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Abstract: Anaerobic biodegradation of petroleum-contaminated sediments can be accomplished by
a sediment microbial fuel cell (SMFC), but the recovered energy is very low (~4 mW m~2). This
is due to a high internal resistance (R;) that develops in the SMFC. The evaluation of the main
experimental parameters that contribute to R; is essential for developing a feasible SMFC design
and this task is normally performed by electrochemical impedance spectroscopy (EIS). A faster and
easier alternative procedure to EIS is to fit the SMFC polarization curve to an electrochemical model.
From there, the main resistance contributions to R; are partitioned. This enables the development
of a useful procedure for attaining a low SMFC R; while improving its power output. In this study,
the carbon-anode surface was increased, the biodegradation activity of the indigenous populations
was improved (by the biostimulation method, i.e., the addition of kerosene), the oxygen reduction
reaction was catalyzed, and a 0.8 M NaySO4 solution was used as a catholyte at pH 2. As a result, the
initial SMFC R; was minimized 20 times, and its power output was boosted 47 times. For a given
microbial fuel cell (MFC), the main resistance contributions to R;, evaluated by the electrochemical
model, were compared with their corresponding experimental results obtained by the EIS technique.
Such a validation is also discussed herein.

Keywords: electrochemical model; internal resistance; oxygen reduction; petroleum-contaminated
sediments; sediment microbial fuel cell

1. Introduction

Petroleum-contaminated sediments (PCS) are linked to the development of the oil
industry and present a growing social concern [1,2]. A feasible biodegradation technique
for PCS can be performed using the bio-electrochemical system (BES) approach [3]. Al-
though several BES configurations are available, from the academic point of view, the
most attractive designs are the MFC and SMFC configurations [4]. This technology can be
applied to extract and convert the chemical energy content in organic pollutants into useful
tasks, including bioremediation [5] and energy recovery [6], among others. Unfortunately,
SMFC-based power generation from unmodified anodic PCS is very low (~10 mW m~2) [7].
This is due to several biological and electrochemical limitations. In the first case, the fol-
lowing constraints can be mentioned: the rate of the anaerobic biodegradation of PCS is
low or negligible [8,9], and the poor composition and diversity of the indigenous microbial
flora [10] are linked to the quantity and quality of the organic matter contained in the
initial PCS [1,11,12]. Additionally, the ability of some bacteria groups to transfer electrons
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to the anode can increase/decrease the PCS biodegradation rate [13,14]. In the second
case, the main constraints are the SMFC design [6,15]; the cathode material, including its
involvement in the oxygen reduction reaction (ORR) [16-18]; the catholyte properties [19];
the anode materials [20]; and the separators [21]. The maximum observable voltage in
an SMFC is the open circuit voltage (OCV). Thereafter, due to the emergence of various
irreversible losses in the SMFC, the observed voltage systematically decreases as current is
withdrawn from the cell. The main losses can be described as overpotentials subtracted
from the OCV [22] or as the sum of various internal resistance fractions expressed as a total
R; of the SMFC [23]. Therefore, the SMFC R; is formed by several elements linked to the
biological and electrochemical factors just mentioned. The SMFC’s power output is low
when compared to that of proton exchange membrane fuel cells (FC) because the R; in the
first type of cells is much higher than that developed in the second [23]. Consequently,
the abatement of the whole R; is one of the main objectives in developing a feasible SMFC
design. The current produced by the electrochemical reactions develops a complex internal
resistance (impedance) at the electrode—electrolyte interface and forms the polarization
curve. Said curve is divided into three different regions, each of them defined by specific
impedance contributions that describe the electrochemical performance of the SMFC [22,24].
However, as in the case of an FC, the polarization curve alone does not enable the separation
of the main impedance contributions to R;, such as the activation resistance (Ry), polar-
ization resistance (R), double layer capacitor (C;), Warburg impedance (W), electrolyte
solution resistance (Rpic), and concentration resistance (R.onc). Therefore, additional tests
are required to evaluate them, such as EIS and the current interrupt technique [25-29].
In general, the transport of electrons from organic matter through bacteria, biofilms, and
finally to an anodic surface occurs in several complex steps [14]. The impedance developed
at the electrode—electrolyte interface implies the presence of some capacitors. Therefore,
different measurement methods may produce different R; values [23]. Alternatively, in
BES (including MFC/SMFC) the main impedance contributions to R; can be numerically
evaluated from experimental data [30-32]. Indeed, the polarization and power density
curves from MFC/SMEFC can be numerically fitted to the theoretical equations that repre-
sent such curves. As a result, a set of empirical constants (representing the main losses in
MFC/SMEC) can be determined [30,33]. The main objective of this proposed study focuses
on increasing the SMFC power output by minimizing the main components of the SMFC R;.
In the anolyte, the biodegradation activity of the indigenous populations will be improved
by the biostimulation method (adding kerosene). Whereas in the catholyte, its conductivity
will be increased, and the cathodic oxygen reduction involving 4e™ [19] will be catalyzed.
As an alternative to the EIS technique an electrochemical model will be used to evaluate
the main components of the SMFC R;. The theoretical equation describing the polarization
curve will fit the experimental polarization curve. From there, the main components of the
SMEC R; will be evaluated and then systematically reduced to increase (47 times) the power
output of the SMFC. A validation of the electrochemical model against EIS is also included.

2. Results and Discussion
2.1. Validation of the Electrochemical Model

The MFC experimental data published elsewhere [27] were adapted for the validation
of the electrochemical model. The polarization curve, reported in terms of volumetric
current, was converted to the polarization curve in terms of cell current. Then, it was
fitted to Equation (7), and a set of constants (a, b, ¢, Rypmic) were found. The predicted
MEC polarization curve and their resistances (Ruct, Ropmic, Reone) were compared with their
corresponding experimental results obtained by the EIS technique. In the cited paper,
EIS was applied at an open circuit voltage (using a two-electrode configuration) to the
named UMEFC1, and its R; was found to be 17.13 ohms. Furthermore, the main component
contributions in each of the three regions of the polarization curve were also evaluated,
obtaining R (7.05 homs), Rypmic (8.62 ohms), and Rene (1.46 ohms), whereby their sum
yields R;. The EIS technique reports the values of Ri and its main component contributions
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as constant values along the three regions of the polarization curve. However, the R;
parameters (except Rymic) are not constant, they are current-dependent parameters in the
three regions of the polarization curve [33-35]. From Equation (7), the UMFC1 polarization
curve and the main parameters (R;, Ract, Ropmic, and Reonc) were simulated as a function of
the cell current as depicted in Figure 1. This figure shows the experimental data points [27]
of the polarization curve (0). In addition, it shows the R; (e) as a function of current,
evaluated Equation (9), along with predictions of the current-dependent parameters such
as the polarization curve (dashed line, Equation (7)), Rs (solid blue line, combination
of Equation (4) and Ohm’s law), and Ree (solid red line, combination of Equation (6)
and Ohm’s law). Finally, the current-independent parameter R, (solid green line,
combination of Equation (6) and Ohm’s law) and the R; (solid black line, sum of internal
resistance fractions) were also included.
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Figure 1. Polarization curve (o) adapted from [27]. Predictions of polarization curve (dashed line),
R; (solid black line), Ry (solid blue line), Reone (solid red line), and R,y;c (solid green line). R; (o)
evaluated from Equation (9).

As expected, in the first region of the polarization curve (<2 mA, low current) the
contribution of Ry to R; is important. In the second region (from 2 mA to 35 mA, medium
to high current), the Rpic is the most dominant contribution to the R;. In the entire current
window (0-35 mA), the Ry is the lowest contribution to the R;. The R, (7.05 ohms)
evaluated from EIS technique falls in the low current region (<2 mA) as a constant value.
The predicted value of the Ry, is overestimated (20 ohms) with respect to the Ryjic
(8.62 ohms) evaluated by EIS. However, in both cases, Rj,ic is the major contributor to the
R;, suggesting that the cell design could be improved, a conclusion that was also withdrawn
by the authors of the cited paper [27]. In the last region, the predicted value of the Rcopc
(~0.3 ohms) is underestimated with respect to the Reonc (1.46 ohms) evaluated by EIS.
However, from the medium to high current, the predicted value of R; is 25% higher than
that evaluated by EIS. The evaluation of the MFC'’s R; (including its components) by means
of the EIS technique presents several challenges because this technique is focused to linear
systems (such as FC); however, MFCs are not linear systems [36]. Among the main EIS
shortcomings are the following: (a) its misinterpretation of the main process (mass transfer,
bioelectrochemical reactions, biofilm, and bacterial growth) occurring at the MFC [36],
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(b) at a low frequency EIS’s responses are inaccurate and unstable [30], (c) the separation
and quantification of both resistances R+ and Reonc is a challenging task [24], and (d) the
position of the electrodes in the MFC can alter the value of R; and its components including
the bacterial activity on the anode [37]. The observed faradaic current (produced from
redox reactions) is always linked with no faradaic current associated to the capacitive
component, one of the main impedance contributions to R; [38]. Hence, the R; evaluated by
different experimental methods may result in different R; values [23].

2.2. Evaluation of SMFC Ri from Initial PCS

The SMFC anolyte was loaded with the initial PCS. Both electrodes were made from
one piece of unmodified CF each; however, for the anode, the CF was cut into four pizza-like
segments. The catholyte was tap water (pH 8). When the maximum OCV (0.66 £ 0.06 V)
was reached, the polarization curve was obtained (not shown in this work). In the first
region of the polarization curve (low current, <3.4 x 1072 mA), the R; increased exponen-
tially, from 350 ohms to 7800 ohms. Therefore, the Vsyirc dropped rapidly to 0.40 V due
to the activation of overpotentials. In the second region (from 3.4 x 1072 mA to 0.15 mA),
both current-dependent parameters (Vsyrc and R;) slowly decreased due to ohmic losses,
reaching ~0.24 V and ~3145 ohms, respectively. In the third region (>0.15 mA), the Vsyirc
and R; reached 0.17 V and 3000 ohms, respectively. Under this SMFC configuration, the
maximum power output was ~4 mW m~2. When unamended PCS are used as a source of
organic matter in the SMFC anolyte and its electrodes are an unmodified carbon material,
very low energy can be recovered [7]. The rate of chemical energy conversion to electrical
energy by means of an SMFC is low due to the high internal resistances that contribute
(Ract, Ronmic» and Reonc) to the R;.

2.3. Lowering SMFC Ri

Considering the main results obtained in Section 2.2 and following the main guidelines
to minimize R; [22,24,34], the following strategic procedure was developed. To attain a
low Ry in the SMFC, the following steps were taken. In the cathodic side, the ORR
was catalyzed on a birnessite/CF-electrode to promote the 4-electron pathway [19,39].
Furthermore, the ORR on birnessite/CF-cathode was investigated at different catholyte
pH values. In the anodic side, two segmented CF pieces were employed as an anode.
Such modifications were focused on minimizing the kinetic limitations of the cathodic
and anodic electrochemical reactions. To attain a low R,pic, the tap water catholyte was
replaced by 0.8 M NaySOy at different pH values. To attain a low Rcoyc, in the cathodic side,
the air-saturated catholyte was secured. In the anodic side, the initial PCS was enriched
with 3 g of kerosene. Kerosene is not considered to be inhibitory to microbial activity;
therefore, it is considered biodegradable [40,41]. In the presence of extra organic matter, it
was expected that indigenous bacteria (contained in the initial PCS) would improve their
biodegradation activity rate while minimizing both R,,,; and kinetic limitations. A faster
anaerobic biodegradation of kerosene in the anolyte would allow faster H* production,
ensuring efficient cation transfer across the 0.04 m sediment gap to the catholyte. Therefore,
the minimization of R, would be expected.

Figure 2 shows four polarization curves (e) at different pH values, from top to bottom:
pH 2, pH 4, pH 6, and pH 8. When the four polarization curves were fitted to Equation (7),
a set of constants (4, b, ¢, and R,,;,,i.) were found for each polarization curve. In the same
Figure 2, for each pH value, the four polarization curves were predicted from Equation (7)
(solid black line). At zero current, the OCV development faces the polarization resistance
(or charge transfer resistance), Ry,. Said resistance depends on several factors linked to both
electrodes. On the anolyte side, the most important are the quantity and quality of the
available organic matter, a consortium of bacteria adapted (acclimation period) to degrade
the substrate and transfer electrons through bacterial redox pairs to the anode. On the
catholyte side, the most important factors are conductivity and ORR.
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Figure 2. Polarization curves at different pH values (from top to bottom: pH 2, pH 4, pH 6, and
pH 8) of an SMFC; experimental data (e) and their corresponding predictions (solid black line). An-
ode: 2 pieces of CF; anolyte: PCS + 3 g of kerosene. Cathode: birnessite /CF; catholyte of 0.8 M NaySOy.

In this set of experiments, the lowest OCV value was caused by a higher pH value
(pH 8). The change in pH from pH 8 to pH 2 increased the OCV by 0.55 V, and the
polarization curves moved up to a more horizontal position while they were extending to
a large current direction, thereby improving the SMFC power output. The cathodic ORR
performs better at low pH values because of increases in the SMFC power output [42].
When the catholyte’s pH decreases by 2 pH units from pH 8 to pH 2, the SMFC R; decreases
as well. Figures 3—6 show the effect of such a pH variation on R; (experimental points,
e and its predictions, solid black line) along the studied current range. Additionally, in
the same graphs, the predictions of current-dependent parameters R, (dashed dotted
line), Reone (dashed line), and the parameter independent of current, R,;c (dotted line),
are shown as well.

At pH 8 (Figure 3), the lowest contributor to the R; is Reonc and the highest contributor
is Ropmic over the entire current range studied; therefore, the goal was to decrease the
Ronmic, although at low currents the R, is high. At pH 6 (Figure 4) and low currents,
a larger scattering between the experimental data points and the predicted values of
R; was detected. In this current interval, the main components contributing to R; were
underestimated. However, the general pattern is similar to that of the pH value above: the
lowest contributor to the R; is Ry and the highest contributor remains Ry,;;,;c throughout
the current range studied. Although R, and Ry, decreased at pH 6, the R, value
(450 ohms) was almost the same as at pH 8. At pH 4 (Figure 5) a dramatic change was
noted: except for low currents, the lowest contributors to the R; are Ryt and Ryppic. In
general, at pH 4, all the components that contribute to the R; are reduced compared to
higher pH values. Rpyic is lowered more than an order of magnitude. For pH 2 (Figure 6)
and low currents, a larger scattering between the experimental data points and the predicted
values of R; was detected. In this current interval, the main components contributing to the
R; were underestimated.
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Figure 3. Variation of SMFC resistances at pH 8: experimental R; () and the predictions of R; (solid
line), R+ (dashed dotted line), Ry (dashed line), and Ry, (dotted line).
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Figure 4. Variation of SMFC resistances at pH 6: experimental R; (¢) and the predictions of R; (solid
line), Ry¢+ (dashed dotted line), Reonc (dashed line), and R,y (dotted line).
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Figure 5. Variation of SMFC resistances at pH 4: experimental R; () and the predictions of R; (solid
line), Ryt (dashed dotted line), Reonc (dashed line), and R,y (dotted line).
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Figure 6. Variation of SMFC resistances at pH 2: experimental R; (o) and the predictions of R; (solid
line), Ry (dashed dotted line), Repnc (dashed line) and Ry, (dotted line).

For the current range studied, the largest contributors to the R; are Ry and Reope.
The lowest contributor to R; is Ric, its value was reduced almost 20 times from that at
pH 8. A systematic decrease in the catholyte’s pH reduces the SMFC R; and simultaneously
increases the power output. From the polarization curves (Figure 2), the power vs. current
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curves were obtained (not shown in this work). The maximum output power density, for
each pH value, was evaluated from the point of maximum power, obtaining the following
results: pH 8, 23 mW m~Z; pH 6,40 mW m~Z; pH4, 77 mW m~2; and pH2, 187 mW m~2,
If key parameters such as the R; (~3000 ohms), output power (4 mW m~2), and maximum
current (0.15 mA) obtained with the initial PCS (Section 2.2) are considered, after their
modifications, they were drastically improved. The R; was reduced by almost 20 times
(~150 ohms), the output power was increased by almost 47 times (187 mW m~2), and the cell
current was improved by 13 times (2 mA). The further improvement of an efficient SMFC
technology, based on a quick and simple diagnosis of R; (curve fitting), could focus on
developing interesting environmental tasks, such as bioremediation or the energy recovery
of heavy contaminated sediments.

3. Materials and Methods
3.1. SMFC Construction

A 20 L sample of PCS was taken from a polluted river (Coatzacoalcos River in the Gulf
of Mexico, 594 km southeast Mexico City). The unmodified PCS sample was collected into a
plastic vessel and kept at a low temperature until it was used in the experimental procedure.
A cylindrical SMFC (0.16 m high, 0.105 m internal diameter) was set up as reported in a
previous publication [19]. The anolyte consisted of 6.93 x 10~* m3 of PCS + 3 g of kerosene
to increase the initial organic matter content. The initial bacterial consortium in the PCS
sample was taken as the inoculum without further modification. The catholyte consisted
of 4.33 x 10~* m? of 0.8 M Na,SO, (Merck, Mx) at different pH values. The volume was
kept constant by the of addition of tap water. Air was constantly bubbled to maintain an
Os-saturated catholyte. From circular pieces of carbon fabric, CF (Fibre Glast Development
Corp. USA; 0.1 m diameter), cathode, and anode were manufactured. A birnessite/CF-
cathode was directly synthetized as previously reported [19,39,43]. To increase power
density, two CF pieces were used as an anode. Each CF-anode piece was cut into 4 pizza-like
segments and buried in the amended PCS. To minimize bioturbation occurrences [44,45],
each anode segment was individually bonded with an insulated stainless-steel wire to a
single resistance and then to the birnessite/CF-cathode. Cathode and anode were separated
for 0.04 m of petroleum contaminated sediment.

3.2. Data Acquisition

By means of an external load (38 k ohms), the anode and the cathode were electrically
connected and a AV was slowly developed for 10 days until reaching the pseudo-steady
state (reaching a maximum OCV =+ 0.06 V). At this moment, the anode was colonized by
an adapted bacterial group. Although the ideal time that is necessary to reach the pseudo-
stationary condition before recording the OCV is unclear [24], the mentioned criterion was
previously accepted as an indicator of a well-developed SMFC OCV [19,46]. A similar
criterion was adopted when the polarization curve was formed. When the SMFC’s external
electric circuit is closed with a high external resistance (R.xt) and is then gradually replaced
by a lower Rey (from 38 k ohms to 250 ohms), the cell current will flow, while the observed
SMEC voltage (Vsprc) will fall accordingly, forming the polarization curve. For each Reyt,
its corresponding Vsprc was recorded until the pseudo-steady state was reached (~15 min);
the corresponding cell current was derived from the law of Ohm. After this, the SMFC
external electrical circuit was reverted to maximum OCV (38 k ohms) before testing a lower
Rext. Experimental points (AV vs. cell current) were acquired, recorded, and administered
by means of a commercial microcontroller board (Arduino UNO, model ATmega328, USA.
Purchased in Mexico, at an ordinary hardware store) connected to a PC. Along the three
regions of the polarization curve, some critical points were tested three times and then
averaged. All standard deviations were assumed to be as found for triplicate tests. For some
experiments, the cell power and current were normalized to the geometric cathode area.
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3.3. Electrochemical Model Equations

When the SMFC electrical circuit is closed with a (R.y) and varies smoothly from
a high value to a low value, the current will flow while the SMFC voltage will drop
accordingly, due to irreversible losses. Consequently, the SMFC R; develops by forming a
polarization curve. Although several losses are caused by the SMFC, the most important are
the following: polarization resistance (Rp), activation resistance (Ryct), electrolyte solution
resistance (R,y;;;c), and concentration resistance (Repnc) [23,47]. Irreversible losses can be
expressed as overvoltages or as resistances. The polarization curve can be described as a
set of overpotentials that are subtracted from OCV, according to Equation (1) [24,47]:

Vsmrc = OCV — Hact — Hohmic — Mconc (1)

Overpotentials due to activation (or polarization), ohmic losses, and concentration are
represented by: #act, fohmic, aNd Hcone, respectively. The activation overpotential can be

expressed as:
RT i RT i
ot =) * 2 (57) @

where R is the universal gas constant; T is the absolute temperature; F is the Faraday
constant; n is the number of electrons; i is the observed current; &, and &, are the transfer
coefficients for the anodic and cathodic electrochemical reactions, respectively; and i, and
ip,c are the exchange currents of the anode and cathode, respectively. On the right side of
Equation (2), all constant values of the cathode (i.e., R, T, F, n, a¢, and i ) are algebraically
collected in two constants, a. and b, and the corresponding constant values of the anode
are collected in constants a4, and b,. Therefore, Equation (2) is rewritten as:

Nact = (ac + b In(i)) + (a5 + ba In(i)) (3)
where a. = — R 1In(iy ). and b, = KL are the constants related to the cathode. Similarly,
acnF , acnF Y

constants 4, and b, can be defined for the anode. Further simplifications can be made
by considering a = a. + a, and b = b, + ba. Therefore, the activation overpotential can be
expressed by Equation (4).

Nact = (a + bIn(i)) 4

Overpotential due to ohmic losses can be expressed as:
Hohmic = 1Ronmic &)

where R,j,ic is the ohmic internal resistance. Overpotential due to concentration can be

expressed as:
i
Uconc:Cln<. L ) (6)
1, —1

where ¢ = % and iy, is the observed limiting current in the polarization curve. By combin-

ing Equations (4)—(6), a good approximation of the polarization curve is obtained:

Vsmec = OCV — (a + bIn(i)) — iRppmic — ¢ h‘(iLlL— l,) @)

In general, the combination of experimental data (polarization curve) and Equation (7)
allows for the estimation of the constants (g, b, ¢, and Ric, using a MATLAB commercial
version) belonging to the three different regions of the polarization curve [33]. The main
equivalent irreversible losses can be expressed as overpotentials (Equation (1)) or internal
resistances that contribute (Ract =#act/1, Ronmic = Yohmic/1, Reonc = Heonc/1) to R;. From
Equation (7), it is possible to simulate the MFC/SMFC polarization curve and its main
parameters (R;, Ract, Ropmics Reones Wacts Wohmic, and Heonc) as a function of the cell current.
Such a simulation allows for an evaluation of the performance of an MFC/SMFC in terms
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of energy and power output. Alternatively, the polarization curve (Equation (7)) can be
expressed as a function of R; according to Equation (8):

Vsmrc = OCV — Rji ®)

As stated at the beginning of this section, the polarization curve is formed when Rey;
decreases smoothly. Therefore, introducing Ohm’s law (Rext = Vsppc/i) in Equation (8), an
equivalent equation can be obtained that expresses R;,; as a function of Rey:

ocv
Ri = (V - 1) Rext (9)
SMFC

For each R,y value, the total R; can be evaluated pointwise along the polarization curve
from Equation (9). Additionally, from the experimental polarization curve (Equation (8)),
the power density curve is derived and represented by Equation (10).

psmrc = (OCV)i — R;i* (10)

where psprc is the SMFC power output represented by a second-degree polynomial (a
parabola). The R; can be expressed as a sum of internal resistance fractions; for example,
Ri = Ract + Ropmic + Reone, where the addends correspond to the fractions of internal resis-
tance to the anode, cathode, electrolyte, and concentration, respectively. More addends can
be added to represent additional internal resistance fractions, such as membrane resistance
(Rm). Each summand can be further discretized into more parameters to differentiate them
from each other and facilitate their individual identification by curve fitting [30].

4. Conclusions

The SMFCs’ R; values are very high when unmodified anodic PCS is used for energy
recovery. The evaluation of the main resistance contributors and their minimization is an
important task with respect to designing an experimental strategy that minimizes them and
improves the power output of the SMFC. EIS is one of the most widely used techniques
to evaluate R;. In this work, a faster and simpler alternative procedure (curve fitting) was
applied to EIS to estimate the Ryet, Ropmic, and Reone. Therefore, applying this procedure to
a given MFC, the predicted R; was 25% higher than that evaluated by EIS. In this work,
the SMFCs’ R; and their main resistance contributors were evaluated at initial conditions.
They were then minimized by increasing the anode’s surface area, adding 3 g of kerosene
to the anolyte, catalyzing the ORR, and using 0.8 M NaySO; catholyte at pH 2. As a result,
the SMFC R; was reduced by 20 times and its power output increased 47 times. A small
R; indicates low overpotentials and thus a high SMFC power output. For future work,
this methodology can be implemented to improve the SMFC performance and focus it on
bioelectrochemical remediation technology.
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