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Abstract: Multiple anodes can significantly enhance the treatment potential of constructed wetlands
coupled with a microbial fuel cell (CW-MFC) system, which has not yet been explored. Thus,
the present study evaluates the potential of multi-anodes and single cathode-based CW-MFC at
significantly higher organic loading rates for treatment performance and bioelectricity generation. For
this purpose, two identical but different materials, i.e., graphite granules (GG) and granular activated
charcoal (GAC), were used to set up multiple anodes and single cathode-based CW-MFCs. The
graphite granules (GG)-based system is named CW-MFC (GG), and the granular activated charcoal
(GAC) based system is named as CW-MFC (GAC). These systems were evaluated for chemical
oxygen demand (COD), NH,*-N removal efficiency, and electrical output at relatively higher organic
loading rates of 890.11 g COD/m?3-d and 1781.32 g COD/m?3-d. At an OLR of 890.11 g COD/m?3-d,
the treatment efficiency was found to be 24.8% more in CW-MFC (GAC) than CW-MFC (GG),
whereas it was 22.73% more for CW-MFC (GAC) when OLR was increased to 1781.32 g COD/ m3-d.
Whereas, NH,*-N removal efficiency was more in CW-MFC (GG) i.e., 56.29 + 7% and 56.09 % 3.9%,
compared to CW-MFC (GAC) of 36.59 =+ 3.8% and 50.59 + 7% at OLR of 890.11 g COD/m?3-d and
1781.32 g COD/m?>-d, respectively. A maximum power density of 48.30 mW/m3 and a current
density of 375.67 mA/ m?® was produced for CW-MFC (GAC) under an organic loading rate of
890.11 g COD/m?3-d.

Keywords: multiple anode electrodes; wastewater treatment; bioelectricity generation; COD removal

1. Introduction

Efficient management and treatment of wastewater is one of the prime environmental
challenges today. Although various traditional technologies are currently being used to deal
with this challenge, there is a prerequisite to exploring more efficient processes to combat
future needs. These conventional wastewater treatment technologies demand an ample
amount of energy for their operation, along with a high level of operational complexity.
Thus, a low-cost, self-sufficient, easily operable, and low-maintenance technology can be a
promising solution. Constructed wetlands (CWs) are one of the conventional wastewater
treatment technologies that is advantageous in terms of low-cost, ease of operation, least
maintenance requirement; however, they have slow treatment processes due to strongly
dominated anaerobic reactions and thus require a large land area for treating wastewa-
ter [1,2]. Meanwhile, bio-electrochemical systems such as microbial fuel cells (MFCs) have
gained a lot of attention as wastewater treatment technology with simultaneous bioelec-
tricity recovery as a by-product, but scaling up is the biggest challenge to incorporate into
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the real world. To overcome these challenges through individual technologies, a novel
integrated technology was introduced as the constructed wetland-integrated microbial
fuel cell (CW-MEFC) [3,4]. A typical CW-MFC consists of an MFC unit embedded into
the traditional constructed wetland with a cathodic portion in the upper region in con-
tact with atmospheric oxygen and an anodic portion in the deeper zone region, which is
anaerobic by nature. However, in CW-MFCs, both the anodic and cathodic regions are
made up of conductive material rather than non-conductive material (such as gravel) in
the case of CWs. Organic matter is oxidized by both exo-electrogenic microbial activity and
non-exo-electrogenic microbial activity, where exo-electrogenic microbial activity produces
electrons and protons. These electrons are transferred to the anode by a redox shuttle,
redox-active protein, or nanowire, and then reach the cathode via an external wire, while H*
transfers to the cathode by means of diffusion [5-7]. The presence of conductive material
functions as an electron acceptor in the bottom anaerobic region and thus enhances the
process of organic matter oxidation compared to conventional CWs. Up to date, CW-MFC
has been explored in several aspects, and its optimal performance depends on a num-
ber of parameters such as electrode type, size, material, position and spacing, microbial
community, flow regime, hydraulic retention time, substrate, recirculation, internal resis-
tance, etc. [8-12]. Among these, the electrode is one of the key parameters that significantly
affects the treatment performance and electrical output of CW-MFCs. The ideal electrode
material possesses characteristics such as good conductivity and microbial compatibility
thus facilitating the attachment of microorganisms [13]. The electrode provides an enrich-
ment site for electroactive bacteria to ease biofilm growth and control the electrochemical
reactions. Electrode impacts on the functionality and efficiency of CW-MFC in terms of
electrode material, number, size, type, packing, etc.; thus, selection of a suitable electrode
material is a prerequisite for optimal performance of CW-MFCs. Electrode material and
packing layers have an influence on the composition, richness, and diversity of microbes.
Some researchers have shown that electrode material has a great impact on treatment
performance and bioelectricity generation [7,14]. Generally, most of the CW-MFCs employ
granular activated carbon and granular graphite as electrode materials owing to their strong
chemical stability, low cost, suitable attachment site for electroactive bacteria, and good
biocompatibility [7,15,16]. However, graphite and carbon materials are low-cost electrodes
but less efficient compared to metal electrodes such as Pt, Mo, Ag, and Ti, which have a high
cost [17]. To amplify treatment and power performance of electrodes, surface properties
and conductivity are being modified [18,19]. However, these modifications are not very
cost-effective and infuse complexity into the system. For instance, the anode electrode
was modified with biochar-nZVI, which enhances the removal performance of polycyclic
aromatic hydrocarbons (PAHs) in CW-MFCs, although the modification process is quite
extensive [20]. Several researchers used composite electrodes in place of a single electrode,
metal, or metal-free catalyst in their study owing to their low cost, higher efficiency, and
increased active area [21-23].

The number of electrodes can also be a factor influencing pollutant removal and bio-
electricity production. A multi-electrode system enhances the electrode surface area and
facilitates the electron transfer process, which improves the performance of CW-MFC in
terms of wastewater treatment and electricity generation. Multiple electrode systems can
resolve one of the potential challenges in scaling up CW-MFC for its field-level applica-
tion of decreased power output while increasing its volume because a single electrode
is not enough for the maximum possible harvest of electrons available at the anode or
dispensing electrons from the cathode to the oxidant (like oxygen) and protons [9,24].
However, very few studies have been conducted to understand the role of multi-electrodes
in CW-MEC [25-27]. For example, a multiple biocathode CW-MFC system using three
carbon-felt electrodes was investigated by Xu et al. [28] for a systematic evaluation of the re-
lationship between N removal and electrical output and reported higher energy production
and higher nitrogen removal. They reported that the maximum power density of the system
increased from 12.56 mW/m? to 26.16 mW /m? when the biocathode number was changed
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from 1 to 3 [9,29]. Further, Wang et al. [26] investigated a multi-anode tidal CW-MFC under
a low inflow C/N ratio and characterized NO3™-N and electricity-transforming bacteria.
In another multi-anode system reported by Tang et al. [24], cathode conditions were in-
vestigated in parallel and combined connection modes of a 30 L CW-MEFC for wastewater
treatment and electrical output for an influent COD of 500 mg/L. Yang et al. [27] studied a
two-anode and a single-cathode CW-MFC to understand long-term roles in power genera-
tion and treatment performance at a COD of 189.91 & 14.45 mg/L. A multiple biocathode
CW-MEC system using three carbon-felt electrodes was investigated by Xu et al. [28] for
systematic evaluation of the relationship between N removal and electrical output and
reported more energy production with higher nitrogen removal. However, these studies
are conducted for comparatively lower organic loading rates. So, a multi-anode system’s
potential for higher organic loads is still unexplored.

Thus, the present study focuses on examining the potential of multiple electrode
systems for treating significantly higher organic loading rates with two equally sized CW-
MECs, each consisting of four equally sized anodes (multiple electrode systems) and a
cathode using granular graphite or activated charcoal as an electrode material under a high
organic loading rate. Each anode was connected to the cathode with a separate external
resistance in a parallel connection mode. Along with multiple anode microcosms, CW
control microcosms were also experimented with and evaluated (supplementary file). The
study for wastewater treatment performance and electrical performance was conducted
under two different, significantly higher organic loading rates to examine the potential of
multiple electrodes.

2. Materials and Methods
2.1. Wastewater Composition

Synthetic wastewater, which represents untreated household wastewater, was prepared us-
ing glucose as a carbon source. The composition of synthetic wastewater was adopted from lit-
erature and includes glucose (1 g/L and 2 g/L), CaCl, (0.0301 g/L), MgCl,.6H,O (0.0371 g/L),
KH,POy (0.0445 g/L), (NHy),SOy4 (0.01119 g/L), (NHy),Fe(SO4),.6H,0 (0.0842 g /1), and
NaHCOj3 (0.0111 g/L). The trace element solution contains H3BO3 (0.15 g/L), CaCl,.6H,O
(0.15 g/L), CuSO4.5H;0 (0.03 g/L), FeCl3.6H,O (1.5 g/L), ZnSO4.7H,0 (0.12 g/L), and KI
(0.03 gm/L) 34.

2.2. Configuration

Two equally sized CW-MFCs were built using polyvinyl chloride pipes of 57 cm
height and 11 cm diameter and named CW-MFC (GG) and CW-MFC (GAC), as shown in
Figure 1a,b. The CW-MFC (GG) was fabricated using graphite granules of sizes 5-8 mm
as electrode material, whereas another CW-MFC (GAC) was equipped with electrodes
made up of activated charcoal granules of sizes 5-8 mm. The total working volume of each
system was 2 L. Each CW-MFC microcosm consists of four anodes (anode 1 (A1), anode 2
(A2), anode 3 (A3), and anode 4 (A4)) and one cathode. In the bottom of PVC pipes, a 2 cm
thick boulder (10-12 mm) layer was placed. Above this layer, a 5 cm-thick layer of granular
graphite or activated charcoal was placed as anode 1 for the fabrication of CW-MFC (GG)
and CW-MFC (GAC), respectively. This layer was separated with a 3 cm-thick layer made
up of a double-layered perforated plastic liner and stone gravels 5-8 mm in size. Likewise,
three more anodes were fabricated. The anodic and cathodic zones were separated with a
double-layered plastic liner, glass wool, and stone gravels measuring 0.2-0.5 cm. Plastic
liners were provided with 2-3 holes in them for proper passage of wastewater. Thereafter,
a 5 cm layer of gravel was placed as a separator between the anodic and cathodic zones.
Above this, a 19 cm-thick layer of granular graphite or activated charcoal granules is placed
to act as a cathode. One graphite rod of 100 mm x 13 mm (length x width) was connected
with an electrical wire is placed in each electrode as a charge collector or dispenser. All four
anodic zones were provided with an anode sampling point from the anode, i.e., Al: 54 cm;
A2: 46 cm; A3: 38 cm; and A4: 30 cm in both systems, whereas each microcosms cathode is
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fitted with one effluent port at 7 cm from above. In both CW-MFC microcosms, all four
anodes were separately connected to the cathode using an external resistance of 1 KQ) in a
parallel manner.

— (ot Emoen] «—
e E=l—ns
ﬂ 19¢em ;
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Figure 1. A schematic representation of configurations of (a) CW-MFC(GG) and (b) CW-MFC (GAC)
setups used for the study.

2.3. Inoculation and Operation

CW-MFC(GG) and CW-MFC (GAC) were inoculated with a pre-acclimated microbial
community of another CW-MFC, which had already been running for over a year in the
CSIR-IMMT laboratory. After inoculation, each system was allowed to acclimatize for one
and a half months before the start of the experiment. During this acclimatization phase,
synthetic wastewater was regularly added to both CW-MFC microcosms in batch mode.
After acclimatization, both microcosms were switched to continuous flow mode using a
peristaltic pump at a flow rate of 1.16 mL/min. The wastewater was passed in an up-flow
manner, from Al upwards, eventually discharging from the cathode. The HRT for both
microcosms was maintained for 24 h. Both systems were run at two organic loading rates.
Initially, both systems were run, and all the experiments were conducted at an organic
loading rate of 890.11 g COD/m3-d. After that, the organic loading rate was changed to
1781.32 g COD/m3-d. All the experiments were conducted at room temperature.

2.4. Measurement and Calculations

The water samples were collected through the outlet of each anodic sampling point
for CW-MFC (GG) and CW-MFC (GAC). A 30 mL sample was taken from the outlet of each
cell for chemical oxidation demand (COD) analysis. The COD was determined according
to a standard method (APHA, 2005). Samples were taken from all four anodic and cathodic
sampling points for dissolved oxygen (DO) and pH analysis. The measurements of pH
were done using a pH meter (Eutech Instruments, Paisley, UK, CyberScan, pH 1500). The
DO and NH;*-N measurements of the effluent were done using a portable multimeter
(HACH HQ40D) with respective probes and reagents for each parameter. The percentage
removal of COD and NH;"-N was calculated through the following Equation (1):

influent concentration (&) — ef fluent concentration (58)

)

% removal =
influent concentration (%)
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The voltage (V) was measured on a daily basis using a digital multimeter (Sanwa
CD772) for CW-MEFC (GG) and CW-MFC (GAC). Once voltage achieves the steady state,
polarization study was carrying out by varying external resistance from 90 MQ) to 1 () and
measuring voltage in every 20 min of interval. The electrical parameters were calculated by
applying their standard formulas. Current (I) was calculated using Ohm’s law, I = V/Rey,
and power (W) were calculated using the standard formula, P = 1.V where I is the current
(A), V is the voltage (V in mV), and Rey is the external resistance ({2) across the electrodes.
The volumetric power density (Pg4) for each system was calculated using the formula
P4 = V2/0.Rex [30] where Py is the volumetric power density (W/ m?) and v is the anodic
volume (m?). The current density of each system was calculated by dividing the current
generated by the effective volume of each anodic zone of both CW-MFC microcosms.
Thereafter, a polarization curve was plotted between current density, power density, and
voltage to acquire the internal resistance of the system along with ohmic, concentration,
and activation losses.

3. Results and Discussion
3.1. Environmental Conditions of Microcosms

Dissolved oxygen (DO) is one of the crucial factors that play a key role in the perfor-
mance of CW-MFC. The dissolved oxygen concentrations (mg/L) observed during the
course of study for CW-MFC (GG) and CW-MFC (GAC) are depicted in Figure 2a,b. In
CW-MFC (GG), the DO concentrations were observed in the range of 1.09 & 0.05 mg/L to
1.43 4+ 0.07 mg/L from A1 to cathode at an organic loading rate of 890.11 g COD/m?3-d.
Similarly, in CW-MFC (GAC), it ranged from 0.75 £ 0.06 to 1.78 & 0.1 mg/L from Al to
the cathode. For an organic loading rate of 1781.32 g COD/m?>-d, DO levels were ranged
from 0.96 £ 0.1 mg/L to 1.94 4+ 0.07 mg/L from Al to the cathode in CW-MFC (GG)
whereas for CW-MFC (GAC), it ranged from 0.35 &= 0.04 mg/L to 3.28 &= 0.3 mg/L starting
from A1 to the cathode. The DO levels significantly vary across both up-flow CW-MFCs.
For both organic loading rates, the DO levels were found higher in the cathodic zone as
compared to the anodic zone in CW-MFC (GG) as well as in CW-MFC (GAC). This can
be attributed to the diffusion of air into the cathodic zone from the atmosphere, and since
wastewater has a low organic matter content as it flows upward from the anodic zone
to the cathodic zone, it no longer consumes the DO present in the wastewater. The DO
concentration usually tends to be higher in the upper region and comparatively lower
in the lower region across an up-flow CW-MFC [12]. At the anodic region, a higher rate
of oxidation of pollutants facilitates more electron transfer to the cathodic region, which
in turn speeds up the rate of reduction reactions at the cathode. This accelerates oxygen
diffusion at the cathode, resulting in higher DO concentrations at the cathode. It was also
observed that DO levels were slightly higher in CW-MFC (GAC) as compared to CW-MFC
(GG), which indicates more COD removal in CW-MFC (GAC). The DO concentration at the
lower anode decreased when organic loading was increased for both electrode materials
because oxygen was consumed in the degradation of the organic substrate. The pH profile
is also considered an important operative variable due to the possible effect of pH variation
on electroactive bacteria [12]. The pH was found to be in the range of 4.2-6 for both of the
microcosms during the course of the experiment. The pH was found to be decreased as the
organic loading rate increased.

3.2. Chemical Oxygen Demand (COD) Remouval Efficiency

Electrodes play a very crucial role in the degradation of pollutants. The degradation
of pollutants depends on the composition, richness, and diversity of the microbial com-
munity, for which the selection of a suitable electrode becomes vital. The COD removal
efficiency of CW-MFC (GG) and CW-MFC (GAC) for both organic loading rates is shown
in Figure 3a,b. The overall average COD removal efficiency was observed at 70.44 =+ 2%
for CW-MEFC (GG) at an organic loading rate of 890.11 g COD/ m3-d, wherein A1, A2, A3,
and A4 achieved COD treatment contributions (from the initial loads) of 24.48 4 2.3%,
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28.10 & 2.08%, 38.14 £ 4.45%, and 47.69 £ 1.2% respectively. Whereas, at the same organic
loading rate, the overall average COD removal efficiency for CW-MFC (GAC) was observed
at 95.24 £ 3.8% with individual anodes A1, A2, A3, and A4 exhibiting their contributions
in removal at 53.68 £+ 1.5%, 77.46 £ 1.8%, 81.23 + 2.5%, and 86.02 £+ 5%, respectively,
as shown in Figure 3a. As depicted in Figure 3b, when the organic loading rate was in-
creased from 890.11 g COD/m3-d to 1781.32 g COD/m3-d, the COD removal efficiency
was decreased for both CW-MFCs. At a high organic loading rate, the average overall
COD removal efficiency was observed to be 65.43 & 2.4% and 88.16 + 1.7%, respectively,
for CW-MFC (GG) and CW-MFC (GAC). At Al, 22.14 £ 1.05% and 46.81 & 1.5% of COD
removal efficiency were observed for CW-MFC (GG) and CW-MFC (GAC), respectively.
In CW-MEFC (GG), treatment efficiencies of 26.61 + 1.8%, 33.37 + 2.2%, and 46.95 + 1.7%
observed at A2, A3, and A4, respectively. Likewise, the COD removal efficiency increased
from 46.81 £ 1.5% to 65.28 £ 5.8% at A2, then gradually increased up to 69.36 =+ 3.6% and
75.68 £ 4.9% at A3 and A4 in CW-MFC (GAC).

BCW-MFC(GAC) BCW-MFC(GG)
BCW-MFC (GAC) BCW-MFC(GG)

3.6
3.6 1
3.2
3.2 A
2.8
2.8 -
2.4
2.4
~
= 2 E" 21
g o
Q16| a 1.6 -
w2 ] 1.2
0.8 0.8 |
0.4 0.4
0 0-
A1 A2 A3 Ad Cathode Al A2 A3 Ad Cathode
(2) (b)

Figure 2. Dissolved oxygen (DO) profiles (a) at an organic loading rate of 890.11 g COD/m?3-d and
(b) at an organic loading rate of 1781.32 g COD/ m3-d.

As observed from Figure 3a,b, CW-MFC (GAC) showed up to 86.02% and 75.68%
treatment in the anodic zone for an organic loading rate of 890.11 g COD/m?3-d and
1781.32 g COD/ m3-d, respectively. On the other hand, in CW-MFC (GG), COD reduction
was found to be less than 50% in the anodic zone for both organic loading rates. It shows
that multi-anode CW-MFC works efficiently with granular activated charcoal electrode
material under both organic loads. For an organic loading rate of 890.11 g COD/m?3-d,
the treatment efficiency was found to be 24.8% higher in CW-MFC (GAC) than CW-MFC
(GG), whereas it was 22.73% higher in CW-MFC (GAC) when the organic loading rate was
increased to 1781.32 g COD/m3-d. The reason for the comparatively better performance of
CW-MFC (GAC) may be ascribed to the physical, chemical, and biological characteristics
of the activated carbon. The activated charcoal retains properties like good electrical
conductivity, lower resistivity, strong biocompatibility, porous architecture, a good electron
transfer rate, better microbial adhesivity, significant chemical and mechanical stabilities,
anti-corrosiveness, and large surface area [12]. This allows higher specific surface area
and comparatively better environment for bacterial attachment. Moreover, the activated
charcoal used in the study was saturated before conducting the study, thus eliminating the
chances of adsorption-type mechanisms. Srivastava et al. [17] reported that overall COD
removal was almost 6% higher in activated charcoal electrodes than in graphite electrodes
in closed and open circuits for all studied organic loads. Li et al. [14] reported nearly
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100% removal of SMZ using GAC electrodes, whereas it was less in the case of graphite

electrodes.
BOW-MFC(GG) BCW-MFC(GAC)
100 100 8CW-MFC(GG) 8CW-MFC(GAC)
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Figure 3. COD Removal efficiency (%) at an (a) organic loading rate of 890.11 g COD/m3-d and
(b) organic loading rate of 1781.32 g COD/m?3-d, (c,d) show COD loading rates from A1l to Cathode
for an organic loading rate of 890.11 g COD/ m3-d and 1781.32 g COD/ m3-d, respectively.

Furthermore, in each case, the highest removal is observed at Al, which may be
because of the high food-to-microbe ratio in the first portion of the studied system. At
Al, bacteria might tend to convert water-soluble chemical substances, including hydrol-
ysis products, to short-chain organic acids like formic, acetic, propionic, butyric, and
pentanoic [31]. The unutilized organic matter transfers from Al to A2, where it further
gets degraded. A similar process repeats with A3 and A4 before it reaches the cathode.
Generally, in CW-MFCs, microorganisms donate electrons to the anode electrode, which
passes them to the cathode through a circuit where they react with oxidants (like oxygen)
and protons. Consequently, due to the flow of electrons through the electrical circuit, elec-
tricity is generated. During this process, organic molecules first break down into simpler
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intermediate molecules. The degradation of organic substrates can be explained by the
anode (Equation (2)) and cathode reactions (Equation (3)).

CgH1,0¢ (Glucose) + 6H,O — 6CO; + 24H" + 24e~ ()

4H" + 4e™ +20, — 2H,0 €)

In the present study, as it is clear from Figure 3a, at A1, the highest removal was
achieved in both CW-MFC (GG) and CW-MFC (GAC). However, CW-MFC (GAC) removed
29.2% more COD than CW-MFC (GG) for an organic loading rate of 890.11 g COD/m3-d.
Similarly, at an organic loading rate of 1781.32 g COD/m?3-d also, 24.67% more treatment
was observed in CW-MFC (GAC) than CW-MEFC (GG) in Al.

It is also clear from the results that when the organic loading rate was increased,
COD removal was decreased for both CW-MFCs. This is because more organic material is
oxidized at a lower organic loading rate. A study by Villasenor et al. [32] also reported that
organic material was completely oxidized at 13.9 gm COD/m?-d, whereas it decreased by
5% when the organic loading rate was increased to 31.1 gm COD/m?-d. Other researchers
also reported better performance of CW-MFC under low organic conditions [23,33]. Con-
versely, some other researchers reported an improved treatment and power performance
with increasing organic concentrations [12,34]. Yadav et al. [4] reported that high con-
taminant concentrations lead to slight acidification, which lowers the rate of degradation.
Liu et al. [23] reported a decrease in COD removal efficiency from 95% to 81-90% and
81-85% when influent COD was increased gradually from 50 mg/L to 500 mg/L and
finally 1000 mg/L. However, in the present study, despite the significant increase in organic
loading, the removal efficiency was not much impacted due to the enhanced electrode
surface area in multiple anode systems, even at such relatively higher organic loading rates.

Additionally, Figure 3¢,d were also drawn to show COD loading rates starting from A1l
to the cathode in CW-MFC(GG) and CW-MFC(GAC) to represent degradation of organics
at each stage for an organic loading rate of 890.11 g COD/m?3-d and 1781.32 g COD/m3-d
during the course of the experiment. It is clearly evident from Figure 3a—d that the COD
loading rate is consistently decreasing as the wastewater passes from A1l to cathode for
both organic loading rates.

From the overall COD results for CW-MFC (GG) and CW-MFC (GAC) under both
organic loading rates, three distinct points can be concluded: (i) treatment efficiency
decreases as the organic loading rate increases; (ii) highest removal efficiency is achieved at
Al; and (iii) GAC performed better than GG. It is also noted that multiple anode systems
provided a comparatively larger anodic portion to facilitate the oxidation reactions taking
place at the anode, which was reflected in COD removal efficiency, that decreased only
about 5% in the case of CW-MFC (GG) and about 7% in the case of CW-MFC (GAC) even
after doubling the glucose load. This indicates an enhancement in the anode potential due
to the multiple electrode systems, which can treat significantly higher organic loads.

3.3. Ammonium Removal

Ammonium removal is a challenge in the traditional constructed wetland as it de-
mands the availability of electron acceptors during the nitrification step involving the
conversion of ammonium to nitrate (or nitrite) by the Nitrosomonas and Nitrobacter mi-
crobial communities. However, traditional CWs are dominated by anaerobic regions,
indicating the unavailability or low availability of electron acceptors, thus challenging am-
monium removal [35,36]. Figure 4 shows the percentage removal of ammonium (NH;*-N)
obtained in the present study. The ammonium (NH,4*-N) concentration was measured from
the influent and effluent at both organic loading rates. The NH4*-N removal efficiency
in CW-MFC (GG) was obtained as 56.29 & 7% and 56.09 & 3.9% for the organic loading
rates of 890.11 g COD/m3-d and 1781.32 g COD/m?>-d, respectively. Whereas, in the
case of CW-MFC(GAC), 36.59 + 3.8% and 50.59 =+ 7% NH,*-N removal were observed
at an organic loading rate of 890.11 g COD/m3-d and 1781.32 g COD/m3-d, respectively.



Energies 2023, 16, 784

9of 14

CW-MEFC (GG) exhibited higher ammonium removal at both organic loads in comparison
to CW-MFC (GAC). However, DO concentration at both organic loads in CW-MFC (GG)
was considerably low, lying in the range of 0.75 + 0.06-1.94 &+ 0.07 mg/L, suggesting
anaerobic conditions throughout the system and thus indicating the negligible role of
DO towards ammonium removal. Similar DO concentrations are also observed in other
CW-MEFC studies using granular graphite as a conductive material [36]. High ammonium
removal in DO-deficient environments can be explained by the presence of conductive
granular graphite as an electrode material. The conductive materials can function as solid
electron acceptors in the anaerobic region, facilitating ammonium removal. Our results are
in accordance with the results presented by Srivastava et al. [36], who concluded that the
electrode-dependent ammonium oxidation process is the reason for the high removal of
ammonium in CW-MFC.

70
m890.11 g COD/m*-d @1781.32 g COD/m*-d

60

NH,*-N Removal Efficiency(%)
[ 3 w - n
=} > =} =}

[
=]

0

CW-MFC (GG) CW-MFC (GAC)

Figure 4. NH,*-N removal efficiency at an organic loading rate of 890.11 g COD/m3-d and
1781.32 g COD/m3-d.

Furthermore, in the case of CW-MFC (GAC), higher ammonium removal can be
observed with an increase in load. However, the increase in load from 890.11 g COD/ m3-d
to 1781.32 ¢ COD/m3-d has decreased the DO availability from 0.75 mg/L to 0.35 mg/L
in CW-MFC (GAC). This decrease in DO levels will increase the competitiveness between
nitrifiers and heterotrophs for available oxygen, which could limit ammonium removal with
an increase in organic load [37]. Further study is needed to explain such results. Although
this indicates the crucial role of conductive material and the possible efficiency of electron
conductivity as a deciding factor in ammonium removal even at high organic loading rates.
Furthermore, the implementation of multiple anodes has increased the electrode surface
area and enhanced attachment sites for microbes, which is further responsible for high
ammonium removal efficiency. CW-MFC (GAC) has shown an increase in ammonium
removal with an increase in organic loading rate, while it is consistent in the case of CW-
MEFC (GG). This may be due to the increase in DO level in the cathodic region of CW-MFC
(GAC) during that phase because of some unforeseen/unexplainable reasons, as shown in
Figure 2. As depicted in Figure 4, under both organic loading rates, CW-MFC (GG) showed
better NH;*-N removal than CW-MFC (GAC). This may be explained by the fact that
graphite acted as a better electron acceptor than charcoal to accept the electrons released in
the process of NH;"-N oxidation.

3.4. Electricity Generation

The voltage profiles of CW-MFC (GG) and CW-MFC (GAC) throughout the experiment
are presented in Table 1. The maximum voltage was recorded with the uppermost anode
electrode i.e., A4 and cathode (A4-C) for both the microcosms as 47.9 mV for CW-MFC
(GG) and 139.9 mV for CW-MEC (GAC). The lowest voltage was achieved between the
bottom most anode electrode and cathode i.e., A1-C for both CW-MFC (GG) and CW-MFC
(GAC) as 30.1 mV and 13.6 mV at an organic loading rate of 890.11 g COD/m?-d and 30 mV
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and 13.2 mV at an organic loading rate of 1781.32 g COD/m?3-d, respectively, as shown
in Table 1. This may be due to the lowest spacing between A4 and the cathode, whereas
spacing is highest in the case of Al and the cathode. Lower electrode distance enhances the
voltage output by decreasing the internal resistance in CW-MFC (GG) and CW-MFC (GAC)
systems [38—41]. The spacing between the electrodes plays an important role in electricity
production [7,19,42].

Table 1. Showing maximum voltage (Vmax), power density (Pdmax), and current density (Cdmax)
under both organic loading rates.

CW-MFC(GG) CW-MFC(GAC)
L %’i‘v"’“{{ ; 890.11 g COD/m3-d 1781.32 g COD/m3-d 890.11 g COD/m3-d 1781.32 g COD/m’-d
oading kate

Connections . Pdmax Cdimax Vinax Pdimax Cdimax Vinax Pdmax Cdmax Vinax Pdpmax Cdnax Vinax
(mW/m?)  (mA/m?) (mV) (mW/m?)  (mA/m?) (mV) (mW/m?)  (mA/m®) (mV) (mW/m?)  (mA/m?) (mV)
A1-C 2.26 75.25 30.1 225 75 30 0.462 36.75 13.6 043 35.67 132
A2-C 1.69 65 26.4 213 73 29.2 142 64.59 239 447 11432 423
A3-C 3.80 97.5 395 273 82.75 33.1 17.80 228.10 84.4 16.76 221.35 81.9
A4-C 552 1175 47.9 436 1045 418 4830 375.67 139.9 30.25 297.3 110.6

Furthermore, results suggested a decrease in voltage generation with an increase in
organic loading rate from 890.11 g COD/m?>-d to 1781.32 g COD/m?>-d for both microcosms.
In the case of CW-MFC (GG), voltage decreased from 47.9 mV to 41.8 mV, whereas for CW-
MEFC (GACQ), it decreased from 139.9 mV to 110.6 mV with an increase in organic load from
890.11 g COD/ m3-d to 1781.32 g COD/ m3-d, respectively, for A4-C, as shown in Table 1.
This may be due to the prevalence of methanogenic microorganisms over exo-electrogenic
biofilms as high organic loading tends to promote the growth of methanogenic bacteria.
A lower organic loading rate, on the other hand, benefits the growth of exo-electrogenic
bacteria and activity over competing for methanogenesis [7]. Another reason for lower
electrical output can be that when OLR increases, the electrons get neutralized in the anodic
chamber itself by other electron acceptors such as nitrate, sulfate, chlorinated compounds,
etc., already present in the wastewater [43]. Other studies also reported that when influent
COD concentrations are very high, non-oxidized organic matter moves from the anodic
region to the cathode, allowing a lack of proton exchange and dissolved oxygen in the
cathode. Thus, this low DO in the bio-cathode surface results in lower power output [23].

It is also observed that the voltage achieved at both organic loads is low. The power
output in the present study was comparatively lower than other multi-anode studies
reported in the literature [24,25]. This may be due to high organic loading and a lack of
artificial aeration in the cathodic zone. It indicates the involvement of electrons released
during the oxidation of organic material in other reactions, such as methanogenesis, instead
of contributing towards electricity generation [36]. The low voltages obtained at both
OLR can also be correlated with the slightly acidic pH recorded throughout the course
of the experiment. In a multi-anode setup, Oon et al. [38] recorded average voltages of
286 + 13 mV and 421 4+ 16 mv at 314 mg/L and 624 mg/L organic loadings, which are
lower than the organic loads in the present study.

The voltage output of CW-MFC (GAC) was found to be better than CW-MFC (GG)
under both organic loads. This can be due to the higher specific surface area of granular
activated carbon compared to granular graphite, which would have provided a better
attachment site to exo-electrogenic biofilm [16,44,45]. Similarly, the power output of CW-
MEC having charcoal electrodes was reported to be better than CW-MFC having graphite
electrodes in a study conducted by another researcher [17]. The study reported a maximum
power density of 43.63 mW/m3 for GAC as anode and cathode electrode material and
0.10 mW/m? for GG as anode and cathode electrode material.

Furthermore, current density and power density were calculated at each anode at
different loading rates to plot the polarization curves. Table 1 shows the variation of current
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and power density with organic loading rate for both microcosms. Results indicate a
decrease in both current and power density with an increase in load in the case of both
CW-MFC (GG) and CW-MFC (GAC). This could result from a decrease in electrogenic
microbial activity and increased methanogenic activity and or inhibition of the microbial
activity at higher loads. Further, Figure 5a-d show the polarization curves of each anode at
both loading rates. The maximum current density and power density were observed for
A4-C of 117.5 mA /m?, 552 mW/m?> for CW-MFC (GG), and 375.67 mA /m?, 48.30 mW/m3
for CW-MFC (GAC) at an OLR of 890.11 g COD/ m3-d. Whereas, with an increase in OLR to
1781.32 g COD/m3-d, maximum current density and power density produced at A4-C were
observed as 104.5 mA/m?3, 4.36 mW/m?3, and 297.3 mA /m?3; 30.25 mW/m?3 for CW-MFC
(GG) and CW-MFC (GAC), respectively. This indicates that CW-MFC (GAC) produced
more current and power density at both organic loading rates, as also presented in Table 1.
The distance between electrodes is a crucial factor for the electrical performance of CW-
MEC [24]. In the present study, the distance between the anode and cathode was lowest
in the case of A4, whereas it was highest in the case of Al. This may be the reason for the
comparatively better power output at A4-C. Oon et al. [29] also reported the lowest power
density for the anode placed at the farthest distance from the cathode. It is well reported in
the literature that as the distance between electrodes increases, the internal resistance also
increases, which in turn lowers the power output of CW-MFC [40,46,47]. It is also evident
from Table 1 that power output decreased when the organic loading rate was increased.
Bolton and Randall [48] also reported a 44% decrease in power output when COD was
increased. This may be due to the dominance of the methanogenic environment, which led
to the utilization of only a small fraction of substrate into electrical output. Furthermore,
a gradual decrease in power density was also observed by Xu et al. [28], when the OLR
was raised above 18.4 g COD/m?/d. Another reason for the decrease in power and current
densities with OLR is that the undegraded substrate from the anode moves to the cathode
and produces anaerobic conditions, thus hindering cathodic reactions [49].
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Figure 5. Polarization curves for (a) CW-MFC (GG), (b) CW-MFC(GAC) at an organic loading rate
of 890.11 g COD/ m3-d, (¢) CW-MFC (GG), and (d) CW-MFEC (GAC) at an organic loading rate of
1781.32 g COD/m3-d.
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4. Conclusions

The present study investigated the potential of multi-anode and single-cathode CW-
MEFCs for treating significantly higher OLRs. The study concludes that even with the
doubling of the OLRs from 890.11 g COD/m3-d to 1781.32 g COD/m?>-d, there is an
insignificant change in COD removal efficiency, as it decreased only about 5% in the case of
CW-MFC (GG) and about 7% in the case of CW-MFC (GAC) with the increase in OLRs. This
signifies that the multiple anode system provided a larger anodic portion to facilitate the
oxidation reactions taking place at the anode. Significant ammonium removal was observed
at even such high OLRs, which was attributed to the increase in electrode surface area
and enhanced attachment sites for microbes with the implementation of multiple anodes.
Moreover, conductive materials have also played a crucial role in ammonium removal at
high OLRs by functioning as electron acceptors released during the process of NH;*-N
oxidation, and thus CW-MFC (GG) outperformed CW-MFC (GAC) due to the higher
electron acceptor tendency of GG over GAC. A maximum power density of 43.63 mW/m?3
was observed for GAC at anode and cathode electrode materials resulting from the high
specific surface area of GAC compared to GG, which provided a better attachment site to
exo-electrogenic biofilm. Decisively, a multi-anode CW-MFC configuration with GAC and
GG as electrode materials has substantial potential to treat considerably high OLR and can
be investigated further for real wastewater containing high OLR.
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