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Abstract

Membrane cost, long-term stability, and sustainability are major concerns for the selection of
membrane in microbial fuel cell (MFC) towards scaling-up applications. Recently, efforts have
been taken for the improvement of the reactor architectural design and the exploration of ceramic
membrane materials aiming to achieve techno-economical sustainability and efficiency. Since
the last decade, ceramics have come forward as a low-cost separator, electrodes, and chassis
material for MFC applications. Introduction of cation exchange minerals to ceramic membrane
promotes the high proton transfer with improving the membrane characteristics. High cationic
transfer, proton exchange rate, stability against thermo-chemical conditions, structural strength to
withstand high hydraulic load, and long-term stability with easy biofouling mitigation support
utilization of such membrane for scaling-up use. Successful field trials of Pee-power MFC,
stacked urinal MFC, bioelectric toilet, and others showed the feasibility of ceramic membrane
for practical applications. Present review emphasizedthe membrane characteristics, substantial
effect of mineral additives, scaling-up applications, recent development, and perspectives

towards practical utility of MFCs having ceramic membrane.
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1. Introduction

Current crisis of energy and water, as well as the issue of energy-intensive wastewater treatment,
leads to finding out alternative means of renewable energy including bioenergy via
bioelectrochemical technologies through water-energy nexus (Sayed et al., 2021). Advanced
bioelectrochemical system (BES) employ bacteria for anaerobic oxidation of organic matter and
capture energy stored in the wastewater (Kim et al., 2008). Microbial fuel cell (MFC) is one of
the variations of BES where chemical energy of wastewater is trapped in electrical output
through a series of electrochemical redox reactions with the help of microbial metabolism (Chae
et al., 2009; Sabin et al., 2022). However, the performance of MFC is dependent on design
aspects, electrode-membrane characteristics, operating conditions, substrate, and inoculum
properties (Gunaseelan et al., 2021; Yang et al., 2016). The background genesis research into this
novel innovative concept was introduced by Potter M.C. (1911) and further developed from lab-

scale bench models towards scaling-up applications.

Over the past 110 years, most of the research on MFC has been executed at laboratory scale
reactors and limited attempts towards scaling-up applications (Janicek et al., 2014). Moreover,
scaling-up of MFC is restricted by several techno-economical, electrochemical, microbiological,
engineering design, and other constraints (Jadhav et al., 2022). Most MFC variations involved
anode and cathode electrodes, separated by membrane/separator along with a transformation in
the design architecture. Additionally, each design architecture modification has its own
specificity and applicability in favor of ease in operation and maintenance (Mathuriya et al.,
2018). The major difference in these variations is with or without a physical separator between
the anodic and cathodic chambers, and it affects overall wastewater treatment and energy
harvesting in MFC. However, membraneless MFC encountered high resistance, substrate
crossover, ion/oxygen diffusion, and low power output than MFC with membranes and hence

less recommended for field use (Rudra et al., 2018).

Membrane being an important part of any BES and plays a crucial role in ion transfer from
anodic to cathodic chamber (Jana et al., 2010). Membranes should hinder mass transfer between
chambers; membrane performance depends on their physical and chemical properties as well as

cation exchange capacity (CEC) (Yang et al., 2021). In MFC design, Nafion, Ultrex, and other



polymeric membranes are mainly used due to their high conductivity and ion exchange
capability, but they have a high cost (Logan, 2006). Generally, membrane accounts individually
about 40-50% of the total cost required for MFC design (Aiken et al., 2019), and hence
researchers are looking for alternatives to costly membranes such as porous membranes,
separators, hybrid membranes, and more. Additionally, the chassis of anodic/cathodic chambers
also need to be built using costly polymeric materials. Out of available low-cost alternatives,
researchers are working on finding out suitable and economic separators for biological fuel

cellthat can be replicated in practical use.

Recently, ceramic membrane/separator was found to be one of the economical and feasible
solutions for scaling-up and long-term operation of MFC. It offers high structural strength,
withstands hydraulic pressure, high stability in operation, ease of availability, low-cost of
fabrication, etc., as compared to other polymeric membranes. Current publication database
showed a rapid increase in research interest based on ceramic membrane applications in MFC
within the scientific community since the past decade (Scopus, 2022) (Fig. 1). Apart from
limited scaling-up attempts in this direction, more than 60% of such studies have been
implemented ceramic membrane for up-scaling applications, and they showed feasibility for
practical execution (Jadhav et al., 2021). Present review article discusses the applicability of
ceramic separators in MFC and their characteristics affecting the performance. Also, it focuses
on the suitability of ceramic membrane for up-scaling applications of MFC, which is attracting

the attention of researchers as an exciting new discipline in the nexus of microbiology and
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Figure 1: Number of publications on ceramic membrane MFC based on Scopus data with

keyword search ‘microbial fuel cell’ and ‘ceramic’ (Scopus, 2022)
2. Applications of ceramic membranes

Ceramic membranes are generally adopted in the water treatment systems for filtration by
eliminating the water impurities. Due to high mechanical strength and thermo-chemical stability,
these materials are used over costly polymeric membranes (Fig. 2). Ceramic microfiltration
membranes are commonly being adopted in the drinking water and wastewater treatment
industries. Particularly in fuel cells, protonic ceramic and solid oxide fuel cells proposed use of
ceramic membrane for ion conductions through membrane (lwahara et al., 1983), and thus, it
started being utilized in chemical fuel cells and later in biological fuel cells in the early 21
century. Such membranes offer several advantages, including separation of electrolytes
physically, long life and durability, eco-friendly and ease-in-fabrication, can withstand variation

in operational conditions and shock loads (Fig. 2a), and many more (Hakami et al., 2020).
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Figure 2: (a) Characteristic features and (b) fabrication of ceramic membrane used in MFC

The potential of ceramic chips for electrochemical sensors has also been reported for the
detection of drug concentration in pharmaceutical formulations and the medical field (Takeda et

al., 2020). It can be found effective in electrochemical reactors and fuel cells for transforming



organic contaminants into useful products as well as for hydrogen separation (Guan, 1998;
Jadhav and Chendake, 2019). Ceramic membranes are generally asymmetric in nature and
covered with several layers in order to decrease the porosity. It can even mold in any particular
shape, such as cylindrical, circular, pot shaped, tubular, and modular, so can be utilized in a wide
variety of applications depending on the fabrication process (Fig. 2b). It can withstand high
temperature during fabrication, high chemical fluctuations, extreme pH conditions, high
hydraulic pressure and hence can be recommended for industrial applications. Also, cleaning
such membranes is easy, and biofouling can be mitigated using normal chemical spray/cleaning.

2.1 Ceramic membranes for MFC

As stated earlier, typical MFCs consist of anodic and cathodic chambers separated by cation
exchange membrane (polymeric/ceramic) (Fig. 3a). It provides a flexible platform for
electrochemical redox reactions through adopting bacterial metabolism for degradation of
organic matter present in wastewater and simultaneous electricity generation (Jadhav et al.,
2015). Key driving forces for these electrochemical reactions are pH gradient profile,
concentration gradient, and electromotive force via voltage difference, which are facilitated by
effective functioning of membranes (Al-Sahari et al., 2022). Main purpose of the membrane is to
allow proton ion conduction from anodic to cathodic chamber internally with electrostatic
gradient (Santoro et al., 2017).
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Figure 3: (a) Schematic diagram of MFC with ceramic membrane; (b) Structure and proton
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In practice, the ion transport mechanism through the membrane depends upon the crystalline
structure of minerals present in it and electrolytes in contact (Carroll, 1959). The ionic transfer
through ceramics is primarily governed by the clay composition and type of clay soil used for
fabrication. lon transport is driven by charge balance during chemical reactions between
membrane surface and ions present in electrolyte solution (Fig. 3b). In case of ceramic
membrane, clay consists of various oxides such as titanium dioxide (TiO>), silicon dioxide
(SiO2), aluminum oxide (Al203), aluminum sulfate (Al2(SO4)3), aluminum silicate (Al2SiOs), and
many more ionic groups (Banerjee et al., 2022). Negative excess charges available on mineral
surface attract the cationic species from anolyte (Fig. 3b) in order to neutralize the charges
(Shainberg and Levy, 2005). High anionic charges present due to the existence of free hydroxyl
(-OH) ion, silicate, aluminate, etc., in these minerals allowed adhesion of loosely bound cations
through intermolecular hopping of protons (Das et al., 2020). In case of MFC, the rate of proton
transfer is influenced by bonding of cationic species to the mineral surface as well as the number
of exchangeable cationic sites available for ion transfer (Carroll, 1959). Usually, demand for
proton consumption for cathodic reduction reactions is on a higher side as compared to the
supply of proton transfer through a ceramic membrane (Ghadge et al., 2014). Hence, CEC or
charge density of membrane needs to improve with membrane modification, spiking of cation
exchangers, and using different soil media for fabrication in order to achieve high performance
with avoiding pH imbalance conditions. Apart from this, porous structure of membrane may
cause substrate mass or oxygen crossover through the chamber, and hence modification in
ceramics is desired for better output. The addition of cation exchangers or mineral fillers
improves the microstructure of the membrane matrix and decreases the porosity, which is

encountered in high energy output in MFC during wastewater treatment (Jain et al., 2020).

3 Influence of ceramic properties on performance of MFC

Ceramic membrane and its properties contribute strongly to the mass transport and internal
resistance as well as limit the performance of MFC (Bagchi and Behera, 2022). Natural clay
material derived from red soil used for making ceramic separators contained Na2O - 3.95%,
MgO - 0.654%, Al2O3 - 26.3%, SiO2 - 57.5%, P20s - 1.13%, K20 - 1.78%, SO3 - 0.258%, CaO -
0.791%, Fe203 - 4.75%, Ti - 0.658% (Ghadge and Ghangrekar, 2015; Bose et al., 2018). Apart

from chemical composition of clay, membrane characteristics such as wall thickness, size, and
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type of membrane, porosity, water holding capacity, design variations affect ion transfer through

membrane along with overall performance and is of concern (Behera, 2012) (Table 1).
(a) Wall thickness

Thickness of the ceramic wall plays a significant role in proton conduction as well as
maintaining the electrode spacing. Performance of cylindrical MFC decreased with an increase
in ceramic wall thickness from 2.5 to 10 mm, reaching up to 2.1 mW at 2.5 mm thickness
(Jimenez et al., 2017). The wall thickness affects membrane characteristics and resistance,
oxygen reduction reaction, proton exchange as well as catholyte production rate in MFC. An
increase in wall thickness from 3 to 8.5 mm resulted in a reduction in Coulombic recovery from
7.7 t0 6.1%, and 3 mm thin membrane performed better in terms of mass and oxygen transfer
over the thicker membrane in MFC (Behera and Ghangrekar, 2011). Wall thickness also supports
for maintaining less electrode spacing and hence can contribute to higher proton flux and
transport. MFC with unglazed ceramic separator with 9 mm thickness achieved Coulombic
efficiency (CE) of 68% over that of 3 mm membrane (58%) due to smaller Ohmic and diffusion

resistance and comparable with Nafion membrane (Khalili et al., 2017).

(b) Design characteristics

Several researchers have implemented different design variations of ceramic/earthen membrane
such as tubular, cylindrical, plate-type, cup-shaped, chassis-type, and more to make a compact
design of MFC for ease in operation (Pasternak et al., 2016). Due to flexibility in molding,
ceramic membranes can be fabricated in various shapes depending upon applications in MFC, as
shown in Figure 4. For small and portable applications, earthen pot and handy designs are
preferred (Sharma et al., 2014), whereas plate or tubular (modular) structures are useful in the
stacked/scalable architecture of fuel cells (Gajda et al., 2020). MFCs using the modified
composition of the fine fire clay obtained higher power generation than the unmodified ceramics
due to increase in water absorption capacity and ionic conductivity (Merino-Jimenez et al.,
2019). Previously, Winfield et al. (2013) reported that the porous nature earthenware membrane
having water absorption of 16.6% generated a higher energy recovery than the denser iron-rich

terracotta (9.1% water absorption). During performance comparison of MFC with different
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membrane dimensions, ceramic cylinder with bigger membrane size (diameter 18 mm x height
18 mm; P- 40 uW) performed poor over smaller membrane size (diameter 30 mm x height
11.5 mm, P- 100 uW) (Tremouli et al., 2021). Such design characteristics determine the rate of
proton conduction, and membrane shape varies according to the design of MFC.
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Figure 4: Various designs used in MFC with a ceramic membrane (adopted from Gajda et al.,
2020; Jadhav and Ghangrekar, 2020; Ghadge and Ghangrekar, 2015a,b; Jadhav, 2017,
Cheraghipoor et al., 2021; Jain et al.,2020; Sharma et al., 2015)

(c) Porosity

Porosity of the soil represents the hydraulic conductivity which depends upon the pore throat
radii of clay materials. Being porous in nature, porosity, and pore size distribution affects the
performance of ceramic membranes (Santoro et al., 2018). Earlier, Daud et al. (2018) reported
that the comparative performance of ceramic membrane MFC with porosity of 13.80% (2.3
W/m?) performed the highest compared to that of 11.00% (1.9 W/m?) and 11.05% (2 W/m?).
While making optimization of internal structure, Salar-Garcia and leropoulos (2020) reported
that pore size of clay membrane increases with increase in kilning temperature up to 1030 °C and
decreases further. However, low bulk resistance with high current output was achieved in MFC

having medium pore size distribution in membrane structure. However, ramp time has no
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significant effect on membrane characteristics and MFC performance. In contrast, high porosity
can cause substrate crossover from anodic to cathodic chamber and may cease the availability of
substrate for anodic oxidation as well as use of electrons for non-electrogenic reactions (You et
al., 2019). Hence, different spacer pores play a main role in the proton transfer and controlling
the porosity. Therefore, inclusion of filler mineral materials during the membrane fabrication

process is a favorable strategy to maintain the optimum porous structure of membrane matrix.
(d) Membrane pretreatment

The proton conduction and membrane properties vary drastically when pretreated with alkali,
acid, or neutral water solution. The oxygen diffusion coefficient was on the lower side with a
decrease in pore space for alkali pretreated membrane (montmorillonite-20%) compared to
Nafion membrane and hence resulted in higher power recovery (Das et al., 2020). The alkali-
treated membrane in MFC demonstrated a 4-fold higher proton mass transfer coefficient and
proton conductivity along with the least oxygen diffusion coefficient as compared to neutral
water treated membrane. Similarly, addition of lime leads to change in pH of clay used for
fabrication of membrane and thus improves the effective CEC due to ability of soil to develop

negative charges, as reported by Mendonca et al. (2006).
(e) Clay composition

Clay mineral composition and soil properties used for fabrication of membrane contribute to
effective and efficient cationic ion transfer. Unglazed wall ceramic contains a high amount of
silica oxide and calcium oxide over floor ceramic, along with higher porosity. Hence, it resulted
in higher current recovery in MFC with ceramic wall (I - 1.58 A/m?; Rint - 91.7 Q) as compared
to floor ceramic MFC (I - 0.3 A/m?; Rint- 653 Q) for the same wall thickness of 6 mm (Khalili et
al., 2017). Similarly, You et al. (2019) tested brown, red, white, and spotty clay ceramic
membrane in MFC. Brown ceramic has a dense matrix with lower porosity and larger pores in
comparison to the red and white ceramics, and hence it can be suitable for long-term operation of
MFC. In addition, composite spotty mixed ceramic is a novel means of improving the
characteristics of ceramic matrix, as well as fine-tuning porosity/pore size distribution (You et
al., 2019). Addition of certain mineral fillers (e.g., silica oxide) in the membrane structure

resulted in improvement in performance of MFC. Effect of increasing the proportion of SiO>
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from 0 to 30% showed a reduction in melting point of ceramic composite and increase in power
density from 0.48 to 6.9 W/m? in MFC having ceramic membrane made of Kalporgan’s soil
(Cheraghipoor et al., 2021; 2019). Barium-cerium-gadolinium oxides doped with 5% cobalt was
found to be useful for reduction of pore space and decrease in absolute biofouling as in case of
ceramic composite based yeast MFC (Frattini et al., 2020). Thus, presence of ionic species on
membrane surface impacts on proton hopping mechanism and fastens the rate of proton transfer

through ceramic membrane.
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Table 1: Performance comparison of MFCs with different ceramic membrane (CM) conditions

MFC configuration Operating Treatment Power output  Major findings Reference

conditions efficiency

Chitosan- Carbon cloth COD- 119.58+19.16  Layer coating of polymer Yousefi et al.

montmorillonite nano-  electrodes 88.5%; mW/m?; CE- reduced the membrane (2018)

composite film coated BOD- 48.6% resistance

on separator 87.28%

Activated carbon Carbon felt COD-81% 3.7 W/m® Activated carbon derived from  Neethu et al.

blended with natural electrodes coconut shell + clay can be cost  (2019)

clay effective solution

MFC with wall Carbon - 24.32 mW/m? Thinner membrane perform Behera & Gha-

thickness material better than the thicker ngrekar (2011)
membrane

Algal MFC for dairy Graphite felt COD-72% 0.38 W/m® Algal biocathode for biomass Mehrotra et al.

effluent treatment recovery (2021)

Alkali pretreated CM Carbon felt COD-88% 83.5 mW/m? Alkali pretreated CM perform Das et al.
better than acid and neutral (2020)
pretreatment

Constructed wetland Carbon felt COD- 0.26 W/m® CW-MFC performed better than Khuman et al.

CM- MFC 86.2% that without a ceramic separator (2020)

Stacked ceramic carbon veil - 10.6 W/m?® Increase in conductivity of Santoro et al.

membrane MFC anodes; SS air electrolyte enhances power (2018)

cathode output

CM-MFC and CEM- PBS catholyte - 1.79 W/m? CM performed better than CEM  Daud et al.

MFC in terms of ionic concentration ~ (2018)

Biotic and abiotic SS cathode - 70.48 W/m® Thinner cathodic biofilm Behera et al.

cathode in MFC support ORR in cathodic side (2010)

Earthen plate MFC Graphite plates COD - 145 mW/m? Ceramics as a low-cost option ~ Jana et al.

14



48% (2018)
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4. Amelioration in the CEC of membrane

Application of ceramic membrane in MFC has been promoted in the last two decades and
demonstrated its utility through different laboratory models to pilot-scale studies. CEC of a
membrane can be expressed as the capability of clay to hold and exchange positively charged
cations by means of electrostatic force. Thus, cation exchange rate through the ceramic
membrane is controlled by exchangeable cations and available cationic sites. The main reason
for the decrease of proton transfer through a ceramic membrane made by naturally available clay
is the presence of inadequate exchangeable cations (Jain et al., 2020). However, alteration in the
membrane through spiking of cation exchangers using a variety of soils, is desired in order to
improve the CEC and ion flux through membrane structure (Ramirez-Nava et al., 2021). Earlier
Pasternak et al. (2015; 2016) studied four different ceramic materials viz. pyrophyllite,
earthenware, mullite, and alumina and achieved a power output of 6.93, 6.85, 4.98, and 2.6
W/m?, respectively during urine treatment. With higher SiO content in pyrophyllite and
earthenware promoted cation transport through the ceramic membrane than other variations.
Additionally, single chambered terracotta based biobattery is capable to harvest 1 mW power
with CE of 21% (Ajayi and Weigele, 2012; Rago et al., 2018). On a similar basis, Ghadge et al.
(2014) reported higher power output in earthen pot MFC fabricated with red soil than black soil.
Availability of more cation exchange sites and exchangeable cations in red soil resulted in high
proton exchange capacity in MFC with red soil over black soil.

On the other hand, membrane modified with certain mineral cation exchangers such as
montmorillonite, bentonite, kaolinite, zirconia, goethite, vermiculite, etc., showed high power
performance in MFC, and comparative performance evaluation is represented in Table 2. The
first attempt of using a porcelain septum separator (with kaolin) and graphite electrodes for
single chambered fuel cells was studied by Park and Zeikus (2003). This study supported a new
outlook for using low-cost separators for fuel cells and promoted the use of sludge inoculum
over E. Coli for rapid electron transfer. To boost the CEC of ceramic membrane, Ghadge and
Ghangrekar (2015) studied the effect of blending membrane with minerals such as
montmorillonite and kaolinite. Results suggested that spiking of cation exchanger promoted the

proton exchange by decreasing the porosity with lowering oxygen mass transfer coefficient.
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Membrane with montmorillonite-20% performed better than kaolinite-20% in MFC due to
availability of higher exchangeable cationic site. Additionally, kaolinite-20% has a higher energy
harvesting rate than montmorillonite-10% with similar specific conductivity and diffusion
coefficients (Ghadge and Ghangrekar, 2015). Similar application of montmorillonite and
kaolinite in membrane generated current of 0.43 and 0.37 mA, respectively, along with
significant oxidation of organic matter in sediment BES (Midyurova et al., 2017). Mineral
vermiculite was reported to have a high charge density and CEC than montmorillonite
(Shainberg and Levy, 2005). Hence, montmorillonite and vermiculite blend (10% each) were
found to be effective for promoting the CEC of ceramic membrane (Jain et al., 2020). In this
study, proton transfer rate in ceramic membrane with vermiculite, montmorillonite (spray coated
with Nafion solution) was 5.2x10% and 8.8x107 cm/s, comparatively higher than that with
montmorillonite alone and control ceramic membrane. Also, nano-milling of minerals for 5 hr
accelerated ion exchange capacity and water uptake in such MFCs. Such promising results
promote the applicability of coating of polymer/nano-particles for ceramic membranes modified

with cation exchangers for fuel cell use.

Comparative performance analyses conducted for MFCs with pure earthenware (GM) and
montmorillonite from bentonite-Ca as a composite modified earthen membrane (GT) showed
mixing of GT promotes trivalent (AI**, Fe3*) and bivalent cations (Mg?*) and hence, enhanced
overall proton mobility (Sudarlin et al., 2020). Addition of bentonite in earthenware decreases
the overall pore volume and hence promotes higher current generation while treating tempe
liquid wastewater. Hydrous aluminum silicates rich fuller clay can be a promising strategy for
improving the cationic transfer when mixed with ceramic separator. Recently, Gunaseelan et al.
(2022) optimized the content of fuller clay from 10, 15, and 20% in clay separator, and results
showed that high CEC of 43 meq/100 g and small pore size help to reduce the void spaces in
membrane matrix as observed in case of 15% fuller clay content. However, an increase in the
content further to 20% resulted in agglomeration followed by improper pores, surface roughness,
formation of clusters, which has a negative impact on proton conductivity and ion transfer in
ceramic biophotovoltaics MFC (Gunaseelan et al., 2022). On a similar trend, other minerals viz.
smectite, goethite, vermiculite, mullite, illite, gibbsite, diaspore, alumina, mica, boehmite,
zirconia, and many more possess high CEC due to the presence of high anionic charges present

with existence of free hydroxyl ion, aluminate, silicate (Das et al., 2020; Ghadge, 2016). These
17



mineral compositions and synergistic combinations can be tested further in MFC to widen the

scope of improvement in terms of pollutant removal and resource recovery.

Dominance of high silica content can be a feasible option for improving the hydration properties
and proton mobility through a ceramic membrane and tested with varying silica content from 0
t040% in MFC (Raychaudhuri et al., 2021). Such silica/alumina oxides form silicon-oxygen
tetrahedron and aluminum octahedron structures and thus provide negatively charged centers,
which can help to retain and exchange cations. The maximum power recovery of 791.72
mW/m? and organic matter removal of 76.2% was obtained in MFC with 30% silica modified
membrane, comparatively higher than unmodified membrane (Table 2). Addition of such silica
oxides transforms the micelle radius and size of the channel connection as well as helps to
enhance the water uptake capacity of the membrane, which could facilitate a pathway for
structural proton transport through the Grotthuss mechanism (Raychaudhuri et al., 2021). In
another study, cylindrical MFCs with terracotta and mullite membranes showed an effective
urine treatment and power generation of 40-80 uW and 20-40 uW, respectively (Tremouli et al.,
2021). Application of bentonite and fly ash to transport ionic charge through intermolecular
spaces in ceramic composite membrane was demonstrated in plant MFC by Sarma and Mohanty
(2022). Increase in bentonite proportion in composite from 10 to 25% promoted the proton mass
transfer coefficient from 6.2x107° to 8x10° cm/s with an increase in hydrophilicity and water

absorption characteristics.

Red soil or mining mud contains huge amounts of iron oxides which can be useful for enhancing
the micro-structural features, including pore size distribution in membranes (Jadhav et al., 2015).
The amount of Fe2Os used in the membrane resulted in upgradation of membrane properties via
enriching the number of nano-pores in the structure and catalytic properties to degrade
pollutants in ceramic based MFC. The increase of iron content from 1.06 to 5.75% achieved a
10-fold boost in power output from 31 pW to 0.28 mW (Salar-Garcia et al., 2021). Energy
generation from MFCs improved as the iron content increased, for high firing temperatures
(1300 °C) due to the presence of Fe2O3 might help to develop an efficient anodic biofilm via
extracellular electron transfer. Similarly, inclusion of 5% goethite recovered from mining mud in
ceramic separator leads to a 36% lesser acetate transfer coefficient than Nafion membrane, along
with higher Coulombic efficiency (CE) of 21.3% (Das et al., 2020). Cost-benefit analysis
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proposed by Das et al. (2020) showed such goethite modified membrane can be a potential

candidate for field application.

For the long term operation, Daud et al. (2019) proposed zirconia ceramic filter over polymeric
membrane in MFC in order to maintain the performance stability. Such filter showed a wide
distribution of pore volume favored high water uptake and hence promoted proton transfer
characteristics. For Kalporgan's soil ceramic membrane, zircon (zirconium orthosilicate) can be
mineral filler to improve physical characteristics, including expansion of porosity and proton
transfer behavior. Hence, 10% zircon addition in such membrane composition resulted in current
density increment from 102.0 to 440.0 mA/m? with a decrease in internal resistance of MFC
from 977.4 to 226.4 Q along with 91% chemical oxygen demand (COD) removal (Cheraghipoor
et al., 2022). Comparative statement between Anodisc 13 and Sterlitech 15 ceramic filtration
membrane showed that Anodisc 13 facilitates high ion transfer with non-tortuous pore structure,
small thickness (67 pum), larger pore size (0.1 um) over Sterlitech 15 membrane (Yang et al.,
2016). Further, application of Mfensi clay as an ionic exchange partition was demonstrated by
Tamakloe et al. (2015; 2017) for dual chambered MFC with a power output of 118 mW/m?.
Similarly, functionalized tea-waste-ash-clay composite separator in MFC showed high proton
transfer of 18.7 x 105 cm/s with net electricity generation of 1.8 W/m? (Vempaty and Mathuriya,
2022). In another approach, optimum mass of clay (70 g) at low preparation temperature (300°
C) in manihot-clay starch composite membrane ensures better performance in terms of hydration
stability and proton conductivity (Obasi et al., 2021). Such approaches proposed a means
towards effective and efficient cation transfer through ceramic membrane modification during

the fabrication process.

19



Table 2 Comparative performance evaluation of MFC having ceramic membrane modified with mineral intrusion

Mineral MFC Electrodes Ceramic membrane characteristics  Power WWT Major findings References
addition configurat ko, kn, Dn, t- generation (%o)

ion cm/sec  cmfsec  cm2/sec (mW/m?)
Montmorillinite  Dual Carbon felt ~ 2.96 4.18 1.7x10°% 062 528W/m® 752  20% MMT(M-  Ghadge
-10% chambered electrodes; x 10° x 10 20) mineral and
Montmorillinite  MFC, 50 Anode-21 1.94x 10 6.56x 100 2.6x10° 0.79 6.87 W/m® 785 inclusion in clay Ghangrekar
-15% mL cm?; S 6 yielded , (2015)
Montmorillinite  capacity, Cathode-15  1.09x 10 8.18x10° 3.3x10® 0.96 7.55W/m® 85.4  better conductivi
-20% Synthetic ~ cm? 5 6 ty of the
Kaolinite -20%  feed; Red 2.1x10° 54x10® 22x10°® 073 551W/m® 75.1 separator &
Nafion clay + 31x 10° 0.26x10° 4.6x10° 097 -- - higher proton
Control minerals 4.3x10° 3.4x10° 1.1x10% 058 3.95W/m° 744  transfer
Vermiculite - Single Carbonfelt  6.9x10° 52x10° 2.1x10% - 46.7 725  Coat of Jain et al.,
20% chamber electrodes; mw/m?3 conductive layer (2020)
Vermiculite - cylindrical;  Anode-16 5.85x 10 1.38x10° 0.5x 10° - 49.6 74.7 of Nafion
20% + 10% air cathode cm?; 5 8 mw/m? solution
MMT MFC Cathode-31 enhances
MMT 20% + cm? 6.5x 10° 8.8x 10° 3.5x 10° - 84.3 80.1  performance
nafion binder mwW/m?3
MMT+ Chemical Graphite - - - - 0.163 - Decrease in pore  Sudarlin et
bentonite-Ca catholyte carbon mW/cm? volume by al. (2020)
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electrode bentonite
Silica (0%) Dual SS mesh; 1.35x 10 2.24x 10" 1.1x10° - 0.49 W/m® 64 Addition of Raychaudh
chambered Anode-150 > silica in ceramic  uri et al.
Silica (10%) MFC; 800 cm? 1.1x10° 25x10° 1.2x10° - - - membrane (2021)
Silica (20%) mL, Cathode-115 1.0x 10° 2.8x10®° 1.4x10° - - - improved the
Silica (30%) cm? 0.7x103 35x10° 1.7x10° -  0.79W/m3 76 performance of
Silica (40%) 0.7x10° 3.6x10° 1.8x10° - - - MFC
Goethite 5% + 2 chamber  Graphite felt 1.95x 10 78.7x10° - 0.73 112 87.7 Low-cost Das et al.
clay MFC;35  (8cm?) ° 3 mW/m? goethite for (2020)
mL scale-up
Iron oxide Air C. veil anode, - - - - 1.04 mW  Porosi Fe-Oincreases  Salar-
(5.75% vol.) cathode AC/PTFE on ty- structural Garcia et
MFC SS cathode 21%  stability al. (2021)
Fuller clay- 10% 2 chamber Carbonfelt  2.1x10° 6.6x10° 27x10% 0.8 56W/m® 76%  MFC for Gunaseelan
Fuller clay- 15% MFC (30 (16 cm?) 1.1x 10° 9.3x10°® 3.2x10® 091 79W/m? 82%  chromium etal.
Fuller clay- 20% mL) 1.9x10° 8.4x10% 29x10° 094 63W/m* 79%  removal (2022)
Zircon-10% KS  Pipe flow  Carbon brush - - P-27.8% - 438 W/m® 91.1% Zircon as an Cheraghipo
Zircon-10% MFC [cloth- anode/ - - P-49% - 19 W/m?® 91.6% additive for or et al.
LKS cathode improving CEC  (2022)

ko -- Oxygen mass transfer coefficient; ky - Proton mass transfer coefficient; Du - Proton diffusion coefficient; t. - Cation transport
number; MMT- Montmorillonite; KS-Kalporgan’s soil; LKS: Leached KS; SS- Stainless steel
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Apart from natural fillers, Ahilan et al. (2018) proposed the use of montmorillonite and
H3PMo012040/ SiO2/ TiO; filler for polymer derived ceramic membrane in MFC. Such fillers
tailored hydrophilicity of membrane matrix with high cation exchange numbers and low oxygen
diffusion constant comparable with Nafion membrane (Ahilan et al., 2019; Ahilan, 2020). On a
similar principle, MFC with 7 bi-layers of chitosan- montmorillonite nanocomposite film coated
on a ceramic separator achieved a power density of 120 m\W/m? with a decrease in solution
resistance by accelerating the proton transfer (Yousefi et al., 2018). These studies expressed the
feasibility and capability of polymer based clay nanocomposites incorporated ceramic membrane
as a potential candidature owing to their improved proton conductivity as well as suitability

towards practical applications of MFC.

Even coating the membrane surface with oil or varnish, followed by heating, is expected to be
effective for long-term performance. Earlier, Sharma (2017) utilized Brassica juncea (mustard)
oil to reduce the oxygen crossover through the surface of preheated ceramic separator in MFC.
Reduction in the pore size (30-70 nm) due to oil smearing on membrane resulted in higher proton
transfer and more redox current of 5.9 mA achieved during cyclic voltammetry analysis. Painting
of commercial varnish can be a useful option for catalyzing the cationic ion transfer through
pretreated membrane. Such painting or coating on both sides of the clay membrane resulted in
power recovery of 1.8 W/m? over either side coating on the membrane surface (Kamraj et al.,
2015). Limitation of insufficient exchangeable cationic sites in natural clayware membrane can
be overcome through cation exchanger fillers inclusion, and thus, modified ceramic membrane

can compete with polymeric membrane in terms of performance.
5. Secondary applications of ceramics in MFC

In conventional waste/water treatment systems, ceramics are used for filtration and filter media
for microbial growth, as well as having numerous applications. Due to the wide diversity in
characteristics and resistance to shock load conditions; ceramics can be used for various
applications in fuel cells ranging from membrane (Jeong et al., 2008), electrode (Throne et al.,
2011), chassis (Kumar et al., 2020) as well as membrane-electrode assembly (Li et al., 2011) for
stacking-up of MFC units (Galushko et al., 2017; James, 2022). As per bibliometric analysis

conducted by Khudzari et al. (2018) over the global research trends, ceramic membrane is one of
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the latest advancements in recent MFC studies. As stated earlier, ceramics have wide
applications as a membrane/separator for biological fuel cells to achieve high Coulombic yield.
Vermiculite and clay are famous for improving the water uptake as well as retention, and hence
Liu et al. (2018) reported incorporation of such clay for enhancing the proton conductivity of
polyvinyl alcohol-hydrogel based polymeric membrane in MFC. Such MFC with a modified
membrane was capable of removing the toluene up to 99% along with power recovery of 25.14
mW/m?. Ceramic membrane showed its feasibility for wide applications of MFC viz. plant MFC
(Sophia and Sreeja, 2017), constructed wetland MFC, microbial carbon capture cells, algal MFC,
scalable MFCs, and many more (Table 1). Apart from this, leropoulos and team (UK) reported
application of MFC having ceramic membrane for operating different electronic appliances such
as EcoBot robot, charging mobile phone battery, light emission diode (LED) bulbs, sensors,
microcomputer, DC motor and many more (Walter et al., 2020; Santoro et al., 2017).

Electrode material derived from silicon oxycarbide (SiOC) using the polymer-derived ceramics
route method was reported as a biocompatible anode for MFC and showed two-fold higher
power density (211 mW/m?) as compared to carbon felt electrode (e Silva et al., 2019). In
bioelectrochemical reactor, ice-templated titanium-based ceramics electrode was capable of
producing high current density with favoring the growth of Geobacter sulfurreducens biofilm
(Massazza et al., 2015). Preliminary analysis on ceramic as an anode electrode showed that it
produced higher energy recovery over control carbon anode in algal photo-MFC (Throne et al.,
2011). Potential of the carbon coated ceramic Berl saddle as an anode electrode showed a
significant energy harvesting rate of 0.13 W/m? (29.6 mA/L) along with good bacterial adhesion
characteristics (Hidalgo et al., 2014). Such novel, innovative material fulfills the electrochemical
requirement and serves as good packing material for bacteria growth and proliferation in MFC.
Moreover, ceramic microbial interactions need to be studied in detail for better understanding of

electron transfer mechanism.

Recently, Co/Ni-containing N-doped SiOC based porous ceramic catalysts have been found to be
promising cathode material for promoting the oxygen reduction reaction (ORR) in MFC (e Silva
et al., 2019; Ahilan, 2020). Nitrogen doping in ceramic catalysts showed durable performance
with a positive influence on nitrogen functionalities. Significant enhancement in cathodic ORR

reactions with introduction of MnO- and carbon fibers catalysts to the ceramic electrodes in
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MFC having Trojan clay ceramic membrane was reported by Midyurova et al. (2015). Use of
low-cost ceramic as a chassis or an anodic chamber outliner for stacking multiple modular MFCs
was found effective during urine treatment and provides new directives for real on-site
applications (Gajda et al., 2018). Such compact reactor design of stacked architecture achieved
power of 245 mW from 560 units while simultaneously treating human urine. Earlier, Jadhav and
Ghangrekar (2020) designed single chambered MFC using an earthen pot as an anodic
chamber/separator to make it handier and more portable for biobattery applications. Earlier,
Chatterjee and Ghangrekar (2014) proposed design of baked clayware separator electrode
assembly for single chambered air cathode MFC. Performance of MFC was improved in such
case to 4.38 W/m?® and COD removal of 90% with activated carbon coating on both sides of
membrane; however, electrolyte evaporation resulted in electrolyte loss over long term run.
Thus, such numerous applications of ceramics present wide applicability of ceramics for
electrodes, membrane, as well as chassis and future scope for development of MFC with
complete ceramic materials (Ding et al., 2020). Even ceramic oxide membrane offers the
advantage of large scale application to separate CO from greenhouse gas mixture through
physical adsorption and chemical reaction (Ramirez-Moreno et al., 2014). Ceramics has wide
applicability in energy storage devices, electrochemical sensor use, and separation-filtration
techniques (Meng et al., 2019).

6 Primary considerations for selection of ceramic membrane in scaling-up studies

6.1 Cost economics

Generally, cost-benefit analysis helps to understand the impact of scaling-up of technology and
commercialization planning. Considering the economic analysis, the cost required for the
fabrication of ceramic membranes is significantly lower compared to polymeric membranes such
as Nafion and Ultrex membranes. Locally available clay soil can be used as a raw material for
fabrication of such membranes with spiking of cation exchanger to improve the CEC. Pasternak
et al. (2016) estimated the cost of 4.5 GBP/m? for pyrophyllite membrane while working with
MFC for different ceramic membranes. Recently, Das et al. (2020) reported cost of fabrication of
1 m? of ceramic membrane blended with 5% goethite is around $ 607, which is fivefold less than
Nafion membrane for MFC applications. Additionally, net power benefit recovery of 170 $/W
was achieved in MFC with goethite blended ceramic membrane with high wastewater treatment
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efficiency. Even cost goes down (45 $/m?) with the use of activated carbon coconut shell powder
mixed with clay and serves as a cost effective membrane solution for fuel cell applications
(Neethu et al., 2019). Additionally, montmorillonite-clay membrane coated with nafion solution
required cost of 1,500 $/m?, 10-fold lower than Nafion membrane in MFC (Jain et al., 2020).
Similarly, fabrication cost of 0.43 €/m? was reported for tubular clay separator (1.55 mm thick)
fabricated with slip-casting method with overall cost of 0.51 €/cell (Rodriguez et al., 2021).
Majority of capital cost of MFC fabrication (around 40%) is contributed by costly polymeric
membrane, and ceramic membrane can be an economical option for future commercialization of
such bioelectrochemical systems. During the scaling-up attempt of bioelectric toilet MFC of 1.5
m?3 capacity, approximate cost of $ 200 accounted for ceramic membrane modified with
montmorillonite and proved to be sustainable technology with payback period of 10 years
(Jadhav et al., 2021).

6.2 Long-term stability

Longevity of operational performance is of key constraint while taking into consideration
practical applications of MFC (Gajda et al., 2020). It helps to understand the change in operating
conditions, microbial metabolism kinetics, as well as characteristics of membrane and electrode
behavior over the period of time. Over the 390 days of operation, the ceramic separator remained
intact without any erosion or weathering (Ghadge et al., 2016). Even chemical cation species
(Ca, Mg, Al, K) containing deposits during fouling were strongly bonded with ceramic separator
acting as the barrier for oxygen diffusion, which resulted in a reduction in cathodic half cell
potential (Ghadge and Ghangrekar, 2015). Previously, Cristani et al. (2019) also reported long-
term stable operation of in-field floating MFC using vertical and horizontal configurations for
remote monitoring. However, few studies reported issues such as membrane fouling over long-
run (Fig. 5), as well as methanogenesis growth, which deteriorates the stability of MFC (Ghadge
et al., 2016; Jadhav et al., 2021).

6.3 Membrane biofouling behavior

Over long-term operation, development of biofilm on membrane surface, as well as chemical

deposition may result in biofouling and chemo-fouling of the membrane. It results in clogging of
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pores and reduction in proton transfer rate. Biofilm thickening and chemical deposition over the
time period resulted in an increase in membrane resistance and decreased the overall
performance of MFC (Ghadge et al., 2016). Over long-term operation, biofouling cause pH
imbalance due to pH splitting as well as an increase in overall internal resistance of system
(Ramirez-Nava et al., 2021), which deteriorates MFC performance index, as shown in Figure 5.
Such membrane biofouling, i.e., unwanted growth of biofilm on membrane surface, can be
mitigated with intermittent spraying of anti-fouling agents or providing alternative bio/chemical
mitigation strategies (Jadhav et al., 2021). Thus, the cost of replacement of membrane can be
reduced by adopting the proper biofouling mitigation strategies. Such an approach will be highly
recommendable for the long run while taking into account complete use of ceramic as electrode-

membrane materials and chassis for anodic chamber.
'Membrane resistance (Ohm)

ower
(mw)

Membrane biofouling rate

Viembrane cleaning

~Operational time (days)
Figure 5: Membrane biofouling effect on the operation of MFC with ceramic membrane

6.4 Supporting characteristics

Suitable balancing of the water uptake and retention, ionic conductivity, structural strength, and
porosity permits the design of ceramic based MFCs for on-site use (Cristani et al., 2020). Apart
from physico-chemical stability, ceramic membranes are resistant to shock conditions developed

due to change in fluid dynamic conditions. Top layer of ceramic membrane surface allows ion
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separation, and the bottom layer provides the mechanical strength to the structure; intermittent
layers reduce the surface roughness (Zhu et al., 2021). Ceramic separators can withstand

high hydrostatic pressure and against change in fluid dynamics as compared to polymeric
membranes. Such ceramic partitions can sustain extreme acidity or alkalinity and bear high
operating pressures (Ghadge, 2016).

7. Scaling-up attempts of MFCs with ceramic membrane

Recently, MFC has advanced towards scaling-up applications and has been tested during field
trials for pollutant removal along with overcoming existing practical limitations (Das et al.,
2018). Potential of ceramic membranes for such scalable designs have also been tested from 1 L
to 1500 L capacity reactors with generating useful power output (Fig. 6). From the scaling-up
perspective, electrode surface area plays a vital role in controlling redox reactions and microbial
metabolism (Janicek et al., 2014). Anode to cathode electrode surface area of 3 is the best suited
for pipe flow MFC with V-shaped earthen membrane and yielded volumetric power of 7.01
W/m? with COD removal of 45-48% during septage treatment (Thanh et al., 2015). The TiO-
based photocathode in ceramic upflow MFC (2 L capacity) coupled with laterite filter reported
more than 95% surfactant removal, 71% organic matter removal, and power generation of 0.73
W/m? within 12 hr short retention time (Sathe et al., 2020). Such integrated system used a
ceramic separator modified with 20% montmorillonite and carbon felt electrodes for net energy
recovery of 55.2 W.h/kg.COD.

To find out the best electrode material combination for electrochemical redox reactions,
Ghangrekar and Ghadge (2013) compared the performance of 3.5 L MFCs with carbon felt,
graphite plate, and flexible graphite electrode materials. Ceramic cylindrical MFC with carbon
felt cathode and carbon cloth anode were found to be the best electrode pair and achieved
maximum volumetric power density (1.05 W/m? at 30 Q internal resistance) with lower
overpotential losses. leropoulos and his team tested potential of MFC for human urine treatment
using a stacked arrangement of electrodes (Walter et al., 2022). Field testing of Pee-power MFC
having terracotta separators for urine treatment was successfully demonstrated for UWE Oxfam
urinal system (with 288 MFCs) and Glastonbury Music Festival, England (432 MFCs) with

stacking modular arrangement (leropoulos et al., 2016). COD reduction of about 90% was
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achieved with high hydraulic retention time (HRT: 2-3 weeks) in the first case and 70% for the
second case with an HRT of 0.9 days. Power output was comparatively higher for Glastonbury

MFCs (800 mW) and capable of illuminating the LED lamps during the music festival.

Tubular design of terracotta MFC showed practical applicability of MFC stack for charging
mobile phone as well as catholyte generation during human urine treatment (Gajda et al., 2015;
leropoulos et al., 2013). A simple design of algal MFC of 10 L size was fabricated using rock
phosphate blended clayware as a separator and low-density polyethylene bags as a cathodic
chamber (Khandelwal et al., 2020). Overall experimental set-up was capable of harvesting the
net energy recovery, lipid, and algal productivity of 11.5318 kwh/m?3; 0.09 kg/m?.d, and 0.307
kg/m3.d, respectively, under normal outdoor environmental conditions (Table 3). Even MFC can
be scaled in all 3 dimensions (length, width, and height) with no/minimum power density losses.
Effect of increase in electrode height from 1 to 3 cm showed enhancement in power from 0.5 to
1.5 mW in self-stratifying scalable MFC fed with urine, mainly due to the control of diffusion
losses (Walter et al., 2019). However, more detailed investigation is needed to consider the
electrochemistry with an increase in size of the electrode and its effect on the electrochemical
redox reaction rate. For simulation purpose, modeling study with the goal of finding out
optimum anodic surface area to volume ratio was carried out for ceramic membrane MFC based
on various electrochemical formulations (Ghadge et al., 2016). Experimental validation showed
that maximum volume of 2.02 L can be supported in order to ensure enrichment of
electrogenesis in anodic chamber of MFC with a catalyzed cathode while treating wastewater of
5 9.COD/L (Ghadge et al., 2016). In a similar study, an increase in anode surface area from 420
to 630 cm? achieved power increment from 4.71 to 5.92 mW in MFC of 1.6 L capacity.
Similarly, current output improved from 8.71 to 24.31 mA with enlarging the anodic chamber
size from 0.175 to 1.6 L in MFC with carbon felt anode and carbon ink as cathode catalyst
(Ghadge, 2016).

As aforementioned, ceramic membrane can be a sustainable, low-cost alternative for fuel cell
applications due to high structural strength, hydraulic stability, structural durability, and ease in
fabrication. Innovative pilot scale design of 20 L integrated MFC-membrane bioreactor (MBR)
system fabricated with polysiloxane derived ceramic membrane reported power recovery of 115
mW/m? with COD removal of 69% (Ahilan, 2020; Bhowmick, 2020). Recently, Das et al. (2020;
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2021) expressed applicability of Cu-Zn/CuMnFe based cathode catalyst for proliferation of
performance of 25 L cylindrical MFC having ceramic membrane modified with 20%
montmorillonite. Such Cu-Zn catalyst accelerated the rate of cathodic reduction and generated
power density 64-fold higher than non-catalyzed MFC (Das et al., 2020). Further, another study
conducted by Das et al. (2021) using the same MFC with CuosMnosFe2O4 showed anti-fouling
characteristics for long-term stable operation. Such MFC with CuMnFe catalyst produced a
power density of 7.74 mW/m? along with effective wastewater treatment in field scale MFC.
Cost normalized power recovery of Cu-Zn/CuMnFe catalyst is more than Pt/C and hence
warrants suitability for field application of MFC. These studies favoured the use of cathodic
catalysts for overcoming the cathodic overpotential losses and long-term stable operation in field

scale applications.

Table 3: Scaling-up attempts of MFCs with ceramic membrane

MFC MFC design Power Major findings References

size (L) output(mw)

2 Upflow MFC with 0.73W/m3at  Surfactant removal in MFC Sathe et al.
TiO> catalyst HRT-12 h with photocathode (2020)

2 Pipe flow MFC for 7.01 W/m3 1  Anode/cathode ratio of 3 for Thanh et al.,
septage treatment —17mA better performance of MFC (2015)

3.5 Cylindrical MFCs 1.05 W/m3;  Carbon felt served as better Ghangrekar and
with different 27.7mW/m?  electrode material for MFC Ghadge (2013)
electrode materials

10 Chlorella algal MFC ~ 0.89 W/m?® Algal MFC for biomass Khandelwal et al.
with polyethylene cc production and low-cost option (2020)

20 MFC-MBR system 115 mW/m?;  Polysiloxane based ceramics Ahilan (2020);
(Polysiloxane derived  CE-3.4%; as PEM & ultrafiltration Bhowmick
ceramic membrane) COD-69% membrane in MFC-MBR (2020)

25 Cylindrical MFC 75 mwW/m®  Suitability of Cu-Zn cathode  Das et al.
(graphite felt) catalyst for ORR (2020)

25 Cylindrical MFC 7.74 mW/m?  CuMnFe cathode catalyst with  Das et al.
(graphite felt) anti-fouling characteristics (2021)
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26 3 MFCs in stack; 17.85 3 g/L.d OLR found optimum Ghadge and

single chambered for higher output Ghangrekar
cylindrical (2015)

45 Dual Chambered MFC  17.63 4.5 g/L.d OLR for high output  Ghadge(2016)

100 S-shaped MFC (air & 36 Low Rint, power management  Jadhav (2017)
aqueous cathode) system for power recovery

300 432 units in stack 800 On field demonstration of leropoulos et

MFC for urine treatment al., (2016)

720 Hexagonal MFC (air 61 [lluminating toilets at night, Das et al.
cathode assembly) human waste treatment (2020)

1500 Hexagonal MFC (49 75 Field scale demonstration of Jadhav et al.
units) bioelectric toilet system (2021)

Earlier, Ghadge and Ghangrekar (2015) and Ghadge et al. (2016) attempted scaling-up
application of ceramic membrane based MFC of 26 and 45 L capacity having single chambered
and dual chambered design for the treatment of acetate based wastewater. Over long-term
operation, 26 L MFC produced power of 17.85 mW and CE of 5.1%, whereas, for 45 L MFC
power output was 17.63 mW along with COD removal of 69.5%. Such studies provided more
insights into suitability of membrane for the field applications and positive direction towards

commercialization of this technology.

Scaling-up application of bioelectric toilet MFCs of capacity 100 L, 720 L, and 1.5 m® was
successfully demonstrated for human waste treatment and electricity generation (Jadhav, 2017;
Das et al., 2020; Jadhav et al., 2021). Ceramic membrane modified with 20% montmorillonite
was used as a separator between anodic chamber and air-cathode membrane assembly.
Performance of bioelectric toilet MFC was 36, 61; 75 mW of power output and 174, 247, 239
mA of current recovery for 100 L, 720 L, and 1.5 m3 reactor, respectively, along with organic
matter removal of > 85% and simultaneous disinfection of treated effluent (Jadhav et al., 2020).
Field application of bioelectric toilet MFC of 720 L capacity at National Thermal Power
Corporation (NTPC), Noida, as well as 1500 L at Indian Institute of Technology (I1T)
Kharagpur, India sites gave new strategic directives for addressing the scaling-up challenges
(Table 3). Long term operation of more than 3 years, low-cost economics, and capability of
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illuminating the LED bulbs with stacking of units are key features of such design employed at
the field scale. Such results demonstrated the applicability of ceramic separators to withstand
scaling-up challenges and long term stability. Upscaling of ceramic membrane based MFC

together with improvements in the current generation is shown in Figure 6.

100 L
(184 mA)
Jadhav, 2017 |

| A) Jadhav et
al. 2020

300 L(400 mW)
Teropoulos et al (2016)

Current (mA)

Y 45 1L (53.8 mA) —
&2 Ghadge et al
2017)

\ 26L(58.6 mA) —
S S Ghadge (2016)

= 3.75L(6.28 mA) Smi=
~ %y — Ghadge (2016) 720

0.1L (3.3 mA) — (239 mA)
Jadhav, 2017 Das et al., 2020

Size of MFC (L)

Figure 6: Development of lab-scale to scaling-up ceramic membrane based MFCs along with

current generation
8. Perspectives and challenges

As stated earlier, the efforts in MFC technology application refer to the improvement in reactor
design, optimization of operating conditions, and exploration of ceramic membrane aiming to
reach techno-economical sustainability and efficiency. Being an interdisciplinary complex
system, optimization of membrane performance and improving its characteristics are of concern
and have developed significant interest among the MFC researchers in the past few years
(Choudhury et al., 2017; Mercuri et al., 2016). Ceramic is chosen as a suitable material for
membrane in fuel cell application because it is porous in nature and hence can reduce the
restriction on the ionic exchange through a conventional membrane (Me and Bakar,

2020). Besides the aforementioned advantages, ceramics are also established as novel suitable
materials for developing MFC from bench-top models to up-scaling applications because of their

structural durability and plasticity (Behera et al., 2011). Successful scalable trials and
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demonstration of ceramic based MFC as Pee power MFC, bioelectric toilet MFC, MFC-MBR
system (Bhowmick and Ghangrekar, 2018; Bhowmick, 2020), stacked modular MFC (Gajda et
al., 2018), and many more are positive indicators for commercialization of such technology.
Major key challenges of long-term stability and scalable applications of such membranes have

been addressed in the last decade with the positive outcomes.

Techno-economical feasibility showed that ceramics can be an attractive alternative to polymeric
membranes while considering the scaling-up aspects (Jadhav et al., 2021). Long term stable
performance, ease in cleaning and maintenance, and higher mechanical strength are unique
capabilities of membrane for providing sustainable solutions in fuel cells. Efforts should be taken
to develop the MFC with complete ceramic material for anode, cathode, membrane, chassis as
well as membrane-electrode assembly. These applications can be suitable for developing ceramic
pipe MFC in order to transport waste inflow to wastewater treatment systems. Such pipe MFC
would replace the existing polymeric pipelines along with generating electricity and

simultaneous contaminant degradation.

During fabrication of ceramic membranes, fabrication process and clay composition are
important concerns related to strength and ionic characterization. Due to the difference in basic
raw materials, mineral composition, and manufacturing processes, the properties of low-cost
ceramic membranes differ from those of commercial ceramic membranes based on pure oxides
(Mestre et al., 2019). Hence, the composition of various mineral fillers and synergistic
combinations can be tested for improving the membrane characteristics. Before moving ahead
for practical applications, several researchers faced issues of membrane biofouling
(chemical/biological) and electrolyte loss due to evaporation, as in the case of earthen pot MFC,
which need to be taken care of in the near future (Chatterjee and Ghangrekar, 2014). The weight
of ceramics is another challenge for upscaling applications. Ceramics are distinguished for high
compressive strength but have lower impact strength characteristics. Those characteristics make
ceramics become highly brittle and easily fracture when certain pressure is applied and has a
possibility of damage during handling (Ahmad et al., 2019). Even though a lot of development
has been carried out on ceramic modifications, there are still challenges of strength, stability, and

sensitivity that need to be addressed before practical application.
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Previously, Ghadge et al. (2016) proposed a modeling study to optimize the effective size of
anodic chamber and anodic surface area based on various electrochemical approaches in order to
promote the electrogenesis growth. Such more detailed modeling studies and optimization
strategies need to be considered for achieving the higher power output from ceramic based MFC
as well as simulating the ion transfer through ceramic membrane (Casula et al., 2021). Apart
from ceramic as cation exchange membrane, it can be developed for anion exchange using
certain mineral additives and would be a beneficial option for microbial desalination cells as well
as other electrosynthesis applications (Marti-Calatayud et al., 2015). There is still ambitious
scope for utilization of ceramic membrane for other variations of microbial electrochemical
technologies such as microbial electrolysis cell for biohydrogen generation, microbial
desalination cell for desalination, microbial electrosynthesis applications for resource recovery,

and many more.

Moving from reality to practicability, researchers have demonstrated long-term operation of mL
sized reactor to m® capacity system with generating the power sufficient for operating on-field
electronic applications (Jadhav et al., 2022). High wastewater treatment, pollutant removal, and
effective energy recovery showed scalable success of MFC technology having ceramic
membrane. However, commercialization of this technology is still a pleasant dream, and ceramic
industries should come forward in collaboration with scientific communities to tackle the
practical challenges with necessary support. Such industrial participation can favor the utilization
of ceramic microbial fuel cell for industrial wastewater treatment while focusing on a circular

economy for sustainable development.
9. Conclusions

Considering the present research needs to make MFC a self-sustainable and economic solution,
ceramic membrane is one of the promising candidates for the scaling-up applications of MFC.
High proton exchange rate, structural strength, thermo-chemical stability, long-term stable
operation, and low-cost promote the use of ceramics for stacking and scalable applications. With
modification in ceramic characteristics by inclusion of cation minerals, ceramic membranes can
compete with existing polymeric membranes in terms of proton transfer and membrane

properties. Critical analyses of scalable studies showed that ceramic membrane can outperform
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for long-term stable operation with minimal maintenance, which can be potential hopes for
commercialization of MFC technology to achieve the sustainable development goal. Such results
encourage industries and ceramic companies to invest and collaborate with scientific researchers

to achieve the commercialization of MFC in the near future.
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