to develop a mathematical model that, by

Table 1

Physiochemical properties of the soil used in the study.
Parameter Soil-1 Soil-2 Soil-3
pH 6.5 6.7 7
Electrical Conductivity, uScm ! 750 390 380
Nitrogen (Total), % 2.1 0.85 0.62
Phosphorous, mg kg~! 510 650 770
Potassium, mg kg’ 1300 1900 2400
Organic Matter, % 50 19 10
Total Organic Carbon, % 29 11 6
Clay Content 18 11 3
Silt Content 19 16 15
Sand Content 63 73 82

predicting electrochemical performance according to soil properties,
becomes an important guide for the design of optimal operating condi-
tions for SMFCs, and the consequent development of strategies for sus-
taining long-term performance.

Materials and methods
Materials

All reagents were purchased from Alfa Aesar and Sigma-Aldrich of
analytical grade and used without further purification.

Three different soil types were used in this study, referred to as Soil-
1, Soil-2 and Soil-3, which were collected from three different locations
around the University of Bath campus. After collection, the soils were
sieved, cleaned from small stones, roots, and leaves, and analysed
(Eurofins Chemtest 1td). Table 1 summarises the properties of the three
types of soil used.

The three samples differed in texture and organic content: Soil-1 and
Soil-2 are sandy loams, Soil-3 is loamy sand (classification by the US
department of agriculture, [20]). According to agricultural soils in En-
gland and Wales standards (data from National Soil Inventory [21], the
three types of soil show organic content above mean, and clay content
below mean, with Soil-3 having both values below minimum.

SMFC design and operation

The SMFC reactor design used in this study (Fig. 1a), consisted of two
graphite felt electrodes (Online Furnace Services 1td), 10 x 10 x 0.7 cm,
at a fixed distance of 4 cm, as previously described [22]. The electrodes
were manually woven with titanium wire (Alfa Aesar), which acted as
the current collector. Prior to installation, the anodes underwent an acid
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Fig. 1. (a) SMFC reactor design tested in this study: (b) Experimental set-up; (c) Schematic of the three integration domains used for the mathematical model.

and heat treatment, to increase the hydrophilicity of the graphite felt
material [23]. The SMFCs were placed in PVC boxes (3 replicates per
box) filled with 6 kg of soil each, with the anode buried in the soil and
the cathode directly exposed to air, as shown in Fig. 1b. Three litres of
water were added to each box until a water sealing layer was formed on
the soil surface, which would prevent the cathodes from flooding. An
additional box filled with Soil-1 was constructed to monitor the pH over
time. The pH was monitored with a pH analogue sensor (DFRobot,
SEN01061) logging the data every 1 min in two different depths form
the soil surface: approximately at a 1 cm depth, so close to the cathode;
and at a 4 cm depth, nearby the anode.

The SMFCs were operated at room temperature (i.e., 20 + 2 °C
during the day and 16 + 2 °C during the night). A 510 Q resistor was
applied to the SMFCs and the output voltage, E, was monitored using a
data acquisition system (DAQ6510, Keithley). Throughout the study, the
individual electrode potential was measured once per day against a Ag/
AgCl reference electrode. Every-two days, approximately 0.7 L of tap
water was distributed in each box via a gravity irrigation system,
comprising of a 25 L water tank (TanksDirect), an electronic water timer
(Kingfisher) and a micro drip irrigation kit (Yikaich). After 57 days of
operation, 50 g of biochar (5-5-5 NPK, GroChar, Carbon Gold) was
added to the box with the SMFCs operated in Soil-1. The water-soluble
organic compounds (WSOCs) present in the biochar [24] include
similar compounds naturally found in soil dissolved organic matter,
such as organic acids, sugars, amino acids, and humic substances [25],
and are therefore a good nutrient source for the biofilm developed onto
the surface of the anode and cathode of the SMFC. The biochar granules
were ground into powder and sprinkled on top of the soil surface to
maximise the release of WSOCs via a large contact area between the
biochar and the irrigation wate, which would, therefore, enhance
WSOCs diffusion towards the electrodes. Mixing the biochar powder
into the soil would be impractical during operation as it would lead to
risks of oxygen cross-contamination in the anodic region [26] and
change physiochemical properties of the soil [27]. During operation, the
SMFCs underwent a series of polarisation tests, performed by varying
the applied resistance, Rext, from 900 kQ to 40 Q every 10 min, by means
of a resistance box (Cropico RM6 Decadcamee) and by recording the
pseudo-steady output potential. Ohm’s law, E = I Ry, was used to
calculate the corresponding current (I) at each value of Rex. The power,
P, was calculated by using the power law, P = IE. The internal resistance
was calculated by fitting the power curves with a polynomial trend line,
extrapolating the data, and applying Jacobi’s law, stating that Rint = Rext
at the maximum power point [28].

Model description

The SMFC behaviour was mathematically modelled to identify the
different operating factors that influence the electrochemical perfor-
mance and, accordingly, to derive guidelines for effective operations.
The model integrates mass balance of both substrate and biomass within

the soil and on the electrode surface, with the relevant equations for
electrochemical and bioelectrochemical reactions, and with Poisson’s
equation for charge conservation, as previously reported [29]. The set of
equations were solved in a 2D geometry that represents a cross-section
of the experimental system. The integration domains (Fig. 1c) are:
anode (domain 1), where biofilm grows and electricity is generated
along with substrate consumption; cathode (domain 2), where oxygen
reduction occurs along with protons consumption; soil (domain 3),
where transport of chemical species occurs within the soil, which is
represented as a porous matrix.

Based on the experimental results, new assumptions and features
were added to the model developed previously [29], as follows:

Microorganisms are modelled as both suspended in soil (M;) and

attached onto the electrode surface in the form of a biofilm (M,)

e A single substrate (S) reaction is considered, where the substrate is
organic matter. S is dissolved in the water within the pores of the soil.
A dissolution equilibrium is established onto the pores surface be-
tween the organic matter in the dissolved (S.q) and solid phase. A
concentration of dissolved organic of 47 mg C dm~> was assumed in
particular, which corresponds to an average value reported for soil
samples similar to those used in this work [30].

e At the anode, it is assumed that only bioelectrochemical reactions
occur, which are catalysed by the anodic biofilm.

e At the cathode, the chemical oxygen reduction reaction (ORR) is the

sole reaction initially occurring. When the anodic potential reaches a

target steady value (as revealed from the experimental data), a

cathodic biofilm is established so that a biologically catalysed ORR

also occurs.

Both anodic and cathodic biofilm are formed through nucleation and

growth of suspended microorganisms [31]. A conduction-based ki-

netics is used to describe the bioelectrochemical activity of both
biofilms [32] with a Nernst-Monod kinetics model, which relates
substrate consumption to microbial activity and electric potential.

Biofilm inactivation follows a pseudo-first order law [33,34].

Under these assumptions, the reaction rates of biofilm nucleation (rq,
mol m~3s71); growth (r, mol m~3 s71); and inactivation (r3, mol m~3
s™1) at both anode and cathode can be written as:

Cs CMS F -
=k———|1 — — 1
" TR, o+ Ko [ rew ( RT"E) ] @
C, Cy F -
=k ] —— 2
& ZCS + K CM,\ + KS-MA |: * exp( RTnE> :| ( )
= deM,, 3)

where:k; (mol m3 s’l), ko (mol m3s 1) and kq (s~ Y are the specific
reaction rates; K; (mol rn’?’), K ps (mol m’3), and K, (mol m’3) are
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Fig. 2. Evolution of the cell voltage generated by SMFCs in Soil-1, along with cathode and anode potential vs Ag/AgCl. Error bars refer to 3 replicates.

the half saturation constants; 7 (V) is the electrode overpotential (V-E%).
Both kinetics and diffusion processes in porous media were consid-
ered in the mass balances of the jth species in the i domain:
Ei% +Ve ( - ~9j.ivcj.i) =R;; “4)
where: C;; (mol m~2) is the concentration of substrate, protons, or mi-
croorganisms; ¢; is the porosity of the soil; 7;; (m2 s’l) is the diffusivity.
The reaction term R;; (mol m 3 s 1) is related to the bioelectrochemical
reactions occurring onto the porous surface of the two electrodes and to
the equilibrium of dissolved species in the water within the soil pores; it
can be defined as:

Rspnjca = — (11 +12) 5)
RMXAn/Cut = —Vomn (6)
Ry snjca =11+12—13 @)
Ru+ anjcar = O+ (11 +12) ®
Ry s0it = asoitks (Seq — Spore) ©

where ks, is the mass transfer coefficient of the substrate from the surface
to the bulk of the pore soils: a value of 3 x 10 m s~ ! was assumed for ks,
which corresponds to an average value for dissolution in stagnant water
[35].

The chemical ORR at the cathode follows the Butler-Volmer-like
equation [36]:

F

Charge conservation within the SMFCs is described by using Pois-
son’s Law [37]:

Ve(—GVV,)=f an

where o; (Sm™1) is the conductivity and f; (A m~3) is the current source,
i refers to anode (An), soil (Soil) or cathode (Cat). Equation (11) has
been applied to the three domains of integration (Fig. 1c), the current
sources were obtained from the rates of the faradaic (electrodes) or
diffusive (soil) processes with the Faraday’s law. Organic matter (the
substrate) was modelled as equivalent acetate, so 8 electrons are

generated from its oxidation at the anode.
The model equations were numerically solved with the following
boundary conditions:

e Soil-electrode boundaries: continuity of concentration of chemical
species, and microorganisms

e External boundaries: no flux of species (VC; = 0) and no charge
(VV =0).

The numerical solution was obtained by using COMSOL®, further
details on model equations and numerical solution can be found in [29].

Results and discussion
Voltage evolution with time

The evolution of the voltage generated by the SMFCs over time,
along with the individual electrode potentials, was measured under
closed circuit conditions over a two-month period. Fig. 2 shows the re-
sults obtained. Four different stages were identified.

Stage I is associated with an increase in the output potential gener-
ated by the SMFCs, which corresponds to a decrease in the anode po-
tential over time. Both the anode and the cathode start from a potential
of + 300 mV, which, after 9 days, drops to a value of —298 mV for the
anode and —262 mV for the cathode. The redox potential is indicative of
how oxidised (aerobic) or reduced (anaerobic) the soil is, as well as of its
electron availability. Aerated, upland soils, tend to have a positive po-
tential of + 100 mV vs Ag/AgCl, whereas in flooded soils, as the oxygen
is consumed, the potential can decline down to — 300 mV [38]. The latter
case is representative of the experimental set-up in this study, since the
soil moisture content was maintained above 90 % to favour the transport
of ions and nutrients and minimise oxygen contamination in the anodic
region.

Around day 10, a further drop of 150 mV in the anode potential can
be observed (which decreased from —300 mV to —450 mV). This drop
can be associated to a well enriched electroactive biofilm formation at
the anode [39]. The anode potential is a consequence of the microbial-
mediated redox reactions occurring at the electrode, reaching a poten-
tial set by the substrate oxidation. For example it corresponds to —487
mV in the case of acetate oxidised to COy [40]. The large variety of
chemical compounds present in soil, challenges the possibility to exactly
pinpoint the substrate(s) oxidised at the anode of the SMFCs. Still, it has
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Fig. 3. Comparison of power performance at different enrichment times for SMFCs operated in Soil-1. A) Power curve and B) polarisation curve, including individual
electrode potentials, after 14 days of operation. C) Power curve and D) polarisation curve, including individual electrode potentials, after 45 days of operation. E)
Power curves and F) polarisation curve, including individual electrode potentials, after 60 days of operation. Error bars refer to 3 replicates.

been demonstrated that microbial fuel cells operating on a variety of
substrates typically present an anode potential at open circuit of —448
mV vs Ag/AgCl [41].

At the end of the second week of operation, when the SMFCs reached
a steady voltage of 110 + 10 mV, polarisation tests were performed, as
shown in Fig. 3A. Each SMFC generated a peak power of roughly 60 uW,
at a current of 600 nA. Monitoring the behaviour of individual electrode
potentials under different external loads revealed that the system is
limited by the cathode (Fig. 3B). The anode potential remained nearly
unchanged at —450 mV, suggesting no electron transfer limitations as
more current was sourced from the circuit, however, the cathode po-
tential dropped almost instantaneously from an open circuit potential of
—100 mV, to nearly —400 mV, thus reflecting the voltage drop across the
whole fuel cell.

Large cathode potential drops at low currents are characteristic of
activation losses, and their magnitude depends on the reduction kinetics
[42]. Non-modified graphite exhibits poor kinetic and electrocatalytic
activity towards redox reactions. Consequently, several strategies,
including acid, thermal, electrochemical, and/or microwave treatments,
have been considered to enhance the electrochemical properties of the
carbon electrode and its wettability [43,44]. As the cathode did not
undergo the acid/heat treatment reserved for the anode, the graphite
felt was hydrophobic, restricting the ionic and electrochemical in-
teractions, resulting in very high contact resistance with the electrolyte
and thus very slow oxygen reduction reaction (ORR) rates [42].

Following another 19 days of operation, the cathode potential
observed an exponential increase, reaching a value as high as + 185 mV
after 40 days of operation, Stage II in Fig. 2. The trend in potential
growth exhibited by the cathode very closely resembles a microbial
growth curve, showing a lag, an exponential and a steady-state phase,

which suggests the formation of a cathodic biofilm, responsible for
decreasing the ORR activation barrier and catalysing the reduction re-
action. To confirm the involvement of biological processes in the
cathodic activity, biofilm enriched cathodes from sacrificial SMFCs were
exposed to UV-light for 15 min. Ultraviolet treatment is an effective
disinfection strategy [45], and in contrast to chemical or thermal
treatments, does not affect physical and chemical properties of the
electrode [46]. As shown in Fig. 1S in the Supplementary Data, the UV-
treatment led to a 42 % power drop, thus confirming a biocatalytic
process.

Past work into biocathodes has confirmed microbial reduction
catalysis, which may follow either an anaerobic or an aerobic path,
depending on the nature of the electron acceptor [47]. In this study,
aerobic biocatalysis is most probable, as the cathodes are directly
exposed to air. Several studies on liquid microbial fuel cells have re-
ported the use of aerobic biocathodes, with onset potentials for ORR
ranging from + 0.4 V to —0.15 V vs Ag/AgCl [48]. The highest onset
potential, closely matching the observed open circuit potential of the
cathode in this study (+0.32 V), was believed to be related to the activity
of aerobic, electrotrophic bacteria, that gain energy for metabolism and
growth by using electrons to generate ATP and to fix CO5 into biomass
[49]. Therefore, it is likely that once the anodic biofilm acclimated, and
a steady electron generation occurs, the growth of an electrotrophic
biofilm at the cathode is favoured, enabling a more positive cathode
potential. This hypothesis would explain why the growth of the cathodic
biofilm occurs only when the anode reaches a steady, negative potential.
To investigate this relationship further, a side study was performed,
where cathodes were replaced with fresh graphite felt electrodes, after
14 days of operation, when the anodic potential reached a value of
approximately —450 mV (see Fig. 2S). Once connected to the anode via a
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resistor, the cathodic potential was —281 mV, and started to incline after
5 days, taking only 2 weeks (instead of 36 days, as in Fig. 2) to reach
positive potential. This finding confirms the dependency of the cathode
potential evolution, on the anodic performance, and suggest a strategy
to accelerate the fuel cell start-up.

After 42 days of operation, the output voltage generated by the
SMFCs stabilised at 550 mV, with an anodic potential of —370 mV and a
cathodic potential of + 180 mV (Stage III in Fig. 2). In this stage, both
the anode and the cathode appear to be at their optimal performance,
and the SMFCs generate a current four times higher than at the end of
Stage I (1.1 mA vs 0.3 mA), under the fixed load. Polarisation tests
confirm this result, showing a peak power 10 times greater than in Stage
I, as shown in Fig. 3C. This improvement in performance is largely
attributed to the cathode. As shown in Fig. 3D, the open circuit potential
of the cathode significantly increased from —100 mV in Stage I to 4+ 300
mV in Stage III. Additionally, a positive cathodic potential was sustained
under lower external loads and greater currents, which suggests much
greater ORR rates. The SMFCs, however, appear to be still limited by the
cathode, since a sharp drop in the cathode potential, reflective of the
drop in the SMFC output voltage, was observed after 1.2 mA. This per-
formance decay, occurring at high current densities, is associated with
mass transport limitation, and is referred to as cathodic concentration
losses [42]. Insufficient supply of oxidants (i.e., O3) and slow removal of
products (i.e., Ho0) at the cathode are some of the causes responsible for
reactant depletion or product accumulation, lowering the overall SMFC
performance [42]. In microbial fuel cells, mass transport limitations at
the cathode are typically much more severe than transport limitations at
the anode, remaining one of the biggest barriers to power scale-up [42].

After 54 days of operation, a decay of 200 mV (over three days) was
observed (Stage IV, Fig. 2). Since during this time the anode potential
increased from —380 mV to —110 mV, the overall drop in the output
voltage generated by the SMFCs appears to be caused by the anode.
Polarisation tests further confirmed this hypothesis, as shown in Fig. 3E.
The peak output power dropped by 65 %, reaching 0.2 mW, corre-
sponding to a significant decay in the anodic performance, Fig. 3F.
Although the exact cause for such behaviour is unknown, several hy-
potheses can be drawn from previous studies. Gonzdlez del Campo et.
al., concluded that the build-up of thick biofilm layers onto the electrode
surface, characteristic of batch systems, such as the one tested in this
study, can lead to the hindrance of charge transfer to the anode, thus
increasing the internal resistance and ultimately worsening the perfor-
mance [50]. Further, high current generation, such as in Stage III, may
force the anodic bacteria to operate beyond their metabolic capacity,
eventually leading to performance collapse [51]. High current genera-
tions have also been shown to cause a marked local pH drop, as a result
of proton accumulation in the anodic region, due to slower transfer ki-
netics, which may affect the metabolic performance of the anodic bio-
film [52]. No substantial changes in the pH where, however, observed
nearby the anodic and cathodic region, probably due to the limitation of
the equipment used (see Fig. 3S in the supplementary Data).

Finally, this decay in performance may be caused by local fuel lim-
itations, as a consequence of slower mass transfer rates of the organic
substrate compared to kinetic rates at the anode [53]. When high cur-
rent is generated, the rate of electron depletion from the anode is pro-
portionally higher. After two weeks of operation under these conditions,
the SMFCs may have reached a point where the rate of charge transfer to
the anode slows down due local substrate limitation and can no longer
sustain the rate of electron consumption, imposed by the external
resistor, thus raising the anodic potential. A very similar trend was
observed in our previous work [54]. When SMFCs were operated under
maximum power point tracking, and therefore forced to produce high
currents, a rapid voltage decline was observed, which corresponded to a
rise in anodic potential, [54]. Local substrate consumption leading to a
gradual decrease in biomass, and thus in voltage output, has also been
reported for the case of organic-rich soils and graphite felt electrodes
[55].
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Fig. 4. Evolution of cell voltage and electrode potentials in SMFCs operated in
three different quality soil. A) SMFC cell voltage; B) Anode potentials vs Ag/
AgCl; C) Cathode potentials vs Ag/AgCl. Error bars refer to 3 replicates.

Influence of the soil quality

The electrochemical performance of SMFCs is clearly influenced by
the physiochemical properties of the soil in which they are operated
[56]. An in-depth investigation into the influence of soil type onto the
enrichment process in SMFCs is, however, still missing. In this study,
SMFCs were operated in three different soils, which mainly differ in
their content of organic matter and permeability (see Table 1). Fig. 4A
compares the enrichment curves of the SMFCs observed in the three soils
over a 60-day period of operation.

As shown, in Soil-1, a steady voltage develops 4 and 10 days faster
than in Soil-2 and Soil-3 respectively. This difference is associated to a
faster drop in the anode potential in Soil-1 (Fig. 4B), which on day 10
reaches a value of —300 mV compared to —215 mV and 10 mV in Soil-2
and Soil-3 respectively. The most negative value of the anodic potential
was —438 mV on day 15 in Soil-1, —392 mV on day 23 in Soil-2, and -33
mV on day 19 in Soil-3. Additionally, the negative anode potential was
sustained the longest in Soil-1 (37 days), then in Soil-2 (30 days) and the
shortest in Soil-3 (4 days).

This difference in the anode performance is aligned with the physi-
ochemical differences of the three soil types tested. Soil-1 had the
highest clay content (18 %), followed by Soil-2 (11 %) and Soil-3 (3 %).
High clay content makes Soil-1 less permeable to oxygen, hence more
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Table 2
Model parameters.
Symbol Value Unit Ref.
7, -9 2.1
s lel0 m°s [63]
Du+ -9 2.1
H 910 m*s [63]
T -9 261
H 5310 mes [63]
T ~10 201
Ms 3e10 m°s [64]
k1.an 951077 molm—3s~1 This work
k2.an 7401074 molm=3s~1 This work
k1 car 11076 molm 351 This work
k2 car 4.25 molm 3571 This work
ka.ancat 1 d! This work
Ksm, 34 molgm~3 This work
K ms 2 molgm™3 This work
Kss 60 molcm ™3 This work

anaerobic, which may be the reason for the faster drop in the anode
potential and the sustained lower anode potential, and thus higher
voltage generation, throughout the operation. Clay has been shown to be
more promising than sand and silt for the operation of SMFCs, because of
its membrane-like properties that restrict oxygen access to the anodic
region while facilitating ion transfer [26,57].

As shown in Fig. 4C, in Soil-3 the cathode potential stabilised at +
312.5 mV, higher than that observed in Soil-1 (+186 mV) and Soil-2
(+140 mV), which was reached 14 and 31 days faster respectively.
This evolving positive cathode potential in Soil-3 is, however, the
consequence of a poorly performing anode, resulting in a poor electron
transfer and accumulation at the cathode. Therefore, despite the highest
cathodic potential, the SMFCs operated in Soil-3 generated the lowest
maximum output voltage of 200 mV, compared to 550 mV in Soil-1, and
320 mV in Soil-3.

The difference in the organic content in the three types of soil is
likely to be the main reason for the observed difference in the perfor-
mance of the SMFCs. Organic matter content has a predominant influ-
ence on output voltage and power in microbial fuel cells [58]. On the
other hand, the decrease in the voltage observed during Stage IV, may be
attributed to substrate depletion nearby the anode [59], or in the bulk of

600 1« Soil-1

Soil-2

500 - ¢ Soil-3

400

mV

Voltage

200

100
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the soil [55,60]. Soil porosity, which influences the substrate mobility
availability for the bio-electrochemical reactions, may dictate the rele-
vance of either local or bulk substrate depletion at the anode. Soil-1 has
an amount of organic matter respectively 2.6 and 5 times higher than
Soil-2 and Soil-3. This suggests that the availability of fuel for the anodic
biofilm is significantly higher in Soil-1, which is reflected by a more
negative anode potential in this soil, sustained for a longer operating
period. Additionally, the carbon to nitrogen ratio in soil can influence
the metabolic activity of microbes [61] and it has demonstrated to affect
the electrochemical performance of microbial fuel cells [62]. The C:N
ratio in Soil-1 Soil-2 and Soil-3, derived from the total organic carbon
and total nitrogen content (Table 1), is respectively 14:1, 13:1 and 10:1.
Therefore, the higher C:N ratio in Soil-1 may have promoted a better
anodic performance and greater voltage generation in Soil-1.

Computational model

The SMFCs were mathematically modelled to quantify the effect of
different factors in soil that influence SMFC performance, and conse-
quently derive guidelines on effective operating conditions and optimal
electrode enrichment strategies.

A previously developed model [29] was adapted to interpret the
experimental data, by introducing two processes at the cathode: a
chemically catalysed ORR and a biologically catalysed ORR. Consid-
ering the complexity of soil matrices, a measurement of soil parameters
during SMFC operation would require a great number of samples and/or
online analyses to account for variations in time and space, which would
ultimately be impractical with SMFC operations. We therefore based our
model on a minimum number of experimental data, related to the most
influential parameters, and derived the other data from the literature.
The model was solved in three scenarios, corresponding to the three
types of soil tested in the experiment, Soil-1, Soil-2 and Soil-3. The
model parameters, summarised in Table 2, were derived from the
experimental data (Fig. 5) and from the literature, as specified in
Table 2.

The model parameters were determined from data of Soil-1; the
trend with time of cell voltage was calculated with parameters from
reference [22]. Kinetic constants were then adjusted to fit the experi-
mental data. The same kinetic parameters were then used to model the

60

—

80

T T T T ol

100 120 140 160 180

Time / Days

Fig. 5. Voltage evolution with time as predicted by the developed model up to 180 days of operation in the three different types of soil. Shaded area shows the model

fit of the experimental data. Unshaded area shows the model prediction.
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predicted by the model, for times: 0 d, 25 d, 45 d, 60 d.

SMECs in the other two types of soil, while the porosity and the organic
content was changed to reflect the different properties in the three soil
types tested. Values of porosity from the literature were used in the
model, related to soils with the same content of sand, loam, clay, and
organic matter of the samples used in the experiments: € = 0.3 (Soil-1),
and € = 0.6 (Soil-2 and Soil-3) [65].

As shown in Fig. 5, the developed model can predict the experi-
mental data obtained with the SMFCs operated in the three types of soil.
The distribution of relative errors (as ratio RE between absolute error
and experimental value) for Soil-1 shows that 87 % of each data pre-
diction in the model has an RE lower than 10 %, while 78 % has an RE
lower than 5 %. The corresponding values for the other soil types are: 83
% of prediction with RE < 10 % and 72 % with RE < 5 % (Soil-2); 78 %
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of prediction with RE < 10 % and 65 % with RE < 5 % (Soil-2).

Although the model underestimates the second value of plateau in
the voltage, the difference between experimental and calculated data is
within the experimental error for most data. In the case of the SMFCs
operated in Soil-1, after a lag time of about 3 days, which depends on
nucleation rate of the anodic biofilm (Equation (1)), the output voltage
raises as current is generated through the mechanism described by
Equation (2). After approximately 30 days of operation, the model
predicts a second increase in the output voltage, corresponding this time
to nucleation and growth of the cathodic biofilm, once again as
described by Equation (1) and Equation (2) respectively; the potential
then drops down after about 40 days. The model predicts a different
trend of potential for the SMFC operated in Soil-2: the anodic biofilm
nucleates and grows, leading to an increase in the SMFC output voltage,
however the cathodic biofilm grows only after 50 days. When the SMFC
is operated in Soil-3, a single increase in voltage is predicted.

The model can provide a quantitative interpretation of the effect that
key soil properties, such as organic content and porosity, have on the
electrochemical performance of the SMFCs. Fig. 6 shows the predicted
space profiles of voltage and substrate concentration, normalised by the
initial content of organic matter in the three soil types, under different
operating times.

As shown, the model predicts clear differences among the three
operating conditions. Soil-1 is characterised by high content of organics,
and therefore by a great availability of substrate. This availability sup-
ports the bio-electrochemical reactions and allows the cell voltage to
reach the value of about 150 V, corresponding to an anodic potential of
—400 V, which favours the formation of the cathodic biofilm. On the
other hand, Soil-1 has a low porosity, which influences the permeability
of the soil, and therefore the ability of the substrate to diffuse towards
the electrodes. The mobility of the substrate and ions is relatively low,
and a local depletion of substrate is predicted near the electrodes under
long operation times. As predicted by the Nernst-Monod mechanism, the
substrate becomes limiting, and the growth rate of electroactive bacteria
decreases, resulting in an overall decrease in biomass and, ultimately, in
the output voltage.

Soil-2 has a lower content of organic matter with respect to Soil-1,
but a higher porosity and therefore availability of organics. In this soil
therefore, substrate consumption is initially balanced by the substrate
diffusing from the bulk of the soil to the anode. Under longer operating
times, the lower concentration of substrate in Soil-2, however, results in
lower reaction rates, so that the growth of the cathodic biofilm is
delayed to an operating time of over 50 days.

The availability of substrate is very high in Soil-3, since it is char-
acterised by the largest porosity, however the content of soluble or-
ganics, and thus the reaction rates, is 5 times lower than the case of Soil-
1. Consequently, the electricity generation is limited and so is the
development of the cathodic biofilm.

The model also allows a prediction on performance according to the
electrode distance in alignment with previous studies [66].

The formation of the cathodic biofilm depends on the cell potential,
and then on the reaction rates. If the concentration of substrate available
for the electricity generation is low, then the reaction rates, and the
consequent raise of potential, are slow. Consequently, the formation of
the cathodic biofilm could not start in Soil-3, or may require a much
longer period to develop. These remarks are illustrated in Fig. 5, where
the trends of voltage predicted by the model for up to 180 days are re-
ported. Cathodic electrogenic activity is predicted for the SMFCs oper-
ated in Soil-1 and Soil-2, at long durations, whereas none is predicted for
the case of Soil-3.

The model prediction of voltage decay over time raises concerns
about the feasibility of SMFC technology in long-term implementations.
The possibility of recovering the voltage was investigated for the SMFCs
operated in Soil-1. In this case, the voltage decrease, occurring between
day 52 and day 55, was accompanied by voltage fluctuations, which
were caused by the anode. One hypothesis is that the high current
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Fig. 7. Voltage recovery for the three SMFC replicates operated in Soil-1, with the addition of biochar. Data displayed shows a 1-minute sampling frequency of the

fuel cell voltage.

generation exerted stress on the anodic biofilm, leading to performance
disruption [67]. On day 55, the external load was disconnected and the
SMFCs were left open circuit for 2 h, reaching an OCV of approximately
740 mV. After closing the circuit, the fuel cells generated an output
potential of 550 mV, however, 12 h later the voltage dropped, and
fluctuations in the anodic potential were observed (Fig. 7). To assess
whether the voltage drop was related to substrate limitation, on day 57,
50 g of biochar was spread on top of the soil surface, as described in the
methodology. One day later, a 200 mV rise in voltage was observed, and
the SMFCs were able to sustain a steady voltage for another week, after
which the study was stopped. This test confirms that the SMFC perfor-
mance can be sustained provided that adequate organic matter is sup-
plied. This can also be achieved by introducing plants in the soil, which
deposit organics during photosynthesis [68].

Conclusions

SMFCs could play an important role in the space of renewable energy
technologies if their performance can be controlled and engineered. In
this regard, this study investigates the effect that physicochemical
properties of the soil has on the performance of SMFCs, and accordingly
presents operating conditions that ensure sustained energy generation.
SMFCs operated in soil with greater clay content (less permeable to
oxygen), developed a high voltage faster, due to a more rapid drop in the
anodic potential. Additionally, for the first time, it has been shown that a
well-functioning anode, with a negative potential of —450 mV, can boost
the performance of the cathode (from —300 mV to + 180 mV), likely to
be related to the growth of a catalytic biofilm onto the cathode surface,
which leads to a substantial increase in the SMFC output voltage, under
closed circuit conditions. Aside from soil porosity, the organic matter
content is also critical. SMFC operated in soil with the highest organic
matter content (50 %) significantly outperformed SMFCs in soils with
19 % and 10 % organic matter, generating 550 mV vs 320 mV and 200
mV, respectively. When local substrate depletion caused a drop in per-
formance, the addition of biochar in soil was beneficial. The experi-
mental data were used to develop a computational model that accurately
predicts the SMFC performance according to soil conditions and be-
comes therefore a benchmark guide on how to effectively operate the
technology and to guarantee optimal performance.
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