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In this study, Coomassie brilliant blue (CBB), brilliant green (BG), and rhodamine (Rh) dyes were used to simulate
dye-rich wastewater. Adsorption and degradation of these dyes (2 uM, 10 uM, and 30 pM) on diatomite (DE)
were evaluated under light (L) and dark (D) conditions. The adsorption of dye—DE composites followed
pseudo-second-order kinetics at all concentrations and conditions had R? > 0.99, thus showing a good fit.
The calculated equilibrium adsorption amount ge sy Was coherent with the value of experimental e (exp)-
The poorest adsorption and photocatalysis occurred at 30 uM, prompting the functionalization of dyes with
TiO, and FezO4 nanoparticles (NP(s)). The highest dye degradation efficiencies (DGg¢) for 30 uM dyes were
86.79% (CBB—DE—FesO,, 72 h), 96.10% (BG-DE-TIO,, 52 h), and 81.74% (Rh—DE-TiO,, 48 h), with Rh—DE-
TiO, showing the fastest degradation. Functionalized DE-dye (30 uM) nanocomposites were further tested
in a photosynthetic microalgae-assisted microbial fuel cell with dye-simulated wastewater at the anode
(PMA-MFC-1 with CBB-DE-Fez04, PMA-MFC-2 with BG-DE-TiO, and PMA-MFC-3 with Rh—DE-TiO,)
and Asterarcys sp. GA4 microalgae at the cathode. In dark anode chambers, PMA-MFC-3 achieved the
highest DG value of Rh dye as 88.23% and a polarization density of 30.06 mW m~2, outperforming PMA-
MFC-2 with BG dye and PMA-MFC-1 with CBB dye. The molecular identifier analysis of microbes in
wastewater at the anode showed the dominance of Sphingobacteria and Proteobacteria in PMA-MFC-3
(Rh—DE-TiO,) and COD removal of 61.36%, highlighting its potential for efficient dye degradation and
bioelectricity generation. Furthermore, PMA-MFC-3 simultaneously demonstrated a superior microalgal lipid
yield of 3.42 ug g~* and an algal growth of 8.19 ug g~* at the cathode.
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1 Introduction

Dyes from textile industries contribute to the largest amount of
pollution to water resources, and they are one of the major health
concerns.' India alone generates 38354 million liters per day
(MLD) of textile wastewater with a sewage treatment capacity of
only 11786 MLD.”> Among the significant amount of colored
wastewater generated, the major portion is from textile and
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tannery industries, which are rich in dyes and heavy metals.
Besides causing water pollution, the colored substances of the
dyes are resistant to biodegradation via conventional wastewater
treatment strategies.’> Based on the color index, there are 10 000
different dyes, which result in the production of ~700 000 tons of
dye waste across the world, of which 1-15% are released into
wastewaters during the dyeing process.* There are many structural
varieties of dyes like acidic, basic, azo, metal complex and
synthetic dyes.® These dyes are carcinogenic and cause respiratory,
skin, and other health hazards.® While numerous physical and
chemical methods exist for removing these dyes, they are often not
cost-effective and lead to secondary chemical pollution, harming
aquatic life and indirectly impacting the human health.”®
Numerous adsorbents and nanocomposites have gained attention
for their photocatalytic properties, enabling the removal of dyes
and colors through adsorption and degradation. The commonly
used adsorbents are activated carbon, zeolites, and noble metals.’

Alternatively, treating such effluents with freely available
diatomite is very economical. DE, which is also known as dia-
tomaceous earth, is formed from dead frustules of diatoms.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Diatoms are unicellular microalgae rich in silica naturally present
in all open water bodies.” They are natural reservoirs of organic
silica, which varies from species to species.” Their walls are made
up of a specific pattern of hole arrays, which are known as areola
in their frustules.' The size of each pore in diatoms ranges from 1
to 100 nm.*>** The pores are further arranged in a nanopore array
architecture, which is unique for each diatom species giving each
diatom a different genus and species.” The nanoporous archi-
tecture increases the surface area, thus helping in removing heavy
metals via different mechanisms such as biotransformation,
biosorption, bioaccumulation and biomineralization.””** They
can adsorb heavy metals, pollutants, dyes and drugs on their
surface, thus enhancing their removal to clean wastewater from
industries.’ A study demonstrated that amine-functionalized
mesoporous diatom silica xerogels are efficient for the removal
of Eriochrome black T (EBT) dye.* It was found that 100 mg of DE
alone removed 50 mg L ™" dye by 58% and DE-modified xerogel by
99% in ~1 h." Various metal organic frameworks can be easily
functionalized on diatom's surface to form strong metal bound
interactions on the surface of diatom frustules.® It can be
a choice over expensive materials such as activated carbon for the
adsorption, removal and degradation of textile dyed wastewater.®
The present study involves the use of DE nanocomposites for the
adsorption, removal, and degradation of three textile industrial
dyes under light and dark conditions.

Another way of efficiently removing dyed wastewater is the use
of microbial fuel cells (MFCs).** Microbial fuel cell techniques are
efficient ways of removing dyes and other pollutants from various
types of wastewater via a biochemical oxidation process.”” There-
fore, these dye-DE nanocomposites are utilized in a PMA-MFC to
treat and degrade dyed wastewater while concurrently generating
bioelectricity.*** The use of live microalgae at the cathode in
a PMA-MFC system offers the advantage of prolonged operation
while ensuring a continuous supply of oxygen to the cathode.>***
In addition to safely sanitizing wastewater, microalgae can be
used to produce value-added products such as its biomass, lipids,
carotenoids, proteins, carbohydrates, biofuel, and bioplastics.>”*®
In the present study, oleaginous microalgae, cultured from the
local water site, has been used at the cathode in PMA-MFCs pro-
jected to remediate dyed wastewater functionalised with DE
nanocomposites at the anode. The dye-DE nanocomposites
coated on the anode surface in the PMA-MFC not only facilitated
nanocatalytic degradation but also underwent organic oxidation
by anaerobic microbes in the anode chamber of PMA-MFC. The
novelty of this study is that the metagenomic study of microbial
community, their metabolism, role in the degradation of three
different dyes using different sets of diatom nanocomposites in
a PMA-MFC yielding algal biomass, value-added components,
bioelectricity and remediated textile-dyed wastewater.

2 Material and methods

2.1 Adsorption of textile dyes on diatomite and
nanoparticles

The DE and different industrial synthetic dyes, namely Coo-
massie brilliant blue (CBB), brilliant green (BG), and rhodamine
(Rh), were purchased from HiMedia. Dye solutions with

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

concentrations of 2 uM, 10 uM, and 30 uM for each of CBB, BG,
and Rh were prepared, with their pH maintained at 7 using
a phosphate buffer solution. These dyes were prepared at
different concentrations in 5 mL of distilled water and used as
controls in test tubes. The dye solutions were then mixed with
100 mg of diatomite (DE), which were washed with deionized
water and dried at 100 °C, to create various test samples. The
control and test samples were incubated at room temperature
in light (0.45 lux) (L) and darkness (D) to observe their rate of
adsorption and degradation using a UV-VIS spectrophotometer
(LabIndia 3000) at different time intervals, 30 min till 1 h, and
then at intervals of 24 h till 72 h.

The dye was first adsorbed onto DE and then exposed to light
(a physical catalyst) or nanoparticles (a chemical catalyst) to
measure how efficiently the dyes were degraded. The dye-DE
combinations with the lowest dye DGeg were further treated
with NP(s) to see if they improved, slowed down, or had no effect
on the dye removal or degradation rate. The NP(s) used in this
study were titanium dioxide (TiO,) and magnetite (Fe;0,)
purchased from Sigma. These NP(s) were doped on DE via
simple incubation in UV light and tested at a very low concen-
tration of 0.2 pg mL™"' to be economic and environment-
friendly.” Both the TiO,-DE and Fe;O,-DE nanocomposites
were checked for their nano photocatalytic degradation of the
above-mentioned three dyes. TiO, is photocatalytic** and
environment-friendly with a strong oxidative potential, and
hence, it is popularly used for the degradation of pollutants in
wastewater.* The magnetite (Fe;0,4) NP(s) have electromagnetic
properties, chemical stability and biocompatibility to remove
heavy metals and organic pollutants from wastewater.>” These
NP(s) can generate reactive oxygen species (ROS) such as
hydroxyl radicals ("OH) and superoxide anions (O, ~), which
degrade dye molecules into smaller, non-toxic compounds.**

The amount of dye adsorbed (g.) onto the adsorbent at time
(¢), which is the amount of dye adsorbed by DE (g) measured
in mg g, is presented as eqn (1):

(C—-C)V

qr = T (1)

where C, is the initial concentration (mg L™%), C, is the
concentration at time ¢ (min), V is the volume of solution (L),
and M is the mass of adsorbent (g). The pseudo-second-order
kinetics was calculated using eqn (2):

l— ! +i [2)
9 kg qe

where g. is the equilibrium adsorption capacity (mg g ') at
equilibrium, k, is the rate constant for pseudo-second-order
adsorption (g mg™—" min~') and ¢, is the adsorption capacity
at time ¢ (mg g~ ).

Using the calculated g;, plot the data 1/q; versus t to deter-
mine the value of g, and k,.

The DG of dyes at various compositions and concentra-
tions was calculated using eqn (3):

G -G
0

DGy = x 100 (3)
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where C, is the initial concentration and C; is the final
concentration.

2.2 Photosynthetic microalgae-assisted microbial fuel cells
for the remediation of dyes and electricity generation

The three dyes (CBB, BG, and Rh) were tested at concentrations
of 2 uM, 10 uM, and 30 uM in combination with DE and NP in
test tubes, under both light and dark conditions. The nano-
composite concentrations exhibiting poor DGe¢ in the test tubes
were subsequently evaluated in a PMA-MFC setup for further
degradation. Accordingly, three distinct PMA-MFC configura-
tions were designed, each corresponding to the nano-
composites with one of the three dyes. Three microbial fuel cells
were thus constructed with a ceramic plate acting as proton
exchange membrane as per the protocol suggested by Das et al.,
2020 ** with modification of living microalgae at the cathode
and thus known as PMA-MFCs. These three PMA-MFCs con-
tained CBB, BG, and Rh dyes individually, along with DE and
NP(s) (TiO, and Fe;0,) at the anode and were thus labeled as
PMA-MFC-1, PMA-MFC-2, and PMA-MFC-3, respectively. The
dyes in all the three PMA-MFCs were mixed with synthetic
wastewater (SWW) (recipe ESI Table 1,1*°) and activated sludge
at anode chamber. The wastewater sludge was collected from
Green hostel at Dr Harisingh Gour Vishwavidyalaya (A Central
university), Sagar, M.P, India. The cathode and anodes were
made of graphite felt purchased from Marine lines, Mumbai.
The cell potential of PMA-MFC reactors 1, 2 and 3 were tested
for resistance ranging from 20 000 Q to 5 Q using a resistance
box (Model Bexco, total resistance 21 110 Q, manganin coil, 9/
16", thick brass blocks, resistance in ohms: 1-10000 Q). The
anode chamber contained SWW as the anolyte of volume
~400 mL simulated with the dye of concentration, which
showed least DG in a test tube (L/D). The graphite felt at the
anode was 11 cm in length and 3 cm in breadth. It was further
coated with DE-NP (Fe;0,/TiO,) depending upon which DE and
NP combination showed the best DG for the respective dyes as
in the case of WO; as a novel catalyst in an MFC.*® The doping of
Fe;0, and TiO, with DE on the graphite felt at the anode of
PMA-MFCs was checked using a scanning electron microscope
(SEM; Model NOVA NANO SEM 450 FEI CO. OF USA (S.E.A.) PTE
LTD, SINGAPORE). Fe;0, and TiO, NP elemental analysis was
performed by SEM-EDX. The cathode was further filled with
green microalgae collected from a water site in Sagar, Madhya
Pradesh, India (24°45'46"N 78°14'02"E) and identified via
Molecular Identifier (MID) Analysis.*” Then about 69 x 10° mL/
400 mL microalgal cells were inoculated in classical BG-11
media,*® which acted as the catholyte at the cathode and was
exposed to light (0.72 Klux) for a photoperiod of 12 h light: 8 h
darkness in PMA-MFCs 1 to 3. Here we compared the three
PMA-MFCs with different dye nanocomposites at the anode,
hence the control PMA-MFC without dye nanocomposite was
not used.

2.2.1 Chemical oxygen demand. The chemical oxygen
demand (COD) of synthetic wastewater (SWW)-simulated dyed
water at the anode was estimated on the initial and final days of
the PMA-MFC reactor for the average period of 30 days in all
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three PMA-MFC reactors. The polarization curve and coulombic
efficiency were calculated for each MFC reactor as per standard
calculations® following eqn (4) and (5):

P=VxI (4)

where V is the voltage (V) and I is the current in (A).
The coulombic efficiency (CE) was calculated using eqn (5):

M |y 1dt

CE = myacoD

(5)
where M is the molecular weight of oxygen, I is the current (A), ¢
is the time (s), F is the Faraday constant, b is the required
numbers of electrons for the reduction of 1 mol oxygen, Vis the
volume of the anode chamber, and ACOD is the change in COD
over time ¢.

2.2.2 Normalized energy recovery. The normalized energy
recovery (NER) data representing the energy in MFCs*® was also
calculated for all PMA-MFCs simulated to remediate CBB, BG
and Rh dyes, as shown in eqn (6):

(Power)

NER =
(Wastewater flow rate) x (ACOD)

(6)

2.3 Identification of microorganisms at the anode and
cathode

2.3.1 The 16S-V3V4 metagenomics sequencing: library
preparation. The maximum power density or, in other terms,
the efficiency of an MFC depends upon the rate of oxidation by
microbes at the anode for the production of bioelectricity.** The
efficiency of degradation of wastewater is highly dependent
upon the type of electrogenic microbe, which acts as a bio-
catalyst to oxidize organic matter and transfer electrons via
substrate oxidation.*” Therefore, to identify the population of
such microbes dominating in the wastewater at the anode, their
population density was analyzed via metagenomics.” DNA
extraction of microbes in wastewater was performed for PMA-
MFC 1-3 rich in CBB, BG and Rh dyes using a Qiagen biostic
bacteraemia kit, Germany (catalogue number: 12 240-50).** All
samples were quantified using a Qubit DNA HS Assay (Invi-
trogen, Cat#Q32854). The DNA sample was diluted to 5 ng (For
“Too Low” sample, 5 pL DNA was taken for PCR) and was
amplified for the 16s region (1500 bp) followed by V3V4 (460 bp)
using 16s and V3V4 primers, respectively, in a nested PCR
approach. Positive and no template controls were included in
the PCR. These PCR products were checked on agarose gel. All
amplified PCR products were then cleaned up (1X) using
AMPure XP beads (Beckman Coulter, Cat#A63882) to get rid of
non-specific fragments before proceeding with library prepara-
tions. The PCR products were further taken for DNA library
preparation using a NEB Next Ultra DNA Library Prep Kit for
Illumina (NEB, Cat# E7370L). The amplicons were end repaired
and mono-adenylated at 3’ end in a single enzymatic reaction.
NEB hairpin-loop adapters are ligated to the DNA fragments in
a T4-DNA ligase-based reaction. Following ligation, the loop
containing Uracil is linearized using a USER Enzyme (a
combination of UDG and Endo VIII), to make it available as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a substrate for PCR-based indexing in the next step. During
PCR, barcodes were incorporated using unique primers for each
of the samples, thereby enabling multiplexing. All prepared
libraries were checked for fragment distribution using a 5300
fragment analyser system (Agilent). Prepared libraries were
quantified using a Qubit HS Assay (Invitrogen, Cat# Q32854).
The obtained libraries were pooled and diluted to a final
optimal loading concentration using a MiSeq instrument (2 x
250 cycles, Cat#f MS1022003). The generated sequence data
were assessed for quality control and processed to generate
FASTQ files. The primer details used were 16SF 5 AGAGTTT-
GATCCTGGCTCAG'3, 16SR 5'GGTTACCTTGTTACGACTT'3,
V3V4F 5'CCTACGGGNGGCWGCAG'3 and V3V4R 5'GACTACH
VGGGTATCTAATCC'3.*

2.3.2 Molecular identifier (MID) analysis for identifying
microalgae at the cathode. The quality of DNA from the
unknown microalga to be used in PMA-MFC was evaluated prior
on 1.0% agarose gel. A single band of high-molecular-weight
DNA was observed. A fragment of 185 rDNA gene was ampli-
fied by 32F and 634R primers. A single discrete PCR amplicon
band of 1500 bp was observed when resolved on Agarose gel.
The PCR amplicon was purified to remove contaminants.
Forward and reverse DNA sequencing reactions of PCR ampli-
con were carried out with forward primer and reverse primers
using a BDT v3.1 Cycle sequencing kit on an ABI 3730xl Genetic
Analyzer. A consensus sequence of 18S rDNA gene was gener-
ated from forward and reverse sequence data using the aligner
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software. The 18S rDNA gene sequence was used to carry out
BLAST with the NCBI gene bank database. Based on the
maximum identity score, the first ten sequences were selected
and aligned using the multiple alignment software program
Clustal W.*® The distance matrix was generated and the phylo-
genetic tree was constructed using the MEGA X. Data.”

2.3.3 Biochemical analysis of microalgae at the cathode.
Microalgal cell growth and optical density were recorded using
a UV-VIS spectrophotometer (Model: LabIndia 3000) at 735 nm
for a period of 33 days for each PMA-MFC. The cell biomass was
evaluated as dry weight yield using eqn (7):

Total weight of biomass = weight of tube with sample — weight of
empty tube (7)

The lipid yield was measured following the sulfo-phospho-
vanillin method*® using linseed oil as the standard purchased
from Sigma.

3 Results and discussion
3.1 Dyes adsorption

The dye adsorption kinetics was estimated for CBB, BG and Rh
dyes on DE. The pseudo-second-order kinetics of dye adsorp-
tion, showing ¢/q, versus time, is represented in Fig. 1. The two
curves in one plot of Fig. 1 correspond to the adsorption of dye
under light (L) and dark (D) conditions at different
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Fig.1 Pseudo-second-order kinetics for dyes: (A) CBB 2 uM, light and dark conditions; (B) CBB 10 uM, light and dark conditions; (C) CBB 30 uM,
light and dark conditions; (D) BG 2 uM, light and dark conditions; (E) BG 10 uM, light and dark conditions; (F) BG 30 uM, light and dark conditions;
(G) Rh 2 uM, light and dark conditions; (H) Rh 10 uM, light and dark conditions; and (I) Rh 30 uM, light and dark conditions.
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concentrations (2 uM, 10 uM and 30 pM). The ge (cary and ge,(exp)
show a perfect correlation, as shown in Fig. 1. The linear
regression (R”) in this pseudo-second-order kinetics is more
than 0.99 in all plots (Fig. 1A to I), showing a good straight-line
slope for the adsorption of all dyes in all concentrations onto
DE. The lower concentration dyes at 2 uM showed almost same
es(cal) ANd ge (exp) for all dyes, which were ~0.07 mg ¢ 'inLand
0.09 mg g~ " in D for CBB, ~0.04 in L and 0.03 mg g~ " in D for
BG, and ~0.05 mg g ' in L and 0.04 mg g ' in D for Rh.
However, the ge (cany and e exp) under light conditions were
slightly higher for all the three dyes compared to that under
dark conditions at higher concentrations, ie. at 10 pM
(~0.07mg g 'in L and 0.04 mg g~ ' in D for CBB, ~0.07 mg g~ "
in L and 0.05 mg g~ in D for BG, and ~0.08 mg g~ " in L and
0.04 mg g~ in D for Rh). The dyes at 30 uM of dye concentration
followed the same pattern under light and dark conditions, and
the Gecany and ge (exp) values were almost similar with no
significant change. The kinetic constant k,, ge (cary and ge,(exp)
and R> for all dyes are shown in ESI Fig. S1.} Hence, in
comparison, the pseudo-second-order kinetics represents and
fits the adsorption kinetics data of CBB, BG and Rh dyes on DE.
A study on the adsorption of malachite green on tamarind seeds
also followed the linear regression plots, where ge (car) and ge,(exp)
values were coherent and the R> values were above 0.98.*°
Similarly, the adsorption of methylene blue dye on a zinc-
derived (ZD) porous nanosystem showed the pseudo-second-
order rate model (rate constant = 0.00011 g mg ' min
adsorption capacity (e cay) = 386.1 mg g~ '; R*> = 0.990)*°

3.2 Dyes degradation

3.2.1 Degradation of Coomassie brilliant blue (CBB) dye.
The control sample with only CBB dye (2 uM, 10 pM and 30 uM),
i.e. devoid of DE, showed an absorption spectrum at 555 nm
and its DG was observed under light and dark conditions at
different time periods. The initial concentration of 2 pM, 10 uM,
and 30 uM CBB in light was 180.45 pg mL ™", 257.65 ug mL ™,
and 317.14 pg mL~ " which declined to 50.64 ug mL ™", 146.52 pg
mL ™", and 196.68 ug mL™ " in 72 h (Fig. 2A). On the other hand,
the initial concentration of 2 uM, 10 uM, and 30 uM CBB under
dark conditions was 239.94 ug mL™ ", 306.32 pg mL ™', and
385.98 ug mL~ ", which declined to 163.24 pug mL ™", 211.43 pg
mL ™" and 300.92 ug mL ™" in 72 h in the analyzed supernatant
(Fig. 2B). Control CBB dye in light showed dye DG for 2 uM, 10
uM and 30 pM CBB as 71.93%, 43.12% and 37.98%, respec-
tively, and in darkness as 31.96%, 30.97% and 22.03%,
respectively (Fig. 2C). This certainly shows that CBB dye DG.g is
dependent not only on the light/dark conditions but also on the
strength of the dye concentrations. It is because dye molecules
under light exposure adsorb photons with an energy which is
greater than their bandgap leading to the excitation of valence
electrons. This produces unstable excited dye radicals, which
lead to their degradation.> The difference in DG of light and
darkness in 2 uM CBB is greater (39.17%) than the DG value of
light and darkness in 30 uM CBB (15.95%), showing that
a higher concentration of dye (30 uM CBB) shows no effect on its
degradation under light and dark conditions. This is because at
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higher concentrations, dye molecules themselves block further
light reaching deeper in the solution (shading effect), reducing
their photocatalysis or photodegradation.** Further when diat-
omite was used as the adsorbent and exposed to light, the CBB-
DE composite adsorbed as well went photocatalytic degrada-
tion. Upon exposure to light, CBB-DE (2 puM) showed its
concentration decreasing from 0 min to 72 h at a smooth fall
from its initial concentration of 40.41 ug mL ™" at 0 min to 10.40
pg mL~" in 24 h and further reaching 3.0 pg mL~" in 72 h
(Fig. 2D), thus showing 92.33% DGeg in 72 h for CBB (2 uM)-DE.
For CBB (10 pM)-DE, the adsorption rate increased, showing
the dye concentration in supernatant falling from 45.91 pg
mL ™' at 0 min to 19.58 pg mL ™" in 24 h. In CBB (30 uM)-DE, the
concentration decreased from 50.38 pg mL ™" at 0 min to 28.35
pg mL~" in 24 h. The rate of dye degradation followed the same
pattern in darkness except that the rate of adsorption was poor,
and hence, the dye concentration in the supernatant was
reduced from 66.40 pg mL™" to 21.52 ug mL ™" for 2 uM, 56.42 pg
mL~" to 33.24 ug mL™" for 10 pM, 67.70 ug mL™ " to 34.13 pug
mL ™" for 30 uM CBB in 72 h (Fig. 2E). The DG values at 2 pM,
10 pM and 30 pM of the CBB dye in DE under light conditions
were observed to be 92.33%, 82.22% and 69.61%, respectively
(Fig. 2F). However, the DG values at 2 pM, 10 pM and 30 pM of
the CBB dye in DE under dark conditions were found to be
67.58%, 41.07% and 49.58%, respectively. This may be essen-
tially due to less adsorption and degradation of dyes under dark
conditions.” In a study, polyphenylene diamine-grafted elec-
trospun carbon nanofibers were used to remove the toxic dye
CBB via a charge-discharge process strengthening the electro-
static interactions between the polymer and the dye.** In
contrast, studies have demonstrated the use of diatomite as an
effective adsorbent on an industrial scale for treating methylene
blue and acid orange dye-rich wastewater.”® In this study,
magnesium oxide-modified diatomite waste (MgO-DW) was
used to remove organic dyes depending upon its exposure time,
initial concentration of dyes and pH when exposed to the MgO-
DW surface for different time periods.> The diatomite and dye
concentrations were characterized by FTIR spectra and
adsorption isotherm analysis, proving that MgO-DW is an
excellent adsorbent for cationic and anionic dyes.

3.2.1.1 Coomassie brilliant blue nanocomposites. Since CBB
at a concentration of 30 pM showed the least DG.¢, even under
light conditions, the 30 pM CBB-DE mixture was thus func-
tionalised with TiO, and Fe;O, NP(s). The NP(s) were added at
a minimal concentration of 0.2 ug mL ™" to assess whether there
was any enhancement in degradation through nano catalytic
activity. The CBB-DE-Fe;0, nanocomposites facilitated nano
photocatalytic degradation of dyes with the remaining amount
of dyes in supernatant reduced to 5.35 pg mL~ " from its initial
concentration of 39.37 ug mL™ " in 24 h (Fig. 2G). On the offset
with CBB-DE-TiO, nanocomposites, the dye showed a remain-
ing concentration of 15.39 ug mL ™" in the supernatant at 24 h
from its initial concentration of 31.81 ug mL ™" (Fig. 2G). This is
better than CBB (30 uM) degradation without Fe;0,/TiO, NP(s),
where the initial concentration dropped from 50.38 g mL ™' to
28.35 ug mL™' in 24 h and to 15.3 pg mL™" in 72 h upon
exposure to light (Fig. 2D). The TiO, NP-doped CBB-DE in light

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Time-dependent (A) concentration of the control CBB sample without DE under light condition; (B) control CBB sample without DE under

dark condition; (C) DG of control CBB without DE under light and da

rk conditions; (D) CBB with DE under light condition; (E) concentration of

CBB with DE under dark condition; (F) DGe of CBB and DE under light and dark conditions; (G) concentration of CBB (30 uM) with DE and
nanoparticles (TiO, and FezO,4) and (H) DGe of the highest CBB dye concentration in the presence of nanoparticles (TiO, and FezO,).

showed a DG, value of 60.27% and 86.79% with Fe;O, in 72 h
and 69.61% without NP(s) in 72 h, showing that TiO, did not
improve CBB degradation and was poor in performance
compared to Fe;0, (Fig. 2H). Other studies have shown the use
of chitin nanoparticles for the effective removal of a fixed
concentration of CBB, methylene blue and bromophenol blue
dyes.*® They also showed that the increasing dye concentration
has decreased the rate of adsorption and increasing chitin NP(s)

© 2025 The Author(s). Published by the Royal Society of Chemistry

content increased the adsorption of dyes.’® Similarly, the
thiourea-modified Fe;O,/graphene oxide nanocomposite
showed 86% efficient removal of CBB from aqueous solutions.*

3.2.2 Brilliant green (BG) dye. The DE also exhibited
a remarkable adsorption capacity for different concentrations
of BG at 550 nm. The control having only BG dye at 2 uM, 10 uM
and 30 pM without DE under light and darkness showed dye
degradations, as shown in Fig. 3A-C. Under light conditions, BG
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dye at 2 pM, 10 pM and 30 pM without DE showed initial
concentrations (0 min) of 25.78 ug mL™", 58.10 ug mL™ " and
103.68 pg mL~ " which decreased to 13.93 pg mL ™", 18.51 pg
mL " and 64.23 pg mL ™" in the supernatant, respectively, in
48 h (Fig. 3A). The BG degradation without DE in darkness,
however, showed poor degradation (Fig. 3B). The concentration
of control BG at 2 uM, 10 pM and 30 puM in the supernatant
initially at 0 min was 249.29 pg mL™ ", 317.63 ug mL™ ', and
391.88 ug mL ', respectively, which decreased to 175.53 ug
mL ", 238.47 pg mL~', and 321.08 ug mL ™" at 48 h, respectively,
under dark conditions. The DG value for control BG 2 uM, 10
uM and 30 pM under light was 45.95%, 68.13% and 38.05%,
respectively, and 29.58%, 24.92% and 18.06%, respectively, in
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darkness, showing that the DG, value is poor for the BG dye at
all its tested concentrations in darkness (Fig. 3C). Fig. 3D shows
BG 2 uM, 10 uM and 30 uM concentration with DE in light at
0 min as 25.18 pg mL ™', 58.47 ug mL ™' and 99.44 pg mL %,
respectively, which dropped to 3.77 ug mL ™%, 10.43 pg mL " and
58.71 ug mL ™, respectively, in 48 h. Under dark conditions, BG
with 2 uM, 10 uM and 30 uM with DE showed initial concen-
trations of 22.68 pg mL ™", 48.47 pg mL™ ", and 99.43 pg mL™},
which declined to 6.46, 22.41 and 76.74 in 48 h (Fig. 3D). It was
found that the BG dye at 2 uM, 10 pM and 30 pM concentrations
in the BG-DE mixture upon exposure to light showed DG
values of 85.03%, 78.47% and 40.96% in light (Fig. 3E), and only
58.80%, 53.75% and 22.82% in darkness (Fig. 3F). This showed

B
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Fig. 3 Time-dependent (A) concentration of the control BG sample without DE under light condition; (B) control BG sample without DE under

dark condition; (C) DGe¢ of control BG without DE under light and dark

conditions; (D) BG with DE under light condition; (E) concentration of BG

with DE under dark condition; (F) DG of BG and DE under light and dark conditions; (G) concentration of BG (30 pM) with DE and nanoparticles
(TiO, and FezQ4) and (H) DGe of the highest BG dye concentration in the presence of nanoparticles (TiO, and FezOy,).
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that except 2 uM and 10 uM BG-DE, 30 pM BG-DE dye mixture
was completely saturated in 24 h, as all the porous surfaces in
DE were covered by the dye, resulting in poor adsorption rates
after 24 h and hence lower rate of photocatalytic dye degrada-
tion. The removal of BG has been studied with various adsor-
bents such as kaolin,”® rice husk ash,* bagasse fly ash,*
activated carbon,®* tea powder,* red clay,* areca nut husk,*
Bambusa tulda,* and jute sticks.®® The adsorption of BG on rice
husk ash is effectively increased with the increase in tempera-
ture.”® Similarly, the biocomposites of chitosan/functionalized
fruit stones are effective in the removal of BG with an electro-
static adsorption capacity of 409.63 mg g~ '.” The results and
efficacy of the removal of dye depend upon many factors such as
type of dye and its pH dependence, amount of dye to be
removed, amount of DE, surface modification, light and dark
conditions, surface modifications, and time.

3.2.2.1 Evaluating brilliant green nanocomposites. 'To
enhance the adsorption and degradation of BG dye on DE,
nanoparticles, TiO, and Fe;O4 NP(s) (0.2 pg mL™") were added
individually to the BG dye at 30 uM concentration because it
showed the poorest DG (40.96% in light, since light out-
performed degradation than dark conditions). The BG dye-DE-
TiO, nanocomposite showed 88.18 pug mL ™" dye at 0 min and
3.43 pg mL™' dye left in supernatant in 52 h (Fig. 3G).
Furthermore, the BG dye-DE-Fe;0, nanocomposite dye content
decreased from 90.65 pg mL~" to 14.08 pg mL™" in 52 h
(Fig. 3G).

Among the two NP(s) used, TiO, showed enhanced degra-
dation of the BG (30 uM)-DE complex with a DG value of
96.10% and Fe;0, showed degradation of BG (30 uM)-DE with
a DGy value of 84.45% in 48 h (Fig. 3H). In comparison to the
DG value of 40.96% in BG dye-DE without NP(s) exposed to
light in 48 h (Fig. 3E), NP(s) definitely increased DGg. In
a recent study, copper sulfide nanoparticles helped in 99%
photocatalytic degradation of BG dye using 5 g L™" of the
nanoparticles in 20 min.®® The quantity of NP(s) used in this
study is, however, far less, about 200 ng L™, and further, this
quantity of NP(s) was tested on the highest concentration of dye
(30 uM). Therefore, the estimated time of degradation is longer
in the present study compared to Andrew et al.‘s (2024) study (20
min).*®* A study has shown that CaO nanospheres from egg
shells have better adsorption properties for BG (98%) compared
to phenol red (78%).* This shows that the adsorbent material is
selective for dye removal, and in the present case, diatomite had
nanopores and developed multiple adsorption sites and
stability with strong van der Waals, hydrogen bonds, electro-
static and w-7 stacking force with ionic dye molecules.”

3.2.3 Rhodamine dye (Rh) dye. The Control Rh without DE
exposed to light at 2 uM, 10 uM and 30 pM at 0 min was 26.55 ug
mL ™', 52.12 pg mL™" and 115.05 pg mL ™" falling to 9.19 pg
mL™", 13.52 pg mL ™", and 30.63 ug mL™ " in 72 h (Fig. 4A-C). In
contrast, under dark conditions, the Rh initial amount at 2 uM,
10 uM and 30 uM were 45.23 pug mL™', 89.98 pg mL™! and
166.68 ug mL ™', which were only 10.32 pg mL ™, 27.53 pg mL ™"
and 52.12 ug mL ™" in 72 h. The DG value of control Rh in light
was 65.37%, 74.06% and 73.38%, and in darkness, it was
77.17%, 69.40% and 68.73% for 2 pM, 10 uM and 30 pM Rh dye,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as shown in Fig. 4A-C, which is better than DG.¢ of CBB and BG
which was only 18-71% (Fig. 2A-C & 3A-C). However, Rh of 2
uM, 10 uM and 30 pM in the presence of DE under light
conditions shows dye quantity falling from its initial amount of
33.32 pg mL ™, 32.56 pg mL ™', and 82.94 pg mL ™" to 7.88 ug
mL ™%, 14.12 pg mL™", and 40.19 ug mL™" in the supernatant,
respectively, in the three different concentrations of Rh
(Fig. 4D). On the offset, under dark conditions, Rh (2 uM, 10 uM
and 30 pM) with DE showed its initial quantity of 50.62 g
mL™", 84.46 pg mL ™", and 98.07 pg mL~" declining to 30.02 ug
mL ™, 51.77 pg mL ™", and 77.34 ug mL~" in 72 h (Fig. 4E). The
DGeg values of Rh at 2 uM, 10 uM and 30 uM with DE were thus
76.33%, 56.64%, and 51.53% in light compared to that in
darkness as 40.70%, 38.70%, 21.14% (Fig. 4F). Earlier studies
have shown how DE modified with an EDA-TMC polymer acts as
an effective adsorbent with an adsorbent capacity of 371.6 mg
¢! at pH 6.7 Therefore, similar to CBB and BG, Rh, whose
concentration was high (30 uM), showed the poorest DG value
and were thus functionalised with NP(s) for improving its
adsorption and removal properties.

3.2.3.1 Evaluating rhodamine nanocomposites. When 30 pM
of Rh-DE was functionalised with 0.2 g mL™" of TiO, NP(s) and
Fe;0, NP(s) individually, the DG value with TiO, NP(s) was
better (81.74%) than that of Fe;0, NP(s) (75.19%) in 52 h. The
TiO, NP(s) catalyzed the adsorption of Rh on the surface of DE
with the dye concentration in the supernatant falling from 32.33
pg mL~ " initially at 0 min to 5.90 ug mL ™" in 52 h (Fig. 4G).
However, with the Fe;0, NP(s) as a catalyst functionalized on
the Rh-DE mixture, the initial concentration of the Rh dye was
49.23 pg mL™" in 0 min and was left to 12.21 ug mL~" in 52 h
(Fig. 4H). This was much better than the DG value of 49.11%
with only Rh-DE without NP(s) in 72 h. This study is concordant
with previous studies where TiO, diatomite has been used to
remove Rh dye.””

3.3 Application: photosynthetic microalgae-assisted
microbial fuel cells

The three different dyes CBB, BG and Rh were simulated to
make dye-rich synthetic wastewater and used for testing in situ
removal via electrochemical oxidation. This involved the setup
of photosynthetic microalgae-assisted microbial fuel cells
(PMA-MFCs) along with graphite electrodes. The dye-DE-NP(s)
composite was brushed on anode graphite surface and dried.
The graphite anode had dye-simulated SWW as electrolytes at
the anode and microalgal cells as catholytes at the cathode.
3.3.1 Characterisation of the felt at the anode and cathode
in a PMA-MFC. The graphite felt at the anode was characterised
by SEM; ESI Fig. S2At shows the diatomite and Fe;O, nano-
composite at a scale bar of 500 nm, and ESI Fig. S2B-Df show
different graphite felts and DE-Fe;0, at scale bars of 40 pm, 3
um and 10 pm. Similarly, ESI Fig. S3Af shows diatomite and
TiO, at a scale bar of 500 nm and ESI Fig. S3B-Df show the
graphite felt functionalised with DE-TiO, nanocomposites at
scale bars of 200 um and 30 um seen from different positions.
This showed that the dye-DE-NP(s) nanocomposites had well
been functionalised on the fibres of the graphite felt. The
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Fig. 4 Time-dependent (A) concentration of the control Rh sample without DE under light condition; (B) control Rh sample without DE under
dark condition; (C) DGe¢ of control Rh without DE under light and dark conditions; (D) Rh with DE under light condition; (E) concentration of Rh
with DE under dark condition; (F) DGeg of Rh and DE under light and dark conditions; (G) concentration of Rh (30 uM) with DE and nanoparticles
(TiO, and FezO4) and (H) DG of the highest Rh dye concentration in the presence of nanoparticles (TiO, and FezO,).

elemental analysis of NP(s) was characterised individually via
EDX. ESI Fig. S4A and Bf show the EDX plot for elemental
analysis, confirming the presence of TiO, and Fe;0,, respec-
tively. Further, both NP(s) were characterised for their charac-
teristic crystal structures. ESI Fig. S4Ct shows spectrum A
(Sample A = TiO, on graphite felt) with titanium (Ti) present at
2.32 wt%, indicating the presence of titanium-based materials
such as TiO, (titanium dioxide). Similarly, spectrum B (Sample
B = Fe;0, on graphite felt), in this iron (Fe) is present at
8.01 wt%, which suggests the presence of an iron-based mate-
rial like Fe;O, (magnetite) as the said NP(s) were already
purchased. Both samples have a high carbon content (~75%),

8308 | RSC Adv, 2025, 15, 8300-8314

indicating that they are likely deposited on a graphite felt, with
oxygen present in both samples, confirming the formation of
oxides (TiO, in the A spectrum and Fe;0O, in the B spectrum).
The cathode had BG-11 media with microalgae coded as
DNM_X, which was identified as Asterarcys sp. GA4 using
primers 32F: TTGGATTCAAAGCTGGTGTT 634R: GAAACGG
TCTCTCCAACGCAT based on nucleotide homology and phylo-
genetic analysis, as shown in ESI Fig. S5.7 The evolutionary
history was inferred by using the maximum likelihood method
based on the Kimura 2-parameter model.”® The bootstrap
consensus tree inferred from 1000 replicates is taken to repre-
sent the evolutionary history of the taxa analysed. Branches

© 2025 The Author(s). Published by the Royal Society of Chemistry
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corresponding to partitions reproduced in less than 50%
bootstrap replicates are collapsed. The percentages of replicate
trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches.
Initial tree(s) for the heuristic search were obtained automati-
cally by applying the Neighbour-Joining tree and BioN]J algo-
rithms to a matrix of pairwise distances estimated using the
maximum composite likelihood (MCL) approach, and then
selecting the topology with a superior log likelihood value. The
analysis involved 11 nucleotide sequences. The codon positions
included were 1°* + 2™ + 3™ + noncoding. All positions con-
taining gaps and missing data were eliminated. There were
a total of 1434 positions in the final dataset. Evolutionary
analyses were performed in MEGA X.

All the PMA-MFCs having an equal concentration of DE (100
g) and respective dyes (30 uM) (CBB, BG, and RH) and their
respective NP(s) which acted as better nano catalysts in test
tubes, were functionalized with DE on the graphite felt of
anodes of each of the three PMA-MFCs and were run for 33 days
with each cycle comprising 3 days. All the PMA-MFC's 1-3
reactors with microalgae Asterarcys sp. GA4 at the cathode and
diatomite nanocomposites coated on its graphite felt at the
anode rich in dye-simulated SWW showed enhanced DG, than
their respective dye DE nanocomposites in test tubes under
light and dark conditions.
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It was seen that PMA-MFC reactor 1 with CBB (30 pM) dye-
DE-Fe;0, nanocomposites in anode containing SWW kept
under total dark conditions generated electrons and underwent
nanocatalytic and organic degradation generating electrons and
protons, transitioning dye molecules into its lower forms of
chemical moieties. The protons are transferred to the cathode
via a proton exchange membrane, which combines with oxygen
released during photosynthesis by microalgae and gets con-
verted to water. Such photosynthesis-assisted microalgal
microbial fuel cell (PMA-MFC) generated a total current density
of 168.18 mA m ™ > and maximum power density (PD ) of 19.63
mW m™ >, on an average, for PMA-MFC-1 enriched with CBB-
DE-Fe;0, nanocomposites. The COD of PMA-MFC-1 was
55.71%, with a coulombic efficiency (CE%) of 6.66%, while the
NER was 0.046 kW h m ™ (Fig. 5A). Fe NP(s) can improve the
performance of PMA-MFC as an electron shuttle carrier.”*
Further Fe;O, can stimulate the metabolism of electroactive
microbes by acting as an electron sink or source, thus
promoting their growth and electricity generation.

Similarly, PMA-MFC-2 rich in BG 30 pM dye-DE-TiO,
nanocomposites at the anode with Asterarcys sp. GA4 at the
cathode showed a total current density of 127.27 mA m™ > and
a PDjax Of 20.58 mW m 2. The COD of PMA-MFC-2 was 57.55%,
CE was 6.96% and NER was 0.057 kW h m> (Fig. 5B). PMA-
MFC-1 and 2 had nearly the same maximum polarization
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Fig. 5 Comparison of the polarization curve for PMA-MFC1-3 enriched with diatomite: (A) PMA-MFC 1 (diatomite—Coomassie brilliant blue—
FezQO4); (B) PMA-MFC 2 (diatomite-brilliant green-TiO,) and (C) PMA-MFC 3 (diatomite—rhodamine—TiO5).
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density and COD. Microalgae at the cathode in PMA-MFC 1-3
play the role of oxygen producers while simultaneously
producing their byproducts and biomass, which is an addi-
tional benefit of using such hybridized MFC set ups.

PMA-MFC-3, where the Rh dye at 30 pM DE-TiO, NP was
used, showed maximum polarization density and COD. A total
current density of 222.75 mA m ™~ and a PD ,,, of 30.06 mW m >
were observed in PMA-MFC-3 (Fig. 5C). The COD of PMA-MFC-3
was 61.36%, CE was 8.92% and NER was 0.046 kW h m 2. The
volt ampere curves of these PMA-MFCs 1, 2 and 3 showed a drop
in voltage upon increase in the current with PMA-MFC-3,
showing the lowest voltage drop (7.221 mV) and an increase
in current (1.44 mA) (ESI Fig. S6A-C¥).
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PMA-MFC reactor 1 (CBB-Fe;0,), 2 (BG-TiO,) and 3 (Rh-
TiO,) in darkness with dye (30 uM)-DE-NP(s) underwent
biochemical and nanocatalytic oxidation and showed DGe
values of 72.31%, 65.71% and 88.23%, respectively (ESI Fig. S7A
and BY). On the offset, DG, for dye and DE without NP(s) in test
tube kept in dark i.e., CBB (30 uM)-DE, BG (30 uM)-DE and Rh
(30 uM)-DE was 49.58%,; 22.82% and 21.4%, respectively,
where only biochemical oxidation is taking place. This shows
that nanocatalytic oxidation of dye-DE-nanocomposites at the
anode in darkness in PMA-MFC is stronger than the dye func-
tionalized with DE under dark conditions. Among, PMA-MFC
better degradation of dye in anode simulated as dye rich
SWW, under dark conditions was shown by PMA-MFC-3 with Rh

d__Bacteria;p__PI iac_ G 0__Xan nadales:f__Xanthomonadaceae:g__Stenotrophomonas q
d__Bacteria;p__Pi ic__ G o__X dales:f__Xantt ig__SN8 -
d__Bacteria;p__F A C o__P: radales;f__F adaceae.g. a -
d__Bacteriap__P iac_ G o__Psel nadales;f__P: nadaceae;__ -
d__Bacteria;p__P ic__G: o__Er fEl 9__E 1
d__Bacteria;p jac_ G o_ Er e P 4
d__Bacteria;p__PI aic__G o__Bu f__RF y g__Azospira k|
d__Bacteria;p__F e G 0__Burkt Jf_C daceae;g__Comamonas 9
d__Bacteria;p_ P c_G o_ __Aeromonadaceae:g__Aeromona -
d__Bacteriajp__Pi ia:c__ Alpt ria;o_Zavarziniales;f _Zavarziniaceae;g_ Zavarzinia -
d__Bacteria;p_ P :c__Alpt :0__Sphir f__Sphing 9 -
d__Bacteria;p__P sc__Alpk 0__Sphir f__Spt | 9
d__Bacteria;p__Pi i Alpt b o f_ R :g__Allorhizobiu Rhizobium 4
« d__Bacteria;p__F iaic__Alpk :o__Rl f__Rr (s L
2 d_ Bacteriaip_ P c__Alphap o__ 4_C g_ Pl um E
© d_ Bacteriap_ Pl :c__Alpt b o_ C: e :g__Brevundimona -
O} d__Bacteria;p__Pi ia;c Ipt 0__Azospirillales:f g 9
d__Bacteria;p__ Pl c_ Pl y ©o__lsosphaerales;f__Isosphaeraceae;g__ Paludisphaera -
d__Bacteria;p__ Firmicutesic_| tes:o__Veillor nomonadales:f__uncultured;g__uncultured g
d__Bacteria;p__Firmicutes:c. 0__Veillo yomonadales:f g p g
d__Bacteria;p__Firmicutes:c__Clostridiaio__P T f :g__Sedimentibacter -
d__Bacteriap_ D :c__Desulfovibrionia:o__Desulfovibrionales:f__Desu g__ D -
d__Bacteria;p__Bacteroidota:c__Bacteroidia;o__Sphir f__Sphi :g__Sphingobacterium -
d__Bacteria;p c_ o_F f g_ Cl -
d__Bacteriajp__ B: idotaic__ o F ales;f | 9. Chry -
d__Bacteria;p__Bacteroidota;c__Bacteroidia:o__F fF g__Flavobacterium g
d__Bacteria;p c_| ia;0__C {_ Spi 9D 4
d__Bacteria;p__| c_ B iao_| {_Tar | -
d__Bacteria;p__B; dota;c_| o__| f__Pal :g__uncultured q
d__Bacteria;p__Bacteroidotaic__Bacteroidiaio__ Bacteroidales;f__Dysgonomonadaceae;g__Petrimonas g

d__Bacteria;p__Verrucomicrobiotaic__Verrucomicrobiae;o__Opitutales;f_Opitutaceae;g__Lacunisphaera

Sample Name

vaive IR

0.000.050.100.150.200.25

| _F c_G __Psel nadales;f__F \adaceaeig_f a
d__Bacteriap__P c G iajo__Er {_Ei i 9_E
d__Bacteria;p__P! c_G o Er f_E o
d__Bacteriaip__P! iaic__G o__Burkholderiales;f__Rhodocyclaceae;g__Azospira
d__Bacteriaip__P c_G o__Burkt f_ g__
d__Bacteriaip__P c_G o__Aeror __Aeromonadaceae;g__Aeromonas
d__Bacteriaip__Pi c__Alpt o_T f_Ti g__Tistrella
d__Bacteriajp iaic__ Alpt b o__Sphir les:f__Sphing 19__Sp! p
d__Bacteria;p_ P c__Alpt b o_F i f__Rt piril :g__Novispil
d__Bacteriaip__| ia;c__Alpt o_ Rl i {1 illaceae;g_|
d__Bacteriaip__P __Alpt o__ o) & g__Stappia
d__Bacteriaip__Pi ia;c__Alpt iao_ R f_Rr :g__Allorhizobi ararhizobium-Rhizobium
o d__Bacteriaip__Pi iaic__Alpt o_| f_R s
2 d__Bacteriajp__P iaic__Alphap o__ f_C g__Brevundimona:
© d_ Bacteriaip__Pi iaic__Alpt ia;o__Azospirilales:f__Azospirillaceae:g__Azospirillum

d__Bacteria;p__P etotac__Planc!

etales;{__Rubinisphaeraceae:g__Planctomicrobium

- - Y o_P

d__Bacteria;p_ P c_P y o_P 4 Pirellulaceae;g__Pirellula

d__Bacteria;p_ P c_P y :0__Isosphaeralesf_| g

d__Bacteriaip__P c_P y o_G G g__Fi i
d__Bacteria;p__Firmicutesic__| i o ! f_ m =
d__Bacteria;p__Firmicutes;c__Clostridia:o__F T f g__Sedimentibacter
d__Bacteria;p__Firmicutes;c__Clostridia:o__C f_C g__Fonticella

d__Bacteria;p__D c__ D nia:o__Dest ionales:f__Dest ionaceae;g__ D
d__Bacteria;p__| c_ :0__Sphir . Spl i g__Sphingobacterium
d__Bacteriaip__B idota;c o F f_ W g

d__Bacteria;p, C. o_F f_F 9. ium
d__Bacteria;p__B: dotaic__| o_| f ) liaceaeg_

d_ Bacteria;p__| c_B :0__Bacteroidales:f__F __uncultured

d__Bacteria;p__Bacteroidota;c__Bacteroidiajo__Bacteroidales;f__Dysgonomonadaceae;g__Petrimonas

& ©
;‘ o @ Qi
> >

Sample Name

vae ENERE

0.000.050.100.150.200.25
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dye (88.23%) as seen in ESI Fig S7A and Bt. The overall effi-
ciency of PMA-MFC is also dependent upon the microbiota of
wastewater at the anode during the initial and final days of its
operation.” The DG.g value of PMA-MFC is less than the indi-
vidual photo-nanocatalysis for CBB (30 uM)-DE-Fe;0,, BG (30
uUM)-DE-TiO, and Rh (30 puM)-DE-TiO,, which was 84.46%,
96.10% and 81.74%, respectively. Photocatalysis is always better
than catalysis in darkness, but PMA-MFC has yielded multiple
value-added products such as bioelectricity, biomass, lipids and
remediation of wastewater performing reasonably good even in
darkness.

The purpose of analyzing three PMA-MFCs was to check
which PMA-MFC supports the highest removal of dyes and
multiple bioproduct production to make the overall process of
remediation economic and efficient. Since all three PMA-MFCs
had 30 uM of dye concentration as the threshold limit, which
was tested in test tubes, it is essential to check other parameters
too. The microbial consortium, which may be responsible for
the organic degradation of dyes under dark conditions at the
anode with microalgae at the cathode, is a very important factor
to analyze.
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3.4 Metagenomics of microbes in synthetic wastewater at
the anode

The wastewater on the initial and final days of PMA-MFCs run in
all three PMA-MFCs ie. 1, 2 and 3, was taken for MID, and
hence, extracted DNA was amplified using primers V3Vv4
forward and reverse, as observed in the PCR gel pictures,
showing amplification at 460 bp present in PMA-MFCs 1, 2 and
3 on the initial and final days (ESI Table 2 and Fig. S8%). The
MID analysis of the amplicon for PMA-MFC-1, PMA-MFC-2 and
PMA-MFC-3 showed that different dyes affect the microbial
diversity at the anode in a PMA-MFC. In PMA-MFCs 1 and 2 with
CBB and BG dyes, the microbial diversity decreased on the final
day of polarization cycle (Fig. 6 and S9t). However, PMA-MFC-3
with Rh dye and DE-Fe;O, nanocomposite showed stable
maintenance of existing microbial diversity, thus indicating its
higher PDy4« (30.06 mW m™?) compared to PMA-MFCs 1 and 2
(~20 mW m™?). In the present study, Proteobacteria, Bacter-
oidetes and Firmicutes remained dominant in PMA-MFCs 1 to 3
on the initial and final days of polarization cycle. The Venn
diagram of all the three PMA-MFCs showed the shared species
diversity among different sets on their first and final days of
polarization (ESI Fig. S10t). The anode had different microbes

25 B
= PMA-MFC3
20 PMA-MFC2
m PMA-MFC1
s g0l I
0

15_18 21 23 27 30 33
Days

23 27 30 33

Days

Fig.7 Microalgae (Asterarcys sp.GA4) at the cathode for 40 days and measuring its (A) cell density, (B) biomass and (C) lipid yield on different days

at the cathode of PMA-MFC 1-3.
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changing their percentage population on the first and final days
of the run of microbial fuel cells showing the dominance of
Proteobacteria on the first day and Planctomycetes on the final
day. PMA-MFC-2 with BG-DE dye showed Proteobacteria on
both initial and final days and PMA-MFC-3 with Rh-DE nano-
composites showed dominance of Sphingobacteria and Pro-
teobacteria. PMA-MFC-1 enriched with CBB at the anode had 25
out of 126 species in common, PMA-MFC-2 had 20 among 98
species in common and PMA-MFC-3 had 16 among 96 species
in common present on the first and final days of polarization
cycles.

3.5 Biochemical analysis of microalgae at the cathode

The microalgae Asterarcys sp. GA4 at the cathode of PMA-MFC
showed maximum growth in terms of optical density on the
23™ day in all PMA-MFCs and was highest in PMA-MFC-1 (1.40)
followed by PMA-MFC-2 (1.74) and PMA-MFC-3 (1.99) at 740 nm
(Fig. 7A). The biomass of Asterarcys sp. GA4 was highest on the
30" day in PMA-MFC-3 (8.19 pg g~ ), followed by PMA-MFC-
1(5.38 pg g~ ') and PMA-MFC-2 (4.28 pg g ') (Fig. 7B). The
lipid from this microalga at the cathode was, however, highest
in PMA-MFC-3 on the 21st day (4.278 ug g~ '), followed by 3.09
ug g ' on the 33rd day in PMA-MFC-2 and 2.99 pg g " on the
21st day in PMA-MFC-1. Biomass of microalgae at cathode was,
however, 2.769 pg g~ *, 3.09 ug ¢~ " and 4.054 ug ¢~ on the 33rd
day in PMA-MFCs 1, 2 and 3 with CBB, BG and Rh-DE-
nanocomposite dyes at the anode respectively (Fig. 7C). The
microalgal cell growth, biomass and lipids although showed
higher shift for PMA-MFC 3, followed by PMA-MFC-2 and PMA-
MFC-1 throughout its growth pattern. This is coherent with the
high PDy,,x of PMA-MFC 3 followed by PMA-MFCs 2 and PMA-
MFC-1. Many studies have demonstrated the use of microalgae
at the cathode in a PMA-MFC, showing the production of lipids,
biomass and other value-added products besides producing
bioelectricity and remediating wastewater.>*7%””

The above study shows that PMA-MFC 3 with rhodamine dye
and diatomite as the adsorbent and TiO, as the NP catalyst
proved to be the most efficient microbial fuel cell in terms of
remediating dye-rich wastewater. The overall efficiency has
further confirmed PMA-MFC-3 as best in comparison with
otherwise well-performed PMA-MFC-1 and PMA-MFC-2. A table
of comparison evaluating the different parameters performed
and analyzed at both chambers of all the three PMA-MFCs is
seen in ESI Table S3.1 ESI Table S41 shows the comparison of
the present study with the previous studies, proving the present
study's significant output in terms of dye degradation,
bioelectricity production and value-added products in a PMA-
MFC.

4 Conclusions

Dye removal is a very important need of the growing industri-
alization. In the current study, a comparison of three different
ionic dyes, namely Coomassie brilliant blue, brilliant green and
rhodamine, for their adsorption and degradation ability was
carried out. All the three textile dyes followed the pseudo-
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second-order kinetics successfully, describing the adsorption
process. Among these three, the dye-diatomite-TiO, nano-
composite has yielded better photocatalytic degradation effi-
ciency. Further, the degradation efficiency of these dyes is
economic in a photosynthetic microalgae-assisted microbial
fuel cell. Among the different dyes tested in different fuel cells
with the diatomite-Fe;O, nanocomposite at the anode, with
rhodamine dye has yielded the highest PDy,.x. The PDy,ax Of
PMA-MFC-1 and PMA-MFC-2 was less than that of PMA-MFC-3
but effective when observed individually with Asterarcys
sp.GA4 microalgae. The high electrogenicity in PMA-MFC-3 is
also associated with microbial population comprising Sphin-
gobacteria and Proteobacteria identified by MID. Lipid
production in PMMFC-1 (CBB), 2 (BG) and 3 (Rh) on the 33™ day
of PMA-MFC, respectively, was in coherence with the growth
pattern and efficiency of the fuel cell. PMA-MFC-3 yielded the
highest lipid productivity on the 21° day. Future studies may
need to focus on the degradation potential of these nano-
composites for other industrial dyes and pollutants. Indeed, the
investigation of multi-dye systems or wastewater containing
a mix of dyes could have impact on real-world applications.
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