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Abstract: The world is predicted to face serious threats from the depletion of non-renewable en-
ergy resources, freshwater shortage, and food scarcity. Microbial fuel cells (MFCs) are innovative
bio-electrochemical devices capable of directly converting chemical energy into electrical energy
using microorganisms as a catalyst. This ability has been explored for generating electricity using
wastewater as an energy source, while simultaneously treating wastewater. On the other hand,
hydroponics is the cultivation of plants in water without soil. The goal of this study was to develop a
novel integrated microbial fuel cell-hydroponic system (MFC-Hyp system) that possesses the ability
to concurrently generate electricity while degrading organic pollutants (Chemical oxygen demand,
COD) in wastewater, remove and recover nutrients (phosphorus, P and nitrogen, N) from the wastew-
ater, and produce edible plants. The MFC-Hyp system developed in this study produced a power
density of 250.7 mW/m?. The power density increased by approximately 19% and the phosphorus
recovery increased to 7.5% in the presence of Allium tuberosum compared to 4.9% without the plant

Er;)edcgtfgsr (e.g., in the control). The removal efficiencies of nitrate, phosphate, and COD are 32%, 11%, and
Citation: Paucar, N.E.; Sato, C. 80%, respectively. The results indicate that the novel integrated MFC-Hyp system can remove COD
Coupling Microbial Fuel Cell and from wastewater, generate electricity using wastewater as an energy source, and utilize nutrients for
Hydroponic System for Electricity growing plants; however, this system requires further improvement for field implementation.
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Water, energy, and food are essential for all living forms to survive and thrive, and
they are inseparably linked. Although humans have made great strides in securing those re-
sources, the world is facing an uphill battle due largely to the increasing human population
and climate change. By the next decade, the world is expected to face a 40% fresh water
and 36% energy shortage [1,2], along with increasing demand for food [3,4] and treatment
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fations. The discharge of wastewater containing high levels of organics and nutrients to a
receiving water body is a potential cause of eutrophication and hypoxia in the water

environment [5,6]. On the other hand, phosphorus is essential to all forms of life and

crucial to crop yields [7], and there is no substitute for it [8]. As the world population is
projected to grow to 9 billion by 2050, securing a phosphorus supply is critical to future
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rock mines. Nitrogen used in producing fertilizer is predominantly manufactured using
the industrial Haber-Bosch process [8]. The Haber-Bosch process is an energy-intensive
process that requires high temperature and pressure. In recent years, wastewater has been
considered a renewable resource of water [13], nutrients, and energy [13-16]. Since phos-
phorus and nitrogen are the principal ingredients of fertilizer, the recovery of phosphorus
(P) and nitrogen (N) (such as by plants) from wastewater is now becoming recognized as a
rational approach [17].

Currently, most conventional WWTDPs are energy-consuming facilities that employ
energy-intensive strategies such as aeration-based heterotrophic biological treatment [18,19].
According to the Electric Power Research Institute [20], up to 3—4% of the total electricity
consumed in the U.S. is related to the water management cycle, including wastewater
treatment [21]. In comparison with the energy-intensive wastewater treatment methods
currently employed in the conventional WWTPs, microbial fuel cells (MFCs) have the
advantage that they can generate electricity with the potential ability to separate nutrients
from wastewater. If the energy contained in wastewater were effectively recovered, no
external energy input would be required to operate WWTPs [8,22].

Microbial fuel cells (MFCs) are bioelectrochemical systems capable of using wastewater
as an energy source to generate electricity while treating wastewater. MFCs have attracted
considerable attention due to their versatility in their applications in wastewater treatment,
power generation, environmental sensors, nutrient recovery, and many more [5,18,23-27].
In principle, a single chamber MFC consists of an anode, cathode, microorganisms, substrate
(anolyte), and conductive wire (external circuit). MFCs are eco-friendly biotechnologies
in which electrogenic or electroactive bacteria (EAB) convert chemical energy contained
in substrates to electricity [8,28,29]. The EAB acts as a biocatalyst for the oxidation of
the substrate and transferring electrons to the anode [27,30]. Domestic, agricultural, and
industrial wastewaters contain various substrates that can serve as renewable fuel sources
for MFCs [23,31]. Since MFCs can capture a large fraction of chemical energy contained
in wastewater [8,28], they have the potential to be self-sustaining wastewater treatment
technologies that require no external power sources and to provide sustainable wastewater
treatment with a low carbon footprint [32].

Hydroponics is the process of growing plants in water without soil. In a hydroponic
system, nutrients in water and carbon dioxide in the air can be captured and stored as
biomass in plants, while oxygen is produced via photosynthesis. Thus, hydroponic systems
are considered an environmentally friendly technology that can be applied to wastewater
reuse, while improving water quality [25,33]. The goal of this research was to develop a
novel sustainable energy generation-resource recovery system by coupling an MFC with
hydroponics (Hyp). By integrating the two, the new system is expected to outperform the
individual processes in terms of increased net energy output, enhanced utilization of CO,
and nutrients (phosphorus, P and nitrogen, N), and consequently improve environmental
quality. The specific objectives were to design, construct, run, monitor, and evaluate
the novel laboratory-scale MFC-Hyp technology. Therefore, a novel integrated MFC-
Hyp system is expected to provide multiple functions including nutrient recovery, food
production, and water purification, in addition to the MFC’s functions (i.e., wastewater
treatment, and electricity generation).

2. Methodology
2.1. Microbial Fuel Cell

An MFC was designed and constructed with the method slightly modified from our
previous study [26] (Figure 1). A rectangular-based single-chamber MFC (outer dimension
of 13 cm length x 9 cm width x 11 cm height) was fabricated using clear acrylic sheets. A
circular opening (3 cm diameter) in one of the sidewalls of the chamber allows the cathode
to be exposed to the air. A ceramic separator (0.4 cm thickness) was placed between the
anolyte and the cathode. Two small holes were drilled into the top wall of the chamber,
which functioned as the inlet and outlet ports of the anolyte. The bamboo charcoal’s
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porous provided a large surface area for microbial cell attachment and biofilm growth [26].
The anode consisted of four conductive bamboo charcoal (BC) plates (Mt Meru Pte Ltd.,
Singapore). To connect the anode to the external circuit wire, stainless steel wire was
attached to each of the BC plates. The BC plates were spaced approximately 2 cm from
each other and 3 cm from the sidewalls of the chamber. The effective volume of the MFC
(i.e., anode chamber) was approximately 530 mL.

Stainless steel wire

Stainless steel
wire

Inlet/outlet

Cathode

Ceramic
separator

N X

Bamboo-charcoal anode
plates

Figure 1. Representation of a single-chamber MFC with 4 bamboo-charcoal anode plates, ceramic
separator, and platinum-coated carbon cloth cathode.

A ceramic membrane was used as a separator between the anolyte and the cathode.
Natural Peruvian clay was used to make the ceramic separator. First, the clay was molded
in a circular shape (5.7 cm diameter, 0.4 cm thickness), and dried at room temperature.
Second, the dried clay plate was matured at different temperatures (i.e., 100 °C, 300 °C,
600 °C, and 900-950 °C for 2 h at each temperature) for a total of 8 h in a muffle furnace
(M10A-2A, Blue M Electric Company, Blue Island, IL, USA). Ceramic is known to have
high physical strength, rigid nature, ability to withstand extreme chemical conditions,
and low cost [34]. The cathode (one side geometric surface area of 6.7 cm?) was made
using platinum-coated carbon cloth (0.2 mg/cm? 20% Pt on Vulcan-cloth; FuelCellsEtc,
College Station, TX, USA). The cathode was connected with a stainless steel wire and placed
outside of the ceramic separator. The electrodes were wired with insulated copper wires
(external circuit).

It was expected that wastewater treatment was accomplished in the anaerobic chamber
of the MFC, catalyzed by the EAB capable of oxidizing organic compounds to produce
proton (H™), electron (e™), and carbon dioxide (CO,), and stabilize residuals. The electrons
flow through the external circuit to the cathode, and H* migrate through the anolyte to
the cathode where H*, O,, and e~ are combined (O, is reduced) to form water (H,0),
completing the circuit to generate electricity (Figure 2).
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Figure 2. Representation of a single-chamber MFC with multiple anode electrodes.

2.2. MFC—Hydroponic System

The hydroponics vessel was made of a plastic container (33 cm length, 20 cm width,
11.5 cm height). Three holes were made on a lid; namely, a rectangular opening
(12 cm x 8.5 cm) for housing the MFC and two circular openings (7.3 cm diameter) for
placing net pots to support the hydroponic plant Allium tuberosum. A. tuberosum is an
edible plant generally called garlic chives, Oriental garlic, Asian chives, Chinese chives, or
Chinese leek. Before being used, the plant had been kept hydroponically in the lab for over
a year, thus it was adapted to the water environment.

The MFC was integrated into hydroponics (MFC-Hyp system) as shown in Figure 3.
The cathode of the MFC was partially submerged (i.e., 2.25 cm under water and 0.75 cm in
air). The water volume of 2500 mL was maintained in the hydroponic (Hyp) vessel. The
whole system, except for the plant, was covered with cardboard to maintain dark to prevent
algal growth in the Hyp system. A rectangular window was made on the front side of the
cardboard cover to periodically check the water level in the Hyp vessel (Figure S1). There
was no intentional mixing of water and wastewater in the Hyp and MFC, respectively.
It was expected that the nutrients in ionic forms (e.g., HPO,%~, PO,3, and NHy*) in
wastewater diffuse from the MFC chamber to the Hyp vessel through the ceramic separator
and cathode membrane of the MFC. In the Hyp vessel, NH;* was oxidized to NO3~ by
nitrifying bacteria, and both PO,3~ and NO3 ~ were taken by the plants.
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Figure 3. The MFC-Hyp system.

2.3. Bacterial Culture and Substrate Wastewater

Synthetic potato wastewater was used as substrate (i.e., anolyte, feed), which was
prepared using concentrated potato extract obtained from a local food processing plant
in Pocatello, Idaho, USA. The potato extract was diluted with a phosphate buffer (pH 7)
and DI water to a chemical oxygen demand (COD) level of ~3000 mg/L. The solution
(pH 7.22 £ 0.028) was autoclaved for 20 min at 121 °C and stored at 4 °C until used. The
conductivity of the substrate solution was 52 mS/cm.

The original source of bacteria was the anaerobic digester at the municipal wastewater
treatment plant (Pocatello, Idaho), and the culture was acclimated in the MFC reactors
and maintained in the laboratory for a number of years [26,35,36]. The mixed bacteria are
predominantly Proteobacteria, Firmicutes, and Bacteroidetes [36].

2.4. MFC-Hyp System Operation, Monitoring, and Analyses

All experimental runs were carried out at room temperature (~20 °C). In the pre-
liminary phase, 250 mL of seed bacterial culture was added to the MFCs and filled with
fresh synthetic potato wastewater. Initially, the MFCs were run individually outside of
the hydroponic system; during which biofilms were formed on the surface of the BC an-
odes. After two weeks of the preliminary run, the MFCs began to produce stable and
reproducible voltage.

In the start-up phase, the MFC was emptied, filled with fresh wastewater (substrate)
solution, and placed in the Hyp reservoir to form the novel MFC-Hyp system. Each MFC-
Hyp system was run in two stages. The first stage was the control run without A. tuberosum,
followed by the second stage run with A. tuberosum. Each stage lasted 28 days and was
repeated twice.

Before samples were taken from the system, the water in the Hyp reservoir was
uniformly mixed using a stirrer (Nuova II, Thermolyne, USA). All samples were prefiltered
with a 0.2-um filter (Millex-VV, Millipore, Guyancourt, France) before the chemical analyses.
The COD and concentrations of ammonium, nitrate, and phosphate were determined using
the wet chemistry/spectrophotometric methods using a spectrophotometer (HP 8453 UV-
visible G1103A, Agilent Technologies, Santa Clara, CA, USA). The methods from the
literature were adapted and modified if necessary. COD was determined by the modified
EPA Standard Method 5220 D using HACH digestion vials (HACH Company, Loveland,
CO, USA). The method proposed by Holmes et al. (1999) [37] and Solérzano, (1969) [38]
was modified for the analysis of ammonium (NH;*). The EPA Method 352.1 was followed
for nitrate (NO3 ™). The assay method by Chen et al. (1956) [39] was modified for the
analysis of phosphate (PO4>~). All samples were analyzed in triplicate. Microsoft Excel
16 was used for data analysis. The statistical results were expressed as means + standard
error (n = 3).
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The anode and cathode electrodes of the MFC were connected through a resistor
(~1000 ohm) and the potential drop (V) across the external load (Rjp,q) was measured.
The voltage produced by the MFC-Hyp system was recorded every 15 min using a data
acquisition system (DAS) operated by the LabVIEW software. The resultant current (I)
was calculated by Ohm’s law (i.e., I = V/Rjp,4). The power P was calculated by P =1-V or
P = V?/Ryy.q. The calculated current and power were normalized to the cathode surface
area to determine the current and power densities.

3. Results
3.1. MFC-Hyp Performance

Each MFC-Hyp system with and without the plant A. tuberosum was run for 28 days.
Figure 4 shows the voltage produced by both systems with a ~1000 () resistor. The legends
MFC-Hyp-P and MFC-Hyp-C represent the MFC-Hyp systems with and without (control)
the plant, respectively. As is seen, both systems consistently produced about 0.35 V;
however, the duration of the system with A. tuberosum (MFC-Hyp-P) was approximately
one week longer than that without the plant (MFC-Hyp-C).

Voltage, V
(e
[Se)
O
T

0.25 A
——MFC-Hyp-C
—— MFC-Hyp-P
0.20 T T T T T
0 5 10 15 20 25 30

Time, days

Figure 4. Voltages produced by the MFC-Hyp system in the presence and absence of A. tuberosum,
with external resistance of ~1000 (2: MFC-Hyp-P refers to the system with A. fuberosum and MFC-
Hyp-C refers to the control (without A. tuberosum) system.

The polarization and power density curves were developed by varying the external
resistance from 20 to 2150 ). Both power density and current density were calculated based
on the geometric surface area of the cathode (i.e., 6.7 x 10~* m?). As is seen in Figure 5,
the power density produced by the MFC-Hyp system with A. tuberosum was distinctively
larger than that produced by the control system. The maximum power density produced
by the system with A. tuberosum was 250.7 mW/m? at a current density of 1069.7 mA/m?,
whereas the maximum power density yielded by the control (without A. tuberosum) system
was 210.7 mW/m? at a current density of 980.6 mA/m?. The maximum voltage and
maximum current density with A. tuberosum were 403 mV and 2367.9 mA / m2, respectively;
while the control system produced 396 mV and 1821.6 mA /m?, respectively. The values of
internal resistance determined according to the maximum power transfer theorem [40] are
~330 Ohm in the MFC-Hyp with or without the plant, and ~110 Ohm when the MFC was
run alone (uncoupled from the Hyp).
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Figure 5. Polarization and power density curves for the MFC-Hyp system in the presence and
absence of A. tuberosum: MFC-Hyp-P refers to the system with A. tuberosum; MFC-Hyp-C refers to
the control system.

3.2. Nutrient and COD Remowval

The MFC chamber was interfaced with the Hyp vessel through a ceramic separator.
Carbon dioxide (CO;), carbonate species (e.g., CO3%2~, HCO3 ™), and nutrients (e.g. PO43~,
NH;*) in the MFC chamber are expected to diffuse to the Hyp vessel through the separator
due to the concentration gradient and/or electric field created by the MFC. The nutrients
and CO; are assumed to be utilized by A. tuberosum in the Hyp vessel. The nutrient
removal from the wastewater occurred in the MFC chamber of the MFC-Hyp system. The
concentrations of nutrients and COD in the MFC-Hyp are presented in Table S1.

The nutrient and COD removal efficiencies in the MFC were calculated using the
formula: E = [(C, — C;)/Co] x 100; where E is the removal efficiency (%), and C, and
C¢ are the concentrations (mg/L) of the constituents in the MFC at time t = 0 (i.e., the
constituents in feed wastewater) and at t = 28 days, respectively. The removal efficiencies
of COD, phosphate, and nitrate were 80.4 &= 1.39%, 11.4 £ 0.02%, and 31.7 £ 0.17%, respec-
tively, in the MFC-Hyp system with A. tuberosum, while 78.7 £ 1.66%, 8.9 £ 0.08%, and
28.9 £ 0.10%, respectively, in the control system. It is noteworthy that, in the MFC chamber,
the concentration of ammonium increased from 6.6 &+ 0.62 mg/L to 41.34 £+ 3.74 mg/L
in the presence of A. tuberosum and 5.5 + 0.16 mg/L to 64.76 & 1.08 mg/L in the control
system. The smaller increase in the ammonium concentration in the MFC in the presence
of A. tuberosum in the Hyp may indicate that the diffusion of ammonium from the MFC
to the Hyp was increased due to the decrease in the ammonium level in the Hyp section
(Table S1). The lower ammonium level in the Hyp might have occurred owing to enhanced
nitrification and nitrate uptake by A. tuberosum. Previous researchers have shown that
plants in the cathode region could be beneficial for ammonium removal and bioelectricity
generation [25,41,42]. Undoubtedly, further studies are required to fully understand the
nitrogen removal pathways in the MFC-Hyp system.

3.3. Phosphate Recovery

In this study, the mass of phosphate transported from the MFC to the Hyp vessel
was considered to be recovered. As phosphate is not involved in redox reactions, it could
be exclusively recovered from the wastewater [17]. It was considered that the MFC-Hyp
system is a closed system consisting of four major components relevant to phosphate
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(Figure 6): (a) the mass of phosphate in wastewater (myw) and in bacteria (my,) in the MFC;
and (b) the mass of phosphate present in water (my) and taken up by plants (my,) in the
Hyp vessel.

t=0 days t =28 days
MFC Hyp MFC Hyp

(mww)t=0 (mw)t=0 - (mww)l=28 (mw)l=28

(mb)=o (mp)t=0 (mp)=2s (mp)=2s

Figure 6. Major phosphate components in the MFC-Hyp system: (mww)i=0 and (mww)i=2g are
phosphate mass in wastewater in the MFC at Day 0 and 28, respectively; (mp )0 and (my, );=pg are
phosphate mass in bacteria in the MFC at Day 0 and 28, respectively; (mw)i=¢ and (mw)=pg are
phosphate mass in water in the Hyp vessel at Day 0 and 28, respectively; (mp)i-g and (myp)-og are
phosphate mass in plants in the Hyp vessel at Day 0 and 28, respectively.

As the MFC-Hyp is a closed system and the mass of phosphate is assumed to be
conserved, the phosphate mass at Day 0 (t = 0 days) equals the phosphate mass at Day 28
(t = 28 days); thus,

(Myw + My + My + Inp)t:O = (Myw + mp + my + mp)t:ZS 1)

where (Myw)t=0 and (mwyw )t=2g are the phosphate mass in wastewater in the MFC at Day 0
and 28, respectively; (my )0 and (myp, )i=2g are the phosphate mass in bacteria in the MFC at
Day 0 and 28, respectively; (mw)i=¢ and (my)i=28 are phosphate mass in water in the Hyp
vessel at Day 0 and 28, respectively; and (myp)i-o and (mp)i=2g are the phosphate mass in
plants in the Hyp vessel at Day 0 and 28, respectively.

Since (my, + my, + mp )i is negligible, (myw)i=o is the total mass of phosphate in the
MEC-Hyp system, and Equation (1) becomes:

mT = (Myw)=0 = (Myw + Mp + My + Mp )28 ()

where mr is the total mass of phosphate in the MFC-Hyp system. Since phosphate was
not detected in the Hyp vessel initially (at t = 0 day), mr is the total phosphate in the feed
wastewater in the MFC. The mass of phosphate taken by bacteria at Day 28, (my, )t=2s, is
given by rearranging Equation (2):

(Mp)i=28 = (Mww)t=0 — (Mww + My + Mp)=28 3)

In the control system, there were no plants, thus, (mp)i=2s = 0, and Equation (3) is
reduced to Equation (4).

(Myp)1=08 = (Myw)i=0 — (Myw + My )i=28 4)

It can be assumed that the mass of phosphate taken by bacteria in the MFC (i.e.,
(myp,)i=28) is not affected by the presence of plants in the Hyp vessel. Under this assumption,
the mass of phosphate taken by the plants (i.e., (mp)=28) in the Hyp vessel can be calculated
by adapting the value of (my,);=pg in the control run and using Equation (4).

(mp)t:ZS = (Myw)i=0 — (Mww + My + mMy)i=28 @)

The masses of phosphate in the individual components are presented in Table S2.
Moreover, Figure 7 shows temporal changes in the phosphate mass (mg) in water in
the Hyp vessel with and without A. tuberosum during the 28 days of operation. The result
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shows that the phosphate mass was increased in the Hyp vessel and its increase is clearly
larger with A. tuberosum, compared to that in the control system.

110
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7 14 21 28
Time, days

Figure 7. Temporal changes in the mass of phosphate in water in the control (MFC-Hyp-C) and the
Hyp with the plant A. tuberosum (MFC-Hyp-P).

The percent recovery was calculated by the formula: %PO4 recovery = [(mw )84 /mT]
x 100; where mr is the total phosphate mass (mg) in the system and (my );=ps4 is the mass of
phosphate diffused from the MFC to the Hyp vessel, measured at Day 28. After 28 days of
operation, phosphate recovered from the wastewater was 4.9 & 0.02% in the control system
and 7.5 & 0.88% in the system growing A. tuberosum. A. tuberosum absorbed 1.4 £ 0.82% of
the total available phosphate.

3.4. Plant Biomass

To examine the effect of the MFC on the plant growth, A. tuberosum that had grown
outside the MFC-Hyp system was placed in the MFC-Hyp system (Figure 52). Pot P1 was
placed near the MFC (~3.3 cm away) and Pot P2 was placed far (~13.9 cm away) from the
MFC. In addition, A. tuberosum was grown in a vessel containing DI water as control (CP) in
the absence of the MFC. The change in the plant biomass was measured in length on Day 0
and Day 28. The measurement of the plant samples was made in duplicate (n = 2). During
28 days of the run, A. tuberosum in the pot P1 grew, on average, 6.6 cm, while A. tuberosum
in the pot P2 grew 6.9 cm, on average. On the other hand, the control plant (CP) only grew,
on average, 2.4 cm. Moreover, longer roots were developed in the pots P1 and P2 in the
MEFC-Hyp system, compared to that in the control system (See Figure S3).

3.5. Coulombic Efficiency
The Coulombic efficiency (CE) of the MFC was computed using the formula [43]:

MIt
CE= ———

Fbug, AC ©)
where M is the molecular weight of substrate (32 g O, /mol for substrate); I is the current
in mA; ¢t is the duration of a cycle in hrs; F is the Faraday constant (96,500 Coulombs/mol
of e7); b is the number of moles of e~ transferred per mole of the substrate (4 mol e~ /mol);
Uap is the anode volume in a liter (L); AC is the change in substrate concentration (measured
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as COD in g/L). During the 28-day run, the MFC-Hyp system with A. tuberosum produced
an average current I of 0.349 mA and AC of 2.8 g COD/L, yielding a CE of 4.8%. On the
other hand, the control system produced an average current of 0.344 mA and ACof2.4 g
COD/L and yielded a CE of 5.5%.

4. Discussion

The present study examined the removal of organics (as COD), phosphate, and nitrate
from wastewater in the MFC-Hyp system. After 28 days of the treatment with the MFC-
Hyp growing A. tuberosum, the removal of COD, phosphate, and nitrate, that occurred in
the MFC, were 80.4 &+ 1.39%, 11.4 £ 0.02%, and 31.7 & 0.17%, respectively. The phosphate
recovery was calculated to be 7.5 &= 0.88% in the MFC-Hyp growing A. tuberosum.

The concentrations of COD, phosphate, and nitrate are 672.3 + 3.38 mg/L,
2931.5 £ 0.79 mg/L, and 22.12 + 0.01 mg/L, respectively, in the MFC, and 20 & 3.22 mg/L,
429 £ 0.2mg/L, and 7.6 &= 0.11 mg/L, respectively, in the Hyp vessel after 28 days of run.
The U.S. EPA’s recommended limit for total phosphates is 0.05 mg/L in a stream that enters
a lake and 0.1 mg/L in flowing water to control eutrophication [44]. In a free water surface
wetland, typical influent concentrations of BOD, NH3/NHj as N, NOj3 as N, total nitrogen
(TN), and total phosphorus (TP) are 5-100 mg/L, 2-20 mg/L, 2-10 mg/L, 2-20 mg/L,
and 1-10 mg/L, respectively, while the target effluent concentrations are 5-30 mg/L,
1-4 mg/L, 2-9 mg/L, 2-9 mg/L, and 1-4 mg/L, respectively [45]. The results from the
present study suggest that further treatment is necessary to meet the regulatory levels
for discharging treated wastewater to receiving water bodies or reusing it for irrigation,
recharging groundwater, and other water supply purposes.

Table 1 summarizes the past studies of the MFC-Hyp and similar systems in terms of
their performances, operational conditions, and types of wastewater and aquatic plants.
Only a limited number of studies on integrated MFC-Hyp systems have been found. In
the studies by [46,47], wastewater (either treated or untreated) was directly introduced
into the Hyp system. Owing to public health concerns, such systems are not suitable
for growing edible plants. The present study indicated that the ceramic separator (that
was placed at the interface between the anode chamber and the cathode) could block the
migration of biotic and abiotic particles from the MFC to the Hyp system. As ceramics can
retain bacteria and are subject to less fouling compared to synthetic membranes, ceramic
membranes have been used for the disinfection of drinking water in some regions of the
world [48-50]. Nonetheless, the studies that focused on ceramic separators in the MFC-Hyp
systems are lacking.
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Table 1. Summary of different integrated systems for wastewater treatment, nutrient removal, and resource recovery.

"lgl}:e of Sy.stgm/ Type of Wastew- Typel;%iaxrttrnal Average Voltage M];);If;)i‘t’;er Current Deznsity EE COoD lzemoval le::;t,eal P;:;T::f Plant Biomass I;:‘:CSOILIZ;E Reference
aracteristics ater/Electrodes Resistance mV mMW/m?2 mA/m %o % o, o Grow o,
Two upflow
CWMFC (with  Synthetic With ceramic - With ceramic eparator.
ceramic w;i,stewater With ceramic separator: separator: 86 123 48 1(,'/0
separator Anode and Canna indica separator: ~900 mV 25878 mW.m 3 ~560 mA.m~3 NA Without NA NA NA NA [46]
wi tho}:l t cera;nic cathode: carbon 1000 O Without ceramic Without ceramic Without ceramic ceramic
separator) feits separator: ~800 mV separator: s separator: s separator:
Continuous 91.02 mW.m ~190 mA.m 91.5 + 4.9%
mode
Domestic sewage
collected from
the
Integrated drip sedimentation
hydroponics- tank of the Cymbopogon In series: 31.9 mWm=2 in In series: s 72 £2.4% at 832+ 1.1% at Per plant:
N primary citratus 1490 & 91 mV series and ~36 mA.m - NA HRT =3 h NA HRT =3h 45+ 15cm NA [47)
atch treatment unit 20 kO In parallel: arallel In parallel: 85.7 £ 0.6% at 85.8 + 0.6% at 0216 + 0.039
recirculation Anode and 1580 = 5mV parafie ~458 mA.m 2 HRT=12h HRT=12h : 78
mode cathode:
non-catalyzed
disc-shaped
graphite
Maximum
voltages in:
Canna generalis Open circuit:
Urban Chrysopogon 225 mV (C generalis)
Floating wastewater zizanioides 212 mV (H. 0.93 mWm 2
treatment Cathode: Cp e;]'\b;s ﬁium{)/su)c (When max
wetlands-MFC graphite rods papyrus Namus tmV (C. voltage is 108 mV NA NA 71.4% TN: 8.4% TP: 11.4% NA NA [51]
Closed system Anode: PVC Hymenachne zizanioides) from all plants in
for 3 Y K h fAH'd - grumosa 137.4 (C. papyrus P
or 3 weeks ose filled with Foui parallel)
hite sticks quisetum Nanus)
srap hyemale 89.6 mV (E. hyemale)
1000 O Closed circuit:

21.0mV (C
generalis)
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Table 1. Cont.

"lé?:e of Sy.st§m/ Type of Wastew- TypeI;}Eaxrttrnal Average Voltage M]aj);:;)i\t/;er Current Deznsity EE COD I(Eemoval Rl\i:;r;‘t;l P;g;%};ztle Plant Biomass I;?eocsof;lz;e Reference
aracteristics ater/Electrodes Resi mV 2 mA/m %o % o o Grow o
esistance mW/m %o %o %o
Cyperus
alternifolius
Linn. subsp.
Alabelliformis
(Rottb.) .
Kukenth Control CoTnI:{r.ol-
Ecological Synthetic (EFB-MFC1) 73.88% 387 4%'
floating euh“ophication Cemtaphyllym Control: 99 mV ) EFB-I\{)[FCl EFB-.MFC1:
ASOEC et da i g iy Themoimn g
ys odea ) - EFB-MFC2: 144 mV power density NA NA \ EFB-MFC2: NA NA NA [42]
start-up period, cathode: Eichhornia EFB-MFC3: 157 mV was EFB-MFC4: 76.37% 41.65%
) . : > .65%
operated stainless-steel crassipes EFB-MFC4: 161 mV 6.03 mWm EFB-MFC3 EFB-MFC3:
continuously for mesh and carbon (Mart.) Solms ’ 78.23% 51.21% ’
116 days felt Pontereia EFB-MFC4 EFB-MFC4:
crassipes Mart. 82.49% 55.6% ’
(EFB-MFC3) .
Ipomoea aquatic
Forssk
(EFB-MFC4)
500 O
Synthetic potato
wastewater
MFC-Hyp-Plants Anode: bamboo Allium P1: 6.5 cm )
Batch mode charcoal plates tuberosum Max 403 mV 250.7 Max 2367.9 4.8 80.4 +1.39 31.7+£0.17 11.4 £0.02 P2:75cm 7.3 This study
Cathode: 973 Q) PC:2.2cm
platinum-coated
carbon cloth
Synthetic potato
wastewater
MFC-Hyp- Anode: bamboo
Control charcoal plates 973 Q) Max 396 mV 210.7 Max 1821.6 55 78.7 £ 1.66 28.9 +0.10 8.9 +0.08 NA 47 This study
Batch mode Cathode:

platinum-coated
carbon cloth

Note: NA (Not Available).
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4.1. MFC-Hyp Performance

The present study revealed that the performance of the MFC-Hyp system was im-
proved in the presence of A. tuberosum. With A. tuberosum, the MFC-Hyp produced a maxi-
mum voltage of 403 mV, a maximum current density of 2367.9 mA/m?, and a maximum
power density of 250.7 mW /m?. Past studies have also shown that plants could enhance the
generation of bioelectricity in the MFC-Hyp systems. Particularly, the presence of plants in
the cathodic zone has been shown to be beneficial for power generation, as the plants release
oxygen into the root zone through their aerenchyma tissue [52]. Using drip hydroponics
(growing Cymbopogon citratus) coupled with multiple MFCs, Yadav et al. (2020) [47] treated
domestic wastewater. In their study, the drip Hyp-MFCs in series produced the maximum
voltage and maximum current density of 1490 4+ 91 mV and ~36 mA/m? (normalized to
the cathode surface area), respectively, while the drip Hyp-MFCs in parallel produced
the maximum voltage and maximum current density of 15.80 &= 5 mV and ~458 mA /m?,
respectively. Both systems with the in-series MFCs and parallel MFCs produced a maxi-
mum power density of 31.9 mW/m?. The maximum power density and the maximum
current density produced in the present study are considerably larger than those reported
by Yadav et al. (2020) [47]. Colares et al. (2021) [51] treated urban wastewater using a
floating treatment wetlands-MFC with Canna generalis, Chrysopogon zizanioides, Cyperus
papyrus Nanus, Hymenachne grumosa, and Equisetum hyemale. These plants were placed in
floating supports and connected in parallel. Their system produced a maximum voltage
of 108 mV, which is significantly less than that produced in the present work. Yang et al.
(2021) [42] treated synthetic nutrient-rich wastewater using a floating bed-MFC system
with Cyperus alternifolius Linn. subsp. flabelliformis (Rottb.) Kukenth (windmill grass),
Ceratophyllum demersum Linn. (goldfish algae), Eichhornia crassipes (Mart.) Solms Pontereia
crassipes Mart. (water hyacinth), and Ipomoea aquatic Forssk (water spinach). In their system
with the plants, the average voltage was increased by 26.2-62.63%, compared to the system
without the plants. Among all the plants, Ipomoea aquatic Forssk produced the largest power
output (the maximum power density of 6.03mW /m? of electrode surface area) and nitrogen
removal. The system with and without water spinach produced an average voltage of
161 mV and 99 mV, respectively [42]. The variations in the system outputs are likely due to
the differences in the experimental conditions such as types of electrodes and wastewater,
and the design and operation of the systems.

4.2. Nutrient and COD Remouval

Khuman et al. (2020) [46] treated synthetic wastewater using the upflow hydroponic
CW-MFCs with a ceramic separator. In their system with Canna indica, the wastewater
was treated first in the anodic compartment for 12.8 h and treated further in the cathodic
zone. Their system produced a maximum COD removal efficiency of 53.9% in the anodic
zone and 86.2 £ 8.1% overall in the run time of ~27 days. Using a closed floating treatment
wetland-MFC without any separators, Colares et al. (2021) [51] treated urban wastewater in
the presence of five different plant species (Canna generalis, chrysopogon zizanioides, Cyperus
papyrus Nanus, Hymenachne grumosa, and Equisetum hyemale). In their study, the removals
of COD, TP, and TN were 71.4%, 11.4%, and 8.4%, respectively, with a retention time of
seven days for three weeks (seven days/cycle, a total of three cycles). The COD removal
efficiencies (71.4%) reported by Colares et al. (2021) [51] are lower than the removal (80.4%)
produced in the present study, while the phosphate removal efficiencies in their study and
the present study are at the same level (11.4%). It should be noted that the run time of the
present study was 28 days as compared to 21 days in the work by Colares et al. (2021) [51].
The low phosphate removal found in both studies may be due to the low plant uptake.
The low nitrogen removal in the study by Colares et al. (2021) [51] was likely attributed
to the low dissolved oxygen (DO) levels in their system as DO plays an important role in
nitrification and consequently in the nitrogen removal in a water environment [53].

Yang et al. (2021) [42] studied four different plant species (Cyperus alternifolius Linn.
subsp. flabelliformis (Rottb.) Kukenth, Ceratophyllum demersum Linn., Eichhornia crassipes
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(Mart.) Solms Pontereia crassipes Mart., [pomoea aquatic Forssk) individually, in the ecolog-
ical floating bed-MFC with no separators. In treating nutrient-rich synthetic water with
the HRT of two days, they obtained the highest removal of COD and TN of 82.49% and
55.6%, respectively, in the system with Ipomoea aquatic Forssk. Yadav et al. (2020) [47]
treated domestic wastewater collected from the primary sedimentation tank using the
drip hydroponics-MFC with no separators. In the presence of Cymbopogon citratus sup-
ported by a cocopeat matrix, they obtained the COD removal efficiencies of 72 £ 2.4%
and 85.7 & 0.6% at the HRT of 3 h and 12 h, respectively, and the phosphate removals
of 83.2 + 1.1% and 85.8 & 0.6% at the HRT of 3 h and 12 h, respectively. Their system
accomplished comparable COD and nutrient removal in shorter periods of time, compared
to the present study with the MFC-Hyp system. The high phosphate removal efficien-
cies presented by the drip hydroponic-MFC system can be attributed to high microbial
uptake, physical adsorption by the cocopeat matrix, and electrochemical reaction at the
electrode. Nevertheless, the power output (31.9 mW.m 2 in series and parallel) by the drip
hydroponic-MFC system was considerably lower than those produced by other systems
previously discussed. Overall, based on past studies with various types of integrated
MEFC-Hyp systems, the presence of plants does not seem to considerably affect the COD
removal efficiency. The removal of nitrogen and phosphorus requires further investigation
to fully understand their removal pathways. In the MFC-Hyp systems, nitrogen removal
occurs through multiple mechanisms such as plant absorption, root exudation, enzymatic
activities, and electricity generation [42], and similarly, phosphorus removal is promoted
by the microbial and plant uptake, physical adsorption, and electrochemical reactions [47].
It is noteworthy that the past studies discussed previously have not focused on nutrient
recovery. The present study found that the recovery of phosphate was 7.5 & 0.88% in
the presence of A. tuberosum; of which 1.4 & 0.82% of the total phosphorus was taken by
A. tuberosum.

4.3. Plant Biomass

According to Sapkota et al. (2019) [54], the yields and qualities of plants are deter-
mined by compositions of macro- and micro-nutrients in hydroponics. However, excessive
nutrient levels can cause nutrient antagonism that can result in deficiencies of other nutri-
ents in plants [55]. For example, an excess level of potassium in water in the Hyp system
can result in antagonism with nitrogen and other nutrients causing nitrogen deficiency in
plants. Moreover, high phosphorus levels can induce iron and zinc deficiency in plants [55].
Plants require all sorts of essential elements (e.g., phosphorus, nitrogen, potassium, oxy-
gen, etc.) to produce high crop yields. Therefore, it is important to ensure that water in
hydroponics contains an optimum dose of essential elements. For the effective use of the
nutrients recovered from wastewater, further studies need to be conducted to determine
the optimum nutrient levels for the growth of A. tuberosum.

In a study on nutrient removal, Colares et al., (2021) [51] found that plant uptake
did not seem to play an important role in the removal of TP and TN. Their findings are
consistent with the results from the present study (i.e., A. tuberosum took only 1.4 + 0.82%
of available phosphate). Colares et al. (2021) [51] estimated that the plant’s uptake and
incorporation into the biomass were responsible for the removal of only 0.825% and 1.05%
of the inflow TN and TP loadings, respectively. Vymazal (2007) [53] indicated that nitrogen
uptake and storage in plant tissues are highly dependent on the plant species.

Growing plants that have high commercial values provide an additional incentive
to the MFC-Hyp system, in addition to the functions of nutrient removal, bioelectricity
generation, and wastewater treatment. Further investigation is recommended to identify
plants that have the ability to take up a large number of nutrients rapidly as well as
high commercial values. In the MFC-Hyp system, hydroponic plants are expected to
sequester CO, generated via the degradation of organics in the MFC as well as CO; in the
atmosphere and fix it in a form of biomass. Thus, the MFC-Hyp system is a low carbon
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footprint wastewater treatment technology that can contribute to achieving net zero CO,
emissions among other benefits (i.e., food production, electricity generation).

4.4. Coulombic Efficiency (CE)

The Coulombic efficiency (CE) is an important parameter to evaluate the energy
recovery efficiency of the system. The CE values found in this study fall in the CE range
reported by Oon et al. (2017) [56]. They treated synthetic wastewater using the up-flow
CW-MFC and found that the CE values were in a range between 0.08% and 10.28% with
the plant Elodea nuttallii. Similarly, Saz et al. (2018) [57] studied the CW-MFC using
synthetic wastewater. Their system with four different plants, namely, Typha latifolia,
Typha angustifolia, Juncus gerardii, and Carex divisa, provided the CEs of 6.074 £+ 8.42%,
8.28 £ 10.4%, 6.57 £ 6.84%, and 6.13 % 5.68%, respectively, and 4.64 £ 5.84% without the
plant (control). On the other hand, a considerably lower CE value (0.386%) was reported by
Liu et al. (2019) [58] who studied the vertical flow CW-MFC with the plant Canna indica,
feeding swine wastewater. The CE values approximately between 1% to 1.9% were reported
by Srivastava et al. (2020) [59] who treated synthetic wastewater using the MFC-horizontal
subsurface CW with Canna indica.

The CE is closely related to the COD removal [58]. The lower CE value indicates
that a larger fraction of the chemical energy contained in the substrate (organic matter)
was not converted to electrical energy [57,58]. The lower CE also indicates that fewer
electrochemical active bacteria (EAB) were involved in the direct electron transfer to the
anode, while non-electrogenic bacteria were in a competitive mode with the EAB for
substrate [56]. Further studies should be performed to evaluate the effectiveness of the
plant on different bacteria species and optimize the EAB population in the system.

4.5. Ceramic Separator

As a means of physical separation of the anode and cathode in the MFC, ceramic mate-
rials have been used as a suitable replacement for expensive synthetic membranes [60-62].
The ceramic separator serves as a partition between the anode and cathode and also be-
tween the MFC and the hydroponics. In the present study, natural Peruvian clay, with no
additional ingredients, was used to fabricate ceramic separators. Khuman et al. (2020) [46]
used a ceramic separator made of red soil with 20% montmorillonite as a proton exchanger
and studied the up-flow hydroponic CW-MFC having a Styrofoam float system to support
the plant Canna indica rhizome without media. The two systems (with and without a ceramic
separator) fed synthetic sucrose-based wastewater produced a higher voltage (~900 mv)
with the ceramic separator than that (~800 mV) without the ceramic separator. These
voltage values are considerably higher than the voltages produced in the MFC-Hyp system
in the present study. According to Khuman et al. (2020) [46], a ceramic separator enables
better anaerobicity to support substrate utilization by electrogenesis in the anodic zone and
prevent oxygen diffusion; thus, the ceramic separator can improve energy generation.

Nafion-117 is the most common polymer-based proton exchange membrane (separator)
used in MFC construction. The major drawbacks associated with the Nafion separator
are high cost, low mechanical stability, and sulfide poisoning under field conditions [46].
These properties are problematic for large-scale implementations of the MFC-Hyp systems.
Compressed glass wool has also been investigated as a potential separator [63,64]. Because
the compressed glass wool is not completely impervious, it has the following disadvantages:
(i) oxygen can diffuse from the cathode region to the anode region, and (ii) plant roots
may penetrate into the interstice of the glass wool, leading to a rise in dissolved oxygen
(DO) level in the anode region [65-67]. Further exploration including design optimization
of ceramic separators is important for future research to improve the performance of the
MEFC-Hyp system.
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5. Conclusions

As the world population grows, the demand for energy, food, freshwater, and wastewa-
ter treatment increases. Coupling an MFC and a Hyp system is a promising new technology
to accomplish the removal of organics (wastewater treatment), generation of electricity
(energy recovery), and growth of plants (nutrient recovery and food production) at the
same time. In the present study, the novel integrated MFC-Hyp technology was designed,
constructed, operated, and evaluated.

The maximum power density of 250.7 mW /m? was produced in the presence of
A. tuberosum, while 210.7 mW /m? was in the absence of the plant. With A. tuberosum, the
power output of the MFC increased by about 19%, and the removal efficiencies of nitrate,
phosphate, and COD were also increased by 29-32%, 9-11%, and 79-80%, respectively.
Moreover, the phosphorus recovery in the Hyp section of the MFC-Hyp system was 4.9%
in the control system and increased to 7.5% in the presence of A. tuberosum.

6. Future Work

Although the MFC-Hyp design offers relatively easy operation and maintenance,
further improvement is necessary for field implementations. Further investigation is
recommended to identify plants that can take up a large number of nutrients rapidly and
have high commercial values. To assure that the MFC-Hyp system is safe to grow edible
plants, the ceramic separator must prevent harmful compounds and microbes from passing
through it to the Hyp section. In the present study, Peruvian clay was used to fabricate
the ceramic separator. It is recommended to study the addition of external minerals (e.g.,
aluminosilicate) to the base clay to improve its performance. It should be emphasized that
the systems growing edible plants that do not have a separator between the anode and
cathode regions allow direct contact between the plants and wastewater; thus, they may
present an unacceptable human health risk. The MFC-Hyp system developed in the present
study partitions the plants (in the Hyp vessel) and wastewater (in the MFC) using a ceramic
separator, thus it can offer an important advantage of producing safe food products.

The MFC-Hyp system is a new promising technology; however, it requires further
research work to fully understand its mechanisms. To effectively remove organics and
recover energy and nutrients from wastewater in the MFC-Hyp system, it is important
to understand: (i) the constituents’” pathways and transport mechanisms, especially, the
diffusion of nutrient ions (e.g., PO,*~, HPO3%~, NH4*, NO3 ™) and the carbonate species
(e.g., CO3%2~, HCO;57) through the ceramic separator; and (ii) effectiveness, suitability,
and roles of the selected plants. Holistic research is needed to determine and optimize:
(i) the design/construction parameters (i.e., type and size of the system, electrodes, and
separators); (ii) operational parameters (e.g., wastewater feed rate, HRT, aeration rate);
and iii) the biological parameters (e.g., plant growth rate, nutrient uptake rate, commercial
value). The optimized MFC-Hyp system can represent an innovative new “carbon-neutral”
energy technology that could become an important component of a diversified world
energy-water-food security.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en15239211/s1, Figure S1: The MFC-Hyp system: (a) without a
cover; (b) with a cover; Figure S2: Pictorial view of control plant (CP), plant 1 (P1) and plant 2 (P2) in
the MFC-Hyp system: (a) on the first day and (b) after 28 days of operation; Figure S3: Pictorial view
of roots from (a) control plant (CP), (b) plant 1 (P1), and (c) plant 2 (P2); Table S1: Concentrations of
nutrients and COD in the MFC-Hyp system; Table S2: Total available mass of phosphate (mt), mass
of phosphate present in the wastewater (mww) and taken up by bacteria (my) in the MFC, and in
water (my,) and taken up by the plant (mp) in the Hyp vessel after the 28 days of operation.
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