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Abstract: Wetlands cover a significant part of the world’s land surface area. Wetlands are
permanently or temporarily inundated with water and rich in nutrients. Therefore, wetlands
equipped with Plant-Microbial Fuel Cells (Plant-MFC) can provide a new source of electricity by
converting organic matter with the help of electrochemically active bacteria. In addition, sediments
provide a source of electron donors to generate electricity from available (organic) matters. Eight
lab-wetlands systems in the shape of flat-plate Plant-MFC were constructed. Here, four wetland
compositions with activated carbon and/or marine sediment functioning as anodes were
investigated for their suitability as a bioanode in a Plant-MFC system. Results show that Spartina
anglica grew in all of the plant-MFCs, although the growth was less fertile in the 100% activated
carbon (AC100) Plant-MFC. Based on long-term performance (2 weeks) under 1000 ohm external
load, the 33% activated carbon (AC33) Plant-MFC outperformed the other plant-MFCs in terms of
current density (16.1 mA/m? plant growth area) and power density (1.04 mW/m? plant growth area).
Results also show a high diversity of microbial communities dominated by Proteobacteria with
42.5%—69.7% relative abundance. Principal Coordinates Analysis shows clear different bacterial
communities between 100% marine sediment (MS100) Plant-MFC and AC33 Plant-MFC. This result
indicates that the bacterial communities were affected by the anode composition. In addition, small
worms (Annelida phylum) were found to live around the plant roots within the anode of the
wetland with MS5100. These findings show that the mixture of activated carbon and marine sediment
are suitable material for bioanodes and could be useful for the application of Plant-MFC in a real
wetland. Moreover, the usage of activated carbon could provide an additional function like wetland
remediation or restoration, and even coastal protection.

Keywords: marine sediment; activated carbon; constructed wetlands; sediment-MFC; Plant-MFC;
bioanode; microbial community

1. Introduction

Wetlands have been known as one of the world’s most important type of ecosystems, which play
a critical role in climate change, biodiversity, hydrology, and human health [1]. For instance, wetlands
provide a range of ecosystem services including fresh water; nutrient cycling; food and fiber
production; carbon fixation and storage; flood mitigation and water storage; water treatment and
purification; and habitats for biodiversity. About 5%-10% of the world’s land surface is covered by
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wetlands [2]. A recent study reported that the global wetland area is between 15 and 16 million km?,
in which about 8.9%-9.5% is coastal wetlands [3]. Unfortunately, despite their critical role wetlands
are facing a serious problem of losses caused by human activities. A study has shown that at least
33% of global wetlands had been lost as of 2009 due to human activities [1]. This loss was comparable
to a previous study reporting that between 1970 and 2008, natural wetland declined globally by about
30% [4].

Sediment pollution by human activities is a major problem for wetland ecosystems [5]. By
nature, wetland sediments are able to remedy themselves from pollutants, such as petroleum
hydrocarbon pollutants, due to the presence of diverse microbial communities [6]. However, in some
cases such as to control hydrophobic organic compounds (HOCs), an in-situ amendment by human
interference is applied for sediment remediation by e.g., addition of activated carbon (AC), which is
most widely used for in-situ sediment sequestration and immobilization [7]. The capability of AC to
adsorb organic compounds is controlled either by physical interaction or by chemical interaction
between AC surface area and absorbents. The adsorption rate is influenced by molecular size of the
organic compounds and distribution of the AC pores [8,9]. The activated carbon materials have three
types of pores: micropores (<2 nmy), mesopores (2-50 nm), and macropores (>50 nm). The surface area
of AC is determined by the presence and distribution of these pores [10]. In-situ sediment treatment
using activated carbon (AC) has been demonstrated in full-scale projects, up to 100 ha of application
area. In-situ treatment of sediment HOCs using sorptive AC-bearing materials has progressed from
an innovative sediment remediation approach to a proven reliable technology [7].

Sediments are also new sources for generating electricity with a so called sediment microbial
fuel cell [11]. Hereby the anode of the fuel cell is driven by oxidation of sediment sulfide (a side-
product of microbial oxidation of sedimentary organic matters) and oxidation of sedimentary organic
carbon converted by electrochemically active microorganisms. The in-situ AC amendment in
sediment could be coupled with sediment microbial fuel cell installation for concurrent production
of renewable energy and bioremediation of pollutants such as heavy metals and HOC’s. Various
sediments both in marine and fresh water environments are suited to generating electricity [12]. Even
living plants could be included in such systems, providing additional services as known for the so-
called Plant-Microbial Fuel Cells (Plant-MFC).

Actually, wetlands inhabited with the Plant-MFC can provide a new (additional) source of
bioelectricity and have the potential to reduce eutrophication and promote plant growth [13,14]. The
Plant-MFC is envisioned as a sustainable in-situ bioelectricity source which can avoid competition
between food and energy production [15], e.g., Plant-MFC could be combined with rice paddy
production [16-19]. Plant-MFC converts solar energy into bioelectricity via plant rhizo deposits and
electrochemically active bacteria (EAB) [15,20]. Several studies have been conducted to increase
Plant-MFC performance such as investigating optimum anode position under soil [18], modifying
plant growth medium [21], characterizing internal resistance [22], comparing power output from
different sediment types [23], designing new reactors [24-26], studying plant and microbe
cooperation [17], and developing and investigating various electrode materials [18,20,26,27]. The
highest 2 weeks average power density of 240 mW/m? plant growth area was achieved in a Plant-
MEC when integrated with an oxygen reducing biocathode [28]. For large scale application, Plant-
MEC is potentially integrated in wetlands by which various functions could be combined including
electricity generation, sediment remediation, plant growth support, and as protection of coastal areas
[23,29].

Plant-MFCs were embedded with vascular plants, macrophytes, and bryophytes as well as their
combination with sediments, natural and constructed wetlands. From a recent review paper, at least
40 plant species have been utilized in the Plant-MFC system [30]. Among those species, Spartina
anglica is one of the most model species [20,21,25,28,31,32]. S. anglica is known as an invasive species
that has sustained more than a century of evolution. It can tolerate a wide range of environmental
conditions and grows on a variety of substrates, including clays, fine silts, organic mud, sands, and
shingle. As a result, S. anglica can occupy the seaward edge of salt marshes [33,34]. There are several
economic and societal effects of S. anglica. It has potential for coastal protection because it can absorb
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wave energy. It has also been planted for estuary reclamation [33]. In an upper tidal zone wetland, S.
anglica grows as a pioneer plant [35]. S. anglica is also used as a green manure in China in which 50
kg of S. anglica biomass is approximately equivalent to 0.5 kg of urea [35].

In along term real application, one of the challenges for Plant-MFC technology is simultaneously
harvesting maximum power, remaining plant vitality, and preventing electrode material from
deteriorating over time [36]. Research has shown that the long term power output of a S. anglica Plant-
MEFC was fluctuating while the plant was growing [32]. Several anode materials have been used in
the Plant-MFCs to produce electricity. Among them were graphite granule and tezontle (a volcanic
slag) [37], graphite felt/mat [15,17,24,25,27,28], graphite granule/grain [20,38,39], carbon fiber [40],
nano-catalyzed graphite disc, rolled steel mesh with graphite fiber [41], and stainless steel mesh with
biochar [42].

Although many studies about the anode materials for a Plant-MFC have been conducted, to our
best knowledge, there is no study yet using activated carbon (AC) in the Plant-MFCs while studying
the effect of marine sediment. It is well known that the activated carbon is a suitable bioanode
material for microbial fuel cells fed with acetate [43,44]. Recent work also showed that a mixture of
AC and marine sediment is able to store and generate electricity [45]. Activated carbon was chosen
in our study because it has the potential to be integrated with soil/wetland amendments; it is a
suitable bioanode material that can be mixed with sea-sediment; and it has the ability to support plant
growth [46]. Such AC can be produced from an agricultural byproduct like rice husks, rice bran,
sugarcane bagasse, walnut shells, and olive stones [47,48] and can also be utilized for soil amendment
to increase agricultural production without negatively affecting the soil bacteria community [49,50].
Therefore, the main objective of this study was to investigate the suitability of a mixture of activated
carbon and marine sediment as a bioanode in a Plant-MFC system with S. anglica. Here it was studied
how different mixtures of the activated carbon (AC) and the marine sediment (MS) as an anode
material affected the plant vitality, electricity generation, and spatial microbial community. Overall,
the results provide insights that the Plant-MFC anode, consisting of activated carbon and marine
sediments, has potential to be tested in a demo-scale wetland to generate electricity and provide
additional functions like wetland remediation or restoration, and eventually coastal protection [51-
53].

2. Materials and Methods

2.1. Experimental Setup

Lab constructed wetlands were prepared by planting S. anglica in the anode chamber of eight
successfully operated flat-plate reactors from the bioelectrochemical system (BES) experiment [45].
Since the plants were transplanted, in this study the reactors were re-named as Plant-MFC instead of
BES using the same numbering as the earlier study. The reactors consisted of two compartments in
which one functioned as an anode and another as a cathode. A cation exchange membrane (fumasep
FKD-PK-75 PEEK-reinforces, 75 um, Fumatech, Bietigheim-Bissingen, Germany) separated the anode
and the cathode compartment. In the anode, two graphite rods (18 x 1 x 0.2 cm) connected with
titanium wire were glued in both side of the anode, functioning as current collector. A complete
description and preparation steps how to build the reactors were presented in the previously
published paper [45].

Four different anode compositions were used to fill the anode compartments (650 mL). Plant-
MEFC 1 and Plant-MFC 2, this duplicate was named as AC100, were filled with 100% activated carbon
(AC); Plant-MFC 3 and Plant-MFC 4, this duplicate was named as MS100, were only filled with
marine sediment; Plant-MFC 5 and Plant-MFC 6, this duplicate was named as AC67, were filled with
a mixture of 67% AC and 33% marine sediment; and Plant-MFC 7 and Plant-MFC 8§, this duplicate
was named as AC33, were filled with a mixture of 33% AC and 67% marine sediment. The utilized
AC is granular activated carbon PK 1-3 (Cabot Norit Netherlands BV, with apparent density of 290
g/L, Amersfoort, The Netherlands).
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In the cathode compartment (22 x 22 x 1 cm; with a winding channel for catholyte flow), graphite
felt was used as an electrode. This graphite felt (22 x 22 cm; 3 mm thickness, Grade WDF, National
specialty product carbon and Graphite Felt, Morgan Advance Materials (Taiwan) Co.,
LTD. Kaohsiung, Taiwan) was woven with a titanium wire as a current collector. From day 1-105, a
nitrate-less, sulfate-less, ammonium-rich plant growth medium was utilized as catholyte. Then from
day 105 until the end of the experiment, the plant growth medium catholyte was replaced with demi
water. In both cases, the catholyte was aerated with ambient air using an aquarium pump and
recirculated into the cathode chamber in a close cycle via a 1 L bottle with a pump (Watson-Marlow
5055, Rotterdam, The Netherlands at 30 rpm). Total catholyte volume in the close cycle was
maintained at 1 L [45].

Common cordgrass (S. anglica), together with the marine sediment, was collected from a tidal
area wetland at Krabbendijke, The Netherlands (51.446710 N, 4.093149 E). Prior to being integrated
into the reactors, the grasses were kept outside at ambient temperature for one month in a container
with marine sediment from their original habitat. The grasses were kept in a waterlogged condition
by adding tap water to the container. Young stems with a length of 10-15 cm were selected from the
container for the experiment. These stems were carefully pulled out from their clumps to avoid root
damage. All remaining soil/marine sediment was gently cleaned with flowing tap water.

The plant stems were transplanted in the anode chamber of the reactor by burying their root
from an open space on the top side of the anode known as plant growth area or PGA (19 x 2 cm). The
roots were buried in a depth between 2 and 3 cm. The number of planted stems varied between 6 and
12 stems per reactor (Supporting Information (SI) Table S1).

The plant growth was maintained with a nitrate-less, sulfate-less, ammonium-rich plant growth
medium [21,45] which was continuously pumped into the anode chamber by using a MINIPULS 3
GILSON pump at 4 uL/s flowrate. This plant growth medium also kept the anode of plant-MFCs in
a waterlogged condition. On day 150 until 160, the pump was stopped to dry the anodes.

2.2. Operations

All Plant-MFCs were operated in the dark and light ratio of 10:14 h within a climate chamber
(Microclima 1750, Snijders Scientific, Tilburg, The Netherlands) at 25 °C and humidity of 70%. All
potentials were measured and reported against 3 M KCl Ag/AgCl reference electrode (QIS,
Oosterhout, the Netherlands). The photosynthetically active radiation (PAR) light intensity was
measured with a lightmeter (LI-250A, Li-Cor Quantum Q44722 sensor, Li-Cor ®Biosciences, Lincoln
- Nebraska, USA) at 12 different positions in the middle height of the climate chamber. The average
PAR was 470.4 + 12.14 pmol s m=2. Two control modes were alternately applied; a potentiostat
control mode (day 1-101 and day 176-190) was used to control the anode potential at -100 mV vs.
Ag/AgCl (Transients, Chronoamperometry; Ivium Technologies BV, Eindhoven, the Netherlands);
an external load control mode (day 102-175) was applied by connecting a 1000 ohm external load
between the anode and the cathode. During the potentiostat control mode, the anode potential was
controlled with a three electrode setup in which the anode was the working electrode, the cathode as
the counter electrode and a reference electrode (Ag/AgCl type No: QM710X QIS, ProSense BV,
Oosterhout, the Netherlands) in the anode as the reference electrode. A picture of a full-grown Plant-
MEFC 3 (MS100) is shown in Figure 1.
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Figure 1. Full-grown Spartina anglica in Plant-MFC 3 (MS100); (A) inside the climate chamber and (B)
at the end of the experiment.

On day 28, a polarization test was conducted to evaluate the power output from all Plant-MFCs.
The polarization was performed with a potentiostat by changing the anode potential of the Plant-
MEC every 10 min using the three electrodes setup in which the anode was a working electrode. Prior
to the polarization, the plant-MFCs were operated at an open cell condition for 1 h to determine the
minimum anode potential for each plant-MFC. Based on the anode potential at the open cell
condition, the anode potentials sequences for polarizations were decided as following: ~100 mV, -80
mV, -60 mV, -40 mV, 20 mV, 0 mV, +20 mV, 0 mV, -20 mV, =40 mV, =60 mV, =80 mV, =100 mV (for
AC100, AC67, and AC33) and -320 mV, —270 mV, 220 mV, -170 mV, -120 mV, =70 mV, —20 mV, 30
mV, =20 mV, =70 mV, -120 mV, -170 mV, -220 mV, -270 mV, -320 mV (for MS100). Current
generation was logged every second with the Iviumsoft. The average current generation from every
last minute of the anode potential was used to calculate the power output. For the calculation of the
power output, 200 mV hypothetical oxygen reduction cathode potential was used since this value
was easily reached by an oxygen reducing biocathodes applied in a Plant-MFC [28]. The current
density and power density were normalized to plant growth area (PGA) and to the anode volume.

2.3. Measurements and Analysis

Data were logged every minute according to the control mode. During the potentiostat control
mode, generated current was logged with the IviumSoft of Ivium Technologies connected to a lab



Water 2019, 11, 1810 6 of 24

personal computer and during the external load control mode, the anode potentials, the cathode
potentials, the membrane potentials, and the cell potentials were logged with a field point (National
Instruments FP-2000; FP-AI-112, National Instrument Netherlands BV, Woerden, the Netherlands)
similar to previous study [45].

2.3.1. pH, Conductivity, and Acetate Analysis

Catholyte and anolyte samples were taken continually from the reactor. Catholyte samples were
taken from the cathode outlet prior entering the catholyte circulation bottle. The anolyte samples
were taken using a syringe via a soil moisture sampler (10 RHIZON MOM 5 cm female luer; article
no. 19.21.22F from Rhizosphere Research Product, Wageningen, The Netherlands) whose end tip was
placed in the middle of the anode chamber. The pH and conductivity were directly measured after
sampling by using a HACH HQ440d multi pH/LDO/conductivity meter (Hach Company, Loveland
Colorado, USA). Samples for acetate analysis were kept in a fridge at 20 °C to be measured later
using gas chromatography as described earlier [45,54].

2.3.2. Plant Growth Monitoring

Plant growth was monitored by counting the number of living stems and summarizing the
height of living stems. The stems’ height was measured from the top-end-plate of the anode to the
leaf tip of each stem. The accumulative stem height for every Plant-MFC was calculated by summing
up all living stem heights in the reactor. These data were continually sampled until the end of the
experiment.

At the end of the experiment (day 190), all biomass (both above and belowground biomass) were
harvested from all reactors. The roots were rinsed in a flowing tab water to remove soil and activated
carbon. Dried biomass was determined after drying at room temperature for 3 months until constant
weight was reached. Biomass yield (kg/m?) was calculated and normalized per plant growth area
(PGA) which was 0.0038 m?2 per Plant-MFC.

2.3.3. DNA Analysis

At the end of the experiment (day 190), about 3 mL biomass samples from anode components
(mixture of marine sediment, AC and plant roots) were taken for DNA analysis. Samples were taken
from the MS100 (Plant-MFC 3 and Plant-MFC 4) and the AC33 (Plant-MFC 7 and Plant-MFC 8). For
every reactor, five biomass samples were collected. Biomass samples were taken from five different
locations in the anode as marked on Figure 2. These five sample locations were clustered in two zones:
upper zone (until 5 cm below the anode surface) and lower zone (from 5 to 20 cm below the anode
surface). The upper zone (UZ) sample points were (A) UZ-AN (anode) and (C) UZ-CC (current
collector). The lower zone sample points were (B) LZ-RO (roots), (D) LZ-AN (anode), and (E) LZ-CC
(current collector). In the MS100 plant-MFC, the anode biomass samples (UZ-AN and LZ-AN)
contained marine sediment; the current collector biomass samples (UZ-CC and LZ-CC) contained
marine sediment that were attached on the current collector. While, in the AC33 plant-MFC, the
anode biomass samples (UZ-AN and LZ-AN) contained AC and marine sediment; the current
collector biomass samples (UZ-CC and LZ-CC) contained AC and marine sediment that were
attached on the current collector. In total, 20 samples were collected. The samples were stored
immediately in an —80 °C freezer after collection before the DNA sequencing was performed.
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Figure 2. DNA analysis sampling points.

Sequencing steps were performed similar to the work of de Smit et al. [55]. DNA was extracted
from the samples using the PowerSoil® DNA isolation kit according to their instruction manual with
some modifications (SI Method S1). The extracted DNA was quantified using Qubit® and diluted to
5ng/uL as the final template DNA concentration for PCRs. The V3-V4 regions of 16 s IDNA from the
isolated DNA (template DNA) was amplified using the primer sets provided by Takahashi et al.
which allowed simultaneous amplification of bacterial and archaean 16 s IDNA. The illumina library
generation methods were subsequently used to generate DNA sequence data [56].
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After acquiring rDNA sequence data, statistical analysis allowed operational taxonomic unit
(OTU) picking, using the SILVA version 128 16S reference database and uclust [57,58]. The Ribosomal
Database Project (RDP) classifier (version 2.2) [59] was trained with the same SILVA reference
database and subsequently used to classify the OTUs. Taxonomic analysis was performed using
QIIME software version 1.9.1 [60]. This bioinformatics process was performed on 21 August 2018.
From the acquired data, a heat map such as shown in the SI (Tables S2-54) was made using Microsoft
Excel 2016.

Beta diversity analysis was performed to measure the extent of similarity/dissimilarity between
microbial populations comprising samples and sample groups by calculating different distance
matrices. Based on the unweighted UniFrac beta diversity, a Principal Coordinates Analysis (PCoA)
with a 3D ordination was plotted through QIIME using Emperor Software from the beta diversity
data to compare group of samples based on the phylogenetic or count-based distance metrics [61].
From the PCoA, one can see the similarity and dissimilarity among the group of samples. Objects
that are ordinated closer together have smaller dissimilarity values than those ordinated further
apart.

2.4. Calculations

The Plant-MFC current density was plotted as a daily average as shown in SI Figure S1. During
potensiostat control mode, the daily average current was directly calculated from the generated
current that was logged every minute with the Iviumsoft. During the external load control mode,
prior to calculating the daily average current, the generated current (Ign), in ampere (A), was
calculated with Equation (1).

Igen = Vce]l/R. (1)

Ve is cell potential (V) and R is the applied external load (ohm).

Power output (P), in Watt (W), was calculated depending on the control mode. Equation (2) was
used to calculate the power output during the potentiostat control mode and Equation (3) was used
to calculate the power output during the external load control mode.

P= Vhyp X Ipot. (2)

Vhyp is 0.2 volt hypothetical cell potential and Ipot is current output measured and logged with
the potentiostat.

P= :[gen2 x R. (3)

Lgen is generated current (A) as calculated from Equation (1) and R is applied external load (ohm).
Both current density and power density were normalized to the plant growth area (PGA) and to
the anode volume.

3. Results and Discussion

3.1. Mixture of Activated Carbon (AC) and Marine Sediment Effect on Plant Growth

Plants were growing in all reactors for 190 days after transplantation regardless of their control
mode, even at negative current. This growth was proven by the increase in the number of living stems
(Figure 3) and in the accumulative stems height (Figure 4). The number of living stems increased to
between two and eight times from their initial size (Figure 3). The accumulative stems height varied
between 2 and 10 m at the end of experiment (Figure 4). The plant ability to grow in such anode
environment proves that the mixture of activated carbon and marine sediment are suitable materials
for a Plant-MFC. For a visual comparison, SI (Figures S2 and S3) shows plants condition at the
moment they were planted and at the end of the experiment. The similar plant species were able to
grow up to 703 days in the graphite felt anode of a flat-plate plant-MFC. [24]. In other studies with
the same plants species and a similar type of reactor, the plant vitality was reported to increase from
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nine stems in the beginning to 25 stems (2.8 times) after 56 days and further increases to more than
30 stems (3.3 times) after 140 days [28].

50
== MS100
== AC33
40 == AC67

g -—-AC100
2 30
Gy
o
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20
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Z
10
0
0 50 100 150 200
Days
Figure 3. Average number of living stems on different Plant-MFC reactors.
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Figure 4. Accumulative total stems height on different Plant-MFC reactors.

Duplicate analysis shows that the AC100 Plant-MFC has less plant growth in terms of the
number of living stems (Figure 3) and the total stem height (Figure 4) compared to the other anode
compositions. Evidently, more replicates are needed to provide statistically supported evidence that
can lead to strong conclusions. Nevertheless, the actual measured reduced plant growth could be due
to nutrient limitation for plants and/or bacteria in the reactor because of adsorption capability from
activated carbon [48]. Other studies have proven that activated carbon is able to adsorb various
compounds such as acetate, ammonium, phosphate, nitrate, sulphate, and metal ions [62-69]. In this
study, the nutrient supply was mainly from plant growth medium and leftover acetate (SI Table S5)
from a previous experiment. Conductivity and pH remained in the same order of magnitude in both
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the anolyte and catholyte (SI Table S5). This suggests that still some salts/nutrients are available;
though whether specific nutrients were becoming limiting could not be revealed. We can speculate
there may be mechanisms that Spartina plants in the long term can desorb nutrients by changing
rhizosphere conditions as known for e.g., phosphate leaching plants [70,71]. The number of stems in
the other anode compositions (MS100, AC33, and AC67) were growing well. It is difficult to elaborate
on which anode composition is possibly performing better based on these two parameters because
the variation bars from those three anode compositions were overlapping (Figure 3, Figure 4). Further
research with more compositions and replicates is recommended to determine the best composition
of mixing between marine sediment and activated carbon. However, the measured data shows that
mixing marine sediment with activated carbon had a higher plant vitality than sole use of activated
carbon. The use of marine sediment may have been beneficial because it has plenty of organic matter
including nutrients [72] that can be utilized by plants for their growth and by the electrochemically
active bacteria to generate electricity [45].

Plant growth can also be assessed through biomass production. In this research, it is remarkable
that the less growth AC100 Plant-MFCs dry biomass yields (SI Table S6) are still comparable to
literature reporting a yield of S. anglica under natural conditions between 0.48 kg/m? -1.85 kg/m? for
above ground dry biomass and 0.78 kg/m? -3.11 kg/m? for below ground dry biomass [20]. The other
Plant-MFCs are, as expected, producing more biomass compared to AC100 Plant-MFC. Both the
above and the lower ground dry biomass from AC33 and AC67 Plant-MFCs were also within the
range of natural yield of S. anglica and slightly higher than the natural condition (SI Table S6). The
dry biomass yield for MS100 Plant-MFC was higher than that in the natural condition. The biomass
production from Plant-MFC could still be increased because the earlier research with S. anglica using
graphite grain as anode media was able to harvest 6 kg/m? above ground dry biomass and 15 kg/m?
below ground dry biomass [20]. These biomass yield differences might be explained as growth
conditions (e.g., temperature and light intensity) are different in the natural and laboratory-
experimental conditions. In addition to the plant growth, we also observed that small-red segmented
worms, with diameters between 1 and 3 mm and lengths between 5 and 8 cm, were able to
live/survive in the anode part of the MS100 Plant-MFC (Figure 5). These worms, based on their
physical appearance possibly from Annelida phylum [73], are natural decomposers which maintain
soil fertility by altering soil compositions through decomposing and transforming organic matter
[74]. The latter provides support that the bioanode does support (some) biodiversity.
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Figure 5. Worms in the anode Plant-MFC 3 (MS100) surviving during 190 day operation.

3.2. Mixture of Marine Sediment and Activated Carbon Generating Electricity in Plant-MFCs

Results show that all plant-MFCs generated power when operated at 1000 ohm external load as
shown in Figure 6. The AC33 Plant-MFC seems to be best suited for generating electricity. The
average duplicate AC33 Plant-MFC generated higher current density in a long-term operation
compared to the other Plant-MFCs. On average, the MS100 Plant-MFC delivered less current in
comparison with the other Plant-MFCs. This Plant-MFC continuously generated positive current
regardless of their applied control mode. When all anode chambers were dry, in a period between
day 150 and 160, the current output was zero for all of plant-MFCs. Unlike the MS100 plant-MFCs,
the current output of the AC100 Plant-MFC reached up to 42.6 mA/m? at the first time the external
load was operated. Then, the current output decreased gradually reaching zero. A similar
phenomenon was also shown by the AC67 plant-MFC. The high current phenomenon at the
beginning of the external load operation, as shown by AC100 and AC67 Plant-MFC, was caused by
the capacitive behavior of the activated carbon anode as described in earlier research [45]. At that
time, the envisioned anode was actually acting as a cathode and electrical charges were added to the
system. Later on, when the control mode was switched to the external load, the stored electrical
charges were released as an anodic current which harmonically went towards zero [45].
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Figure 6. Average current output (mA/m? plant growth area (PGA)) of Plant-MFC with variation bar.
The current output reached zero when anodes were dried.

During the potentiostatic controls, only MS100 and AC33 Plant-MFCs generated electricity (SI
Figure S1). Instead of generating power, the other Plant-MFCs (AC67 and AC100) had a negative
current production, indicating a capacitive behavior effect. At this moment, electric charges were
stored in the anode. This capacitive behavior had been studied earlier in activated carbon-based
bioanodes in a bioelectrochemical system [43,45,75]. The capacitive behavior was not observed in the
MS100 plant-MFCs and less obvious in the AC33 plant-MFC. It was not clear why the AC100
duplicate behaved differently during the first potentiostatic control. However, both AC100 duplicates
showed a similar trend, generating a negative current, on the second potentiostatic control.

After the plant growth medium pump had been stopped, all Plant-MFC anodes became dry (day
150-160) because of the evaporation process and uptake by plant roots. As a result, all plant-MFCs
delivered no current. There are some possible explanations for this situation. First, dry anodes
become more aerobic because oxygen would easily penetrate through pores of the activated carbon
particles and the marine sediment. As a result the anaerobic EAB activity will more likely be
outcompeted by aerobic bacteria in substrate utilization and thus hinder the yield of EAB in the anode
[76]. Second, even though the anaerobic oxidation was still occurring in some parts of the anode, the
generated electrons will soon utilize the available oxygen in the anode side as their acceptor. This fact
gives a useful insight that when a wetland becomes dry, it may lose its function as a “home” for
important anaerobic processes. However, in a temporary dry wetland, e.g., in an intertidal wetland,
the oxygen diffusion into sediment can accelerate the aerobic degradation of some high molecular
weight compounds into a low molecular weight compounds which later on can be utilized by the
EAB under anaerobic condition to generate electricity [76]. Therefore, a Plant-MFC installed in a salt
marsh, which influenced by tidal advection, generated more than 10 times more power than the same
Plant-MFC in a peat soil [23]. The fact that all plant-MFCs delivered zero current at a dry condition
might also be useful for wetland mitigation. For instance, one could design and install a less required
power sensor powered by a plant-MFC. This bio sensor could be coupled with an internet of things
(IoT) application [77] to monitor a wetland condition, i.e., water level.

On day 160, the plant growth medium was pumped back. The current generation of all plant-
MFCs were recovered except for the AC100 plant-MFC. The AC100 Plant-MFC was hardly recovered
and generated almost zero current until end of the external load control mode. Therefore, the average
and maximum current and power densities of this last 2 weeks (day 160-175) operation under the
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external load mode after recovering from the dry period was preferable to compare the result of this
study with other studies (Table 1).

In this study, insights on the possible link between plant roots and current/power generation
were also observed. Based on the below ground biomass yield and pictures of the roots at the end of
the experiment (SI Table S6 and SI Figure S4), the root densities from the highest to the lowest were
in the MS100, AC67, AC33, and AC100 plant-MFC. There was a small difference between root density
in the MS100 and the AC67 plant-MFCs. Results show a correlation (R2 = 0.6) between the current
density and the root density of the Plant-MFC (SI Figure S5). The average current density of AC33
Plant-MFC was 1.04, higher than those of AC67 (0.12 mA/m?) and MS100 (0.37 mA/m?). The plant
roots are able to transport oxygen into the anode [76,78,79]. The oxygen concentration at the S. anglica
root surface could reach up to 85 umol L and the radial oxygen loss across the root surface ranged
from 250 to 300 nmol m= s [78]. The increase of oxygen concentration in the anode will promote the
oxidation reaction, which theoretically increases the anode potential. Thus it will negatively affect the
current and power generation [22,79]. Therefore, the anode should be placed in a proper distance to
avoid or reduce the negative effect of oxygen loss from the roots [76].

It is challenging to compare the result of one study with other studies because of the variation
in the system (i.e., electrode materials, plant growth, sediment use, reactor size, operation condition,
control method, etc.). Comparing the maximal power output is less preferred because it does not
really show the capability of such system to deliver continuous power for a long period. Here, we
compare our result with the average power generation for a minimum period of 2 weeks
performance. In Table 1 we provide a comparison with other studies which have some similarities
with our study. These studies show lower than average current density of 74 mA/m? -384 mA/m?
(power density of 47 mW/m? -155 mW/m?) using a similar type of flat-plate reactor and plant species
on a graphite felt anode [21]. Another Plant-MFC with graphite grains anode was able to generate
average power output of 22 mW/m? for 8 weeks [20]. However, both studies utilized ferric cyanide
as catholyte instead of water.

Based on this comparison, it seems that mixing marine sediment with activated carbon
influences the power output of a Plant-MFC system; however, another explanation for this could be
plant difference in biomass growth (Figure 3 and Figure 4). More plants may produce more rhizo
deposits. It is also not evident that the highest amount of used marine sediment was leading to the
highest current density since the AC33 Plant-MFC performed better compared to the other plant-
MECs. Based on 2 week performance, the AC33 Plant-MFC generated current on average 16.01
mA/m?2PGA (22.53 mA/m? PGA max). This result was comparable with sediment-MFC from previous
study, which used a mixture of 50% granular carbon (1 mm -5 mm) with sand as an anode material
fed with 20 mM sodium acetate as electron donor. After 3 weeks of incubation, the sediment-MFC
reached an average current density of 25 +7.74 mA/m? with a maximum of 37.9 mA/m? [80]. It should
be noted that without the presence of plants and solely fed with sodium acetate, the mixture of 33%
granular carbon with sand sediment-MFC only generated maximum of 5 mA/m? of current density
after 2 week operation [80]. The cathode performance of the studied systems may have affected the
MS100 but did not likely limit the bioanode of the other Plant-MFCs. The recorded anode and cathode
potentials from day 160 onwards shows that the cathode potential was not likely to limit the current
generation (see SI Figure S6). Some Plant-MFCs (MS100 and AC33) fluctuated on current and
anode/cathode potential. Since this did not happen in both duplicates, it could not be attributed to
the type of electrode materials used. Other parameters that may cause this phenomena need to be
further investigated while several Plant-MFC reports show dynamic behavior [32]. The cathode
potentials of the AC33 and the AC67 were in between +100 and +300 mV except in the end of one of
the AC33. The cathodes of AC100 varied between +60 and +100 mV. All these cathode potentials are
higher or comparable to the cathode potentials reported for an abiotic oxygen reduction process
within a similar flat-plate Plant-MFC reported by Wetser [28]. The measured anode potential in all
systems (except the MS-100) were mostly rather high (>0.070 V) compared to other Plant-MFC studies
with Glyceria maxima plants showing a significant anode resistance [22]. This supports that the
cathodes of our studies were not limited for the oxygen reduction using the produced electrons at the
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anode. For the MS100, the anode and cathode potentials were fluctuating providing possible
limitations on the cathode as well as on the anode during the experiment. Further studies with more
replicates and more variations on AC, different electrode materials, and marine sediment percentages
are needed to draw conclusions on using such electrode materials long term. Even so, the electric
conductivity of the marine sediments itself and the activated carbon bed and their mixtures should
be investigated while both materials have shown to have an electric conductivity which is relevant
in microbial fuel cells [81,82].
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Table 1. Average and maximum current and power densities of several Plant-MFC systems.

15 of 24

1 2 i 2
Reactor Ty.pe/Plant Anode/Current Collector Cathode Current Density (mA/m? PGA) Power Density (mW/m2 PGA) Method Ref
Species Av. Max Av. Max
Flat plat Mari i Ysmall 9.01 15.49 0.37 0.91 A Thi
a' pate . arme. sediment/sma Graphite felt, air cathode (2 weeks) 45* (2 weeks) 8% 8
Spartina anglica graphite rod (MS100) study
- (0.3 A/m?) * - (46 mW/m?) * D
33% AC + 67% marine 16.01 22.53 1.04 1.93 A .
Flat plate . K R . This
. . sediment/small graphite rod Graphite felt, air cathode (2 weeks) 819 * (2 weeks) 148*
Spartina anglica study
(AC33) - (4.8 A/m®) * - (863 mW/md) * D
Flat blate 67% AC + 33% marine 5.46 8.42 0.12 0.27 A This
. p . sediment/small graphite rod Graphite felt, air cathode (2 weeks) 12,496 * (2 weeks) 2249*
Spartina anglica AC67 study
(AC67) - (73 A/m?) * ; (13,150 mW/m%) * D
0.2 1.58 0.00 0.00 A
Flat pl A 1 hi Thi
a.lt plate . C/small graphite rod Graphite felt, air cathode (2 weeks) 19,752 * (2 weeks) 3555 * 19
Spartina anglica (AC100) study
- S5 A/m - 20,786 mW/m
11.5 A/m3* 0,786 mW/m?) * D
Flat-plate Graphite felt/gold wire Graphite felt, Ferric cyanide 7\ 301 (4 eeks) 469 477155 (4 211 A 21
Spartina anglica cathode weeks)
Cylindrical . . . - - 21 -
hite felt/gol P
Spartina anglica Graphite grain/Graphite rod Graphite fe t/go d w1.re, otassium (8 weeks) [20]
ferric cyanide
- - - 222 C
Flat plate with two Graphite felt/golden wire, oxygen - ) ) 7 ¢
cathode compartments  Graphite felt/golden wire P ,g . » OXYE 240 [28]
. . reducing biocathode
Spartina anglica ) _ (2 weeks) _ B
Polyacrylic plastic . . .
) Granular activated Granular activated carbon/stainless 5 5
cylinder . carbon/stainless steel mesh steel mesh, air cathode ) 0.66 A/m ) 274 mW/m ¢ (83]
Ipomoea aquatica
Organic glass pipe Activated granular Activated granular carbon, air 5 5
- . - . 4
Phragmites australis carbon/stainless steel mesh cathode 049 Afm 4.5 (200 mW/m?) ¢ (84]
Polycarbonate plastic . .
cylinder Thick granular activated Stainless steel mesh, air cathode - - - 12.42 C [85]

Ipomoea aquatica

carbon/titanium wire
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Glass' cyhnd'er Graphite gra.nules/golden Graphite felt, air cathode i ) ) 79 C (32]
Spartina anglica wire
Modular Carbon felt AC/graphite rood, air cathode - 5 - 1146 (WW/m?)  C  [86]

Sedum species

Graphit
Perspex tubes raphrie

Rice (Oryza sativa)

hite felt i
granule/vermiculite/carbon  Crephite felt interwoven carbon - 580 - 72 D [38]
rod, air cathode

rod
Circular graphite felt . . .
hite felt with plat
electrode in a rice Graphite felt connected via Graphite felt wi patimum
paddy field epoxy encapsulated wires catalyst connected via epoxy ) i i 140 P el
Rice (Oryza sativa) encapsulated wires, air cathode

Method of operation: A: Continuous operation at 1000 ohm; B: 2 week continuous operation at 600 mV cell voltage controlled with potentiostaat; C:
Polarization curve with external resistance; D: Potentiostat polarization; PGA = Plant growth area. Hyphens mean data are not calculated/not available. *
These maximum power outputs were done at day 28 during the potentiostatic control mode (SI Figure S7). The high current and power density could be
influenced by capacitive properties of the anode material that was charged and discharged using external power. This power could be utilized with care
to e.g., harvest a peak power to charge external capacitors or provide a power peak to start-up small electronic devices. These high current and power
outputs are not to be considered as actual performance of the sediment/plant microbial fuel cell since they do not represent a long-term performance and
are the result of the potentiostatic operation.
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3.3. Diverse Microbial Communities

Spatially diverse microbial communities were observed in this study. Based on alpha rarefaction
plots, the observed_otus (70,000 sequences per sample) for MS100 Plant-MFC 3, M5100 Plant-MFC 4,
AC33 Plant-MFC 7, and AC33 Plant-MFC 8 were 6308, 7077, 8173, and 9177, respectively. The
Principal Coordinates Analysis (PCoA) shows that the MS100 Plant-MFC and the AC33 Plant-MFC
communities are distinctly separated between each other even though they come from the same
marine sediment inocula (Figure 7). In addition, there is a clear difference between upper zone and
lower zone microbial communities, especially in the MS100 plant-MFC. This result indicates that the
bacterial communities are influenced by the anode composition/material.

PC2 (10.72%)
e®

°
°e

AC33 Plant-MFC duplicate ‘

—— PC1(12.74%)

MS100 Plant-MFC duplicate

PC3 (6.44%)

° UZ-AN; . UZ-CC; . LZ-AN; . Lz-CC; o LZ-RO

Figure 7. Unweighted UniFrac Principal Coordinates Analysis (PCoA) of Plant-MFC microbial
communities.

Technical duplicate Plant-MFC microbial analysis results from all the MS100 and AC33 plant-
MEFCs shows that the archaea do not play an important role in the Plant-MFC electricity generation
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process since they were not abundantly available (0.39%-1.93%). Bacteria were found with a high
relative abundance in the plant-MFCs system of 85.2% to 97.7%. A total of 63 phyla were observed in
this study with a relative abundance of minimum 1%. Figure 8 shows four most dominant phyla that
accounted for 64%-81% of the total population. They were, from the most to the least dominant,
Proteobacteria, Bacteroidetes, Chloroflexi, and Verrucomicrobia. Looking deep into the Proteobacteria
phylum diversity, it was dominated by Gamma proteobacteria (20.2%-50.2%), Delta proteobacteria
(26.2%—44.5%), Beta proteobacteria (3.4%—27.8%), Alpha proteobacteria (11.7%-21.6%), and Epsilon
proteobacteria (2.2%-11.6%). More detailed relative abundance of classes within a phylum from the
four most abundance phyla is presented in SI (Figure S8, Tables 52-54). This result is similar with
previous study in a Glyceria maxima Plant-MFC anode rhizosphere bacterial community which found
that Proteobacteria were the most abundant phylum [39]. The dominance of Proteobacteria is also
consistent with root-associated microbial communities in other rhizosphere sediment of salt marshes
[87-89].

100 Unclassified
B . . . Archea
90 I B Other bacteria phyla
I B Gemmatimonadetes
80 ® Dafernbacteres

70 ® Hydro ggnedentes

¥ Saccharibacteria
60 ® Tenericutes
u Atnibacteria
50 ® Synergistetes
Aminicenantes
40 Cloacimonetes
Latescibacteria
30 u TM6 (Dependentiae)
m Planctomycetes
20 m] gﬂa\_-'ibac.teriae
m Firmicutes
10 u Spiroc-h_aetae
B Nifrospirae
0 H Cyanobacteria

AN CC RO AN CC AN CC RO AN CC Ljctevactena

Relative abundance (%)

B Acidobacteria
Upper Lower Zone(LZ) Upper  Lower Zone(LZ) ‘(\jf]:lmm;nncmbla
orofiexi
ZODE(UZ) Zone( UZ] ® Bacteroidates
MS100 Duplicate AC33 Duplicate ® Proteobacteria

Figure 8. Bacterial and archea phyla.

The dominance of Proteobacteria in such lab-wetland system are well known and most of them
are responsible for sulfur cycle in the sediment. Sulfate reduction is the dominant respiration of the
anaerobic marine sediment in the salt marshes vegetation [87]. Sulfate-reducing bacteria (SRB) play
an important role in the marine carbon and sulfur cycle [90]. For instance, one family from
Deltaproteobacteria, Desulfobulbaceae is known as “cable bacteria”. These bacteria are globally found in
the marine sediment and able to transport electrons over a long distance by coupling sulfide
oxidation and oxygen reduction [91,92]. At least more than 220 species of 60 genera of SRB have been
described. They spread within the bacteria (Firmicutes, Proteobacteria, Nitrospira, and
Thermodesulfobacteria) and the archea (Euryarchaeota and Crenarchaeota) [93]. In the near-surface
sediment (20 cm), Desulfobacteraceae (Desulfosarcina, Desulfobacterium, and Desulfococcus) were
reported as the dominant sulfate reducing bacteria followed by Desulfobulbaceae family [90].
Meanwhile, in the salt marshes sediment colonized by Spartina alterniflora plant species, Chromatiales
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and Thiotrichales are dominant sulfur oxidizing bacteria in the upper 5 cm sediment.
Epsilonproteobacteria-related sulfur-oxidizer tended to increase on Spartina roots compared to
surrounding sediment. Desulfobacteraceae and Desulfobulbaceae were also the dominant sulfate-
reducing bacteria [94].

4. Conclusions and Outlook

The study shows that mixed of marine sediment and activated carbon in a wetland Plant-MFC
bioanode can generate electricity and is suitable for plant growth. The Spartina anglica growth rate
was different which may be caused by the mixing extent of the materials. On average, the 33AC Plant-
MEC generated higher current and power density compared to other Plant-MFCs. A spatial diverse
microbial community was observed in both MS100 and AC33 Plant-MFC with Proteobacteria as the
most abundant phyla. It looks that the microbial communities were affected by the anode
composition and also by the spatial position. Overall, the results provide new insights that show the
potential to test Spartina anglica demo-scale wetlands to generate electricity. The advantage of AC
over other electrode materials is the provision of additional functions like electricity storage or
sediment remediation.

5. Associated Content

All data generated or analyzed during this study are included in this published article (and its
Supporting Information files). Microbiota data (raw 16s rDNA amplicon sequences) is submitted to
the EBI database (https://www.ebi.ac.uk/ena) under accession number PRJEB33916. Raw
experimental data is available in the DANS-EASY database (https://doi.org/10.17026/dans-253-tk8w).

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Plant-MFC
performance on two different control modes,, Figure S2: Plant condition at the beginning of the experiment
(during transplantation), Figure S3: Plant conditions at the end of the experiment. Showing roots penetration;
stem and leaf conditions, Figure S4: Root conditions at the end of the experiment, Figure S5: Correlation
between root density and current density, Figure S6: Anode potential (black), Cathode potential (red) and Cell
Potential (green) of Plant-MFCs between day 161 and 175,Figure S7: Polarization curve on day 28, Figure S8:
Relative abundance of Classes within a phylum from four most abundance phyla, Table S1: Initial planted plants
compositions, Table 52: Most abundant bacteria at order level with at least 5% relative abundance, Table S3:
Most abundant bacteria at family level with at least 5% relative abundance, Table S4: Most abundant bacteria at
genera level with at least 3% relative abundance, Table S5: Acetate concentration, pH and ionic conductivity
from anolyte and catholyte of Plant-MFCs, Table S6: Dried biomass yield after 190 days, Method S1: DNA
extraction protocol modification.
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