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Abstract: The increasing use of fertilisers rises the risk of eutrophication, a sudden algal bloom that
seriously damage ecosystems due to critical oxygen depletion. Continuous monitoring of oxygen in
environmental waters could improve the detection of eutrophication and prevent anoxic conditions.
However, online and in situ dissolved oxygen sensors are yet to be implemented due to poor
portability and power requirements. Here, we propose a ceramic soil microbial fuel cell as a self-
powered sensor for algal growth detection via monitoring of dissolved oxygen in water. The sensor
signal follows the characteristic photosynthetic cycle, with a maximum day current of 0.18 + 0.2 mA
and a minimum night current of 0.06 + 0.34 mA, which correlates with dissolved oxygen (R2 = 0.85
(day); R?=0.5 (night)) and algal concentration (R?=0.63). A saturated design of experiments on seven
factors suggests that temperature, dissolved oxygen, nitrates and pH are most influential
operational factors in the voltage output. Moreover, operating the system at maximum power point
(Rext=2 kQ) improves the sensor sensitivity. To the best of our knowledge, this is the first proposed
MEC-based biosensor for in field, early detection of eutrophic events.
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Climate change and excessive use of fertilizers in agriculture is intensifying eutrophication of
water bodies worldwide. High concentration of nitrates and phosphates in water, promote rapid
growth of microalgae on surface waters that excrete harmful toxins and produce hypoxia in the
subsurface waters, leading to irreversible loss of biodiversity [1]. Early detection of sudden growth
of algae could help implementing proactive approaches to control the use of fertilisers, reducing the
risk of eutrophication [2]. Eutrophication causes oxygen supersaturation during the day and
depletion during the night on surface waters, as a consequence of photosynthetic production of
oxygen [1].

Current monitoring techniques for detection of algal blooms, based on remote sensing
technologies such as radar or satellite, are effective in open sea but have suffer from image
interferences due to vegetation and urbanization in inland waters, where the risk of eutrophication
is higher [3]. These systems are, in addition, costly and data analysis is slow, hence not effective as
early warning systems (EWS) [4]. Continuous, in-situ and online sensors to monitor algae growth are
not readily available yet, due to shortcomings in portability, autonomy and long-term stability [5].

Microbial Fuel Cell (MFC)-based biosensors are a type of electrochemical biosensor that have
been proposed as an alternative to overcome some of these issues, due to simplicity in the design and
low power requirements [6]. Recently, a ceramic, soil-based MFC (CSMFC) sensor was proposed by
our group as a portable device for online, in-situ and real time readings of dissolved oxygen (DO) in
water [7].

In this study, we propose to use CSMFC technology as an early warning system for eutrophic
events by monitoring the distinctive photosynthetic day/night patterns of dissolved oxygen in water.

To effectively calibrate the sensor, a preliminary analysis on a wide range of possible influential
factors should be done to account for all important variables. This analysis is rarely performed
because it involves a large amount of experiments, especially when the “one factor at the time”
approach is followed. In contrast, Design of Experiments (DoE) is an efficient tool that maximises the
knowledge of a system with minimum number of experiments [8]. Within DoE designs, a Resolution
III saturated fractional design (RIII) is commonly employed as a preliminary screening to identify the
most influential factors on a novel design. In a RIII, the main factors are confounded with second
order interactions, meaning that the accuracy of the design is low for prediction purposes. Resolution
designs constitute, however, an effective first step to identify the most influential operational and
design variables in the response of the system [8].

In this study, the effect of temperature, DO, nitrates, conductivity, pH, external resistance and
cathode material on the voltage output is investigated following a RIII design methodology.

2. Materials and Methods

2.1. Materials

All chemicals were purchased from Sigma Aldrich without further purification. Aqueous
solutions were prepared with reverse osmosis purified water.

Soil was collected at the outskirts of the University of Bath campus and cleared of branches and
leaves prior to be used. The organic content of the soil, measured with the loss of ignition method [9]
right after collection, was 16.88 + 0.91%

Water with algae was collected from a pond at the University of Bath (51.378294, -2.328439) on
the 4th of January of 2019 at 10 am and filtered with a sieve to remove grit and debris. Aliquots of 50
mL of pond water were inoculated for ten days in 250 mL of Bold Basal Medium (BBM) [10]. The
culture was sub-cultured three times for ten days each time in 250 mL of BBM, to select for
photosynthetic species. The resulting culture was maintained in 1 L bottles at an OD750nm between 0.7
and 1. All algal cultures were grown in an incubator at 12 h/12 h light cycle under white light at 5 Im
m™! intensity, at 25 °C and agitation of 180 rpm. The cultures were inoculated in aseptic conditions
and maintained on sterile containers with natural airflow.

The pH was measured with a pH-meter (Thermo Scientific Orion ROSS Ultra pH/ATC Triode,
USA). Conductivity was measured with a conductivity benchtop cell (Orion, Thermo Scientific).
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Dissolved oxygen was measured with a DO portable meter (RDO Orion 7003, Singapore). Nitrates
were measured by using a commercial reagent for high range samples (0-14,000 ppm, HANNA
Instruments HI 839800 COD reactor).

2.2. Operation of the CSMFC in Eutrophic Water

The CSMFCs consist of a terracotta vessel (Little Bug Crafts, UK) of dimensions 7.4 cm (height)
x 8 cm (upper diameter) x 4.8 cm (bottom diameter) x 0.04 cm (thickness). The anode was made of
four pieces (3 x 3 x 0.7 cm?®) of graphite felt (GF, Online Furnace Services Ltd.), acid treated as
previously described [11], woven together with Ti wire (25 mm, Advent Research Materials, Oxford,
UK) The cathode (6 x 4 cm?) was made of two pieces of carbon cloth (Plain carbon cloth, Etek Cloth
A, Fuel Cell Earth US) and one piece of 0.7 x 4 x 6 cm? for the graphite felt cathode. The CSMFC were
assembled as described in our previous study (Figure 1). Anode and cathode terminals were
connected to an external resistance (Rext) of 1 kQ) and to a data logger (PicoLog High Resolution Data
Logger, Pico Technology) to monitor the voltage every minute. During enrichment, the CSMFCs were
placed inside a 250 mL glass vessel containing 200 mL of an algae solution of OD750 nm = 0.06 in
BBM with a final pH = 6.4 and conductivity of 750 uS cm. The vessels were covered with parafilm
to prevent contamination while allowing transport of gases. The set up was operated in a black box
on a 12 h/12 h light regime with 60 W adjustable blue and red LEDs (light intensity of 40 mW cm™).
Experiments were run at room temperature of 20 + 3 °C.

250 mL

7.4 cm
Cathode
Cathode
° e Algae
C® ® g © Ny

Figure 1. Sketch of the set up. (A) CSMFC in a 250 mL beaker with algal (green circles) solution. (B)
Dimensions of the CSMFC device.

2.3. Electrochemical Characterisation

Polarisation tests were conducted to evaluate the effect of two cathode materials, carbon felt and
carbon cloth, used as cathodes materials, hereafter referred as CSMFC-CC and CSMFC-CF
respectively. The polarisation tests were not performed on the algal solution, because unsteady DO
due to photosynthesis will challenge the results interpretation. Instead, new CSMFC were enriched
and operated in tap water at DO = 8.6 mg L, following the procedure reported in our previous study
[7]. The tests were performed by applying an external load within the range of 10 MQ-100 Q with a
resistance box (RS Components, UK), starting from Open Circuit Voltage (OCV) and waiting until
signal stabilisation in each step. The current (I) was calculated according to Ohm’s Law (I = V/Rext)
and power (P) was calculated as P =1 x V. Tests were performed in triplicate.

Drifts in the cathodic performance over time were assessed with cyclic voltammetry (CV) using
a potentiostat (PalmSens4, Palmsense) and a 3-electrode system where the algal cathode served as
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the working electrode, an array of four stainless steel meshes (4 x 4 cm?) as counter electrode and a
Ag/AgCl (3 M KCl sat) as reference electrode. The CVs were run at a scan rate of 1 mV s swiping
from 0.6 V to -0.6 V vs Ag/AgCl with 5 s of stabilisation in a 250 mL beaker with 200 mL of BBM as
electrolyte without agitation, approximately five hours after the start of the light period. CV test was
performed in duplicate.

2.4. Influence of Factors on the CSMFC Response

A saturated fractional design on seven factors and eight experiments was performed in duplicate
to test the effect of DO, nitrates, conductivity, pH, temperature, external resistance, electrode
material, having the sensor voltage output as response. For that, new CSMFCs were enriched as
previously described, in the absence of algae [7]. Table 1 shows the treatment levels chosen for each
factor, which are selected based on typical values for environmental waters ([12]) including high
conductivity to mimic operation in seawater. The external resistance was chosen as the optimum
value for power generation (Rext = 2 k(2) and a higher value of 5 k), to slow down the kinetics of
organic matter oxidation and extend the sensor’s lifetime [13]. Carbon cloth, CC, and carbon felt, CF,
were chosen as electrode materials due to their proved stability in biological systems. Table 2 shows
the standard order table for the DoE and Equations (1)-(6) show the confounding pattern of the main
factors with second order interactions. Higher order interactions are assumed negligible. The detailed
aliasing procedure of the factors to obtain the confounding pattern is described in specialised DoE
references [8]. In our case, the aliasing pattern, ignoring third and fourth order interactions, is:

M=CxNOs=DO x pH =T x Rext (1)
C=M x NOs=DO x T = pH x Rext (2)
DO =M x pH=C x T=NOsx Rext (3)
NO3s=M x C=DO x Rext=pH x T 4)
T=CxDO=M xRext=NOsx T 5)
Rext=DO x NOs=CxpH=MxT (6)

Table 1. Range of study of the factors.

Factors Level
+ -

Temperature, T/°C 30 10

Dissolved oxygen, DO/mg L 10 1

pH/- 9 5
Conductivity, C/uS cm™! 3000 150
Electrode material, M GF cC
Rext/Q 5000 2000

NOs/mg L 10 1

Table 2. Standard order table for the RIII experimental design. V1 and V2 are the normalised by the
baseline (pH =7, DO =5.5mg L; T =20 °C).

Run M C DO NO:;=MxC pH=MxDO T=CxDO Rext=MxCxDO V1 V2

1 CC 300 1 10 9 30 2000 1.06 0.60
2 CF 300 1 1 5 30 5000 096 0.95
3 CC 3000 1 1 9 10 5000 0.70 0.99
4 CF 3000 1 10 5 10 2000 0.73 0.74
5 CC 300 10 10 5 10 5000 0.88 1.05
6 CF 300 10 1 9 10 2000 1.24 1.01
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7 CC 3000 10 1 5 30 2000 147 213
8 CF 3000 10 10 9 30 5000 1.08 0.96

Coding of factor levels and the experimental runs (Table 2) were performed following the
methodology described in our previous study and using the same set-up.

The statistical analyses, model assumptions and Pareto Plots were performed by using the R
software (www.r-project.com), using the code provided in our previous study.

3. Results and Discussion

3.1. Enrichment and Operation of CSMFC as DO Sensor in Eutrophic Waters

Figure 2A shows the enrichment period of the CSMFCs in the algal solution. This is the time
when microorganisms colonise the electrodes and form electroactive biofilms. The lag period, during
which an output current is not yet detectable, extends up to 10 days, longer than reported in other
types of MFCs with algal cathodes [14-17]. This delay could be a consequence of oxygen crossover
from the catholyte into the anode chamber that impedes the growth of strict anaerobic electroactive
bacteria [18]. Oxygen crossover is indeed an issue in algal assisted sediment MFCs where current is
inversely proportional to DO and algal concentration due to the negative effect of oxygen on the
coulombic efficiency [16,19]. Figure 2B shows that DO and voltage are positively correlated,
suggesting that the performance of the anode is not compromised. Despite the proximity of the
electrodes (electrode distance: 3 cm), oxygen crossover is reduced in the CSMFC by the higher organic
content of soil. The soil in fact promotes microbial activity and oxygen uptake, preventing diffusion
of oxygen towards the anode. Oxygen diffusion is further impeded because the soil is water
saturated, enhancing anaerobic conditions at the anode. In addition, the higher ratio anode to cathode
exposed area, ensures that the cathode rate limits the signal output, which is therefore independent
on the anode potential [7,20].
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Figure 2. (A) Enrichment of the CSMFCs in algal catholyte. Shadowed areas correspond to the
standard deviation of the mean and the blue areas in the inset correspond to the dark cycle. (B)
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Evolution of pH (circles), DO (triangles), conductivity (squares) and absorbance (crosses) during the
enrichment period. Error bars correspond to the standard deviation of the mean. Data refer to three
replicates.

From day 10, the output current follows the typical photosynthetic cycle, with current increasing
during the day and decreasing in the night (inset in Figure 2A), as shown in previous studies [15,21].
The steady state is reached after 17 days, with a maximum day voltage of 182.8 +27.8 mV (0.18 £ 0.2
mA) and a minimum night voltage of 60.0 + 34.2 mV (0.06 + 0.34 mA). The day/night cycle is not
observed in CSMFCs enriched in the absence of algae, which suggests that, in the experimental
conditions, oxygen reduction is the rate-limiting reaction (data not shown) and dominates the sensor
signal.

The pH of the catholyte increases over time (Figure 2B), possibly due to both production of
hydroxyl ions and carbonate depletion in the electrolyte. The energy gain in the ORR in basic media
is lower than acid media [22], hence the power output of the CSMFC is lower than reported elsewhere
on buffered algal assisted cathodes, operated at neutral pH. Buffer control is nonetheless not practical
for real applications [23]. Consequently, the catholyte pH shifts to alkaline enhancing the peroxide
pathway, reducing the sensitivity of the sensor to DO [24]. Additionally, the production of reactive
oxygen species induce stress on algal metabolism, which could trigger an unwanted metabolic
response [25]. Alkaline conditions are often inevitable in eutrophic waters [21] and should be taken
into consideration in the evaluating the sensor performance.

The slow increase in conductivity, observed in Figure 2B is probably due to crossover of ions
from the soil to the catholyte. The high conductivity of soil improves migration of ions, particularly
relevant in freshwater environments. Algal growth could not be assessed after day 11 days due to
clumping and aggregation of algae in the catholyte.

Figure 3 shows that indeed current cycle corresponds to DO variations with a correlation factor
of R?=0.66 over a time span of ten hours (R?=0.85 in night period and R?= 0.5 during the day period).
The correlation factor is lower than reported in a SMFC sensor monitoring DO in tap water [7].
Possibly, the high DO in the day, up to 13 mg L improves both oxygen crossover and the reaction
rate, turning the anode into the limiting electrode.

The correlation coefficient is likely to differ in field applications. Algal activity varies throughout
the year caused by changes on light intensity, temperature and nutrient availability, which affect the
photosynthetic activity of algae and the produced oxygen [26].
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Figure 3. (A) CSMEFC signal output (grey line) variation with DO (white squares, commercial probe;
dark line calibration model from [7]) during the dark/light cycle. (B) Correlation of DO and voltage
in the time span presented in (A) (R?=0.63). (C) Correlation of algal concentration and voltage during
the first 11 days of operation (R?= 0.63). Error bars correspond to the standard deviation of the mean

of three replicates.

3.2. Calibration of the CSMFC Sensor

The CSMEC voltage output could help assessing the degree of eutrophication based on algal
concentration (given by the R?=0.63 of Abszs and DO, Figure 3C). A general calibration model for a
CSMEFC-based sensor developed in a previous study [7] (Equation (7)) is applied to this specific case
by multiplying the model coefficients to the baseline voltage output at DO = 5.5 mg L. Interpolation
of the curve in Figure 3 gives a baseline of around 130 mV, leading to Equation (8).

yn—107-018xT

DOcsure = 670287 @
y —139.1—-234x*T
DOAlgal CSMFC = 78 + 364 + T (8)

where y_n is the signal voltage output normalised by the baseline, y is the absolute signal output, in
mV, T and DO are temperature and dissolved oxygen in coded values.

The RMSE, defined as the root square of the quadratic sum of distances from each point to the
mean [7], is 1.98 mg L, which is a low accuracy in comparison with commercial electrochemical
sensors (+0.2 mg L or 2% of reading [27]), Nonetheless, it allows to capture the distinctive
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photosynthetic pattern of eutrophic events. Moreover, the signal response to changes in DO is
instantaneous, which is an essential requirement for early detection devices.

Based on these results, the voltage output generated by the CSMFC is correlated with the
presence of algae in water. The CSMFC sensor could therefore be used as early warning system for
eutrophic events.

However, the lower correlation coefficient obtained in the SCMFC model, operated in algal
solution in comparison with tap water, could be caused by an overlooked factor in the algal system.
The variability caused by factors not included in the study is attributed to error in the model, which
is also higher than in the previous stud. It may be possible that nitrates compete as electron acceptor,
weakening the correlation between oxygen and the signal output.

3.3. Evaluation of Relevant Factors on CSMFC Performance

A RIII saturated factorial DoE on temperature (T), dissolved oxygen (DO), nitrates (NOs),
conductivity (C), pH, external resistance (Rext) and material (M) was performed according to Tables
1 and 2.

The Pareto Plot in Figure 4 is a representation of the relative importance of the factors [9].
Dissolved oxygen, temperature and nitrates are the most influential and statistically significant
factors. Dissolved oxygen, temperature and nitrates are the most influential and statistically
significant factors. High values of DO improve the reaction rate of oxygen reduction, whereas
temperature enhances both kinetics and microbial activity, suggesting that DO mainly affects the
cathodic performance, and anodic activity is governed by temperature [28]. Increasing pH from 5 to
9, shifts the cathodic reaction to hydroxyl ions and hydrogen peroxide production, decreasing the
magnitude of the signal [22]. Increasing conductivity has a positive impact, probably because of the
reduced ohmic resistance, which is important in the system, as concluded from the symmetrical
semicircle obtained in the power curves in Figure 4 [29].

Regarding the design factors, an external resistance of 2 k() generates a larger signal than 5 kQ,
relative to their respective baseline. The comparison of absolute values would mislead the results
interpretation because, according to Ohm’s law, the signal increases with Rext and therefore will
always be higher at higher Rext. Any trend caused by the factors under study would be within the
signal variance. These trends can be detected by reducing the magnitude of the signal in steady state
conditions. Normalising the signal by its baseline narrows the output range from 0 to 1 and enhances
the sensitivity of the sensor [30].

Oxygen ok ok
Temperature **%

Nitrates **
External load *
pH * Negative effect
Conductivity |G - B rositive effect
Electrode material

0 0.1 0.2 0.3 04
Relative magnitude

Figure 4. Pareto Plot representing the coefficients, centered and scaled, of the factors studied with the
resolution III saturated DoE. Significant codes: p <0 “***'p <0.001 ** p <0.01 * p<0.05"/p<0.1"".

The effect of the electrode material in the signal output is relatively low. Yet, the higher voltage
output of CSMFC-CC over CSMFC-GF suggest that the former has better energy efficiency. This
result is not statistically significant but is in agreement with the maximum power output and internal
resistance trends obtained by polarisation, with maximum power of 103.6 + 27.2 uW in CSMFC-CC
and 70.5 + 3.1 uW in CSMFC-GF, and ohmic resistances of 1150 Q2 and 1970 () respectively (Figure 5).
The power production in CSMEC is similar to other ceramic [31] and membrane-less sediment MFC
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[24,33] in freshwater, but lower than in seawater [33], further indicating that ohmic limitations are
important in the system. Despite having different exposed electrode areas, similar values would be
expected with both materials, as the specific surface area is larger for graphite felt (22,100-22,700 m™
[34]) than carbon cloth (675 m= [35]). The porosity of graphite felt could have facilitated bacterial
attachment that would block the electrode active sites and consume oxygen.

Comparing the DO coefficient of 0.26 in this study to the DO coefficient in a similar study
without nitrates, of 0.46 [7], it can be seen that the difference in values correspond to the nitrates
coefficient determined in this study, suggesting that nitrates are a competing oxidant for the cathodic
reduction [12]. The effect of nitrates is negative because nitrate reduction produces lower current than
oxygen reduction. This is because the redox potential of nitrate is lower than oxygen, in the same
conditions [36]. Nitrate reduction would increase the current if the system was operated in anaerobic
conditions. The relative effect of nitrates has implications for the CSMFC signal operating in the dark,
when the oxygen level is <2 mg L (Figure 3A) which weakens the correlation of the signal voltage
with DO.
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Figure 5. Power density curves of CSMFC with graphite felt cathode (CSMFC-GF, grey squares) and
with carbon cloth cathode (CSMFC-CC, black squares). Error bars represent the standard deviation
of the mean of three replicates.

The significance of the factor coefficients indicates that the calibration of the CSMFC for
eutrophic environments should, at least, include terms for DO, temperature and nitrates.

Equation (10) shows the complete least squares model resulting from the RIII DoE analysis (R?%d
= 0.86). The independent term, or intercept, corresponds to the center point, calculated at the mid
values of the factor ranges (level zero). Normalising the sensor response by the baseline values means
that the intercept should be close to the unity, which indeed is 1.07.

y = 1.07 + 0.29D0 + 0.19T — 0.15R,,; — 0.17NO3 + 0.1TDO — 0.07T R, —

0.11TNO, (10)

The agreement of the model coefficient with previous designs and theoretical trends suggests
that the DoE results in this study are robust. In addition, the assumptions of the model are not heavily
violated, except for the constant variance. The model should not be used as a prediction tool but
provides meaningful information on the system (Figure 6C,D).
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Figure 6. Resolution III saturated design model assumptions (A) Normality of residuals (B)
Independence of residuals. (C,D) Constancy of variance (E) Independence of data.

3.3. Cyclic Voltammetry

The electrochemical performance of the cathode electrodes in algal solution was evaluated after
three months of operation, to detect any influence of the biofilm in the reaction. A stable onset
potential of -0.2 V over time suggests stability of cathodic. The capacitance on the other hand
increases, probably because of growth of non-electrogenic species onto the electrode, or adsorption
of dissolved species on the electrode surface [37]. A redox couple is observed in the initial
voltammogram and develops over time with a formal potential of around 0.2 V vs Ag/AgCl (pH =7).
This activity could be related to redox compounds in BBM, endogenous redox mediators excreted by
the biofilm [38], or soil components like humic acids [39]). In both cases, the limiting current, around
1mA, is obtained at —0.4 V vs. Ag/AgCl, when the rate of oxygen reduction exceeds the rate of oxygen
diffusion to the cathode. This suggests that the biofilm is not providing oxygen or increasing diffusion
limitations at the electrode.
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Figure 7. (A) Cyclic voltammograms of the carbon cloth cathode at the beginning of the experiment
(black line) and after three months of operation in an algal catholyte (grey line). (B) First derivative of
current with voltage vs. voltage for data shown in (A).

4. Conclusions

Eutrophication of environmental waters can seriously compromise ecosystems and could be
greatly reduced with early detection of algal blooms. The ceramic soil microbial fuel cell sensor
presented in this study could provide a real time, in situ and early detection of eutrophic events. The
sensor signal correlates with dissolved oxygen in water. The development of a cyclic day/night signal,
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with voltage increasing in the day and decreasing in the night is a straightforward indication of algal
activity. Nitrates, oxygen and temperature are the most relevant variables affecting the signal output
whereas optimal resistances improve the sensitivity of the sensor to changes in DO. Biofouling or
electrode degradation over three months is not significant, which suggests long-term stability. This
work, therefore, sets the ground for unattended, real time, continuous monitoring of algal blooms via
electrochemical oxygen reduction.
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