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Heterocyclic aminopyrazine-reduced graphene oxide coated
carbon cloth electrode as an active bio-electrocatalyst for
extracellular electron transfer in microbial fuel cell

Praveena Gangadharan,}” Indumathi M Nambi,** Jaganathan Senthilnathan }* and Pavithra V M}’

In the present study, a low molecular heterocyclic aminopyrazine (Apy) - reduced graphene oxide (r-GO) hybrid coated
carbon cloth (r-GO-Apy-CC) was employed as an active and stable bio-electro catalyst in microbial fuel cell (MFC). The
presence of imine (-NH-) and pyridinic (-N=C-) functional groups on r-GO-Apy-CC electrode plays a critical role in the
formation of bacterial colonization and enhanced extracellular electron transfer (EET) over a considerable period. The
bacterial colonization over r-GO-Apy-CC electrode was investigated in a Sacrificial Electrode Mode Reactor (SEMR) in
which attached bacterial density with extracellular polysaccharides was monitored over a period. Simultaneously, a cyclic
voltammetry (CV) was performed in Bioelectrochemical System (BES) reactor, resulted in an increased current density-
voltage response from 0.27 mA cm™to 1.84 mA cm ™ over a period of time. In addition, when r-GO-Apy-CC was employed
as an anode in MFC, the power density was nearly two times (1253 mW m™) than that of the MFC employed with plain
carbon cloth (PCC) (663.7 mW m™) at a steady state condition. It was proposed that the combined effect of Apy hybridized
with nanostructured r-GO provides large surface area for bacterial colonization. Moreover, the high bioelectrocatalytic
activity was attributed to the low molecular nature of the Apy, which incorporated well into the EET pathway of the
exoelectrogens by redox mechanism.

In recent years, there have been a lot of studies devoted to
obtaining an efficient anode material in microbial fuel cells
(MFCs), as the interaction between anodes and microbes are
the key role for electricity generation.l_3 In MFCs, the
electrochemically active microorganisms utilize extracellular
electron transfer (EET) mechanisms such as outer membrane
proteins, diffusion of soluble electron shuttles and
extracellular biofilm matrix to transfer the electrons to the
anode.”® Ineffective microbe anode interaction results in poor
charge transfer efficiency and low power densities, which
limited MFCs for most of the envisioned applications.7’8
Carbon-based electrodes such as graphite, carbon cloth (CC),
carbon paper and carbon brush are commonly used as anodes
in MFCs.”* However, their applications are limited due to
poor conductivity and low specific surface area for bacterial
colonization.™ Conversely, the conductivity and surface area of
conventional carbon-based electrodes can be enhanced either
by surface modification with nanostructured material or by
making functionalized composite with other material, such as
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conductive polymers.lz'13

Recently, researchers have found potential in
nanostructured material such as single-/multi-walled carbon
nanotubes,”’15 carbon nanofibers®® and nanostructured

carbon-based nano-metal hybrids17 for replacing or modifying
conventional electrodes.’® Among these, graphene gained
enormous attention due to its outstanding properties such as
high mechanical strength, high thermal conductivity and large
specific surface area (2630 m? g'l).lg_22 Numerous studies have
reported that graphene-modified electrodes enhanced the
performance of the anode by improving the EET mechanism
through sp2 hybridized carbon.”** Moreover, its high specific
surface area provides sufficient active sites for bacterial
colonization, which effectively inject electron to the anode and
this leads to an increase in current density.z‘r”26 The negative
aspect of graphene is that it shows poor dispersibility in most
of the solvents due to the strong van der Waals force of
attraction between each of the Iayer.27 Graphene oxide (GO)
or reduced graphene oxide (r-GO) shows very high
dispersibility in most of the solvents. However, GO displays
poor electrical properties due to the presence of sp3 carbon,
which hinders the electron mobility and limits its electrode
and sensor applications.m’28
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Many researchers have been extensively studied the
surface modification of GO/r-GO with organic moieties like
polyaniline, porphyrin, poly (o-phenylenediamine), ionic liquid,
polythiophene and polypyrrole.zgf34 The high molecular
organic moieties form a hybrid through either chemisorption
or covalent or noncovalent or a combination of both (c—o, o1t
and m—nt) interactions with oxygen functional groups of GO/r-
Go.*® Nevertheless, most of these organic moieties have high
molecular weight (> 15,000 g molefl) and are made up of
lengthy carbon chains with various functional groups. In
addition, stability, chemical and electrical properties of GO/r-
GO hybrids, which are prepared by the use of high molecular
organic moieties, do not remain the same after one or two
cycles. Hence, the long-term stability and electrical properties
of high molecular organic moieties GO/r-GO hybrids have to be
explored further."’ However, finding new organic moieties
with low molecular weight is highly challenging as it requires
good biocompatibility, noble environmental stability and
should be non-toxic to microorganisms.36 Furthermore, it
should act as a conductive bridge with superior electrical
conductivity to facilitate efficient electron transfer between
microbes and electrodes by reducing the activation energy
barrier at the electrode interface.’ Earlier, Darwish et al®¥
studied the electrical conductivity of low molecular
aminopyrazine organic moieties, and reported higher electrical
conductivity due to increased 1 electron delocalization in the
charge transfer complexes. Therefore, an effort was made to
incorporate low molecular aminopyrazine (Apy) organic
moieties (95.10 g molefl) unified with r-GO as an electrode
material for biofilm formation as well as for power generation.
The unification of Apy into r-GO is expected to increase the
dispersibility of r-GO in solvents and improve the electrical
conductivity of the electrode material for higher power
generation.

In this study, partially reduced GO aminopyrazine (r-GO-
Apy) hybrid is developed and its feasibility as an electrode
material in the anodic chamber was explored with a two-
chambered MFC. A highly active r-GO-Apy hybrid was
fabricated by coating on a commercial plain carbon cloth (PCC)
by a simple “brush coating and drying” process. The
performance of the newly synthesized material was evaluated
by the following experiments. (i) Sacrificial Electrode Mode
Reactor (SEMR) was accustomed to study the biocompatibility
of the newly fabricated r-GO-Apy-CC by analysing each
electrode periodically as a sacrificial method. (ii)
Bioelectrochemical System (BES) was employed to study the
electrocatalytic activity of r-GO-Apy-CC. (iii) MFC was used to
understand the response of electrochemically active
microorganisms over r-GO-Apy-CC electrode for power
production.

Results and discussion
Chemical and electrical properties of r-GO-Apy hybrid material

UV-Vis spectrum of GO (Fig. 1a) shows the intense band at 229
nm (r—mt) along with a weak band at 292 nm. For r-GO, the GO
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Figure 1:- (a) UV-Vis absorption spectra of GO and r-GO. (b)
UV-Vis absorption spectrum of r-GO-Apy. (c) Raman
spectra of GO and r-GO. (d) Raman spectrum of r-GO-Apy.

band appeared at 229 nm is shifted to 277 nm (n- ) which
clearly indicates the reduction of GO into r-GO (Fig. 1a).28 The
spectrum of r-GO-Apy (Fig. 2b) shows two characteristic bands
that appeared at 228 and 318 nm. The band that appeared at
318 nm is corresponding to the m—m electronic transition of r-
GO. In addition, the appearance of a new peak at 228 nm
indicates that the Apy group is successfully inserted or
complexed by reacting into oxygen functional group present
on the r-GO domain through its imine Iinkage.38

Similarly, Raman spectrum of GO shows an intensive G
band at 1600 cm™ and D band at 1342 cm™* which implies the
presence of disordered (sp3) carbon generated by oxidation
(Fig. 1c).12’25'29 Similarly, r-GO exhibited G band at 1599 em™
along with an intensive D band at 1341 em™ (Fig. 1c). The ratio
of Ip/lg of GO and r-GO were calculated and found to be 1.33
and 1.27, respectively. The reduction in Ip/lg ratio of r-GO
indicates partial restoration of structural defectiveness after
the reduction of GO to the r-GO surface.”® Raman spectrum of
r-GO-Apy hybrid shows that the D and G bands shifted to 1349
ecm ™ and 1518 cm™, respectively (Fig. 1d). The shift of D and G
bands from 1341 cm™ to 1349 cm™ " and from 1599 cm™* to
1518 cm ™ * for r-GO and r-GO-Apy shows the insertion of Apy in
the r-GO domain and this further supported the observation
made in UV—Vis absorption spectrum measurements.>

HR-TEM analysis was carried out to understand the surface
morphology of r-GO and r-GO-Apy. Fig. 2a shows the
discontinuous amorphous structure of GO. In Fig. 2b, the well-
defined crystalline structure of r-GO sheets clearly specifies
the reduction of oxygen functional groups, which was
confirmed by the Raman and UV-Vis spectroscopy
measurements. Additionally, the magnified version of Fig. 2c
exhibits four layers structure of r-GO. Fig. 2d shows the

This journal is © The Royal Society of Chemistry 20xx
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Figure 2:- (a) HR-TEM image of GO. (b) HR-TEM image of r-
GO. (c) HR-TEM Higher resolution image of r-GO. (d) HR-TEM
image of r-GO-Apy. (e) & (f) Magnified images of r-GO-Apy.

homogeneous distribution of Apy on the r-GO surface. The
magnified image of r-GO-Apy in Figure 2e and 2f further
confirms the fact that Apy was uniformly anchored on the thin
layer of r-GO sheets.

XPS analyses were performed on GO, r-GO and r-GO-Apy to
evaluate the effectiveness of reduction, functionalization and
chemical composition (C 1s and N 1s). The C 1s core level
spectrum of GO nanosheets is shown in Fig. 3a. C 1s region of
GO exhibits five well set binding energy configurations,
identified as 284.3, 285.1, 286.3, 287.8, and 289 eV for spz,
spa, C-OH (hydroxyl), C-O-C (epoxy), and C=0O (carboxy)
functional groups, respectively.28 However, in r-GO the
intensity of sp3 peak at 285.1 eV is found to be reduced and a
considerable increase in the sp2 peak at 284.3 eV implies the
effective reduction of hydroxyl and epoxy groups(Fig. 3b).39
The C 1s region of r-GO-Apy exhibits a well distinct peak at
284.8 eV attributed to sp2 carbon.” The new peak appeared at
286.1 eV corresponds to the insertion of imine (-NH-) group
into the r-GO network (Fig. 3c).17 Similarly, The N 1s region of
r-GO-Apy shows a broad peak at 399 eV, that implies pyridinic
(-C=N-) nitrogen and a peak at 400.6 eV, which is assigned to
pyrrole (—C-NH) groups.41 Additionally, the binding energy of
401.9 eV corresponds to -NH, or quaternary NH; (Fig. 3d). The
above observation clearly validates the reduction and insertion
of Apy in the r-GO domain.

Performance of r-GO-Apy-CC electrode in SEMR

Initial experiments were carried out with PCC, r-GO-CC and r-
GO-Apy-CC electrodes in SEMR and BES under identical
experimental conditions. The r-GO-CC electrode exhibits more
or less similar behaviour to the PCC electrode in terms of both
bacterial attachment and voltage-current response, probably
due to the absence of the active functional groups. Therefore,
further studies were carried out with PCC and r-GO-Apy-CC

This journal is © The Royal Society of Chemistry 20xx
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Figure 3:- (a) XPS spectrum of GO in C 1s region. (b) XPS
spectrum of r-GO. (c) XPS spectrum of r-GO-Apy in C 1s
region. (d) XPS spectrum of r-GO-Apy in N 1s region.

electrodes. In SEMR, r-GO-Apy-CC electrode and PCC were
kept as the “sacrificial electrode mode” in a separate reactor
and monitored for attached bacterial quantity, the attached
extracellular polysaccharides, acetate and the total organic
carbon (TOC) concentration, periodically. During the reactor
start-up, the initial TOC and acetate concentration values were
found to be 500 mg L* and 750 mg L_l, respectively (Figures 4a
and 4b). It was found that the acetate concentration is
decreased with respect to time and it reached 112 mg L for r-
GO-Apy-CC and 187 mg L™ for PCC electrode reactor on the
eighth day (Fig. 4b). After the addition of acetate on the eighth
day, the acetate concentration was increased to 725 mg L for
r-GO-Apy-CC and 737 mg L™ for PCC. A similar trend was
followed in TOC concentration for both the reactors. The
fluctuation in TOC is due to alternating consumption of carbon
substrate by bacteria and the external addition of acetate.
However, a rise in the TOC concentration was observed on the
eighth day and after the twelfth day (Fig. 4a). The increased
TOC was observed only when the acetate concentration was at
a minimum. Therefore, this could be due to dead suspended
bacterial biomass or leaching of carbon from the CC electrode.

As the experiment progressed, the attached bacterial
density was observed to be higher in r-GO-Apy-CC electrode
than it was in the PCC electrode (Fig. 4c). The maximum
attached bacterial density on the r-GO-Apy-CC electrode was
observed on the sixth (168 + 7 CFU cm_z) and the twelfth days
(285 + 18 CFU cm_z). The extracellular polysaccharides in both
the reactors followed a similar trend with higher concentration
observed in the r-GO-Apy-CC electrode (113.28 mg cm_z) as
compared to that of PCC electrode (68.65 mg cm_z) (Fig. 4d).

J. Name., 2013, 00, 1-3 | 3
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An overall increasing trend was observed in extracellular
polysaccharides, whereas attached bacterial count followed
the fluctuating trend of TOC. Bacterial cells reduced in count
responding to the decrease in the substrate due to
endogenous decay,42 whereas the extracellular polysaccharide
matrix remains unchanged with respect to TOC. Increased
extracellular polysaccharides in the system indicate efficient
attachment of bacteria to the electrode.*®

At the end of the experiment, a piece of r-GO-Apy-CC and
PCC electrodes were sacrificed for SEM analysis. The SEM
images of PCC rendered a small bacterial colonization
superficially attached on the electrode surface, while hardly
any bacterial cells were present on the interior fibre cloth
region (Fig. 4e). On the other hand, r-GO-Apy-CC exhibits a
large area of bacterial colonization adhered on the electrode
surface (Fig. 4f). This could be due to the following possible
reasons. (i) r-GO present in the modified electrode agrees well
with the outer cytochromes of the bacterial cells and improves
EET efficiency through imine (-NH-) and pyridinic (-N=C-)
groups.2‘3'29'32'44‘45 (ii) r-GO grafted over the CC provides large
specific surface area than does PCC, which results in increased

. . 2,3,11,12,14,15,29,34,45
colonization.

active sites for bacterial
Moreover, the functionalization of r-GO with Apy increases the
porosity of nanostructure, and it leads to dense adhesion of
bacterial cells on the electrode surface.” (iii) The
biocompatibility of r-GO not only improves bacterial adhesion
but also promotes the interaction among microbes, substrates
and electrodes.”®?® This assumption is valid in the present
study as the rate of acetate degradation is always higher in r-
GO-Apy-CC than it is in PCC irrespective of a similar
degradation trend. This may be due to the fact that
exoelectrogens incorporated r-GO-Apy into their EET pathways

through imine (-NH-) and pyridinic (-N=C-).32

Performance of r-GO-Apy-CC electrode in BES

The electrochemical behaviour of both r-GO-Apy-CC and PCC
electrodes were investigated in 1 M NaOH solution with a
potential range of —1 V and +1 V versus that of Ag/AgCl. Cyclic
voltammetry (CV) analysis of r-GO-Apy-CC exhibited a pair of
well-defined redox waves at a scan rate of 100 mV s (Fig. 5a).
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Figure 4:- (a) Temporal variation of total organic carbon
concentration (TOC). (b) Temporal variation of acetate
concentration (Arrow mark indicates the addition of
substrate). (c) The number of bacterial colonies formed on
electrode over time. (d) Extracellular polysaccharide content
of attached biomass over time. (e) SEM image of PCC after
biofilm attachment. (f) SEM image of r-GO-Apy-CC after
biofilm formation.

However, the CV of PCC renders almost no peaks with a
negligibly low current density response. While comparing with
PCC, r-GO-Apy-CC exhibits large CV loop area with significant
current density response, which clearly indicates that the
coating of r-GO-Apy on PCC remarkably increases its
electrochemical performance. Also, the hybrid shows two well-
resolved redox peaks due to the presence of pyridinic (-N=C-)
groups and imine (-NH-) groups in the r-GO-Apy domain.

BES was employed to study the electrochemical catalytic
behaviour of electrode for biofilm formation.*® During BES
operation, CV was monitored with a potential window from
0.6 V to + 0.4 V at 24 h time intervals. The voltamperometric
response displayed substantial variations in the electron
discharge properties as a function of the electrode material
over a period of time (Figures 5b and 5c). Higher redox
catalytic current densities were recorded in r-GO-Apy-CC
electrode than in PCC throughout the cycle of operation.
Initially, the oxidation current density for r-GO-Apy-CC was
observed at 0.27 mA cm_z, and the progress in biofilm
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Figure 5:- (a) Electrochemical characterization of r-GO-Apy-CC and PCC electrode by CV in 1M NaOH solution. (b) CV of r-GO-
Apy-CC electrode in a BES at a scan rate of 5 mV s (c) CV of PCC electrode in a BES at a scan rate of 5 mV s

4| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx



Page 5 of 9

Published on 13 July 2016. Downloaded by University of South Florida on 14/07/2016 03:30:54.

RSC Advances

formation on the electrode subsequently increased the
response of current density to 1.22 mA cm™? and 1.84 mA cm 2
during 10 and 20 days, respectively (Fig. 5b). On the other
hand, PCC electrode exhibited an oxidative current density of
0.13 mA cm™? and 0.40 mA cm™ after 10 and 20 days of
operation, respectively (Fig. 5c). These results critiqued the
hypothesis that r-GO-Apy-CC electrode facilitates efficient
attachment of biofilm on the electrode and expedites large
current density response over a period of time than does
PCC.12'25'38

Performance of r-GO-Apy-CC electrode in MFC

The performance of r-GO-Apy-CC and PCC for electricity
generation was investigated by keeping these as anodes in
dual-chambered MFCs. During the start-up period it was
observed that, r-GO-Apy-CC exhibits a higher open circuit
voltage of 657.5 mV than does PCC (500 mV). The current
production from each electrode was monitored by keeping
1000 Q resistor over a period of time after the acclimatization
stage.
generation profile in accordance with the addition of acetate,
and the results concurred with those obtained
studies.”*®*?

Both the electrodes exhibited a typical current
in other
An increase in current density was observed
continually during the addition of substrate and this maintains
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Figure 6:- (a) Current generation over a period of time

(Arrow mark indicates the addition of substrate). (b) Power
output and polarization.
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Table 1. Maximum power density obtained from different
anode material.

a steady state condition for a period of time (Fig. 6a).2 The

Hybrid/Composite Power Refere
v . P Anode Output
material - nce
(MW m ")
Armi -
minopyrazine/ Carbon cloth
reduced graphene Present
) (2.5cm X 2.5 1253
oxide study
cm)
| | hite felt
polypyrro e/. graphite fe 1326 34
graphene oxide (3 cmx2 cm)
Polypyrrole/
reduced graphene  Carbon cloth
. 1068 38
oxide (1 cmx1.5cm)
olyaniline
polyaniline / Carbon cloth
reduced graphene
. (1.8 cmx1.8 1390 12
oxide
cm)
polyaniline /
h Carb
grap c.ane arbon pgper 856 29
nanoribbons (4 cm?)
Polyaniline/ 3D
v / Carbon cloth
graphene 768 45
(2 cmx 4 cm)
lonic liquid Carbon paper 601 32

modified r-GO-Apy-CC delivered higher current density than
did the PCC electrode throughout the experiment, possibly
because of the functional group present on the surface. In
addition, polarization studies were performed to determine
the maximum power generated from the MFC when the
device was in the steady state condition. During polarization
experiment, MFC device employed with r-GO-Apy-CC shows
substantially higher power density (1253 mW m’?; 527 A mfz)
than does PCC (663.47 mW m’2; 2.65 A mfz) (Fig. 6b). The
obtained power density from r-GO-Apy-CC is nearly two times
higher than that of the MFC device employed with PCC and the
results are comparable with those of the previous studies
performed with the graphene — a conductive polymer hybrid
material, as compiled in Table 1.

The schematic view at the interface between r-GO-Apy-CC
electrode and bacteria is shown in Fig. 7. The insertion of low
organic molecule Apy with r-GO domain increases the distance
between the r-GO layers and displays high dispersion in a
solvent, which is used for thin layer coating. In this study, UV-
Vis, Raman spectrum, and XPS analysis have confirmed an
increase in sp2 carbon on graphene sheets due to the
decreased oxygen content, results efficient in m—m conjugation
between Apy and graphene sheets lead to an improved
electron transfer. The hybridized r-GO-Apy-CC increases the
hydrophilicity of the CC, and the imine (-NH-) and pyridinic (-

J. Name., 2013, 00, 1-3 | 5
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Figure 7:- Schematic view of the interface between r-GO-Apy-CC electrode and bacteria.

N=C-) groups present in the Apy imparts an overall positive
charge to the electrode. In fact, the bacterial cells are
negatively charged which results in a large area of bacterial
colonization due to electrostatic attraction.** However, most
of the commercially available electrode materials are
inefficient to interact with the bacterial cells lying very close to
the electrode surface due to electrical double-layer
mechanism.***® Imine (-NH-) and pyridinic (-N=C-) groups
present in the r-GO-Apy-CC electrode material undergo redox
mechanism and are protruded to reach the outer cytochrome
of the bacterial cells, and transfer electrons to the electrode
efficiently (Fig. 7).20 This could be the reason for a large
current density response of r-GO-Apy-CC in BES and MFC
reactors than with the reactors employed with PCC.
Furthermore, imine (-NH-) and pyridinic (-N=C-) groups present
in the r-GO-Apy-CC act as active sites which enhance n—n
transitions between the electrode and bacteria. These active
sites reduce the activation energy at the electrode biofilm
interfaces, which eventually diminishes the electrode double
layer thickness formed by two opposite charges.”’z“’s“’47 As a
result, polarization between electrode and electrolyte will
reduce, which ultimately accelerate the adhesion of bacteria
on the electrode surface.

Conclusion

In summary, low molecular Apy moieties unified with r-GO was
synthesized and fabricated with CC (r-GO-Apy-CC) to form a
novel anode material in a two-chambered MFC. UV-VIS,
Raman, XPS and TEM results confirmed that Apy was
covalently bonded through its imine (-NH-) link to the r-GO,

6| J. Name., 2012, 00, 1-3

forming highly conductive networks. The result of CV studies
performed in BES reactor displays high current density-voltage
responses over a period of time which confirms the imine (-
NH-) and pyridinic (-N=C-) groups present in the r-GO-Apy-CC
which undergoes redox mechanism and facilitates efficient
bacterial attachment in the SEMR system. In MFC, r-GO-Apy-
CC exhibits substantially higher power density (1253 mW m_z;
5.27 A m_z) which is nearly two times higher than that of the
MFC device employed with PCC. This work is an insight to use
low molecular organic moieties unified to r-GO as an electrode
material, and the advantage of using low molecular organic
moieties is that the exoelectrogens can easily incorporate the
functional group into their EET pathways under redox
mechanism. This study adds new aspects of designing
functionalized graphene as an anode in the MFCs as well as in
other emerging graphene application.

Experimental Section

Materials and methods

Biofilm growth on modified electrode

Sacrificial electrode mode reactor (SEMR) was fabricated as
shown in Fig.8a, to study the efficacious growth of biofilm on
the surface of r-GO-Apy-CC (The detailed synthesis procedure
of r-GO-Apy-CC, GO and r-GO are given in the electronic
supplementary information file). SEMR comprises a high purity
quartz glass beaker (500 mL) with an airtight
polytetrafluoroethylene (PTFE) cap, mounted over silicon
encapsulated PTFE ring. In SEMR, 7 electrodes (each measuring
1 cm x 1 cm) were suspended systematically through copper

This journal is © The Royal Society of Chemistry 20xx
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wires and each electrode was taken for analysis once in every
48 h interval of time. The reactor was filled with synthetically
prepared wastewater autoclaved previously at 121°C for 15
min. The contents of the wastewater were sodium acetate (1 g
Lfl) as the sole carbon source with macronutrients of NH,CI,
125 mg L™; NaHCO; 125 mg L% MgS0,.7H,0, 51 mg L'}
CaCl,.2H,0, 300 mg L™%; FeS0O,.7H,0, 6.25 mg L™ and other
micronutrients (1.25 mL Lfl) were prepared as reported in
Lovely and Philips.48 In addition, nitrogen gas was continuously
purged to the wastewater to maintain anaerobicity, and the
pH value was brought to 7 by adding H,SO, (0.1 M) and NaOH
(0.1 M) solutions. Subsequently, the medium was inoculated
by scraping the biofilm off from the anode (50 sz) of the
previously working MFCs to ensure the occurrence of
electrochemically active bacteria.*® Simultaneously, the
electrochemical responses of the bacteria on the electrode
were investigated in a separate reactor, namely the BES
(Fig.8b). The reactor design and the wastewater composition
adopted for BES were exactly the same as SEMR, and CV was
performed to monitor current production as a function of
potential over a period of time. To compare the efficiency of r-
GO-Apy-CC, PCC with the same geometric area was maintained
in other two reactors as the control.

MFC construction

The experimental setup used for an MFC is described in the
study by Gangadharan and Nambi.** A two-chambered reactor
of 500 mL capacity was made with plexiglass acrylic tube and
separated from each other by a proton exchange membrane
(Nafion 117; Sigma-Aldrich). r-GO-Apy-CC (2.5 cm x 2.5 cm)
was used as an anode and its performance was compared with
that of the PCC (2.5 cm x 2.5 cm). PCC (2.5 cm X 2.5 cm) was
used as a cathode throughout the experiment unless stated
otherwise. Synthetic wastewater of 300 mL was prepared as
explained in the previous section and was used as an anolyte.
Potassium dichromate (K,Cr,0,; 99%; Sigma-Aldrich) of a
concentration of 100 mg L™! was used as the catholyte. K,Cr,05

COnline Manitoring
System

Potentiostat

1 facefival [ lectooe Vade Reactor
4. Maqnetic Feflets
I At Heference [ectrade

? oglectachenmeal Reactor
5 Warang Electrode
B Aligatar Clips

Figure 8:- (a) Sacrificial Electrode Mode Reactor (SEMR).
(b) Bioelectrochemical system Reactor.
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was chosen as the catholyte owing to its high redox potential
(EO - 1:33 V at 25°C) which is considerably higher than that of
oxygen.49 The pH value of the catholyte solution was
maintained at 7 by adding a phosphate buffer solution (13.60 g
L of KH,PO, and 2.33 g L? of NaOH) and the catholyte
conductivity was improved by adding 11.70 g L of NaCl.

Measurements and analyses
Chemical Analysis

In SEMR reactor, the substrate degradation was monitored by
a decrease in TOC value (TOC-V CPH, Shimadzu). Acetate
concentration was analysed by lon Chromatography (Dionex,
USA) using The
degradation efficiency was calculated according to Eqn.1.

lonPac AS18 anion exchange column.

Degradation Efficiency (%) =A-B X100 (1)

A
Where, A is the initial TOC/ acetate concentration in mg Lt
and B is the observed TOC/ acetate concentration in mg L_l.
Biofilm Characterization
The growth of biofilm on electrodes in SEMR was monitored
by pour plate method as well as by the extracellular
polysaccharide concentration. Every 24 h, the electrodes were
carefully removed from the reactor and vigorously shaken with
deionized water to ensure the detachment of bacteria and the
supernatant was analysed for attached bacterial colony count
(CFU cm_z) by the pour plate method.*® The supernatant with
electrode was further centrifuged at 10,000 rpm for 5 min. The
concentrated biomass was re-suspended with NaCl buffer
(0.85 %) and sonicated for 2 min. After sonication, the mixed
supernatant was centrifuged at 10,000 rpm for 2 min and the
supernatant solution was further analysed for extracellular
polysaccharide concentration by phenol-sulfuric acid
method.* Scanning Electron Microscopy (SEM; Quanta 200
Philips) was employed to confirm the growth of a biofilm on
the electrodes.
Electrochemical Measurements
In BES, CV analysis was performed separately with r-GO-Apy-
CC (1 cm x 1 cm) or with PCC as working electrodes, a
saturated Ag/AgCl (+ 0.197 V vs. SHE) as a reference electrode
and a platinum electrode as a counter electrode (Fig. 8b).*® In
MFC, a multichannel (4-channel) potentiostat (Bio-Logic, India)
was employed to study the current production as well as the
polarization curve. The BES and MFC were connected to the
potentiostat and the data were constantly monitored using the
EC lab software. The value of power was calculated by
multiplying the measured current with voltage, and the
current and power were normalized to the anode surface area
(m?) to obtain current density and power density, respectively.
The pH of the anolyte and catholyte was continuously
monitored by providing online pH probe system (ADSENSORS
Pvt. Ltd., India) in the anode and cathode chambers of the
MFC, respectively.
Morphology and structural characterization
The r-GO-Apy hybrid was
investigated transmission  electron

structural
by

morphology of
high-resolution
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microscopy (HR-TEM, JEOL JEM 2100F). High-resolution X-ray
photoelectron spectroscopy (HR-XPS, PHI Quantera SXM,
ULVAC Inc.) was performed to examine the binding energies of
carbon, nitrogen and oxygen present in the r-GO-Apy hybrid.
An ultraviolet-visible (UV-Vis) spectrometer (Shimadzu, Japan,
Model 1800) was employed to study the absorption spectra of
GO, r-GO, and r-GO-Apy hybrid. The Raman spectra of GO, r-
GO and r-GO-Apy were performed using a Renishaw in via
confocal micro-Raman spectrometer using a 633 nm argon
laser as the excitation source.
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