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HIGHLIGHTS

o Linear relationship between DOC concentration in leachate and MFC voltage existed.
e MFC was integrated with MRBR for monitoring DOC concentrations in effluent.

o Aeration could reduce DOC concentration in effluent of MRBR effectively.

e Energy consumption of MRBR would be reduced according to MFC voltage signal.
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numerous dissolved organic carbon (DOC) into aquatic ecosystems. In this study, a microbial fuel cell
(MFC) sensor was integrated with a macrophyte residues bioreactor (MRBR) to provide an energy-saving
way for reduction of DOC concentrations in the effluent. Through re-utilization of macrophyte residues as
solid carbon source, DOC concentrations in the effluent of MRBR increased to the maximum on day 5 and
then dropped down rapidly to a low value, while the ratio of bioavailable DOC decreased gradually.
Interestingly, it was found that there existed a linear relationship between DOC concentrations in initial
residue leachate and the voltage from MFC biosensor (R = 0.9852). Accordingly, aerobic biofilm through
aeration were applied in the upper part of MRBR to enhance the degradation of DOC prior to discharge to
aquatic systems, and aeration rate was adjusted based on MFC sensor signal. Further experiments
demonstrated that when voltage decreased from 0.18 V to 0.09V, a half of aeration rate (7.5Lmin})
could still lead to a high DOC degradation efficiency (above 50%) and a low DOC concentration
(~10mgL~1) in the reactor effluent. Thus, the integrated MFC signal could be used to regulate the
aeration rate in order to obtain a low DOC concentration in effluents under an energy-saving way.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

2016). However, the application of plant-based bioreactor may
lead to a number of potential adverse environmental impacts, such

Plant-based bioreactor, which used plant residues or wood chips
as carbon sources, is widely applied to reduce the contaminant
loadings to surface waters from agricultural subsurface drainage
and groundwater due to its convenience, easy operation, and low
cost (Halaburka et al., 2017; Satake and Tang, 2018.; Hua et al,,
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as production of greenhouse gases (e.g., NoO), formation of methyl
mercury, and release of dissolved organic carbon (DOC) (Schipper
et al., 2010; Shih et al., 2011; Warneke et al., 2011). Among them,
DOC is of vital importance to the dynamics of stream and river
ecosystems (Stanley et al., 2012), and serves as an index of quality to
reflect the organic matter pollution in aquatic environment
(Nguyen and Hur, 2011; Spencer et al., 2012). High-concentration
leachates from plant residues may pose risks to the aquatic life
due to the depletion of oxygen in waters caused by DOC
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biodegradation. The biodegradation of DOC also influences the
optic properties of receiving water (Zhang et al., 2009). Therefore,
reducing DOC concentrations in effluent is necessary against the
adverse effect of plant-based bioreactor on aquatic systems espe-
cially surface water environments.

Microbial fuel cell (MFC) is a device that produce electricity from
the oxidation of organic or inorganic fuel by microorganisms
(Lovley, 2012; Logan and Rabaey, 2012; Wang et al., 2011). Specif-
ically, microorganisms in the anode compartment can act as bio-
logical recognition element whereas electrodes and proton
exchange membrane (optional) serve as a transducer (Kumlanghan
et al., 2007), offering a great potential of MFCs to be used as a

Potentiostat

biosensor (EIMekawy et al., 2018). The application of MFC as bio-
sensors has the three following advantages: (i) MFC is established
as a real-time shock sensor due to the fact that fuel change causes
the immediate jump or drop of voltage signals from MFC; (ii) MFC is
self-sustainable and no external power supply is required; (iii) the
absence of coating external enzymes and bacteria simplifies the
establishment and prolongs the lifetime of MFC (Xu et al., 2015; El
Mekawy et al., 2019). Therefore, MFC can be used as an effective on-
line monitoring of organic pollutants and characteristics in envi-
ronment system through determining the changes in voltage sig-
nals. Up to now, many sensors, including biological oxygen demand
(BOD) sensor (Modin and Wilén, 2012; Chee et al., 1999), chemical
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Fig. 1. The structure of single chamber MFC (a) and the schematic diagram of the SMRBR installed with MFC sensor (b).
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oxygen demand (COD) sensor (Wang et al., 2014; Xu et al., 2017),
dissolved oxygen sensor (Zhang and Angelidaki, 2012), and toxins
sensor (Jiang et al., 2015, 2017), have been developed on the basis of
MEC technology to monitor aquatic environments.

Additionally, MFC has been applied with bioreactor operations
in recent years for monitoring operation state and improving
pollutant removal. According to voltage signals, the integration of
MEFC has successfully reflect the running status of a variety of re-
actors, such as up-flow anaerobic sludge blanket and up-flow
anaerobic fixed biofilm reactor (Yang et al., 2018.; Jia et al., 2017.;
Zhang et al., 2012.). However, the feasibility of MFC as a sensor to
monitor and then regulate DOC concentrations in the effluent in
plants residues bioreactors is still unknown.

The aim of the current study is to develop a MFC-based sensor
for detection of DOC concentrations in leachate to obtain low
concentrations of DOC in effluent from macrophyte residues
bioreactor (MRBR). Relationships between concentrations of DOC
in leachate from macrophyte residues and voltage signals produced
from MFC was established, and then the DOC degradation was
regulated through adjusting aeration rate according to voltage
signal from MFC sensor for the energy-saving. This study would
help optimize the bioreactor operation with energy saving against
adverse effects.

2. Materials and methods

2.1. Sediment and macrophyte residues leachate sampling and
preparation

Samples of surface sediment were taken using a Pedersen grab
sampler from the Xuanwu Lake (32.07 N, 118.79E), a eutrophic
shallow freshwater lake in Nanjing City, China. After transported to
the laboratory within 1h, the plant debris and macrofauna in
sediments were removed by sieving through a 2-mm sieve. Then
the sediments were homogenized prior to bioanodes enrichment.

Macrophytes collected from the Xuanwu Lake were air-dried for
48 h and sterilized by 75% ethanol. Then the leachates on days 5
(Le-5) and 20 (Le-20) were collected and diluted with filtered lake
water (0.45 um, Whatman GF/F), respectively. All leachates were
sparged with nitrogen gas for 15 min to remove oxygen before
adding into MFC.

2.2. MFC construction

A single-chamber MFC was constructed using a cylindrical
plexiglas chamber with an inner volume of 100 mL (Fig. 1a). All
anodes (3 cm inner diameter) were made of graphite felt with a
thickness of 5 mm. The anodes were soaked in 1 M HCl for 24 h and
washed with deionized water three times before use. The elec-
trodes were connected to an external circuit using copper wires.
The joints were sealed with conductive silver epoxy glue and
insulating epoxy glue in succession. The cathode (3 cm inner
diameter) was prepared according a procedure described in the
Supporting Information. (Cheng et al., 2006). The length of elec-
trode space was 2.5cm (between the center of anode and the
surface of cathode). The circuit was connected through a resistance
of 1000 Q for MFC.

2.3. Inoculum, and enrichment of bioanode

The bioanodes were incubated in the sediment MFCs at 25°C
and a stable voltage signal was measured after 2 months. Then the
bioanodes act as anodes of the single chamber MFC with nutrient
solutions containing (per L lake water) 6 g Na;HPOy4, 3 g KHaPOy4,
0.5g NaCl, 0.1g MgS0O4-7H,0, 0.015g CaCl;, and 1mL trace
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Fig. 2. Changes in voltages from MFCs with different concentrations of Le-5 (a), and
the relationship between voltage signals of the MFC sensors and the DOC concentra-
tions (8.82—66.56 mg L-1) of Le-5 (b). Changes in voltages of MFC with different
concentrations (from 18.33 to 44.88 mg L-1) of Le-20 (c).
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nutrients solution (Lu et al., 2006). The Le-5 was supplied into the
MFC as a carbon source for microbial growth for 1 month, with a
stable voltage output of ~20 mV. All MFC experiments were con-
ducted in duplicate.

2.4. The bioavailability of DOC released from macrophyte residues

A 4-stage plug-flow bioreactor was applied to determine the
bioavailability of DOC in leachates from macrophyte residues, as
described previously (Bai et al., 2017). The bioreactor consisted of 4
tandem darkened glass reactors with different volumes. The stored
Le-5 and Le-20 were pumped as influents and samples were
collected from effluent of each reactor (Eff-1, Eff-2, Eff-3, and Eff-4,
respectively) for DOC analysis. The labile, semilabile and refractory
fractions of DOC were calculated by G model:

DOC = Cie Mt 4 e *t 4 Cyed (1)

where C;, C; and C3 were the concentrations of labile, semilabile
and refractory DOC, respectively.

2.5. MRBR experimental system

In this study, The MRBR was used to remove NO3-N (~8 mgL™!)
from surface water, and the up-flow column reactors were built
with macrophyte residues as carbon substrate (Fig. 1b), and the
macrophyte residues were refilled every 90 days. Plastics multi-
hole screens were placed to divide the MRBR into 3 segments,
each of which was 30 cm high. The bottom of reactor was filled with
macrophyte residues to provide carbon source for microbial
growth. Meanwhile, MFC sensors were applied to monitor the
concentration of DOC in A-port's discharge. The upper 2 segments
were filled with cube plastic carriers for microbial development,
these carriers were made of polypropylene with a diameter of only
10 mm and could be recycled and reused. Aeration device in the top
part of MRBR was controlled by a flowmeter. The lake water
(5—-8 mg NO3-N L~!) was pumped into the bottom of MRBR by a
peristaltic pump. The total hydraulic retention time was 6 h.

2.6. Experimental analysis

2.6.1. Electrochemical analysis

The voltage was recorded with a Keithley model 2700 multi-
meter (Keithley Instruments 2700, USA) every 10min. The
measured voltage was converted to current according to Ohm's
law: V=IR, and power according to P=VI, respectively. Electricity
current and power density were calculated on the basis of anodic
geometric surface areas (GA). For polarizations behavior test of
MEC, linear sweep voltammetry (LSV) was employed by recording
the current at an applied voltage. The voltage was lowered in steps
of 0.001V from open-circuit voltage to 0V with electrochemical
workstation (CHI660D, Shanghai Chenhua Device company, China),
during which anodes were considered as working electrodes and
cathodes as counter electrodes. According to the polarization curve,
power curves describing the power density as a function of current
density were obtained. Internal resistance was calculated by the

Table 1
The bioavailability of DOC in A-port's effluent at day 5 and 20.

polarization slope method (Song and Jiang, 2018).

2.6.2. Chemical and spectral analysis

NO3 concentrations in water samples were determined by an
automated flow injection analyzer (Smartchem 200, AMS Alliance,
Rome, Italy) using the online digestion flow injection analysis
method. The pH level (pH 10, Sartorius, Germany), dissolved oxy-
gen (DO) (JPB-607 A, REX Instrument Factory, Shanghai, China)
were monitored in 20 days. DOC concentrations in water samples
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Fig. 3. Electrochemical properties of MFC with different DOC concentrations of Le-5,
including power curves (a), polarization curves (b).

Day Bioavailability of DOC in effluent at day 5 Bioavailability of DOC in effluent at day 20

Types of DOC Labile DOC Semi-labile DOC Refractory DOC Labile DOC Semi-labile DOC Refractory DOC
Concentrations (mg L") 45.1 22.88 27.05 348 7.11 20.97
Proportion (%) 47.45 24.07 28.46 11.03 22.53 66.44
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were determined as non-purgeable organic carbon using a total
organic carbon analyzer (Torch, Teledyne Tekmar, USA). The
UV—Vis absorption spectra of samples were measured by a Shi-
madzu 2000 spectrometer (Shimadzu Corp, Japan). The fluores-
cence spectrums of samples were measured using an F-7000
fluorescence spectrometer (Hitachi High Technologies, Japan). The
absorbance and fluorescent DOC characteristic parameters,
including as4, specific UV absorbance (SUVA,54) were determined
with detailed methods described elsewhere (Bittar et al., 2015).
Fluorescent dissolved organic matter (FDOM) components were
identified by the parallel factor analysis (PARAFAC) modeling using
drEEMs toolbox (ver. 0.2.0) for MATLAB (R2012a) (Murphy et al.,
2013).

2.6.3. Statistical analysis

The means and standard deviations were calculated using
Origin 8.5. Statistical significance of correlation was determined by
one - way analysis of variance using the SPSS software (IBM SPSS
Statistics 19). The correlations were considered statistically signif-
icant at a 95% confidence internal with p < 0.05.

3. Results and discussion

3.1. The composition and bioavailability changes of DOC leached
from macrophyte residues at different stages

According to previous studies, MFC could consume proteins
(Heilmann and Logan, 2006), carbohydrates (Niessen et al., 2004),
and small organic molecules (Liu et al., 2005; Min et al., 2005) to
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produce electricity at a high efficiency. The four-component PAR-
AFAC model was well validated to identify the number of compo-
nents in leachate from macrophyte residues. The spectral
characteristics of the four components (Fig. 2a and b) were similar
to the previously identified components in aquatic environments
(Kim et al., 2006). The spectra of component 1 (C1) consisted of two
excitation peaks at Ex220, 275/Em337 nm and was ascribed to ar-
omatic protein-like substances. Component 2 (C2) exhibited an
excitation and emission spectrum with maxima at Ex 235, 305/
Em427 nm, similar to a fulvic acid-like substance. For component 3
(C3), a duo peak at Ex/Em<275/471 and 365/471 nm can be
denoted as a humic acid-like substance. Component 4 (C4) (Ex 255,
290/Em343 nm) was categorized as a traditional tryptophan-like
component. As shown in Fig. 2¢c, the fluorescence intensity for
FDOM increased to the maximum on day 5, and then decreased to a
stable stage. The fluorescence intensity of C1 and C4 displayed a
strong linear correlation with the fluorescence intensity of FDOM (P
< 0.05, > 0.9, N = 18), suggesting that the protein-like substances
may be a proxy for labile DOM components. The significant role of
C1 and C4 in DOM biodegradation was also previously reported
(Fellman et al., 2008; Hosen et al., 2014). Moreover, the value of
SUVA354 dropped to the minimum during the initial 5 days, then
gradually increased (Fig. 2d). The increase in SUVAys4 suggested
that the dominant component of light-absorbing DOC transformed
to humic-like substances with a higher aromaticity (He et al., 2016).

The proportions of the labile, semilabile and refractory fractions
in Le-5 and Le-20 were quantified by G model fitting (Fig. S1). The
labile and semilabile fractions of DOC were easily consumed and
decomposed by microbes (Hanamachi et al.,, 2008), while the
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refractor fraction was decomposed slowly and remained almost
constant. The labile and semilabile fractions (C1, C4) in the Le-5
sample were the major components of DOC (>50%), while more
than 66% was composed of recalcitrant fractions (C2, C3) in the Le-
20 sample (Table 1).

3.2. Effect of DOC concentrations of leachate from macrophyte
residues on MFC voltage

With the increasing interests in the nitrate removal, many
advanced biotechnologies were proposed. For example, the bio-
electrochemical treatment of complex wastewaters containing ni-
trate has been shown to be an effective remediation approach at lab
scale, however, the low conductivity of surface water (<1.5 mS/cm)
should be taken into account for the system efficiency (Sevda et al.,
2018). In this study, the MRBR was operated to reduce nitrate in the
surface water, and the nitrate concentrations of effluents for 4
different ports of MRBR were shown in Table S1. It showed that the
nitrate in the C-port's discharge was almost removed with aeration
during 60 days operation. In the MRBR, the short-term release of
DOC during the reactor startup was characterized by an initial high
release followed by a rapid decline (Schipper et al., 2010). To get
relationships between DOC concentrations and voltage signals, a
series of leachate samples with different concentrations of Le-5 and
Le-20 were obtained for MFC testing experiments. The addition of
various concentrations of Le-5 led to a change of voltage signals in
MFCs (Fig. 3a). It was obvious that the voltage signals increased to a
maximum value (from 26.36 to 174.16 mV) about 3 h later after the
supply of leachates with DOC concentrations from 8.82 to
66.56 mg L. The relationship between DOC concentrations and
maximum voltage signals was described well by the first order
kinetic model. As shown in Fig. 3b, the maximum voltage signals
increased linearly (R?>=0.9852) with DOC concentrations. This
suggested that DOC concentrations could be calculated by the
voltage at the rapid release phase. However, voltage signals for Le-
20 were almost kept at a stable value, even the concentrations of
DOC changed from 18.33mgL™! to 44.88 mgL~! (Fig. 3c). The
different relationships between DOC concentrations and voltage
signals for Le-5 and Le-20 can be attributed to the differences in the
composition and bioavailability of DOC. The composition of DOC
changed from labile to refractory fractions gradually, and voltage
signals from MFC decreased to a stable value in 20 days. The con-
centration changes in C1 and C4 fractions affected the microbial
activity on the anodes, so the voltage signals of MFCs were also
changed.

3.3. Electrochemical properties of MFC sensors

The LSV responded to the change in DOC concentrations of
leachates after the addition of different concentrations of Le-5 into
the MFC. According to the polarization curve (Fig. 4a), the power
density increased with the concentration of DOC, the maximum
power density increased slowly for DOC concentrations less than
3719 mgL 1. However, the maximum power density increased
dramatically, when the concentrations of DOC ranged from
4445mgL-! to 66.56mgL~". The maximum power density
reached to 22.32 mW m~2 at a DOC concentration of 66.56 mg L.
A unique feature, power overshoot (Fig. 4a and b), was attributed to
the decreasing internal resistance (Hong et al., 2011). As shown in
Fig. 4b, the slope of curves increased gradually and the internal
resistance of the MFC dropped simultaneously. The internal resis-
tance decreased from 3354.45 Q to 849.70 Q with DOC concentra-
tions changing from 8.82 mgL~! to 66.56 mg L. The results were
almost same as MFC with conventional substrates such as acetate
or real wastewaters (Pasupuleti et al., 2016; Pant et al., 2016). High

power density and voltage signals were obtained at high DOC
concentrations, suggesting that more DOC was consumed for po-
wer generation (Xu et al., 2017). Specifically, the rate of the maximal
power density gradually reduced as the utilization of DOC saturated
gradually (Xu et al., 2017; Logan, 2008).

3.4. The integration of MFC sensors with MRBR

During a 20-day operation of MRBR, the concentration of DOC in
the discharge of A-port had a high variation. Because of abundant
DOC removal, the generation of H" ions might lead to decrease in
pH and DO level. In this study, it was found that the pH and DO of
effluent decreased on day 5 (Fig. S2), but the reduced values were
low. As shown in Fig. 5a, DOC concentration in effluent decreased
from 98.16 mgL~! to 18.82 mg L~ after 12 days of operation at an
HRT of 6 h. The DOC leached during this period could represent
readily soluble organic compounds from plant residues, and the
release rates of the pre-existing DOC were likely controlled by the
mass transfer across the liquid film surrounding the plant residues
(Abusallout and Hua, 2017). Meanwhile, the concentration of DOC
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in A-port had a similar variation trend with voltage signals from
MFC, and the value of voltage signal reached to the highest level
(0.18V) on day 5 and subsequently deceased approximately to
0.022V (Fig. 5b). These results suggested that the variation of DOC
concentrations corresponded to the values of voltage signals. In
addition, concentrations of DOC in MFC decreased to around
15mgL~! (Fig. 5b) as most of the labile fractions in DOC was con-
verted to electrical energy by bioanodes (Wang et al., 2017).

3.5. The reduction of DOC concentration in effluent based on MFC
signal

Compared with anaerobic biofilm, labile DOC can be rapidly
utilized by aerobic biofilm (McKew et al., 2013). So, the three
MRBRs with and without aeration and biofilms were established to
investigate the removal efficiency of DOC in the reactors. As shown
in Fig. 6, aeration and biofilm had obvious effects on DOC concen-
trations in effluents. Without aerobic biofilm and aeration in the
top part of MRBR in the initial stage, DOC removal in effluents was
low (less than 10%) in the initial 5 days (Fig. 6a). Although a higher
removal efficiency (above 30%) was achieved with aeration, DOC
concentration (around 86.20mgL~!) in effluent were still high
(Fig. 6b). However, the combination of aerobic aeration and biofilm
in the top part of MRBR lead to the highest degradation efficiency
(above 70%) and the lowest concentration of DOC (28.74 mgL™!) in
effluents, even the concentration of DOC in A-port's discharge was
93.63 mgL~! on day 5 (Fig. 6¢).

To reduce the energy consumption from aeration, the aeration
rate was then regulated according to voltage signals of MFC. When

the voltage signals fell to half of the maximum (0.09 V) on day 9, the
aeration rate was reduced from 15 to 7.5Lmin" L. As shown in
Fig. 6d, DOC concentrations in effluents of MRBR still decreased
around 10mgL~" (red bar) with a high degradation efficiency
(above 50%) (red point). These outcomes indicated that a decrease
in aeration rate according to the voltage signals of MFC can keep the
low concentration of DOC in effluent.

4. Conclusions

To achieve a low DOC concentration and high degradation effi-
ciency for effluent in the MRBR, aeration rate and aerobic biofilm
were used in the top part of MRBR. Then the study showed that the
MEFC sensor, integrated with the MRBR, could be used to regulate
the aeration rate in order to obtain a low DOC concentration in
effluents under an energy-saving way. The linear relationship
(R*=0.9852) between concentration of DOC in leachate and
voltage from MFC was established to monitor DOC concentrations
in effluent of MRBR. Based on the relationship, reducing aeration
rate by half when voltage produced from MFC decreased from
0.18 V t0 0.09 V still can keep a low DOC concentration (~10 mgL~1)
and a high DOC degradation efficiency (above 50%) in effluent. As a
result, the research provides a valuable guide for the future
development of the plant-based bioreactor.
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