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As the biological recognition element of microbial fuel cell (MFC) toxicity “shock” sensors, the electrode

biofilm is perceived to be the crucial issue that determines the sensing performance. A carbon felt and

indium tin oxide (ITO) film anode were utilized to examine the effects of anodic biofilm microstructure
on MFC toxicity sensor performance, with Pb?* as the target toxicant. The carbon felt anode based MFC

(CF-MFC) established a linear relationship of Pb* concentration (Cppe+) vs. voltage inhibition ratio (IRop,)
at a Cppe+ range of 0.1 mg L™ to 1.2 mg L™ The highest IR, was only 38% for CF-MFC. An ITO anode
based MFC (ITO-MFC) also revealed a linear relationship between Cppz+ and IR, at Cppe+ of 0.1 mg Lt to
1.5 mg L™ but better sensing sensitivity compared with the CF-MFC. The IRy, of ITO-MFC gradually
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approached 100% as Cpp2+ further increased. The enhanced sensing sensitivity for the ITO anode possibly

originated from the thin biofilm that resulted in the efficient exposure of exoelectrogens to Pb?*. The
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1. Introduction

So far, traditional wastewater treatment plants (WWTPs) mainly
operate based on biological treatment processes. Currently,
various types of heavy metals and organic toxicants are dis-
charged into the natural environment through industrial waste
streams. The discharged toxic water containing heavy metals or
other toxicants may cause severe interruption or irreversible
damage to the biological process in WWTPs, creating a bottle-
neck for their deliberate applications. Therefore, a sensor
capable of performing continuous on-line monitoring of heavy
metals and organic toxicants is urgently needed as an early
warning method to provide protection for WWTPs' operation. A
microbial fuel cell (MFC) is a bioelectrochemical system that
degrades organic matters via anodic exoelectrogens to bring
together power production and wastewater treatment in
a sustainable and cost-effective manner." As toxicants can affect
the activity of the anode exoelectrogens negatively and lead to
sudden drop of MFC voltage output, a prescreening of toxic
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employment of 2D conductive metal oxide with a smooth surface as the anode was able to increase the
MFC sensing reliability in real wastewater.

substances in wastewater can be realized with a MFC “shock”
toxicity sensor.” Until now, the study of MFC toxicity “shock”
sensors were mainly focused on its early warning function
towards non-specific bio-toxicity sensing.*”® Compared with
traditional water quality detection methods, the prescreening of
biotoxins in wastewater with MFC is fast, simple and can be
easily performed online as an early warning device.*®

Great efforts have been devoted to enhance the sensing
credibility and sensitivity of MFC toxicity sensors. For instance,
MFC toxicity sensor with biocathode as the sensing element
achieved the lowest detection limit for formaldehyde (0.0005%)
and avoided interferences from various water quality parame-
ters compared to the traditional anode sensing element.® A
cathode-shared MFC sensor array was developed to mitigate
cathode performance variation and achieved linear correlation
between voltage inhibition ratio and Cu®" concentration from 2
to 6 mg L™ '.'° A transient-state operation mode MFC sensor
greatly enhanced the sensing sensitivity compared with tradi-
tional constant external resistance connected mode MFC
sensor.” As the biological recognition element of MFC toxicity
sensor, anodic or cathode biofilm is the key factor that deter-
mines the sensing performance. However, few studies have
probed into the correlation of the MFC sensing performance
and biofilm characteristics. Study shows that high biomass
density and EPS content can weaken sensing sensitivity."> But
the in-depth exploration of the influence of biofilm for MFC
toxicity sensing has not been conducted so far in the domain of
MFC toxicity sensor.

This journal is © The Royal Society of Chemistry 2019
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The microstructures of biofilm could be tailored by the
selection of the anode type. Various novel anode materials have
been developed, with novel 3D architectures,” high specific
surface area' and unique surface chemical/physical character-
istics*® to enhance power generation of MFC. The above prop-
erties were proved to directly influence anodic biofilm thickness
and microstructure.’ Indium tin oxide (ITO), on the other
hand, has been coated as thin film on glass substrate and
studied as electrode material in electrochemical sensors,”
biosensors,*® thin films synthesis platform for various applica-
tions,*>** and substrate for the initiation of biofilm growth>"*
or visible spectroelectrochemical characterization.”® With its
extremely smooth 2D surface, high conductivity and hydrophi-
licity, ITO-coated MFC anode surface could result in plain and
low quantity of biofilm.

The selection of the anode types could lead to different mass
transfer characteristics of the target toxicants across the biofilm
as well as the availability of the effective sensing sites, thus
changing the sensing performance. In this study, we applied an
ITO conductive glass as a 2D smooth anode to form a thin layer
biofilm aiming at strengthening the sensing sensitivity and
linearity of MFC “shock” sensor for real wastewater toxicity
detection, with Pb®>" as the target toxic substance. Carbon felt
anode was also employed for MFC toxicity sensor as a control
test. Carbon felt has been extensively used as a model material
for MFC anode since it has 3D porous structures, high
biocompatibility and large surface area,' favorable for growing
biofilm and high biomass loading compared with other plain
carbon based anode materials.** Subsequently, the sensing
performances of MFC toxicity sensors with carbon felt and ITO
film anodes were evaluated to correlate with the anode biofilm
properties.

2. Materials and method
2.1 MFC toxicity sensor construction and operation

Single chamber cube MFCs (size: 6 cm x 5 cm X 5 cm with
a working volume of 28 mL) made of plexiglass were used as the
MFC toxicity sensors in this study.”® All MFCs were equipped
with an air cathode.** The MFC was fabricated with either
a carbon felt or an ITO anode as anode, and denoted as CF-MFC
and ITO-MFC, respectively. Each type of MFC sensor was
duplicated. The carbon felt and the ITO-coated glass were
purchased from CeTech (Taichung, Taiwan) and Huanan
Xiangcheng Sci & Tech Ltd (Shenzhen, China), respectively. The
anode/cathode position in the MFC sensors follows our
previous study.”® The anode and cathode were connected via
a titanjium wire with an external resistance (Rey: 1000 Q). The
voltage output of the MFC sensors was collected by a Keithly
2750 Data Acquisition System every 30 min during the MFC
startup and stabilization period, and every 1 min during toxicity
shock test.

Prior to the tests, all MFC anodes were acclimated in batch
mode with municipal wastewater (chemical oxygen demand
(COD): 250-350 mg L") taken from the influent of a local
municipal wastewater treatment plant in Wuhan, Hubei prov-
ince, China. The anodes were considered fully acclimated when
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the voltage output was stable and repeatable through three
consecutive cycles (Fig. S17). After acclimation, anodic solutions
were replaced by synthetic wastewater for the following elec-
trochemical tests and morphological characterization. The
synthetic wastewater was prepared by dissolving 0.3 g anhy-
drous sodium acetate (NaAc), 5 mL vitamin solution and
12.5 mL trace minerals solution in 1 L 50 mM phosphate buffer
solution (PBS) containing NH4Cl 0.31 g L', Na,HPO, 4.576 g
L', NaH,PO, 2.772 ¢ L', KCl 0.13 g L ™".*” For toxicity shock
test, anodic solutions were replaced by real wastewater con-
taining 0.3 g L' NaAc aiming at practical application.

2.2 Toxicity shock test

The toxicity shock tests were conducted by directly injecting
lead nitrate standard solution (1000 mg L™, Guobiao (Beijing)
Testing& Certification Co. Ltd) using micropipettes (Eppendorf)
into the MFC sensors. The restriction set by China Ministry of
Environmental Protection for Pb*>* discharge concentration
from wastewater treatment plant is 0.1 mg L™ " (GB18918-2016).
Thus, the Pb*" shocks were examined from low concentrations
to high concentrations at 0.1, 0.3, 0.5, 1.0, 2.0 and 3.0 mg LY, by
injecting 2.8, 8.4, 14, 28, 56 and 84 uL Pb*" standard solution
into each sensor, respectively. As free Pb>" could potentially
react with organic matter in wastewater and form precipitate at
certain pH range, the concentration of free Pb>" in the waste-
water was measured using inductively coupled plasma-optical
emission spectroscopy (ICP-OES, Optima 8300, PerkinElmer,
USA) after the introduction of Pb*>" (Table S11). The pH of the
wastewater before and after 1.0 and 2.0 mg L' Pb>" injections
were presented in Table S2.1 The results indicated that the pH
and free Pb>" concentrations before and after the Pb>* shock
tests were stable. After each Pb?" shock test, the anode solution
was replaced with fresh wastewater (containing 300 mg L™*
sodium acetate) for the recovery of anode microbes.?

2.3 Analytical methods

The pristine anodes and anodes with biofilms were inspected by
SEM (Nova NanoSEM 450). The pretreatment of the anode
materials prior to SEM followed the method described else-
where.?® Elemental analysis of Pb>" across anodic biofilms was
conducted by energy dispersive X-ray spectroscopy (EDX). The
hydrophilic-hydrophobic property of pristine anodes was
examined by a water contact angle analyzer (JC2000D1, POW-
EREACH, Shanghai). Nitrogen adsorption and desorption
isotherm using the Brunauer-Emmett-Teller (BET) method
(JW-BK122W, Beijing JWGB SCI & Tech Co. Ltd., Beijing) were
employed for the quantification of the anodes relative surface
area and porosity. After the Pb** shock tests, CLSM (VK-X200K,
KEYENCE, Japan) was conducted for anodic biofilm thickness
measurement. EIS analysis of the anode materials were con-
ducted using a VSP-300 Multi potentiostat (Bio-Logic Science
Instruments, France) for evaluating the electron transfer resis-
tance of the anode biofilms. The EIS was conducted in the
frequency range of 100 kHz to 1 mHz with an AC modulation
amplitude of 10 mV, with the anode as the working electrode,
the cathode as the counter electrode, and the Ag/AgCl as the
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reference electrode. Prior to EIS analysis, all MFCs were oper-
ated at open circuit for an hour.

3. Results and discussion
3.1 Surface properties of the pristine anodes

The morphology of anode has major influence on its biofilm
loading capacity®® and the anodic electron transfer efficiency.*
The pristine carbon felt and ITO film exhibited distinct
morphological differences (Fig. S2a and bt). Carbon felt showed
complex structure and large inner space, while ITO film
exhibited smooth surface, and free of visible pores. This
discrepancy may be a trigger for the generation of varied bio-
film. The XRD analysis was conducted to examine the compo-
sition of anode (Fig. S3f). The water contact angles of the
pristine carbon felt and the pristine ITO film were 104.25°and
43.16°, respectively (Fig. S2c and df). Apparently, the pristine
ITO film showed better hydrophilic property compared to the
counterpart, revealing faster formation of electroactive biofilm
achieved on its surface.®

3.2 BET measurement

Consistent with the SEM observation (Fig. S2t), the relative
surface areas of the carbon felt anode (40.35 m* g~ ') was much
larger than the ITO anode (1.09 m®> g ') (Fig. S4t). The
adsorption—desorption curves of the carbon felt followed a Type
II isotherm, reflecting a typical physical adsorption process on
macroporous adsorbents.’> The ITO film was complied with
a Type III isotherm. Unlike carbon felt, the adsorption-
desorption curves of ITO film did not have an inflection point,
indicating an adsorption process on non-porous metal oxide
surface (ITO surface). As the pristine carbon felt had large inner
space and much larger surface area for microbial adhesion and
EPS formation, it should have much higher biofilm loading
compared with ITO anode.* This speculation was further evi-
denced by the anodic biofilm characterizations in the following
discussion.

3.3 Voltage responses of MFC sensors to Pb>* shocks

As same voltage baselines of CF-MFC and ITO-MFC cannot be
guaranteed due to different capability of power productions for
the two anode materials, evaluating the sensor performance
solely using the absolute value of the voltage drop was not
adequate.'>**** Therefore, voltage inhibition ratio (IR,y) caused
by Pb*>" shocks was utilized to represent the “sensor signal
change” for the sensor performance evaluation, which is defined
as the ratio of the voltage drop (AV) to the MFC voltage baseline
at 2 hours after Pb*>" shocks. IR,, can be expressed with the
following equation:

IRy, = (Vy — VIV

where V}, is the voltage baseline value and V; is the voltage 2
hours after Pb®>" shocks. The correlations between Pb>*
concentrations (Cpp+) and IR,y for ITO-MFC and CF-MFC were
quite different as shown in Fig. 1. The average IR,}, of ITO-MFC
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was 3.9 times that of CF-MFC, indicating ITO-MFC had an
excellent sensing performance over CF-MFC. ITO-MFC had a 2D
smooth plane anode biofilm (Fig. 2 and 3) so that most exoe-
lectrogens could be more easily exposed to wastewater toxicities
(e.g. Pb**), and most of the exoelectrogens were affected within
a short period of time. On the contrary, CF-MFC had more
complex biofilm structure, and exoelectrogens at different
positions could not be fully exposed to Pb>" in a short time
period. For ITO-MFC, the IR,,-Cpp+ revealed a linear relation-
ship (R* = 0.9407; slope is 40.18) at the Cp> of 0.1-1.5 mg L™"
(Fig. 1b). As Cpy,e+ further increased, IR,;, gradually approached
100% indicating that most of the exoelectrogens in ITO biofilm
were effectively inactivated.

IR,,—Cpp2+ of CE-MFC also exhibited a sensing linearity (R* =
0.9727; slope is 30.52) for Cpp+ of 0.1-1.2 mg L™ " and the IR,y
began to slightly decrease when Cppr was higher than
1.2 mg L. The highest IR, reached 38% for CF-MFC while
IR, of ITO-MFC could reach nearly 100%. This may be attrib-
uted to different transport kinetics of Pb>" in the two sensors.
The steeper linearity of IR,,~Cpp2+ (Cpp2 of 0.1-1.5 mg L™ 1) for
ITO-MFC indicated higher sensitivity over CF-MFC and faster
transport kinetics of Pb** that efficiently suppressed the activity
of exoelectrogens. As is the inherent sensing characteristics for
MFC toxicity sensor, IR could not increase indefinitely with the
increase of Cpp2+, and could only approach 100% when all anode
exoelectrogens are inhibited by Pb>". Thus, the sensing linearity
could only exists when Cpp2+ is below a critical value. In this
study, IR of ITO-MFC gradually increased to close to 100%
showing high sensing efficiency towards Pb**. In comparison,
the highest IR value for CF-MFC was only 38%, indicating that
the exoelectrogens responsible for power production in CF-MFC
could not be effectively exposed to Pb>*. The average sensitivity
of ITO-MFC was 3.9 times that of CF-MFC. The higher IR,; of
ITO-MFC indicated the anode exoelectrogens of ITO-MFC were
exposed to Pb>" more effectively over CF-MFC. Apparently, ITO-
MFC exhibited better sensing sensitivity over CF-MFC. The data
of MFC voltage recovery with wastewater and 300 mg L
sodium acetate after Pb*>* shocks (Fig. S51) indicated that both
MFC sensors had good reusability.

3.4 Morphological characterization of anode biofilm

The disparities IR,,-Cpp>+ relationships of CF-MFC and ITO-
MFC revealed different Pb*>* transport and adsorption kinetics
on biofilm, which can be further confirmed by morphological
characterization of anodic biofilm by CLSM (Fig. S6t1) and SEM
(Fig. 2). The CLSM showed that the biofilm acclimated on ITO
anode surface exhibited smooth morphology and the average
biofilm thickness was only less than 10 pm. The surface of ITO
anode was flat and dense with almost no pore structure. The low
specific surface area of the ITO film had limited space for
microbial growth and led to the formation of uniformly smooth
biofilm (Fig. 2b). SEM of the cross section of ITO anode biofilm
also revealed a thin biofilm formation with only one or two
layers of cells (Fig. 3b). The exoelectrogens of the thin biofilm
were efficiently exposed to Pb** shocks, thus explaining the

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (a) The IRy, —Cpp2+ relationship of CF-MFC and ITO-MFC in real wastewater test and (b) the corresponding calibration plot of CF-MFC and

ITO-MFC for Pb?* detection (error bars in (a) were derived from two parallel MFC Pb?* shock tests in CF-MFC and ITO-MFC; calibration plot in (b)
was derived from the average IR, from two parallel Pb?* shock tests in CF-MFC and ITO-MFC).

higher IR,;, of ITO-MFC and enhanced sensing sensitivity
(Fig. 1b).

As evident from the SEM images (Fig. 2a), biofilm are
abundantly and non-uniformly grown on the carbon felt anode.
The carbon felt exhibited an intricate three-dimensional struc-
ture with a loose and porous interior as a consequence of
intertwined carbon fibers. In addition, the surface of carbon
fibers was rough. Thus, the inhomogeneous biofilm was formed
on the surface of carbon fibers. While some microbes directly
attached to the carbon felt surface would easily be exposed to
the bulk solution (red rectangles in Fig. 2a), for most part, the
inner layer of microbes were covered with thick biofilm rich in
EPS. The thick biofilm acted as the protection layer (Fig. 3a and
c) and alleviated the toxic effect of Pb*> to the inner layer of
anode exoelectrogens attaching to the anode surface (red solid
rectangle in Fig. 2a). Thus, CF-MFC had a lower sensing sensi-
tivity and the complex biofilm structures led to an erratic IR,
variation at Cpp> higher than 1.2 mg L™" (Fig. 1). On the

contrary, only plain layer biofilm with microbes embedded can
be observed on ITO anode surface (Fig. S2bf and 2b) and most
of the exoelectrogens were directly exposed to Pb>* shocks,
which explains well for the higher sensing sensitivity of ITO-
MFC.

3.5 Distributions of Pb>* in anodic biofilms after Pb**
shocks

The Pb>" distribution across anodic biofilms of CE-MFC and
ITO-MFC were examined using EDX at 2 hours after the
3 mg L' Pb*" shocks. The Pb>" concentrition distribution
(Fig. 3c and d) well corresponded to the spatial distribution of
the biofilms (Fig. 3a and b), indicating the presence of Pb>"
through out the biofilms. In addtion, for CF-MFC with multi-
layer biofilm anodes, due to the mass transfer resistance from
the complex anode structure, the distribution of Pb** on each
layer of biofilm was uneven. For ITO-MFC, Pb>" are distributed

Fig. 2 SEM images of anodes with biofilm. (a) Carbon felt and (b) ITO film. Red rectangles in (a): anode exoelectrogens attaching to anode

surface.

This journal is © The Royal Society of Chemistry 2019
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Fig.3 SEM of the cross-sections of anode with biofilm (a) carbon felt, (b) ITO film; Pb?* analysis by EDX: (c) carbon felt anode and (d) ITO anode.

relatively uniformly in thin monolayer biofilm. The different
Pb>" distribution characteristics well explains the discrepancy
of the sensing patterns of the two anode types (Fig. 1). The Pb>*
concentration in carbon felt anode biofilm was more than 10
times higher than that in ITO anode biofilm (Fig. 3c and d). BET
showed that the surface area of carbon felt used in this study
was 40 times higher than that of ITO film, leading to higher
biofilm loading on carbon felt anode that attracted more Pb>*
from the bulk solution.

3.6 EIS analysis of the anodes

EIS analysis of the anode biofilms was conducted using PBS as
electrolyte to evaluate electron transfer efficiencies across the
biofilm surface (Fig. 4). The impedance spectra typically include
a semicircle portion at high frequency region representing the
charge transfer impedance at the electrode interface and
a linear portion at low frequency region corresponding to the
diffusion limited process or mass transfer process.”® The EIS
spectra for the pristine anodes can be fitted into the equivalent
circuit as shown in Fig. 4a, where Ry represents the ohmic
resistance, R represents the charge transfer resistance on
pristine anode surface and Rpjomim represents the charge
transfer resistance across biofilm.”® The EIS spectra of the

8704 | RSC Adv., 2019, 9, 8700-8706

pristine ITO anode only had linear portion, indicating extremely
low R, at the interface, while the R, for the pristine carbon felt
anode was 43 Q. For anodes with biofilm, a large semicircle
appeared on the EIS spectra of the ITO anode indicating the
biofilm formation caused a significant increase in R, (about
7000 Q, Fig. 4b). Interestingly, the R, of acclimated carbon felt
surface only increased to 175 Q (inset of Fig. 4b). The EIS
analysis provided insights into the dynamic changes of the
kinetic resistance of the bioelectrochemical reactions on MFC
anode surface which was called as anode polarization resis-
tance.*?* High metabolic activity of the exoelectrogens (abun-
dant biofilm) on MFC anode could greatly decrease the anode
polarization resistance, while less exoelectrogens (plain biofilm)
will increase the anode polarization resistance.*®*” The anode
polarization resistance can be identified in EIS spectra as R.
Thus, the dramatic increase of R, for the ITO anode with bio-
film (7000 Q) and the small increase of R, for the carbon felt
anode with biofilm (175 Q) complies well with the higher
amount of the metabolic exoelectrogens on carbon felt anode.

3.7 Significance of this work

An eligible sensor should establish a linear correlation between
the concentrations of analytes and signal output, so that the

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10337b

Open Access Article. Published on 15 March 2019. Downloaded on 3/9/2026 7:45:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper
100
a I = Carbon felt
i —&—|TO film
sof .
‘
~ 60 | i
a . |
= “ "
sl ! ’
¢ . Ry woE
¢ i R —
20+ ¢ by —
I N CPEL
0 " L " 1 1
0 50 100 150 200
Z(Q)

RSC Advances
3000
b %
L ] .\
2250 Pl “
L ]
¢ —=— Carbon felt »
— ] e— |TO-coated glass @
C 1500F & .
Ry 4 300 .
) @ 200
6?100
EUE Y er
i /o 150 )
Z10
0
1500 3000 4500 6000 7500

Z(Q)

Fig. 4 Nyquist plots of anodes with PBS: (a) pristine anodes and (b) anodes with fully acclimated biofilm (insets: equivalent circuit model).

concentrations of analytes can be quantified. In this study, the
ITO anode exhibits smooth 2D surface, low specific surface
area, high hydrophilicity, forming plain layer biofilm during
MFC operation compared to conventional carbon felt. It
exhibited better sensing performance for MFC toxicity “shock”
sensor over carbon felt, as most anode exoelectrogens attached
to anode surface could be exposed to low levels of Pb** shocks,
leading to higher sensing sensitivity and IR, close to 100% at
higher Cpp2. On the contrary, carbon felt anode based MFC
toxicity sensor exhibited low Pb*>" sensing sensitivity. The
highest IR, was only 38%. This is possibly because the abun-
dant and layered distribution of biofilms on carbon felt anode
alleviated the toxic effect of Pb>" to the exoelectrogens attaching
to anode surface. The exoelectrogens in 3D porous anodes could
not be exposed to toxins at the same time due to the spatial
distribution. Hence, the spatial complexity of carbon felt anode
biofilms hindered the quantitative sensing of toxins with MFC
“shock” sensor.

In summary, this study for the first time investigated the
correlation of anodic biofilm micro-architecture with sensing
performance of MFC shock sensor, as well as the manipulation
of biofilm characteristics with different types of anode
substrates (ITO film and carbon felt). It was found that the
employment of 2D conductive metal oxide (e.g. indium tin
oxide) with smooth surface as MFC anode was able to facilitate
the formation of smooth and thin layer biofilm, which
increased the sensing sensitivity and linearity of the toxicity in
real wastewater. When compared to the commercial MFC
sensor, HATOX-2000, developed by the KORBI Co., Ltd. (Korea),
the ITO-MFC biosensor of our study was possessed of better
sensitivity. The IR of our ITO-MFC biosensor towards 0.5 mg L ™"
Pb>" was approximately 3 times of that of HATOX-2000 (65% vs.
22.6%). In addition, ITO-MFC biosensor could effectively detect
0.1 mg L™ Pb*" while the HATOX-2000 could only create
response when Pb** is higher than 0.5 mg L™ ".3*

4. Conclusions

Herein, we investigated the effects of anodic biofilm on the
sensing performance of MFC toxicity “shock” sensor by using

This journal is © The Royal Society of Chemistry 2019

two distinct anode materials, carbon felt and ITO film. It was
found that both sensors could effectively examine 0.1 mg L' or
higher Pb** shocks in wastewater. Both ITO-MFC and CF-MFC
achieved linear sensing sensitivity at low Cpp2+. IRy, gradually
reached near 100% for ITO-MFC as Cpp+ increased but only
reached 38% for CF-MFC then slightly decreased. The average
sensitivity of ITO-MFC was 3.9 times that of CF-MFC, showing
much higher sensitivity in toxicity detection in real wastewater.
The combined analysis revealed that thin layer anodic biofilm
and two-dimension low anode surface area were the deter-
mining factors for enhanced sensing performance, which were
more conducive to mass transfer.
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