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ABSTRACT

The growing global demand for sustainable wastewater treatment necessitates energy-efficient and
resource-recovering technologies that can address pollution while generating bioelectricity.
Bioelectrochemical systems (BES), including microbial fuel cells (MFCs), offer a promising
solution but suffer from key challenges such as low power output, inefficient electron transfer, and
the rigidity of conventional electrodes. The development of flexible, high-performance electrodes
is crucial to enhance BES efficiency and scalability, especially for treating real textile wastewater
a complex industrial effluent with high organic load and synthetic dyes.

This PhD research focuses on the development of flexible electrode materials tailored for BES
applications. Three different fabrication strategies were explored: (i) polycarbonate embedded
with carbon black using twin-screw melt extrusion, (ii) gold-sputtered paper-based substrates
followed by electrochemical polymerization of polyaniline (PANI), and (iii) polyester microfiber
nonwoven (PMN) substrates dip-coated with carbon nanotube (CNT) ink followed by PANI
electrochemical polymerization. Among these, the PANI/CNT/PMN electrode demonstrated
superior flexibility, electrical conductivity, and microbial compatibility, making it the most
effective for real wastewater treatment applications.

The PANI/CNT/PMN flexible electrode was optimized using AC electrochemical polymerization,
resulting in a mesoporous structure (BET surface area: 3.2212 m?/g, pore diameter: 65.96 nm) that
facilitated enhanced biofilm attachment, electron transfer, and mass transport. Electrochemical
characterization confirmed significant improvements in charge storage capacity, reduced
impedance (Rei: 2.08 Q), and high electrocatalytic activity. Cyclic Voltammetry (CV), Differential
Pulse Voltammetry (DPV), and Electrochemical Impedance Spectroscopy (EIS) demonstrated the
electrode’s redox stability and fast electron transfer kinetics, surpassing traditional carbon cloth

electrodes.
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The developed electrode was tested in a Multielectrode Assembly Bioelectrochemical Reactor
(MEABR) coupled with a Biophotovoltaic (BPV) cell for real textile wastewater treatment. The
system achieved power and current densities of 1500 = 4.5 mW/m? and 500 £ 6.5 mA/m?,
representing a nearly 2000-fold improvement over carbon cloth electrodes. The pollutant removal
efficiency was also significantly enhanced, with 85.9% COD removal, 81.06% TOC removal, and
82.7% dye decolorization.

Microbial community analysis using 16S rRNA sequencing revealed that the biofilm on the
PANI/CNT/PMN electrode was dominated by an uncultured filamentous, nanowire-producing
Lysinibacillus strain, known for its high extracellular electron transfer (EET) efficiency. Advanced
biofilm characterization, including Time-of-Flight Secondary lon Mass Spectrometry (ToF-
SIMS), provided 3D imaging and depth profiling, identifying malonic acid secretion as a key
metabolic byproduct, indicating enhanced biofilm activity and electrochemical performance.

To further optimize biofilm-electrode interactions, twelve different nanomaterials and thin films
were integrated into the PANI/CNT/PMN electrode, leading to material-specific microbial
enrichment and enhanced biodegradation in the MEABR system. The integration of the BPV cell
enabled an energy-positive configuration, demonstrating the feasibility of a self-sustaining
wastewater treatment system.

This research presents a scalable and cost-effective approach for integrating flexible electrodes
into BES for industrial wastewater remediation, bridging laboratory research with real-world
applications. The findings contribute to the advancement of microbial electrochemical
technologies, offering a sustainable solution for energy generation, pollutant degradation, and
resource recovery. Future research should focus on further optimizing electrode architecture,
microbial community engineering, and long-term system stability, particularly exploring the
synergistic role of Lysinibacillus and other electroactive microbes to enhance BES performance

and commercialization potential.
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fabrication.

Schematic representation of carbon black (CB) particles, illustrating their
nanoscale morphology and characteristic surface features. The diagram highlights
functional groups such as carboxyl (~COOH) and hydroxyl (—OH) present on the
particle surface, which enhance interfacial interactions with polymer matrices.
Key physicochemical attributes such as primary particle size, aggregation, and
high specific surface area are also indicated, all of which play a critical role in
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governing the electrical conductivity and dispersion of CB in composite
electrodes.

Schematic representation of the chemical synthesis of polyaniline (PANI) via
oxidative polymerization of aniline in acidic medium using ammonium persulfate
as the oxidant, highlighting the formation of the conductive emeraldine salt

(a) Schematic for conical twin-screw extruder and (b) Xplore Micro Compounder
MC 15 used for melt extrusion of polycarbonate/carbon black composites,
illustrating the twin-screw configuration that enables uniform dispersive and
distributive mixing for optimal filler distribution.

Schematic for the electrode fabrication process using the twin screw melt
extrusion and the table showing loading percentage of CB in PC

Schematic for the electrode fabrication process using the paper based substrates
Schematic illustration of the flexible electrode fabrication process using Polyester
Microfiber Nonwoven (PMN) textile based substrate

Schematic illustration of the flexible electrode fabrication process: (a) PMN
substrate preparation through cutting, washing, and drying; (b) CNT ink
preparation and stable dispersion by probe sonication; (¢) sequential dip-coating
of PMN to achieve uniform CNT coverage; (d) AC electrochemical
polymerization of PANI on CNT/PMN using a three-electrode cell configuration;
and (e) schematic of complete process showing uncoated PMN substrate followed
by CNT and PANI coatings

Variation of electrical resistance of PC/CB composite films as a function of CB
loading (0-50 wt%). A sharp decrease in resistance is observed between 17-33
wt% CB, indicating the percolation threshold where a continuous conductive
network forms within the polymer matrix. Measurements were performed using
a Keysight U1731C handheld LCR meter at 1 kHz with 1 cm probe spacing.
Dependence of flexural rigidity on carbon black (CB) weight fraction in PC/CB
composite electrodes. Flexural rigidity was determined from bending length
measurements obtained using the Paramount Stiffness Tester. An increase in CB
content beyond 33 wt% results in a pronounced rise in flexural rigidity, reflecting
reduced mechanical compliance. Sample E (33 wt% CB) represents the optimized
composition, achieving a balance between sufficient mechanical flexibility and
enhanced electrical conductivity.

Electrical resistance of paper-based electrodes measured using a handheld LCR
meter (1 kHz). The plot compares bare cellulosic and nylon paper, gold-sputtered
electrodes, and electrodes further modified with electrochemically polymerized
PANI, highlighting the substantial reduction in resistance achieved by Au and
PANI deposition

Flexural rigidity of paper-based electrodes. The bending stiffness increases
progressively with gold sputtering and subsequent PANI deposition on both
cellulosic and nylon papers. PANI/Au/cellulosic paper exhibits the highest
rigidity, while PANI/Au/nylon paper maintains lower flexural rigidity, indicating
greater mechanical compliance

(a) Flexural rigidity (uNm) and (b) electrical resistance (MQ) of PMN-based
electrodes with successive CNT coating cycles and PANI polymerization. The
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plots illustrate the progressive increase in mechanical stiffness and the
corresponding decrease in electrical resistance, highlighting the effect of CNT
reinforcement and PANI deposition on the mechanical and electrical properties of
the electrodes

Nyquist plot for electrochemical polymerization of PANI on Au-coated cellulosic
paper substrate, showing the variation in charge transfer resistance (R¢) during
polymerization. The data illustrate the influence of the Au—cellulose interface on
deposition kinetics and uniformity

Nyquist plot for electrochemical polymerization of PANI on Au-coated nylon
paper substrate. The results highlight the effect of substrate morphology and
porosity on R¢t and the controlled growth of PANI films

Nyquist plot for electrochemical polymerization of PANI on CNT-coated PMN
substrate. The CNT coating significantly reduces R and facilitates uniform
polymer growth due to improved conductivity and surface area

Raman spectra of (a) Au-coated Nylon paper and (b) PANI/Au/Nylon paper
electrodes. The Au/Nylon paper shows characteristic substrate peaks, while the
PANI-coated electrode exhibits new bands corresponding to quinoid and
benzenoid ring vibrations, C-N stretching, and —CH bending, confirming
successful PANI polymerization and formation of the conductive emeraldine salt
form

Raman spectra of (a) pristine PMN fabric, (b) CNT-coated PMN, and (c)
PANI/CNT/PMN electrodes. The PMN spectrum shows characteristic PET peaks,
while CNT coating introduces D and G bands indicative of high-quality CNTs
with low defect density. Deposition of PANI on CNT/PMN results in new peaks
corresponding to benzenoid and quinoid vibrations, confirming successful
polymerization and formation of the conductive emeraldine salt form.

FESEM images of various electrodes showing surface morphology and
polymer/CNT deposition. (a) Au/Cellulosic paper showing the fibrous structure
of the cellulose substrate. (b) Magnified view of a single cellulosic fiber from (a).
(c) PANI/Au/Cellulosic paper at the same magnification as (a) illustrating uniform
PANI coating over multiple fibers. (d) Magnified view of a single cellulosic fiber
from (c) highlighting granular PANI deposition. (e, f) PANI/Au/Nylon paper
showing complete coverage of nylon fibers with granular PANI. (g) CNT-coated
PMN fabric with magnified view of a PET microfiber, CNT agglomerates
indicated by arrows. (h, j) PANI/CNT/PMN electrodes; (h) magnified view
showing PANI grains over the CNT network, (j) densely packed PMN fabric with
PANI grains and CNT coating on PET microfibers, demonstrating uniform
deposition and continuous conductive pathways.

EDX analyses of different electrodes: (a) point EDX spectrum of a single PANI
grain in PANI/Au/Nylon and PANI/Au/Cellulosic paper, confirming the presence
of C, N, O, and Au; (b) elemental mapping of PANT/CNT/PMN showing uniform
distribution of C, N, O, Na, Mn, S, Cl, K, Cr, and Fe across the matrix; (c)
elemental mapping of CNT/PMN highlighting C, O, Na, S, and Al; (d) elemental
mapping of pristine PMN showing dominant C and O signals; (e) point EDX
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spectra of a CNT agglomerate versus bare PET microfiber in PMN, showing
significantly higher C intensity at CNT-coated sites, confirming CNT deposition
FESEM and EDX analysis of CNT/PMN electrodes. (a) FESEM image of single-
walled CNT-coated PET microfibers with a diameter of 11 pm, highlighting
regions for point EDX analysis. (b, ¢) Point EDX spectra for spots 1 and 2,
showing the elemental distribution of CNT coatings. (d, e) FESEM images of
multi-walled CNTs utilized for electrode scalability. (f-1) EDX elemental mapping
of multi-walled CNTs, confirming uniform distribution on the electrode surface
Energy-dispersive X-ray spectroscopy (EDX) spectra for (a) PMN fabric, (b)
CNT-coated PMN, and (c) PANI/CNT/PMN electrodes. The spectra illustrate the
presence of nitrogen from PANI and carbon enrichment from CNTs

Elemental composition analysis of PANI/CNT/PMN, CNT/PMN, and PMN
fabric electrodes using energy-dispersive X-ray spectroscopy (EDX). The weight
percentages of carbon, oxygen, nitrogen, and other elements confirm the
successful incorporation of PANI and CNTs onto the PMN substrate

Cyclic voltammogram of the PANI/Au/Cellulosic paper electrode recorded in 1
M HCI (pH 7) over a potential window of —0.3 V to +0.9 V vs. Ag/AgCl at scan
rate (50 mV/s). Distinct redox peaks corresponding to the leucoemeraldine-
emeraldine and emeraldine-pernigraniline transitions of PANI are observed,
confirming electroactive behaviour of the PANI film on the cellulosic paper
substrate

Cyclic voltammogram of the PANI/Au/Nylon paper electrode under identical
conditions (1 M HCl, —0.3 to +0.9 V, Scan rate: 50 mV/s). The CV curves show
clear anodic and cathodic peaks characteristic of PANI redox transitions,
indicating good reversibility and stable electrochemical activity of the PANI layer
on the nylon paper substrate

Cyclic voltammogram and Differential Pulse Voltammogram of the
PANI/CNT/PMN electrode (PBS, pH 7, ferro/ferricyanide, —0.3 to +0.9 V vs.
Ag/AgCl, scan rate: 10 mV/s). The CV curves exhibit pronounced redox peaks
corresponding to PANI doping/de-doping, with increasing current response at
higher scan rates, demonstrating good reversibility, high electroactive surface
area, and excellent charge storage capability of the composite electrode

Cyclic voltammogram of the PANI/CNT/PMN electrode (PBS, pH 7,
ferro/ferricyanide, —0.3 to +0.9 V vs. Ag/AgCl, scan rates: 1, 10, 100 mV/s). The
CV curves exhibit pronounced redox peaks corresponding to PANI doping/de-
doping, with increasing current response at higher scan rates, demonstrating good
reversibility, high electroactive surface area, and excellent charge storage
capability of the composite electrode

Nyquist plot of the PANI/CNT/PMN electrode recorded in PBS containing
ferro/ferri ions (pH 7). The spectrum displays a depressed semicircle in the high-
to-mid frequency region, attributed to charge transfer resistance (Rct), followed
by a Warburg tail at low frequencies representing ion diffusion. The fitted curve
(solid line) corresponds to the equivalent circuit model shown in Figure 44. The
extracted Rct value was 2.08 Q, demonstrating the superior charge transfer
kinetics of the PANI/CNT/PMN hybrid electrode
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Equivalent circuit (RCR) used to fit the Nyquist spectrum of the PANI/CNT/PMN
electrode. Here, Ry represents the solution resistance, Rct the charge transfer
resistance, and CdlI the double-layer capacitance. Fitting yielded an Rt of 2.08 Q,
confirming efficient interfacial charge transfer and validating the high
conductivity of the CNT-PANI composite structure

3D AFM topography of PANI/Au/Cellulosic paper electrode (20 x 20 um scan)
obtained using Gwyddion software. The projected surface area was measured as
708.8 um?, showing a uniform PANI layer with nanoscale roughness favorable
for microbial attachment

3D AFM topography of PANI/Au/Nylon paper electrode (20 X 20 pm scan)
generated with Gwyddion. The projected surface area was calculated as 779.8
um?, indicating higher surface roughness compared to Cellulosic paper, beneficial
for electroactive interface development

Advantages of flexible electrodes in microbial fuel cells (MFCs). Flexible
electrodes enhance electron transfer through conducting polymers and graphene,
improve mechanical stability by allowing bending and moulding, support better
biofilm formation by accommodating natural microbial growth patterns, increase
electrode-biofilm contact area, and enable scalable and versatile designs for
diverse MFC configurations

Comparison of paper-based substrates (cellulosic and nylon) with PMN fabric for
bioelectrochemical system (BES) applications. Unlike nonwoven PMN fabric,
which provides a 3D porous structure with sufficient interstitial space to support
microbial colonization and biofilm development, cellulosic and nylon papers have
limited surface area and compact morphology, restricting microbial attachment
and growth

(a) Schematic representation of the experimental workflow for electroactive
biofilm growth and application on flexible electrodes (PANI/Au/Nylon paper and
PANI/CNT/PMN). The process includes: Task 1 — Biofilm enrichment using
chronoamperometry; Task 2 — Measurement of electrochemical parameters
(current density, power density, charge, resistance, and pH); Task 3 —
Characterization of biofilm-coated electrodes; and Task 4 — Application of
enriched biofilm for treatment of real textile wastewater from the dyeing industry.
(b) Experimental setup for chronoamperometric biofilm growth showing the
tested working electrodes (PANI/Au/Cellulosic paper, PANI/Au/Nylon paper,
PANI/CNT/PMN, and carbon cloth as a standard control). The schematic also
highlights textile wastewater composition (pH 7.51, BOD 1340 mg/L, soluble
COD 1281 mg/L) and identified dye constituents, along with the three-electrode
reactor configuration (WE: PANI/Au/Nylon paper, PANI/Au/PMN and carbon
cloth, CE: carbon cloth, RE: Ag/AgCl in 3 M KCl).

Chronoamperometric response (current vs. time) recorded during electroactive
biofilm enrichment on the PANI/Au/Nylon paper electrode. The gradual increase
in current over time reflects microbial colonization and extracellular electron
transfer activity, confirming progressive biofilm growth and establishment of
electroactive species on the electrode surface
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Chronoamperometric monitoring of electroactive biofilm enrichment on the
carbon cloth electrode. The figure presents correlated parameters illustrating
biofilm growth and electron transfer dynamics over time: (a) Current density and
pH vs. time showing microbial activity and its influence on bulk solution
chemistry; (b) Power density and pH vs. time indicating energy recovery trends;
(c) Charge accumulation and pH vs. time reflecting progressive electron
harvesting; (d) Current density and resistance vs. time showing the inverse
relationship between microbial activity and interfacial resistance; (e) Power
density and resistance vs. time correlating power output with reduced charge
transfer resistance; (f) Resistance and pH vs. time capturing biofilm-induced
conductivity shifts alongside metabolic acidification/neutralization; (g) Current
density and charge vs. time demonstrating direct electron recovery as a function
of biomass growth; (h) Power density and charge vs. time illustrating overall
electrochemical efficiency; and (i) Resistance and charge vs. time highlighting
conductivity improvements concurrent with enhanced charge storage
Chronoamperometric monitoring of electroactive biofilm enrichment on the
PANI/CNT/PMN electrode. The figure depicts the evolution of multiple
interdependent electrochemical and physicochemical parameters during biofilm
growth: (a) Current density and pH vs. time showing microbial activity and pH
modulation in the bulk medium; (b) Power density and pH vs. time highlighting
energy recovery under changing biochemical conditions; (c) Charge accumulation
and pH vs. time demonstrating progressive electron harvesting with metabolic
shifts; (d) Current density and resistance vs. time capturing the interplay between
microbial electron transfer and interfacial conductivity; (e) Power density and
resistance vs. time correlating enhanced power output with declining charge
transfer resistance; (f) Resistance and pH vs. time showing conductivity
improvements influenced by biofilm-mediated chemical processes; (g) Current
density and charge vs. time illustrating cumulative electron recovery with biofilm
growth; (h) Power density and charge vs. time reflecting electrochemical
efficiency and energy conversion; and (i) Resistance and charge vs. time
validating conductivity gains with enhanced charge storage

Power density comparison of biofilm-enriched electrodes. The PANI/CNT/PMN
electrode exhibited a ~2000-fold increase in power density compared to the
standard carbon cloth electrode, demonstrating its superior performance and
applicability in bioelectrochemical systems. PANI/Au/Nylon paper showed
moderate power output, highlighting the advantage of high-surface-area, flexible
electrodes for efficient microbial fuel cell operation

Electrochemical characterization of biofilm-coated PANIgis/Au paper electrodes.
(A, B) Low-scan-rate non-turnover cyclic voltammograms (CV, —1 Vto +1 V) of
biofilm on PANIgis/Au/cellulosic paper and PANI/EIS/Au/nylon paper,
respectively, illustrating redox activity of the electroactive biofilm. (C, D)
Differential pulse voltammograms (DPV) for biofilm on cellulosic and nylon
substrates, highlighting peak currents associated with electron transfer. (E) DPV
comparison of biofilm-coated and bare PANIgis/Au/nylon paper, demonstrating
enhanced electrochemical activity due to biofilm enrichment
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Electrochemical analysis of carbon cloth electrodes. (a) Low-scan-rate cyclic
voltammograms (CV, 1 mV/s) of bare carbon cloth and biofilm-coated carbon
cloth, showing the development of redox-active sites due to biofilm enrichment.
(b) Differential pulse voltammograms (DPV) of bare and biofilm-coated carbon
cloth, highlighting enhanced peak currents and electron transfer activity induced
by the electroactive biofilm

Electrochemical impedance spectroscopy of carbon cloth electrodes. (a) Nyquist
plots of bare carbon cloth and biofilm-coated carbon cloth, showing reduced
charge transfer resistance and enhanced electron transfer after biofilm enrichment.
(b) Bode plots for bare and biofilm-coated carbon cloth, illustrating changes in
impedance magnitude and phase angle, indicating improved electrochemical
activity and biofilm-mediated conductivity

Electrochemical analysis of PANI/CNT/PMN electrodes. (a) Low-scan-rate
cyclic voltammograms (CV, 1 mV/s) of bare PANI/CNT/PMN and biofilm-coated
PANI/CNT/PMN, showing well-defined redox peaks indicative of robust
extracellular electron transfer and enhanced electroactivity after biofilm
enrichment. (b) Differential pulse voltammograms (DPV) of bare and biofilm-
coated PANI/CNT/PMN, demonstrating increased peak currents and improved
charge transfer, confirming the development of a highly electroactive biofilm on
the high-surface-area flexible electrode

Electrochemical impedance spectroscopy of PANI/CNT/PMN electrodes. (a)
Nyquist plots of bare and biofilm-coated PANI/CNT/PMN, showing increased
impedance after biofilm enrichment. (b) Bode plots illustrating the enhanced
impedance and altered phase behavior, reflecting the resistance contributed by the
thick electroactive biofilm across the 3D electrode surface

FESEM images showing biofilm microarchitecture on polymer-coated electrodes:
(A) Biofilm/PANI/Au/Cellulosic paper, exhibiting sparse and less mature biofilm
formation; (B) Biofilm/PANI/Au/Nylon paper, demonstrating denser, well-
structured, and more mature biofilm development, highlighting the effect of
substrate morphology and conductivity on microbial adhesion and growth
FESEM and EDX analysis of electroactive biofilms enriched from textile
wastewater on carbon cloth (CC) electrodes (a—f). Images show heterogeneous
biofilm coverage with bridge-like extracellular structures spanning carbon fibers,
highlighting microbial adhesion and electron transfer pathways across the
electrode surface

Morphological and compositional analysis of PANI/CNT/PMN electrodes. (a)
FESEM of uncoated PMN fabric showing the porous microfibrous structure. (b,
f) CNT coating uniformly deposited on the PMN substrate. (c, €) Dense PANI
layer on CNT/PMN fabric. (d, g, h) Electroactive biofilm formed on
PANI/CNT/PMN electrodes, exhibiting homogeneous coverage

FESEM images of matured anodic biofilm enriched on carbon cloth electrodes
during textile wastewater treatment. The images highlight biofilm morphology
and attachment to the electrode surface

FESEM and EDX analysis of electroactive biofilms enriched from textile
wastewater on (a-d) PANI/CNT/PMN electrodes. The images highlight biofilm
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morphology and elemental mapping, emphasizing nitrogen-rich regions
associated with extracellular matrix components

Optical and Raman characterization of biofilm interaction with PANI/Au/Nylon
paper electrodes. (A) Optical micrograph of bare Au/Nylon paper showing
smooth fiber texture. (B) PANI/Au/Nylon paper exhibiting uniform greenish
coating of electrochemically deposited PANI. (C) Biofilm/PANI/Au/Nylon paper
showing dense biofilm attachment over the conductive surface. (D) Comparative
Raman spectra of Au/Nylon paper, PANI/Au/Nylon paper, and
Biofilm/PANI/Au/Nylon paper highlighting chemical interactions and peptide—
PANI bonding in the biofilm-coated electrode

Raman spectra of (1) biofilm-coated carbon cloth electrodes, and (2) bare carbon
cloth showing characteristic D and G bands and additional peaks corresponding
to EPS and protein-related vibrations indicative of biofilm activity
Characterization of PANI/CNT/PMN electrodes. (a—d) Raman spectra of (a)
pristine PMN substrate, (b) CNT-coated PMN, (c) PANI/CNT/PMN composite
electrode, and (d) biofilm-enriched PANI/CNT/PMN  electrode, showing
characteristic molecular vibrations corresponding to each modification and
biofilm interaction

ToF-SIMS and 3D morphological analysis of PANI/CNT/PMN electrode. (a) 2D
surface distribution of key components: CNT, PANI, and SDBS. (b) 3D depth
profile showing the spatial arrangement of CNT, PANI, and SDBS across the
electrode. (c) Quantitative depth profiles of selected molecular fragments. (d)
Representative ToF-SIMS spectra highlighting characteristic peaks of the
composite materials. (¢) FESEM image of the analyzed area (100 % 100 pm?) with
a 3D representation of the PANI/CNT layers on PET microfibers

ToF-SIMS analysis of electroactive biofilm-coated carbon cloth electrodes
enriched from textile wastewater. (a) Reconstructed 3D image of the biofilm,
showing dense cellular distribution on the electrode surface. (b) Visualization of
malonic acid (highlighted in magenta) secreted by the biofilm and superimposed
on the 3D image. (c) Intensity vs. m/z ratio plot, identifying peaks corresponding
to biofilm components. (d) Detection of malonic acid at m/z=22.9858, confirmed
via Wiley Know-It-All software spectral matching. (¢) Complete ToF-SIMS
spectra for the biofilm-coated electrode, illustrating the chemical composition of
the biofilm matrix.

Phylum-level microbial community composition in the biofilm enriched on the
Biofilm/PANI/Au/Nylon paper electrode. The pie chart represents the relative
abundance (%) of major bacterial phyla identified through 16S rRNA sequencing,
including Proteobacteria (53.36%), Actinobacteria (28.93%), Acidobacteria
(8.19%), Planctomycetes (5.77%), Firmicutes (1.91%), and Synergistetes
(1.12%), along with minor taxa grouped as “Others.” The accompanying table
lists the absolute abundance values for each phylum, providing a quantitative
overview of community distribution across taxonomic levels

Class-level microbial community composition in the biofilm enriched on the
Biofilm/PANI/Au/Nylon paper electrode
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Order-level microbial community composition in the biofilm enriched on the
Biofilm/PANI/Au/Nylon paper electrode

Order-level microbial community composition in the biofilm enriched on the
Biofilm/PANI/Au/Nylon paper electrode

Genus-level microbial community composition in the biofilm enriched on the
Biofilm/PANI/Au/Nylon paper electrode

Species-level microbial composition of the biofilm enriched on the
Biofilm/PANI/Au/Nylon paper electrode. The pie chart and accompanying table
depict the relative abundance (%) of dominant unclassified species identified via
16S rRNA sequencing from the genera, including Mycobacterium (28.37%),
Achromobacter (15.28%), unclassified genera (13.81%), Pseudoxanthomonas
(6.94%), Ochrobactrum (4.89%), Alicycliphilus (4.18%), and Pseudomonas
(3.93%), among others. This representation highlights the prevalence of
electroactive and dye-degrading genera within the enriched biofilm community
Microbial ~ community  structure of the  biofilm enriched on
Biofilm/PANI/Au/Nylon paper electrodes. (a) Krona chart depicting the
hierarchical taxonomic distribution from phylum to genus level, highlighting the
dominance of Proteobacteria, Actinobacteria, and other phyla. (b) Phylogenetic
tree illustrating the evolutionary relationships among the major genera detected
in the biofilm, emphasizing the presence of electroactive and dye-degrading
microorganisms

Taxonomic distribution of microbial communities, presented at the phylum levels,
illustrating the diversity of electroactive microorganisms within the biofilm-
coated carbon cloth electrode and the microbial population present in the
untreated textile wastewater

Taxonomic distribution of microbial communities, presented at the genus levels,
illustrating the diversity of electroactive microorganisms within the biofilm-
coated carbon cloth electrode and the microbial population present in the
untreated textile wastewater

Fabrication of Rigid PANI-Based Nanocomposite Electrodes and MFC Assembly
(a—f) Sequential fabrication steps of polyaniline (PANI)-based nanocomposite
anodes comprising combinations of CNTs, MOFs, graphite (G), and TiO2
powders, blended with wax and compressed into 2 cm discs via cold pressing.
The workflow illustrates weighing, mixing, and pressing stages for electrode
preparation. (g—h) Preparation of air-breathing cathodes coated with activated
carbon and PTFE binder on stainless steel mesh, ensuring enhanced oxygen
diffusion and hydrophobic stability. (i) Complete single-chamber MFC assembly
incorporating multiple anode types operated under identical conditions for
comparative evaluation. (j) Schematic of the MFC configuration showing
electrode placement, current flow, and bioelectrochemical reaction pathways. The
modular setup enabled simultaneous screening of nine electrode compositions to
study material-driven microbial enrichment, electrochemical behavior, and power
output

Electrochemical Performance of MFCs with Multiple Rigid PANI-Based
Nanocomposite Anodes (a) Voltage generation profiles over multiple semi-
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continuous batch cycles for MFCs operated with different anode compositions:
PANI-CNT/G/TiO2, PANI- CNT/MOF/G, PANI-CNT/MOF, PANI/G/TiO,
PANI/CNT/G, PANI-CNT/TiO2, PANI/MOF/G, PANI/MOF, and PANI-
CNT/MOF/G/TiO:. Distinct stabilization trends correspond to varying microbial
community development on each electrode surface. (b) Corresponding power
density curves derived from polarization analyses showing differences in output
performance as a function of electrode conductivity and composition. Hybrid
electrodes integrating CNTs, MOFs, and graphite demonstrated superior current
output and sustained voltage stability due to enhanced electron transfer and
biofilm-electrode coupling

Comparative Power Output of Different PANI-Based Nanocomposite Electrodes
Across MFC Operation Cycles. Bar graph summarizing the maximum power
densities (mW/m?) achieved by each electrode composition over successive MFC
operational cycles. The PANI-CNT/MOF anode exhibited the highest
performance (322 mW/m?), followed closely by PANI-CNT/MOF/G (204.42
mW/m?) and PANI-CNT/G/TiO2 (181.89 mW/m?). Electrodes containing CNTs
and MOFs consistently outperformed those lacking conductive nanofillers,
emphasizing the synergistic role of conductivity and porosity in facilitating
extracellular electron transfer (EET). The figure highlights the material-specific
influence of composite architecture on bioelectrocatalytic efficiency and
demonstrates the strong correlation between electrode conductivity and power
generation capacity

Schematic illustration of the PANI/CNT/PMN electrode fabrication and
integration into the MEABR-BPV system. Process overview showing: (a)
fabrication and modification of the flexible PANI/CNT/PMN electrode through
CNT coating and electrochemical polymerization of polyaniline on polyester
microfiber nonwoven (PMN); (b) assembly of the Multielectrode Assembly
Bioelectrochemical Reactor (MEABR) comprising multiple flexible anodes and
a common cathode for parallel electrochemical operation; (¢) enrichment of
electroactive biofilm on PANI/CNT/PMN electrodes under controlled potential;
and (d) subsequent coupling of MEABR with a Bio-Photovoltaic (BPV) cell for
real textile wastewater treatment. The BPV cell enhances oxygen evolution and
light-assisted cathodic reactions, enabling improved degradation efficiency and
sustainable energy recovery in the integrated system

(a) Schematic of MEABR showing thirteen vertical flexible anodes, a shared
cathode (counter electrode), wastewater inlet/outlet, and flow path, (b) Diagram
of MEABR reactor paired with BPV cell with anode chamber (algae on
PANI/CNT/PMN electrode), cathode/counter electrode (carbon cloth), and glass
chamber for sunlight exposure

FTIR spectra of the nanomaterials and nanocomposites used for fabricating the
modified PANI/CNT/PMN electrodes, including PANI-CNT-TiO2, rGO, GO,
PANI-MOF(Zn- based), PANI-TiO2, Ag nanoparticles, carbon black, and CNT.
The spectra highlight the characteristic functional groups, including C-O, C=0,
O-H, Ti-O, and Zn-O, confirming the successful integration and
functionalization of the materials. Peaks are annotated to demonstrate the unique
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chemical signatures contributing to enhanced electrochemical properties and
surface interactions

FESEM and EDX analysis of the PANI/CNT/PMN electrode, showing uniform
surface morphology and elemental distribution of nitrogen, carbon, and oxygen,
confirming successful integration of PANI and CNTs onto the PMN substrate
FESEM and EDX images of the PANI-TiO/PANI/CNT/PMN electrode,
highlighting the incorporation of TiO: nanoparticles and their uniform
distribution across the electrode surface, enhancing its electrochemical and
biofilm-supporting properties

FESEM and EDX analysis of the PANI-CNT-TiO/PANI/CNT/PMN electrode,
showing the co-presence of CNTs and TiO: nanoparticles, contributing to
increased surface area and improved conductivity for bioelectrochemical
applications

FESEM and EDX  characterization of the PANI-MOF (Zn-
based)/PANI/CNT/PMN electrode, revealing the presence of Zn along with
carbon and nitrogen, indicative of successful incorporation of Zn-MOF into the
electrode matrix for enhanced microbial interaction

FESEM and EDX analysis of the rGO/PANI/CNT/PMN electrode, confirming the
integration of reduced graphene oxide (rGO) with PANI and CNTs. The increased
carbon content reflects improved conductivity and surface properties

FESEM and EDX images of the GO/PANI/CNT/PMN electrode, showing the
distribution of oxygenated groups from graphene oxide (GO) along with PANI
and CNTs, contributing to enhanced hydrophilicity and biofilm attachment
FESEM and EDX characterization of the Carbon Black/PANI/CNT/PMN
electrode, highlighting the presence of carbon black particles and their uniform
dispersion, which improve the electrode's conductivity and electrochemical
performance

FESEM and EDX analysis of the Pt/PANI/CNT/PMN electrode, illustrating the
presence of platinum nanoparticles embedded within the PANI/CNT matrix,
enhancing catalytic activity and electron transfer efficiency

FESEM and EDX analysis of the Cu/PANI/CNT/PMN electrode, indicating
uniform distribution of copper nanoparticles on the electrode surface, contributing
to improved redox behaviour and microbial enrichment

FESEM and EDX characterization of the Ag/PANI/CNT/PMN electrode,
revealing the presence of silver nanoparticles alongside PANI and CNTs. The
addition of silver enhances antimicrobial properties and conductivity

FESEM and EDX images of the Au/PANI/CNT/PMN electrode, confirming the
incorporation of gold nanoparticles into the electrode matrix, contributing to
enhanced electrochemical activity and biofilm-supporting characteristics
FESEM and EDX analysis of the electrode containing All
nanomaterials/Cu/Pt/Ag/Au integrated with PANI/CNT/PMN electrode. The
analysis shows a synergistic distribution of materials, enhancing the electrode's
multifunctionality for bioelectrochemical applications

(a-1) current, power, charge, resistance, and pH vs time plot for whole cell
assembly of multielectrode assembly bioelectrochemical reactor for the treatment
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of real textile wastewater, (j) Current vs time plot for individual electrodes
generating current from real textile wastewater, and (k) power vs time plot for
individual electrodes generating power from real textile wastewater
Electroactive biofilm enriched PANI/CNT/PMN electrode generating electricity
from real textile wastewater in multielectrode assembly BES: (a) Current density
and pH vs time, (b) Power density and pH vs time, (¢) Charge and pH vs time, (d)
Current density and Resistance vs time, (€) Power density and Resistance vs time,
(f) Resistance and pH vs time, (g) Current density and Charge vs time, (h) Power
density and Charge vs time, (i) Resistance and Charge vs time curves
Electroactive biofilm enriched PANI-TiO2/PANI/CNT/PMN electrode generating
electricity from real textile wastewater in multielectrode assembly BES: (a)
Current density and pH vs time, (b) Power density and pH vs time, (c) Charge and
pH vs time, (d) Current density and Resistance vs time, (¢) Power density and
Resistance vs time, (f) Resistance and pH vs time, (g) Current density and Charge
vs time, (h) Power density and Charge vs time, (i) Resistance and Charge vs time
curves

Electroactive biofilm enriched PANI-CNT-TiO2/PANI/CNT/PMN electrode
generating electricity from real textile wastewater in multielectrode assembly
BES: (a) Current density and pH vs time, (b) Power density and pH vs time, (c¢)
Charge and pH vs time, (d) Current density and Resistance vs time, (¢) Power
density and Resistance vs time, (f) Resistance and pH vs time, (g) Current density
and Charge vs time, (h) Power density and Charge vs time, (i) Resistance and
Charge vs time curves

Electroactive  biofilm enriched PANI-MOF/PANI/CNT/PMN electrode
generating electricity from real textile wastewater in multielectrode assembly
BES: (a) Current density and pH vs time, (b) Power density and pH vs time, (c)
Charge and pH vs time, (d) Current density and Resistance vs time, (e¢) Power
density and Resistance vs time, (f) Resistance and pH vs time, (g) Current density
and Charge vs time, (h) Power density and Charge vs time, (i) Resistance and
Charge vs time curves

Electroactive biofilm enriched rGO/PANI/CNT/PMN electrode generating
electricity from real textile wastewater in multielectrode assembly BES: (a)
Current density and pH vs time, (b) Power density and pH vs time, (c) Charge and
pH vs time, (d) Current density and Resistance vs time, (¢) Power density and
Resistance vs time, (f) Resistance and pH vs time, (g) Current density and Charge
vs time, (h) Power density and Charge vs time, (i) Resistance and Charge vs time
curves

Electroactive biofilm enriched GO/PANI/CNT/PMN electrode generating
electricity from real textile wastewater in multielectrode assembly BES: (a)
Current density and pH vs time, (b) Power density and pH vs time, (¢) Charge and
pH vs time, (d) Current density and Resistance vs time, (¢) Power density and
Resistance vs time, (f) Resistance and pH vs time, (g) Current density and Charge
vs time, (h) Power density and Charge vs time, (i) Resistance and Charge vs time
curves
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134
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137

138

139

Electroactive biofilm enriched Carbon Black/PANI/CNT/PMN electrode
generating electricity from real textile wastewater in multielectrode assembly
BES: (a) Current density and pH vs time, (b) Power density and pH vs time, (c)
Charge and pH vs time, (d) Current density and Resistance vs time, (e¢) Power
density and Resistance vs time, (f) Resistance and pH vs time, (g) Current density
and Charge vs time, (h) Power density and Charge vs time, (i) Resistance and
Charge vs time curves

Electroactive Dbiofilm enriched Pt/PANI/CNT/PMN electrode generating
electricity from real textile wastewater in multielectrode assembly BES: (a)
Current density and pH vs time, (b) Power density and pH vs time, (c) Charge and
pH vs time, (d) Current density and Resistance vs time, (¢) Power density and
Resistance vs time, (f) Resistance and pH vs time, (g) Current density and Charge
vs time, (h) Power density and Charge vs time, (i) Resistance and Charge vs time
curves

Electroactive biofilm enriched Cu/PANI/CNT/PMN electrode generating
electricity from real textile wastewater in multielectrode assembly BES: (a)
Current density and pH vs time, (b) Power density and pH vs time, (¢) Charge and
pH vs time, (d) Current density and Resistance vs time, (¢) Power density and
Resistance vs time, (f) Resistance and pH vs time, (g) Current density and Charge
vs time, (h) Power density and Charge vs time, (i) Resistance and Charge vs time
curves

Electroactive biofilm enriched Ag/PANI/CNT/PMN  electrode generating
electricity from real textile wastewater in multielectrode assembly BES: (a)
Current density and pH vs time, (b) Power density and pH vs time, (¢) Charge and
pH vs time, (d) Current density and Resistance vs time, (¢) Power density and
Resistance vs time, (f) Resistance and pH vs time, (g) Current density and Charge
vs time, (h) Power density and Charge vs time, (i) Resistance and Charge vs time
curves

Electroactive biofilm enriched Au/PANI/CNT/PMN electrode generating
electricity from real textile wastewater in multielectrode assembly BES: (a)
Current density and pH vs time, (b) Power density and pH vs time, (¢) Charge and
pH vs time, (d) Current density and Resistance vs time, (¢) Power density and
Resistance vs time, (f) Resistance and pH vs time, (g) Current density and Charge
vs time, (h) Power density and Charge vs time, (i) Resistance and Charge vs time
curves

Electroactive biofilm enriched PMN fabric generating electricity from real textile
wastewater in multielectrode assembly BES: (a) Current density and pH vs time,
(b) Power density and pH vs time, (c) Charge and pH vs time, (d) Current density
and Resistance vs time, (e) Power density and Resistance vs time, (f) Resistance
and pH vs time, (g) Current density and Charge vs time, (h) Power density and
Charge vs time, (i) Resistance and Charge vs time curves

Electroactive biofilm enriched All nanomaterials/Cu/Pt/Ag/Au/PANI/CNT/PMN
electrode generating electricity from real textile wastewater in multielectrode
assembly BES: (a) Current density and pH vs time, (b) Power density and pH vs
time, (c¢) Charge and pH vs time, (d) Current density and Resistance vs time, (e)
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142

Power density and Resistance vs time, (f) Resistance and pH vs time, (g) Current
density and Charge vs time, (h) Power density and Charge vs time, (i) Resistance
and Charge vs time curves

Peak current and power generated for individual electroactive biofilm enriched
electrodes in the MEABR reactor

Dye decolorization from real textile wastewater using the Biofilm/CC,
Biofilm/PANI/CNT/PMN, MEABR, BPV, and MEABR + BPV sequential reactor
TOC for the samples (1) Untreated textile wastewater and, (2) Treated textile
wastewater was measured using TOC analyzer. The report for the TOC
experiment is attached below. TOC for untreated textile wastewater was found to
be 1769 mg/L and for the treated textile wastewater was found to be 335.1 mg/L.
Hence a TOC removal efficiency of 81.06 % was observed
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I, Ipeqr  Current, peak current (A, mA, pA)
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