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Third-generation biodiesel produced using carbon-neutral algal feedstock is a promising alternative to
meet global energy demands. However, the economic viability of algae-derived biodiesel is severely
impacted by poor lipid recovery and taxing downstream processes. In this regard, green Fenton chemistry
was employed to disrupt algal cells in a bio-electro-Fenton-assisted photosynthetic microbial fuel cell
(BEF-PMFC) by employing different Fenton catalysts for higher lipid recovery. The maximum lipid yield of
39.2% with 98% chlorophyll removal was achieved by homogeneous Fenton oxidation in a Ni-Pd/C cata-
lysed BEF-PMFC after 6 h of reaction at a pH of 3.0, whereas a comparable lipid yield (37.5%) and chloro-
phyll removal (95%) were attained by a CoFe-AC-driven heterogeneous Fenton oxidation process.
Experiments exhibited a maximum of 90% lipid extraction efficiency, which was 1.5-fold higher than that
without cell-disruptive wet biomass. Finally, biodiesel synthesised from lipids obtained via BEF conformed
to the ASTM D6751-12 standard. The PMFC equipped with the Ni—Pd/C coated cathode generated a
maximum power density of 74.5 mW m~2 and a chemical oxygen demand removal efficiency of 89.2%,
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which were ca. 2.8 times and 1.2 times higher compared to the control PMFC operated without any cata-
lyst on the cathode. Thus, this investigation paves the way for using a green chemistry-based strategy to
assist PMFCs in achieving higher recovery of bioelectricity and lipid recovery with minimal reliance on

rsc.li/greenchem chemicals.

demand as well as address ecological concerns.” Generally, the
microalgal lipid content is 20-50% of their total dry weight,
which can be converted to biodiesel after transesterification.

1. Introduction

The exploration of sustainable alternatives to fossil fuels to

meet surging energy demands seeks to satisfy an apparent
research gap.' Therefore, researchers are hunting for alterna-
tive renewable biofuels due to the impending depletion of
fossil fuels and the ensuing environmental repercussions.>” In
this regard, oleaginous microalgal biomass is considered a
potential feedstock for generating third-generation carbon-
neutral biofuels and other valuables that cater to the energy
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Cultivation, harvesting, and lipid extraction of algal feedstock
make up to 90% of the total biofuel production cost, of which
30 to 40% is contributed by the lipid extraction process
alone.>® Moreover, different physicochemical drying processes
are generally employed to recover lipids from microalgae;
unfortunately, biomass drying damages saturated fatty acids,
producing lower grade biodiesel. Additionally, enormous
energy consumption during drying makes this process econ-
omically infeasible.” Hence, lipid extraction from wet biomass,
which by-passes the drying step, has drawn plenty of interest
among aspiring researchers for the successful commercialisa-
tion of algal biodiesel production.®® However, damp lipid
extraction often requires additional pre-treatment that aims to
disrupt rigid cell walls to obtain high-quality lipid yields.
Furthermore, when the chemical solvent is applied, wet micro-
algal cells tend to endure in the water phase as their surface
charges prevent contact with the organic solvent phase. Due to
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the immiscibility of water with organic solvents, direct lipid
recovery from untreated wet algae provides lower yield and
poor quality of lipids. Apparently, this phenomenon can be
alleviated by disrupting the algal cell wall to readily release the
internal lipids, thus facilitating the accessibility of lipids after
evaporation of the solvent. Nonetheless, the majority of the
physical disruption techniques rely on high energy consump-
tion due to a continuous supply of thermal, electrical, or
mechanical energy inputs until the cell wall is shattered, ren-
dering it impracticable for scaling up. Hence, emphasis has
been given on the invention of an advanced cell lysis strategy
that possesses desired characteristics, including higher lipid
extraction efficiency, minimal lipid oxidation and destruction,
and modest energy intensity with highly qualitative biodiesel
properties.’

In this regard, the electro-Fenton reagent, which comprises
a mixture of electrogenerated in situ H,O, and Fe*" with the
utilisation of an external potential, has been employed for
algal cell disruption due to its economical operation and non-
toxic properties. Additionally, hydroxyl free radicals ("OH), the
incredibly reactive oxygen species (ROS) generated in the
electro-Fenton reaction, disrupt algal cell walls by targeting
organic components such as glycoproteins, polysaccharides,
cellulose, and phospholipids (eqn (1)).

Fe?* + H,0, — Fe*t + OH™ + "OH (1)

Unlike the traditional Fenton process, H,O, is electro-
synthesised in the electro-Fenton process by using carbon elec-
trodes that inherently favours the 2e” oxygen reduction reac-
tion (ORR) due to weak oxygen binding energy as presented in
eqn (2). Such materials have more affinity towards *OOH
rather than *O (eqn (3)), which is pivotal in manoeuvring the
ORR for H,0, generation.'® Using carbon nanomaterials with
a high specific surface area (more ORR active sites) like acti-
vated carbon (AC), carbon nanotubes, and graphene can boost
the H,0, yield."""* Alternatively, metals which feature similar
properties such as Ni and Pd have been employed for H,O,
electrosynthesis."?

0O, +4H" +4e~ — * OOH + 3H" +3e™ —
* O+ 2H" +2e” + H,0 — (2)
*OH+H'"+e +H,0 — 2H,0

0, +2H" +2e~ — *OOH + H" +e~ — H,0, (3)

Carbon catalysts when coupled with Fe or its composites
with other transition metals like Ni, Co, and Mn can perform
the dual role of H,0, production and its simultaneous
decomposition to "OH via the famous Fenton reaction (eqn
(1)). This ensures perennial production of transient ‘OH in the
cathodic chamber of a bio-electro-Fenton (BEF) system leading
to the oxidation of target compounds.

Sandani et al. (2022) demonstrated that the electro-Fenton
reaction is highly effective in enhancing the lipid yield
(highest 19.99 + 1.33% w/w) from wet microalgal biomass in
comparison to other conventional methods.'* Moreover, the
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comprehensive reduction of major biodiesel impurities such
as chlorophylls through the reaction with ROS is an additional
advantage of electro-Fenton reaction-based cell lysis.
Additionally, implementation of the electro-Fenton treatment
has been proven to have positive effects on the lipid profile for
the production of high-quality biodiesel, including a reduction
in polyunsaturated fatty acids (PUFA) and an increase in satu-
rated fatty acids (SFA) and monounsaturated fatty acids
(MUFA)."® Daghrir et al. (2014) reported a yield of 55.3% lipid
per g of dry biomass of Chlorella vulgaris via electrochemical
oxidation at an applied current intensity of 0.6 A in just
60 min of operation using a Ti/IrO, anode and stainless-steel
cathode.'® However, the electricity input for the electro-Fenton
system makes this technology energy intensive and unecono-
mical, compromising with its scalability.

To alleviate this major drawback, an innovative bio-electro-
chemical reactor has been developed in which oxygen reacts
with two electrons, produced by microorganisms in the anodic
chamber, to form H,0, and induce a BEF reaction together
with Fe®" present in the cathodic chamber. Besides, the BEF
reaction eliminates storage and transportation limitations
associated with the traditional Fenton method for H,0, and
avoids the generation of vast quantities of Fe sludge by consist-
ently regenerating Fe®" at the cathode by reducing Fe*".'”
Furthermore, a prolonged reaction time with highly active ROS
results in lipid degradation (Fig. S17), thereby necessitating a
gentle cell disruption mechanism that inhibits further lipid
dilapidation without affecting its fuel properties.

In this context, the present investigation aims to demon-
strate lipid extraction from wet algal biomass utilising green
Fenton oxidation in a BEF-assisted photosynthetic microbial
fuel cell (BEF-PMFC). Simultaneously, employing nickel-palla-
dium on carbon (Ni-Pd/C), cobalt-iron with activated charcoal
(CoFe-AC), and activated charcoal-Fe,0; (AC-Fe) as cathode cat-
alysts in the BEF-PMFC boosted bioelectricity generation and
wastewater treatment, thus manifesting the dual advantages of
these nanocomposites. To the best of our knowledge, the
current exploration is the first on a BEF-mediated cell disrup-
tion process for copious lipid recovery from wet algal biomass.
Furthermore, the direct lipid extraction from wet biomass of
algae eliminates the biomass harvesting process, making this
procedure more affordable than conventional physicochemical
methods. In addition, the comparative efficacy of hetero-
geneous and homogeneous BEF catalysts for accelerated ROS
production for algal cell lysis in a wide pH range has not been
investigated to date. Furthermore, to ensure the quality of the
produced biodiesel, bio-oil recovered from the BEF-PMFC was
analysed and compared with the standard data of ASTM
D6751-12 and EN 14214:2012. Evidently, BEF-PMFC is a self-
driven, low-carbon footprint, and scalable technique that can
be adopted for the mass production of algal biodiesel in the
future. Hence, the concept of concurrent recovery of biodiesel
and bioelectricity along with wastewater treatment facilitated
through a single system of a BEF-PMFC is commercially lucra-
tive and can be a plausible renewable alternative approach for
depleting fossil fuel resources (Fig. 1).
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Fig. 1 Schematic diagram of a bio-electro-Fenton-assisted photosynthetic microbial fuel cell.

2. Materials and methods
2.1 Fabrication of double chamber BEF-PMFCs

Three double chamber PMFCs were fabricated, having anodic
and cathodic chambers separated by a proton exchange mem-
brane (PEM) (Nafion 117 (DuPont, USA)) (Fig. S2t). Each
PMFC, fabricated using an acrylic sheet, consisted of two dis-
tinct chambers with a working volume of 90 mL each making
the total volume of each setup to 180 mL. Both the anode and
cathode of the BEF-PMFCs were made up of carbon felt (pro-
jected surface area of 4 cm x 4 cm each) and were connected
with an external resistance of 100 Q using stainless steel wire.
The produced electrons and protons from the anodic chamber
of PMFCs were transferred to the cathodic chamber through
an external circuit and PEM, respectively. The three PMFC
cathodes were coated with Ni-Pd/C, CoFe-AC, and AC-Fe cata-
lysts separately and termed BEF-PMFC-T1, BEF-PMFC-T2, and
BEF-PMFC-T3, respectively (Table S1}). Accordingly, the bare
carbon felt without having any cathode catalyst coating was
also operated as the control PMFC-C to facilitate performance
comparison with the other three PMFCs.

The mixed anaerobic consortium collected from the septic
tank (located in the residential area of IIT Kharagpur) was uti-
lised as an inoculum of electricigens after heat pre-treatment
to overcome the methanogenesis. However, the mixed algal
consortium was cultured in the cathodic chamber of all the
PMFCs. Sucrose-based synthetic wastewater with a chemical
oxygen demand (COD) of 3 g L™" was utilised as the anolyte for
all PMFCs. The retention time of synthetic wastewater in the
anodic chamber of the setup was three days, and both the
initial and final COD of the anolyte were measured after each
feed cycle.'®
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2.2 Cultivation of algae in the cathodic chamber of PMFCs

The mixed consortium of freshwater microalgae was collected
from the algal raceway pond located at the IIT Kharagpur
campus. The collected algal consortium was allowed to
develop for a period of 5 days with periodic addition of
BG-11 medium."® The optical density of the algal culture at
682 nm (ODgg,) was measured daily using a spectrophotometer
(PG Instruments, China). The mixotrophic algal cultivation in
the cathodic chamber of PMFCs was inoculated with 0.5 ¢ L™
of mixed algal biomass at 30 + 5 °C. The algal culture was
grown in the cathodic chamber of PMFCs under cool white
fluorescent light with a light intensity of 7000 lux for 18: 6 h of
light: dark photoperiod, supplemented with ambient air (@1 L
min~") by employing an aquarium pump (SOBO Aquarium air
pump, China). Algal biomass was determined using dry cell
weight, and the overall biomass productivity (g L™ day™") was
estimated from the variation in the biomass concentration (g
L") as described in our previous investigation.'®

2.3 Synthesis of Fenton catalysts for algal cell disruption

The AC-Fe composite was prepared by blending Fe,O; nano-
powder with powder-activated charcoal (AC) in a ratio of 60 : 40
(by wt). The AC is a well-known catalyst used for the electroge-
neration of H,0,, while Fe,O; catalyses the in situ produced
H,0, into "OH, the chief oxidant in the Fenton oxidation-
based process. Similarly, the Ni-Pd catalyst was selected due to
its high selectivity for H,O, generation. It was prepared by
mixing Ni nanoparticles with Pd/C (10% by wt) in a weight
ratio of 50 : 50. Also, 10 mg L™" of Fe*" was added to the catho-
Iyte in the form of Fe,SO,-7H,0 to catalyse the production of
‘OH homogeneously.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3gc01548c

Published on 04 avgust 2023. Downloaded on 7. 06. 2026 07:57:00.

Green Chemistry

Fe and Co were selected to yield higher ‘OH by the dual
action of Co that can produce and activate H,0,
simultaneously.’®*® The Fe-Co composite catalyst was syn-
thesised via a controlled co-precipitation method. One gram of
Fe-Co catalyst (2:1 by wt) was prepared by taking stoichio-
metric amounts of CoCl,-6H,0 and FeCl;-6H,O salts and dis-
solving them in 100 mL of distilled water separately.
Furthermore, the Fe and Co solution was transferred to a
500 mL beaker and sonicated for 30 min. The pH of the
mixture solution was then increased to 11.0 by dropwise
addition of 1 M NaOH solution. The colour of the Fe-Co solu-
tion turned dark as the pH increased, and the reaction was
allowed to continue for 2 h at 80 °C under constant stirring.
Sufficient time was provided for the solids to settle, which
were magnetically collected after discarding the supernatant.
The precipitate was washed several times with deionised water
and ethanol until the pH of the supernatant became close to
neutral. The washed solids were dried overnight in a hot air
oven at 80 °C. Ultimately, the dried particles were calcined at
400 °C for 2 h in a muffle furnace resulting in the formation of
CoFe,0, particles. CoFe,O, was further blended with AC in a
60 : 40 ratio by weight to boost in situ H,O, electro-generation,
curtailing accelerated "OH formation.

2.4 Preparation of catalyst-modified cathodes

All the cathodes used in the BEF-PMFCs were fabricated using
carbon felt as the base material, pre-treated using 1 M HCI
solution, followed by vigorous cleaning with deionised water
and acetone. Prior to use, pre-treated felts were dried in a hot
air oven at 100 °C. The catalyst amount was calculated by
fixing a loading of 2 mg cm™> of the cathode surface area,
whereas Nafion binder loading was 6.67 pL mg™" of catalyst,
and the quantity of these materials was estimated accordingly.
For each catalyst, an ink-based solution was prepared by
adding the catalyst, binder, and acetone in the requisite pro-
portion and mixed in an ultrasonic bath with a rating of 120
kHz for 2 h. The homogeneous ink-based solution was painted
over the cathode surface uniformly and then dried at 80 °C for
12 h before installing the coated cathodes in the PMFC
reactor.

2.5 Characterisation of different catalysts used for cell
disruption

The shape, size, and arrangement distribution of all three
Fenton catalysts were analysed by field emission scanning elec-
tron microscopy (FESEM).”?' Also, energy-dispersive X-ray
(EDX) (ZEISS EVO 60, Carl ZEISS SMT, Germany) spectrum
analysis was performed to confirm the presence of elements
and atomic proportions in the Fenton catalyst using an EDX
spectrometer. Moreover, the crystalline structure and diffrac-
tion patterns of Ni-Pd/C, CoAC-Fe, and AC-Fe were analysed
using an X-ray diffractometer (D8 Focus Bruker, Karlruhe,
Germany) under the scanning range in the 2 6 region from 20°
to 80°. Furthermore, Fourier transform infrared (FTIR) spec-
troscopy (Thermo Fisher Scientific, NICOLET 6700, USA) was
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performed to identify the active functional group and bands
present in these three Fenton catalysts.

2.6 Optimisation of catalyst-based algal cell disruption and
lipid recovery in the BEF-PMFCs

Microalgae cultivated in the cathodic chamber of the PMFCs
were initially harvested by centrifugation to estimate the
weight of concentrated wet biomass after the culture reached
the stationary growth phase. After that, homogeneous Ni-Pd/C
and heterogeneous CoAC-Fe and AC-Fe were coated on the
cathode of the respective PMFCs to initiate the BEF reaction
for algal cell disruption. Different relevant parameters, such as
retention time (0-24 h) and pH (3.0-9.0), were optimised to
estimate higher cell disruption and lipid recovery.
Consequently, the concentration of produced H,0, in the cath-
olyte was also quantified using the colorimetric method
suggested by Graf and Penniston et al. (1980).>* After the opti-
mised duration, the catholyte containing suspended algal lipid
was separated by the Soxhlet extraction process (n-hexane:
disrupted biomass; 1:1).

2.7 Characterisation of the in situ generated H,0, and "'OH

The quenching test was performed using methylene blue (MB)
to confirm the presence of 'OH in the BEF system. The
residual concentration of MB was measured by recording the
absorbance at A, = 650 nm using a UV-visible spectrophoto-
meter and the production of ‘OH was further confirmed by
performing pulsed electron paramagnetic resonance (EPR)
spectroscopy (Bruker, ELEXSYS 580, USA).

2.8 Extraction and estimation of chlorophyll content

To estimate chlorophyll, 2 mL of algal biomass was centri-
fuged at 8000 (14 160g) rpm for 10 min. After discarding the
supernatant of the culture, the pellet portion was mixed with
2 mL of methanol, sonicated for 30 s, and again centrifuged at
8000 (14 160g) rpm for 5 min. After that, total chlorophyll con-
centration containing chlorophyll-a and chlorophyll-b was
checked using a spectrophotometer (PG Instruments, China)
at 665.2 and 652.0 nm, respectively, and total chlorophyll con-
centration was estimated using eqn (4).

Ch — (a + b) = 22.12A¢652.0 + 2.71A665.2 Hg m171 (4)

where Ch — (a + b) denotes total chlorophyll content, and
Agsno and Aggs, are the absorbances at 652.0 nm and
665.2 nm, respectively. Moreover, the percentage removal of
chlorophyll was estimated based on the concentration
obtained after the periodic time of the BEF reaction.

2.9 Algal cell disruption quantification via hemocytometry

Hemocytometry was carried out to count the total viable algal
cells with the assistance of an optical microscope under a mag-
nification of 100x objective resolution (Olympus Optical,
Tokyo, Japan). Also, Trypan blue dye was utilised to determine
the number of living algal cells after BEF-assisted cell disrup-
tion as reported in Prajapati et al. (2015).>® The algal cell death
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(%) was estimated from eqn (5). The microscopic images of
the intact algal cells and after cell disruption by employing the
three Fenton catalysts are shown in Fig. S3.t

(Xo — X)

t

Algal cell death (%) = x 100 (5)
where X, and X, are the viable algal cell biomass (cells per mL)
at times 0 and ¢ during the BEF reaction.

2.10 Estimation of total lipid content and lipid recovery
efficiency

The algal lipid components, along with the disrupted cell were
recovered from the cathodic chamber of all BEF-PMFCs adopt-
ing an optimised cell hydrolysis time. Thereafter, the crude
lipid yield (mg g~' of biomass) was separated from lysed
biomass using the Soxhlet method."® The lipid yield after cell
disruption was determined by quantifying lipids from eqn (6).

Lipidyield (% )
B Extracted lipid after BEF reaction (mg)
~ Total lipid content present in microalgae (mg)

x100

(6)

The efficiency of lipid extraction was also estimated as per
the method described by Park et al. (2014).>* In a nutshell,
n-hexene was mixed with the suspension of lysed cells (1:1),
and the mixture was agitated for 60 min at 120 rpm.
Afterwards, the solvent containing the lipid layer was separated
by centrifugation at a speed of 1500 rpm for 10 min, followed
by evaporation to collect algal lipids (EZ2 plus, Geneva, UK).
The lipid-rich solution was recovered followed by the
additional treatment of remaining solid particles with ethanol
for 30 min under stirring to extract leftover lipids in the solid
phase. After that, most of the impurities, including extra reac-
tants and proteins, remained in the aqueous phase while the
refined lipids were stored in the hexane phase. Finally, the
lipids were obtained from the hexane phase through evapor-
ation using a rotary evaporator.””> The percentage weight of
lipids extracted from the wet biomass was obtained as per

eqn (7).

Lipid extraction efficiency %
- Weighed lipid after evaporation (7)
" total lipid content after harvested biomass

2.11 Characterisation of algal lipid and leftover biomass
through GC-MS and FTIR

After an optimised duration of the Fenton reaction, the algal
lipid components collected from the cathodic chamber of the
PMFCs were subjected to the transesterification process.>®
Afterwards, the fatty acid methyl ester (FAME) components
were separated from the lysed algal cell biomass and were sub-
sequently identified using a gas chromatograph (GC) (Thermo
Fisher Scientific, USA) coupled with a mass spectrometer (MS)
(Agilent Technologies MS-5977B, Penang, Malaysia). Full-scan
analysis was performed in the mass range of 30 to 400 m/z as
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described by Das et al.*® The crude algal lipid after transesteri-
fication and lipid extracted residual biomass were subjected to
characterisation through FTIR to identify different functional
groups present in both the samples. Full scan analysis was per-
formed in the wavelength ranging from 500 cm™' to
3000 cm™*, as described by Das et al.>®

2.12 Estimation of biodiesel quality parameters

The FAME profiles of algal lipids recovered via BEF-assisted
cell disruption methods were used to assess biodiesel quality
parameters. Following equations (eqn (8)-(14)) were used to
determine iodine value (IV), saponification value (SV), gross
calorific value (GCV), cetane number (CN), kinematic viscosity
(v), oxidative stability (OS) and degree of unsaturation (DU).>’

. .. 254X DxXA
Iodine value (IV) (mg I, /1 glipid) = E VT (8)
560xA
S ificati lue (SV) (KOH 1 ¢ of lipid :2/
aponification value (SV) ( mg/1gof lipid) v
(9)

5458
Cetane number (CN) = 46.3 + (W) —0.225xIV  (10)

Calorific value (CV) = 49.43 — 0.041 x SV —0.015 x IV (11)

Kinematic viscosity (mm?s~!)

=exp »_w( - 12.503 +2.496 In(MW) — 0.17D)
Oxidative stability (OS) (h) = (117.92/X) +2.5905  (13)

Degree of unsaturation (% w) = Z (MUFA + 2 x PUFA)
(14)

where w, D, A, and MW represent the weight fraction, number
of double bonds, % composition, and the molecular mass of
the ith FAME present in algal cells, respectively, whereas X,
MUFA, and PUFA are total weight % of linoleic and linolenic
acid, monounsaturated and polyunsaturated fatty acid.

2.13 Bioenergy recovery and wastewater treatment

The influent and effluent collected from the anolyte of all
PMFCs were examined to assess the organic matter removal
efficiency from the perspective of COD reduction using the
closed reflux colorimetric method.*® Moreover, the quantity of
chemical energy that was converted into electrical energy
through the PMFCs from the theoretical maximum electrical
energy was estimated via coulombic efficiency (CE).>° The
operating voltage (OV) across 100 Q of external resistance and
open circuit voltage (OCV) under no current flowing conditions
for the four PMFCs were periodically recorded using a data
acquisition/switch unit (Agilent Technologies, Penang,
Malaysia) coupled with a computer system. The data for polar-
isation graphs were generated by varying the external resis-
tance from 50 kQ to 10 Q using a resistance box (GECO5R
Decade Resistance Box, Bengaluru, India). The power density
was expressed as power produced per m” area of the cathode

This journal is © The Royal Society of Chemistry 2023
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in mW m™2. The maximum power density and internal resis-
tance of the PMFCs were evaluated using polarisation after the
PMFCs attained stable electrical performance and COD
removal efficiency. The internal resistance of all PMFCs was
calculated from the slope of the voltage vs. current plot
obtained during polarisation.

3. Results and discussion

3.1 Biomass growth and macromolecular composition of
algae

The wet weight of green algal biomass was estimated through
a calibration plot between weight of wet biomass (W,,) and
optical density (ODggy nm) as elucidated by eqn (15). A decent
linear relationship was observed between W, and optical
density of mixed algal consortium with a significant coefficient
(R?) value of 0.998 by dosing the initial biomass concentration
at 0.6 g L™ in BG11 medium. Also, a correlation between Wi,
subjected to disruption and the corresponding dry weight
content (D,,) was evaluated using eqn (16).

Dyt (g L71) = 0.362 X ODggy nm + 0.002 (15)
Dyt (g L7Y) = 0.15 X Wy (16)

In this investigation, the lag phase was noticed in the first
two days due to the acclimatisation of algae in the cathodic
chamber of all PMFCs. After 24 h of cultivation, the exponen-
tial growth phase was observed, and the maximum W, of
2.8 g L' was achieved after 5 days of cultivation with BG
11 medium at 7000 lux of light intensity sparged with atmos-
pheric air (@1 L min™"). Moreover, the specific growth rate of
0.3 per day with the total biomass productivity of 0.4 g L™ day
was achieved in the PMFCs. Furthermore, mixed algal consor-
tium cultivated in the cathodic chamber of the PMFCs had
55.3 pg mL™" chlorophyll yield and a maximum of 41.3% w/w
lipid content, which was corroborated with the finding of
Gerbens-Leenes et al. (2013).%°

3.2 Characterisation of BEF catalysts using XRD, FTIR and
SEM

The XRD analysis of the Fe nano-powder and AC composite
showed a series of diffraction peaks pertaining to Fe in
addition to a broad peak anchored at 26.03°, which could be
indexed to the amorphous carbon of AC (Fig. 2). The distinct
and sharp peaks attributed to the (220), (311), (400), (422),
(511) and (440) lattice structures of maghemite (y-Fe,O3)
correspond to the peak positions at 30.1, 35.6, 43.2, 53.8, 57.2
and 62.8°, respectively. These values coincide with the stan-
dard crystal data for y-Fe,O; (JCPDS No. 39-1346) and confirm
even blending of Fe nano-powder and AC.*’ Moreover, the
absence of any unwanted peaks attests to the purity of the
AC-Fe mixture. A similar XRD spectrum of maghemite blended
with carbon was reported in a past investigation by Lu et al.
(2019).*
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Fig. 2 The XRD spectrum of AC-Fe (red); CoFe-AC (blue); and Ni-Pd/C
(black) catalysts with the respective planes.

The XRD spectrum of the synthesised Co-Fe composite con-
firms the formation of the spinel lattice structure of CoFe,O,
matching the standard data (JCPDS. No 22-1086).*2
Specifically, the Bragg peaks resemble the cubic spinel crystal
phase corresponding to lattice planes of (220), (311), (400),
(422), and (511) at 26 values of 29.9°, 35.5°, 43.4°, 53.9°, and
62.8°, respectively (Fig. 2). Furthermore, the high synthesis
temperature results in the formation of nano-sized crystals of
CoFe,0,, which is also evident from the sharpness of the diffr-
action peaks.** The spectra did not contain any unwarranted
peaks, which indicates that the as-synthesised catalyst was not
adulterated. These observations are in corroboration with the
previously reported findings of spinel cobalt
composites.*”

The Ni-Pd/C composite revealed a distinct peak of each
element in the XRD spectra. A broad diffraction peak centred
at 24.3° represents the typical reflection of the (002) plane of
the amorphous carbon.*® The lattice planes of (111), (200),
(220), and (311) at 26 values of 33.8°, 43.6°, 59.8°, and 71.1°,
respectively, are the characteristic peaks of metallic Ni par-

ferrite
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ticles (Fig. 2). However, these peaks were significantly broader,
which may be because of blending with Pd/C. Similar broad-
ened peaks of Ni were observed when activated carbon was
used as the support.’” In addition, the presence of Pd in the
composite was indicated by diffraction peaks at 38.4 and 68.0°
corresponding to the (111) and (220) lattice planes of the Pd
nanoparticles.*® Notably, Pd also produces a prominent peak
around the 2 6 value of 45° depicting the lattice plane of (200),
although it cannot be observed in the FTIR spectra, which
probably may be due to the overlapping peak of Ni.
Nonetheless, these findings indicate that the Pd/C crystal has
a face-centered cubical structure.®

The FTIR spectra were used to identify the functional group
present on the surface of the composite catalysts (Fig. 3). A
broad peak around the wavenumber 3300 to 3600 cm™ ' rep-
resents the typical OH group adsorbed on the carbonaceous
materials while peaks appearing around 1550 cm™' and
1020 cm ™" could be due to the stretching vibration of C=C or
C-O bonds, respectively.*® Furthermore, Fe-O-Fe vibrations
resulted in a peak at 800 cm™', whereas the peak at 692 cm™"
and 549 cm ™" can be ascribed to the stretching and bending

5-OH
Fe-Co/AC

COOr

Co-O/Fe-O

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 The FTIR spectrum of AC-Fe (red); CoFe-AC (blue); and Ni-Pd/C
(black) catalysts with the respective functional groups.
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vibration of Fe-O of y-Fe,03.*"** Similarly, overlapping bands
at the wavenumber of 562 cm™" and 538 cm ™" appear due to
the vibration of the tetrahedral site of the CoFe,0;.** The
bands due to the octahedral site vibration of the spinel ferrites
usually emerge in the range of 500-400 cm™", although it is
not visible in the FTIR spectra due to the limitation of the
instrument (Fig. 3A). The peaks at wavenumbers 1338 cm ™
and 1644 cm™"' can be attributed to the bending vibration of
C-0 and C-H bonds, respectively.** A blunt peak of adsorbed
O-H centred around the wavenumber 3350 cm ' was also
observed in the spectrum (Fig. 3). These results corroborate
with the findings of Aslibeiki et al. (2022) and confirm the for-
mation of cubic CoFe,O, particles.45 Moreover, the FTIR spec-
trum of the blended Ni-Pd/C catalyst displayed a similar trend
with a characteristic OH peak in the 3500 cm™" region (Fig. 3).
Additionally, the spectrum had distinct peaks at wavenumbers
1564 cm™' and 1410 cm ', representing the stretching
vibrations of C=—C, while the slight protrusion around
1250 em™" results from the vibration of C-O bending.*® The
overlapping bands below 600 cm™ are typical of metal-O
vibrations, which could have appeared due to the presence of
Nio."

The shape, size, and arrangement pattern of the three BEF
catalysts were analysed by FESEM. The FESEM image of hetero-
geneous AC-Fe and CoFe-AC catalysts indicated that all are
well-structured and polydisperse, which was similar to obser-
vations in previous research.’® Furthermore, the FESEM
images depict that Ni, Pd, Co, and Fe metals are mostly in
sphere-shaped or near-spherical shapes; however, AC is mostly
in disorganised graphite form with a random amorphous and
highly porous structure distribution (Fig. 4(A, C and E)).
However, the structure of Ni-Pd/C perceived is in a more nano-
colloidal form with an average size of 28 nm whereas CoAC-Fe
and AC-Fe displayed an average size of 34 nm and 38 nm,
respectively, as per calculation via J software.”® Furthermore,
the elemental distribution analysis of the FESEM-EDX spec-
trum showed a sharp peak of elements C, Fe, Co, Ni, and Pd,
confirming their presence in the respective catalysts (Fig. 4(B,
D and F)). Moreover, the weight % of C and Fe content was
detected to be 35.85% and 63.94% whereas Co and Fe content
was about 34.94% and 65.81% in the CoFe-Ac catalyst, respect-
ively. Likewise, the two most dominant metals namely Ni and
Pd, were detected in the Ni-Pd/C catalyst having a corres-
ponding weight percentage of 38.43% and 61.57%, confirming
the purity of the respective metals.

3.3 Quantification of H,0, and identification of ‘'OH and
ROS during the BEF reaction in the cathodic chamber of
BEF-PMFCs

To elucidate the production of H,O, in the BEF system, a
quenching test was performed using 2-propanol as the "OH
scavenger. Firstly, 10 mg L' MB solution was poured into the
cathodic chamber of all three test BEF-PMFCs and the control
PMFC, and the change in the MB concentration was checked
by taking aliquots at a suitable interval. For 2 h of retention
time, almost complete decolourisation of MB (99.81 + 0.10%)

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 The morphological characteristics of BEF catalysts (A) AC-Fe; inset (i) AC assembly; (B) spectrum analysis with elemental components of
AC-Fe; (C) CoFe-AC wi