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ABSTRACT

A paper-based multi-anode microbial fuel cell (PMMEFC) integrated with power management system
(PMS) was developed as a disposable self-support real-time “shock” biosensor for wastewater. PMMFCs
were examined at three types of shocks (chromium, hypochlorite and acetate) in a batch-mode chamber,
and exhibited various responses to shock types and concentrations. The power output of PMMFC sensor
was four times as the carbon cloth (CC)-based MFCs, indicating the advantage of paper-based anode for
bacterial adhesion. The power output was more sensitive than the voltage output under shocks, and thus
preventing the false signals. The simulation of power harvest using PMS indicated that PMMFC could
accomplish more frequent data transmission than single-anode MFCs (PSMFC) and CC anode MEFCs
(CCMMEFC), making the self-support wastewater monitor and data transmission possible. Compared with
traditional MFC sensors, PMMFCs integrated with PMS exhibit the distinct advantages of tight paper-
packed structure, short acclimation period, high power output, and high sensitivity to a wide range of
shocks, posing a great potential as “disposable self-support shock sensor” for real time in situ monitoring

of wastewater quality.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Shocks in wastewater incurred by the discharge of acutely high
concentration of contaminants (e.g. organic compounds and/or
heavy metals in tens or even thousands times as normal con-
centrations) during a short period disturb the stability of waste-
water treatment plants (WWTPs) and sometimes even cause ir-
reversible impairment of operational systems. Real-time waste-
water monitor with low power requirement and high sensitivity
for a broad range of shocks is critical to provide effective precau-
tion strategies and minimize shock impacts (Liu et al., 2014; Xu
et al., 2015). Installing a complete spectrum of sensors specific to
each type of shock is impossible for WWTPs. Instead, developing
sensors capable of real-time screening the presence/absence of a
broad range of shocks is an effective solution, especially if the
sensors can be self-supported for data transmission.

Microbial fuel cell (MFC), a bioelectrochemical system (BES)
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converting wastewater to electric energy by the microorganisms
intrinsic in wastewater possesses the unique feature as waste-
water shock sensor, since the jump or drop of the voltage/power
output of a MFC is directly associated with electrogenic bacterial
activity (Kim et al., 2007; Liu and Logan, 2004; Liu et al., 2005;
Logan, 2009; Mukherjee et al., 2013; Oh and Logan, 2005; Tian
et al.,, 2015; Wang et al., 2013) and affected by shocks in waste-
water. Moreover, unlike conventional wastewater biosensors re-
quiring coated enzymes and/or pure bacterial cells and external
power supply (Curtis et al., 2009; Okochi et al., 2004; Woznica
et al.,, 2010. Zhang et al., 2012; Zhou, 2015; Zhou and Wang, 2012),
MEFCs produce electric energy from wastewater and are expected
to achieve self-sustained monitoring, recording, and data trans-
mission, which substantially simplify the device setup and prolong
the lifetime. Previous studies had found the good sensitivity of
MECs to toxic metal shocks and good recovery from shocks (Chang
et al,, 2005; Kumlanghan et al., 2007; Li et al., 2014; Liu et al,,
2014; Wang et al., 2014; Xu et al., 2015). However, there are three
main challenges of MFC shock sensors. First, the acclimation time
of traditional MFCs (e.g. tubular bioreactor, single chamber, and
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carbon cloth-based anode) is pretty long (3-15 days, Chang et al.,
2005; Kumlanghan et al.,, 2007; Li et al, 2014; Liu et al., 2014;
Wang et al., 2014), making it impossible for real-time shock
monitoring and prompt recovery of signals after shock. A novel
membrane-based MFC sensor was developed using hydrophilic
microporous filter membrane to shorten the acclimation period to
2-3 h (Fraiwan et al., 2013; Nguyen et al., 2014; Xu et al., 2015). But
filter membrane is awfully fragile and expensive for “disposable”
application in wastewater systems. MFCs with anode paper re-
servoirs were fabricated to accelerate bacterial growth and main-
tain bacterial activity (Fraiwan et al., 2013; Nguyen et al., 2014),
but the requirement of constant bacterial injection to reservoirs
and the bulky structure of MFC-reservoir posed high difficulty for
installment in WWTPs. Second, the voltage output of single-anode
MEFCs has been used as the signal (Liu et al., 2014; Logan, 2009; Oh
and Logan, 2005; Xu et al., 2015). However, the difference between
the stable output before shock and the output after shock was too
small (<0.15V, Liu et al., 2014; Xu et al., 2015) due to the limited
voltage output of MFCs (Liu and Logan, 2004). This minuscule
response causes a potential fault warning and lowers sensitivity.
One approach to enhance the response is to increase the voltage
output by connecting multi-anode in series, with the precondition
that each anode should be isolated into separate media units
(Aelterman et al., 2006). But for a MFC sensor being inserted in
wastewater with all anodes sharing the same media (wastewater),
it is impossible to achieve the isolated multi-anode in series, and
thus unable to increase the voltage output of a MFC sensor. Third,
the power output of MFC with single pair electrode is still low
(0.08 mW (Liu et al., 2014; Xu et al., 2015), which is insufficient to
support the data recording and transmission (normally need 10-
2000 mW (Donovan et al., 2008, 2011; Shantaram et al., 2005).

The objective of this study is to develop Paper-based Multi-
anode Microbial Fuel Cell (terms as PMMEFC) integrated with
power management system (PMS) as a disposable self-support
(meaning it functions (e.g. monitoring and data transmission)
without the need of external power supply) “shock” sensor for real
time in situ monitoring of wastewater quality. The breakthrough
lies in enlarging and harvesting power output of PMMFC through
parallel connection and PMS, and using power output instead of
voltage output as the MFC signal, which is expected to enhance
the sensitivity and minimize the false warning of shocks. This
study consisted of three tasks. First, the acclimation and power
output of PMMFC was examined and compared with the paper-
based single-anode MFC (termed as PSMFC) and the traditional
carbon cloth-based multi-anode MFC (CCMMEFC) to determine the
advantage of multi-anode configuration and filter paper anode.
Second, the frequency of data transmission in PMMFC, PSMFC and
CCMMEFC was simulated to explore the possibility of long-term
self-sustained sensing. Third, three types of shocks were examined
with chromium (Cr®+) as the toxic metal, sodium hypochlorous
(NaClO) as the disinfectant, and sodium acetate (NaAc) as the or-
ganic contaminant in wastewater. The sensitivity of power output
and voltage output was compared at different shock types and
concentrations. Power outputs of PMMFCs before and after shocks
was validated using regression statistical analysis.

2. Materials and methods
2.1. Fabrication of PMMFCs

The PMMEFC consisted of 4 anodes (5 cm x 5 cm) and 1 cathode
(3 cm x 3 cm). Multi-anode was used to enhance power output
compared with single anode MFC. Filter paper has the similar
feature (hydrophilic and microporous) as filter membrane, but is

less expensive and more mechanic durable than filter membrane,
as demonstrated in previous study (Xu et al., 2015). Anodes were
made by coating carbon ink (Microcircuit Material, DuPont)
(thickness: <1 mm) on both sides of a filter paper (P8, Fisher
Science) (Fig. 1(a)). The filter paper was then folded to form four
blocks as four individual anodes with each anode being connected
to an external resistance (Rex: 480 Q) (Fig. 1(b)). Cathode was
made by coating 4-layer polytetrafluoroethylene (PTFE) on carbon
cloth facing air and the Platinum-loaded side (Pt: 0.5 mg cm™2)
facing wastewater (Oh et al., 2004). After assembly, the PMMFC
was inserted into a batch-mode container (Fig. 1(c)).

Before the shock tests, PMMFC was acclimated in wastewater
taken from the influent of the University of Connecticut Waste-
water Treatment Plant (chemical oxygen demand (COD): 250-
350 mg L~ 1). The voltage outputs across four Rey; connected with
four anodes were recorded using a data logging system (Keithly
2700). The power outputs were calculated based on Eq. (1).

P=Y VR

IZ / ext (1)
where V is the voltage across the Rex (MV), Reyxc is the external
resistance (€2), i refers the number (1, 2, 3 and 4) of external
circuits.

The PMMFC with 4-anode/1 cathode was compared with two
control MFCs (anode area: 5 cm x 5 cm). The first one was a paper-
based single-anode MFC (termed as PSMFC) to determine the
enhancement of multi-anode. The second one was a carbon cloth
(CC)-based multi-anode MFC (termed as CCMMFC) with the same
configuration (4-anode/1 cathode) to elucidate the effect of anode
materials on power output. Specifically, the anode of the PSMFC
was the single filter paper coated with carbon powder. The anode
of the CCMMFC was made by folding CC (Fuel Cell Earth LLC, MA)
into four pieces anodes (Fig. 1(b)). The cathodes were the same as
that in the PMMEFC.

2.2. Internal resistance (R;,) of the MFCs

The power density curve was acquired by recording the vol-
tages over a series of Rex (36-21090 Q) of MFCs (PMMFC, PSMFC
and CCMMEFC) using a digital multimeter. The polarization curves
recorded the power density as a function of current density, which
were calculated according to Eq. (2) and Eq. (3).

2

Rexek @

Power Density=

Current Density=

R,k 3)

where Ry is the external resistance (£2), V is the voltage across
Rexe (MV), and k is the anode project area of MFCs. The internal
resistance (Rj,) was determined based on the maximum value on
the polarization curve. The R;, measurement was
duplicated three times.

2.3. Simulation of MFCs integrated with power management system
(PMS)

The power outputs of PMMFC, PSMFC and CCMMFC were si-
mulated individually to determine the final power output available
for data transmission at a duration of 60 mins when integrated
with a charge pump-based power manager system (termed as
PMS, power requirement: 1.2 mW). The major components of a
PMS (Fig. S1) were a multi-anode decoupling circuit, a charge
pump, a super capacitor, a reference voltage, a voltage controlled
oscillating, a switch, and a DC-DC converter (Droppo et al., 2003).
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Fig. 1. The fabrication process of MFC sensors. (a: anode types: multi-anode filter paper, single-anode filter paper and multi-anode carbon cloth; b: folding anode materials

to form multi-anode; c: installing a MFC sensor into a batch-mode chamber).

Following the charge pump, a super capacitor was placed to ac-
cumulate the energy from the pump discharges. The inherent ef-
ficiency of the PMS was directly dependent on the efficiency of the
components (e.g. charge pumps, converter) used (Donovan et al,,
2011), and was calculated according to Eq. (4).

Noverall = MMz (4)

where, 1,is the efficiency from the MFC to the super capacitor, and
N2 is the efficiency of the DC-DC converter. Noyeran Was estimated
as 40% based on previous studies (range: 20-60%, Donovan et al.,
2011; Karra et al., 2014), mainly affected by the number of the
anode. A switch unit with the voltage controlled oscillating was
applied to control this energy transfer process between the super
capacitor and the DC-DC converter, which enabled the energy
transfer when the voltage on the super capacitor was high enough
(>2V) and disabled the energy transfer when the voltage on the
super capacity dropped below a threshold (1.5 V). When the vol-
tage of the capacitor drops from Upax (2 V) to Uiy (1.5 V), a signal
(e.g. the power output) was transferred and recorded by a com-
puter terminal, so that the monitored data of MFC sensors can be
recorded on a real-time mode.

2.4. Shock tests in the batch-mode container

Three types of chemical shocks (Cr®*, NaClO and NaAc) were
injected to the batch-mode container (Fig. 1(c)). Chromium (Cr5+)
is a well-known toxic metal with the limitation of 0.1 mgL~! in
drinking water (EPA 816-F-09-0004), and high Cr®+ concentration
(>10-20 mg L") occurs in wastewaters from electroplating and

chrome tanning (Gupta et al., 2011; Monser and Adhoum, 2002).
As one of the most classical toxic metal in wastewater, the Cr®*
shock was selected to examine for the sensitivity of MFC bio-
sensors and compare with previous studies (Liu et al., 2014; Xu
et al,, 2015). The Cr®* shocks were examined at three concentra-
tions: 5 mg L~" as the upper-end Cr concentration in wastewater,
10 mg L~ and 20 mg L~ ! as the shocks in wastewater, which was
achieved by injecting 150 uL, 300 uL, and 600 pL K;CrO4 solution
(1000 mg L~ Cr%+), respectively. The dilution effect was ignored
since the injection volume (150-600 uL) only counted for less than
1% of the chamber volume (30 mL).

Chlorination is the routine disinfection process for water and
wastewater treatment plants. The recommended concentrations of
residual chlorine for disinfection are between 0.5 and 1.0 mg/L,
which is well below any level known to demonstrate physiological
efforts on mammals (Brungs, 1973). However, certain accident,
such as free chlorine leakage could rapidly cause the spike of
chlorine (over 100-1000 times as residual chlorine) in wastewater
and thus becoming toxic to aquatic life. But this chlorine leakage is
difficult to catch in a real time mode using routine methods (e.g.
polymerase chain reaction (PCR) and electrical probe) (Kolen-
brander et al., 2010; Livak and Schmittgen, 2001). The toxicity of
chlorine was that low concentration hypochlorous acid exerted a
rapid and selective inhibition of bacterial growth and cell division
(Dukan et al., 1999; McKenna et al., 1988). Until now, chlorine
shock has not been examined for MFC biosensors. Chlorine shocks
were examined at three concentrations: 50 mg L~ ! as the upper-
end chlorine concentration in wastewater, 100 mgL~! and
200 mg L~ as the shocks in wastewater, which was achieved by
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injecting 12 pL, 24 uL, and 48 pL NaClO solution (12.5% NaClO so-
lution, Fisher Scientific), respectively.

The fluctuation of organic contaminants in wastewater has
been well recognized to affect microbial activity and treatment
efficiency in WWTPs (Curtis et al., 2009). Routine measurements
(e.g. chemical oxygen demand COD and biological oxygen demand
BOD) are off-line and ex situ (Jouanneau et al., 2014), which makes
it impossible to real time capture organic shocks. There were two
reasons for examining organic matter shocks. First, the MFC re-
sponse to different organic shocks and toxic chemical shocks (e. g.
Cr®*, chorine) was determined. Second, organic matter shocks
occurred frequently in wastewater, but were unable to be detected
in real-time mode. The capability of PMMEFC sensors to catch the
organic shock was examined and compared with previous studies
(Liu et al., 2014; Jiang et al., 2010; Santoro et al., 2011). In this
study, sodium acetate (NaAc) was selected to simulate organic
contaminants in wastewater. High organic substrate concentra-
tions (e.g. 200 mg L' NaAc) had been found to affect the voltage
output of MFCs (Liu et al., 2014; Jiang et al., 2010; Santoro et al.,
2011). The NaAC concentration shock was selected as 200 mg L~!
by injecting 60 uL of concentrated NaAc solution (100 g L~!) into
the container. All shock tests were duplicated in three times (data
not shown).

2.5. Shock significance analysis of PMMFC power outputs

Two datasets were selected from each concentration shock
(Cr®+, NaClO and NaAC) to evaluate the shock significance of
power output and distinguish the PMMFC sensor signals from
noises. One dataset was taken 120 mins before shock injection,
and the other was taken during the shock period (SP) defined as
the period from the shock injection to the stable power output.
Statistical regression analysis of these datasets was performed
using Microsoft Excel with data regression analysis. The whole
analysis were duplicated in three times for the data obtained from
the duplicate shock tests (data not shown).

2.6. Biofilm formation on the anode membrane

Biofilms growing on the anodes of PMMFCs and CCMMEFCs after
1-month period were observed using a scanning electron micro-
scope (SEM) (Model: Joel6335F) as previously described (Santoro
et al.,, 2011).

3. Results and discussion
3.1. Acclimation and power output of MFC sensors

Anode materials directly affected the power output of MFC
sensors when put into wastewater. The power output of the
PMMEFC and PSMFC sensors instantaneously stabilized at 0.33 mW
and 0.08 mW, respectively, while the power output of CCMMFC
was only 0.06 mW within 3 h after installation (Table S1). Because
power output is associated with bacterial electrogenic activities
(Liu and Logan, 2004; Liu et al., 2005; Logan, 2009), this dis-
crepancy showed that sufficient bacteria attached to the anode
filter paper (PMMFC and PSMFC) and started the electron transfer
instantaneously after being exposed to wastewater. In contrast, it
took traditional carbon cloth (CC) anode at least 3-15 days to ac-
climate bacterial growth (Chang et al., 2005; Kumlanghan et al.,
2007; Li et al., 2014; Liu et al., 2014; Wang et al., 2014). Filter paper
has more fine fibers and higher surface area than carbon cloth
(SEM images, Fig. S2), which accelerated the biofilm formation.
Previous studies found that the short acclimation time of filter
membrane-based anode MFC was closely correlated with its

strong absorption capacity and large surface area (Kolenbrander
et al., 2010; Yang et al., 2012). The microporous filter paper (porous
size: ~20 um) used in the study exhibited the almost same char-
acteristics as microporous filter membrane (Mixed Cellulose Ester
Membranes, pore size: 0.22 um, Millipore) (Xu et al., 2015) with
fast immobilization of bacterial cells on the anode, and thus
shortening the acclimation period of MFC sensors. In addition, the
filter paper is stronger and much less costly than filter membrane.

The internal resistances (Ry,) of PMMFC, PSMFC and CCMMFC
were similar around 547Q (polarization curve, Fig. 2). Previous
study using the same fabrication approach of coating carbon ink
on filter membrane had the R;, of about 1400 Q (Xu et al., 2015).
The reason for the lower R;, was that the coarse fiber on filter
paper was much easier than filter membrane to form the “coated”
carbon layer, so that the electronic conductivity enhanced on the
filter paper. The power output of a MFC is directly affected by open
circuit potential (OCP) and R;,, both being associated with elec-
trogenic activity and system conductivity (e. g. anode, cathode,
and wastewater) (Logan et al., 2006). The power output can be
simply described as,

P=(OCP — IR;;,,*/Ryy ©)

where IR;y is the sum of all internal losses of a MFC, I is the cur-
rent (I) generated in a MFC, Ry is the resistance of the external
circuit. For single-anode MFC, the power output with filter paper
(0.08 mW, Fig. 3(a), Table S1) was almost 4 times as the one with
filter membrane (0.02 mW, Liu et al., 2014) and was 1.33 times
higher than the carbon cloth (CC) (0.06 mW, Fig. 3(a), Table S1).

Multi-anode configuration clearly enhanced the power output
compared with single-anode. The power output of the PMMFC
(0.33 mW) was 4 times as that of PSMFC (0.08 mW) based on
monthly data (Fig. 3(a), Table S1), and well corresponded with the
anode number (4 anodes). In addition, the power output of the
PMMEFC was 8 times as that of CCMMEFC (0.04 mW), demonstrating
the advantage of filter paper over CC. The main reason was that the
blank areas between multi-anodes on low-conductive filter paper
(as shown in Fig. 1(a)) prevented the short circuit on anode, while
multi-anode on CC were highly electronically conductive with the
resistance of less than 10 Q and easily suffered from short circuit.
Developing multi-anodes on a highly conductive CC was like
forming one big anode (electronically conductive), rather than
forming multiple separated small anodes on none-conductive fil-
ter paper. Previous studies verified that at the same area, the
multiple separated anodes collected much more electrons than a
single anode (Liu et al., 2016). This study showed that multi-anode
made on the filter paper reached much higher power output than
traditional conductive CC anode.

3.2. Self-sustained power generation of PMMFCs to support data
transmission

Most of wastewater quality tests have been conducted off-site
and caused long lag time for WWTPs to recover after shocks. The
unique feature of MFC sensor integrated with power management
system (PMS) is to harvest the energy from wastewater and sup-
port data transmission to achieve self-sustained real-time water
quality monitoring. The initial charge time (ICT) refers to the time
that PMS started charging from OV to Upax (2 V). The power
outputs of PMMFC, PSMFC and CCMMEFC for simulation were ob-
tained by averaging the values through one-month operational
period (Table S1). The common charge time (CCT) refers to the
time that PMS charged from Uy, t0 Unpax. In the simulation of
MFCs integrated with PMS (Fig. 3(b)), the ICT and CCT of a PMMFC
were much shorter than PSMFC and CCMMFC. The PMMEC system
transferred 28 times data per charging (60 mins in this
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simulation), which was much more frequent than PSMFC and
CCMMEC (only 6-7 times), and thus enhancing the stability of real-
time wastewater shock sensors. It should be noted that total
power output of a PMS can be recorded using a multimeter with
an integrated chip (IC) through voltage output, making real-time
recording “power output” signals possible.

3.3. Sensitivity of the MFC shock sensors to Cr®* Shocks

The PMMEFC sensor was examined at three concentrations of

Cr®* shocks. The power outputs of the PMMEFC sensor stabilized at
0.35 mW (based on monthly data, only 120 min are shown in Fig. 4
(a)) before the shock injection. The power output dropped to
0.08 mW 120 min after the 10 mgL~! Cr®*+ shock, and rapidly
dropped to 0.01 mW 8 min after the 20 mg L' Cr®* shock (Fig. 4
(a)), meaning the 35-time drop of power output within 8 min.
Similar membrane-based MFC sensors exhibited the 6-time drop
of voltage output within 8 min after 20 mg/L Cr®* shock (Xu et al.,
2015), demonstrating that the PMMFC sensor had a higher sensi-
tivity to Cr®+* shock concentrations. The power output of the
PMMEC recovered from 0.2 mW (the inhibition status) to 0.33 mW
(the stable status) within 60-80 h after 20 mg/L Cr®+ shock (Fig.
S3), which was similar to membrane-based MFC sensors in pre-
vious studies (Liu et al., 2014; Xu et al., 2015). The Cr®+, a powerful
oxidizing agent tends to be irritating and corrosive and passes
through cell membranes and induces huge oxidative stress (Stohs
and Bagchi, 1995). The sharp drop of the power output indicated
the inhibition of electrogenic bacterial activities upon Cr®+ shocks,
even though Cr®* solutions increased wastewater ionic strength
and conductivity. The duplicate test followed the same trend. The
response of the CCMMEFC followed the same trend as the PMMFC,
but in a much mild mode (Fig. 4(a)), indicating that the PMMFC
sensor could prevent the false signals.

The slope of the signal curve after 10 mg L~! Cr®*+ shock de-
monstrated that the power output slope (0.022) of PMMFC was
about 2.5 times as the voltage output slope (0.008, Fig. 4(b)), in-
dicating that multi-anode configuration and parallel connection
could almost linearly increase the power output of MFCs and lead
to an easy detection of shock signals. It should be noted that the
slope of 0.022 was achieved with 4-anode, and would certainly
keep increasing with more-anode (e.g. 8, 12, 20 paper-based an-
odes) so that the sensitivity of the MFC sensors can be further
enhanced.

3.4. Sensitivity of the PMMEFC shock sensors to NaClO Shocks

The power output responses of the PMMFC sensor to NaClO
shocks were similar to Cr®* shocks. Instead of a sharp power drop
upon Cr®* shock, a jump of power output was observed with the
increase in NaClO concentration. The 200 mg L' NaClO shock
cause a sharp power drop from 0.35 mW to 0.025 mW within
120 mins after injection (Fig. 5(a)), compared with a slow power
drop after 100 mg L~!(0.35 mW to 0.13 mW) and 50 mg L~ ! Na-
ClO (0.35 mW to 0.08 mW). Unlike the 20 mg/L Cr®* as the acute
toxic element inhibiting anaerobic electrogenic bacteria rapidly
(Fig. 4), high concentration of HCIO, the main chemical compound
after the dissolution of NaClO in water induced slowly inhibit the
bacteria activity. The 50 mg/L NaClO caused a steady drop of
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power output (Fig. 5(a)), which was different from a slight drop of
power output caused by 5 mg/L Cr®* (Fig. 4(a)), demonstrating
that the NaClO concentration as low as 50 mg/L already inhibited
bacterial activity and reflected by the power output drop. The
slope (0.0025) of the power output signal curve after NaClO shock
was about 2 times as the voltage output slope (0.0012, Fig. 5(b)),
meaning a better indicator for shocks.

Interestingly, when the NaClO concentration was increased to
1200 mg/L, the power output of PMMFC sensors increased after
injection (Fig. S4a), and the increment was consistent with NaClO
concentration (1200-4700 mg/L). Unlike the drop of power output
at NaClO concentration of 50-200 mg/L, the increase in power
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Fig. 6. Power output and voltage output responses of PMMFC sensor to 200 mg L~!
NaAc shock.

output at high NaClO concentration (1200-4700 mg/L) was caused
by the chlorine chemical fuel cell instead of microbial activity in
MEFCs. NaClO higher than 2.6 mg/L was reported to inactivate
bacterial cells (McKenna et al., 1988). Thus, NaClO concentration of
1200-4700 mg/L converted MFCs to chemical fuel cells with
chlorine as the major reagent (Eq. (7)). The standard-state reduc-
tion potential of the cathode increased from 1.229V (Eq. (6))
(Santoro et al.,, 2011) to 1.63 V (Eq. (7)) (Shiers et al., 2016), leading
to a higher OCP of PMMEFC sensors. HCIO might react with organic
matters due to this high standard-state reduction potential, lead-
ing to the conversion of PMMFC from MFC to chemical fuel cell.
Moreover, high NaClO concentration substantially increased the
conductivity of solution, and lowered the R;, of the PMMFC sen-
sors from 547 Q to 262 Q (Fig. S4b). The opposite patterns under
low NaClO concentration (50-200 mg/L) and high concentration
(1200-4700 mg/L) clearly demonstrated that the power output of
PMMEFCs was directly associated with microbial activity and shock
concentrations.

0,(g) + 4H*@q) + 4 — 2H,0 E=+12291) (6)

2HCIO (aq) + 2H*(@q) + 2e - Cl(g + 2 H,0 E
=+1.63Q2) 7

3.5. Sensitivity of the PMMFC shock sensors to NaAc Shocks

The COD concentration of the container before the NaAc shock
tests was about 250 mg/L. After sodium acetate (NaAc) shock
(200mg L~') was injected, the power sharply jumped from
0.35mW to 040 mW within 4 mins and to 0.45 mW within
12 mins (Fig. 6). The voltage change, 0.2-0.25 V was similar to the
change in the previous study (0.10-0.14 'V, Liu et al., 2014). Pre-
vious studies found that higher organic substrate concentrations
increased the voltage output of MFCs (Jiang et al., 2010; Santoro
et al.,, 2011), mainly due to the increase in wastewater conductivity
and the decrease in the Ry, of MFCs. The slope of the signals after
NaAc shock showed that power output slope (0.0063) was
3.5 times as the voltage output slope (0.0018), well demonstrating
the good sensitivity of power output signals, leading to better
sensitivity of the PMMFC.

3.6. Shock significance analysis of PMMFC power outputs

The regression slopes after high concentration shocks (e.g.
20 mg/L Cr®*, 10 mg/L Cr®+, 200 mg/L NaClO, 100 mg/L NaClO and
200 mg/L NaAC) were 50-100 times higher than those before the
shock (Table S2), indicating the sharp drop of the power output of
PMMECs after these shocks. In addition, the P values of the re-
gression slope for these shocks were less than 10%, demonstrating
that the drop of the power output was related with time. The
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changes of the slopes and P values clearly distinguished the power
output signals from noises. For the low concentration shocks (e. g.
5mg/L Cr®* and 50 mg/L NaClO), the regression slopes were si-
milar to those before the shocks (Table S2), meaning that the low
concentration shocks did not cause significant changes to the
power outputs. The statistical regression analysis demonstrated
that PMMEFC sensors with the power outputs as signals can clearly
distinguish the shock from the signal noise. The average coefficient
variation (CV) of the power output of PMMEFCs in the stable status
(before shocks) was only 0.38 in all tests (data not shown), which
was similar to previous membrane-based MFC sensors (CV: 0.44,
Xu et al., 2015), indicating that the power output of PMMFCs in the
stable status had the same pattern as the voltage output of MFCs.

3.7. Significance of PMMEFCs for self-supported in situ monitoring
“shocks” in wastewater

The unique bioelectrochemical feature of MFCs possesses a
great potential for real-time monitoring shocks in wastewater. This
study targeted at three imminent challenges (anode material,
signal sensitivity, and operational sustainability) of MFC sensors by
developing paper-based multi-anode configuration, utilizing the
enlarged power output as sensor signal, and integrating MFC with
PMS to self-support sensors. With filter paper as the biofilm sup-
porter anode and carbon ink as the electron collector (as shown in
Fig. S2), PMMFC enhanced the power output 8 times as CCMMFC.
Multi-anode exhibited much higher power output than single
anode. PMMFCs possessed distinct advantages: short startup
duration (couple hours) and high power output steadily increasing
with anode number. Using power output as the indicator is more
sensitive than voltage output (clearly verified by high signal
slopes), and thus substantially reducing the possibility of false
warning. More importantly, the power simulation of PMS showed
the capability of self-sustained data transmission, which can re-
volutionize on-line monitoring by effectively harvesting the power
generated from multi-anode MFCs. The PMMEFC integrated with
PMS holds a great promise as a disposable self-sufficient real-time
biosensor for general wastewater shock screening. With the good
sensitivity and self-supported data transmission exhibited by
4-anode PMMEFCs, power output can be further enhanced with
more paper-based anodes packed (e.g. 8, 12), and an even better
performance of PMMFC sensors would be expected.

Further works could be conducted to optimize the configura-
tion of the PMMFC and enhance its long-term monitoring per-
formance. First, the anode material (filter paper) tested in this
study lasted for 2 months and showed a good mechanic strength.
For long-term monitoring in wastewater (e.g. months and years),
advanced material with high mechanic strength and electronic
activity (e.g. nanopaper (Henriksson et al., 2008), nanoporous
graphene membrane (Hauser and Schwerdtfeger, 2012)) should be
developed. Nevertheless, the super low cost and the compact
structure of PMMFCs make the routine replacement possible.
Second, the carbon ink layer on the filter paper could be auto-
matically coated using a printer rather than manually coating in
this study, which will generate an evenly-distributed carbon layer,
reduce Ry, and energy loss, and ultimately achieve high sensitivity
and accuracy for various shocks. Third, a quantitative correlation of
power output and shock concentrations/types should be devel-
oped for PMMFC biosensors to validate the capability of real-time
screening of shocks in wastewater.

4. Conclusion

Novel paper-based multi-anode microbial fuel cell (PMMEFC)
integrated with PMS was developed as a “self-sustained shock

sensor” for real time in situ monitoring wastewater quality. Hy-
drophilic microporous paper-based anode coated with highly
conductive carbon power accelerated bacterial adhesion and
electron transfer. PMMFC exhibited much shorter acclimation
duration (2-3 h) than traditional CCMMEFC (3-15 days). With par-
allel anode connection, PMMFC enhanced the power output
6 times as CCMMFC, and 4 times as single anode MFC. Power
output of PMMFC was more sensitive than voltage output under
various shocks (heavy metal, disinfectant, and organic compound),
verified by the power output slope 2.5-3.5 times as the voltage
output. The statistical analysis of PMMFC signals showed that the
regression slopes distinguished shock concentrations. The PMMFC
integrated with PMS effectively enhanced the power output of
parallel-connected multi-anode, possessed tight paper-packed
structure, and achieved high sensitivity to a wide range of shocks.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.bios.2016.05.018.
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