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Abstract
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To date, the development of microbially assisted synthesis in Bioelectrochemical Systems ( Formatted: Highlight
(BES) has ghusfar-focused on mechanisms that consume energy in order to drive the Emeaued: Highlight
~ | Formatted: Highlight
electrosynthesis process. This work reports, - for the first time - ga-novel ceramic MFC ~[Formaued: Not Highlight
systems that generating-generate usefal-energyelectricity whilst simultaneously driving the [Formatted= Not Highlight
. . . . _|F tted: Not Highlight
electrosynthesis of useful chemical products. A novel, -nevellow-cest;simple-inassembly [ ot T
\ ; [Formatted: Highlight
and-eperationinexpensive and low maintenance MFC has-was-been-developed-to-that . ( Formatted: Highiight
demonstrated electrical power production and implementation into a practical application. . (Formatted: Highight
. Formatted: Not Highlight
Terracotta based tubular MFCs were able to produce sufficient power to operate an LED EFormmed_ Highight
continuously over a 7 day period with a concomitant 92% COD reduction. Fhis-is-the-first [Formatted: Highlight
demon 1oR-6 ecove d o ierobi isted o [Formatted: Highlight
k [Formatted: Highlight
beenfound-that-whilstWhilst the MFCs are-were generating energy, an alkaline solution is ( Formatted: Highlight

was produced on the cathode that is-was directly related to the level-of generatedamount of
power _generated. The alkaline catholyte was able to fix CO2 into carbonate/bicarbonate salts.
This approach implies carbon capture and storage (CCS), effectively capturing CO2 through

wet caustic ‘scrubbing’ on the cathode, which ultimately locks carbon dioxide.

Key words: terracotta MFC, wet scrubbing, catholyte generation, water recovery, microbially

assisted electrosynthesis
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MEFECs synthesise alkali as a direct product of electricity generation - not consumption

[Formatted: Highlight

Electric current and up to 68mL of alkaline solution was produced from the

breakdown of wastewater

The maximum power performance of a single MFC obtained by polarization curve

was 2.58 mW

Cost effective ceramic MFCs with internal cathode achieved 92% COD reduction

Energy generated from ceramic MFCs operated LED light for 7 days

1.

Introduction

The cost of energy generation and wastewater treatment is expected to increase in the near

future, in order to meet the growing global population and the resultant demand on resources.
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treatmentThe treatment of wastewater is typically viewed as an energy intensive burden

rather than a resource. The energy value of domestic wastewater can be up to 7.6 kJ per litre

(kJ/L) and that of mixed industrial and domestic wastewater to-as much as 16.8 kJ/L [1].
theBy harnessing the energy in energy-contained-in-wastewater, the water industries can

become more efficient both financially and environmentally. In addition, wastewater could is

[Formatted: Highlight

consumption-or-even-net production; butitcould-alse-become a source of energy

the world, which currently lack the essential infrastructure for reliable and affordable energy

in parts of

generation and distribution. Globally, there is an urgent need for low-cost water treatment

technologies both in developed and developing countries.

Research in the field of Bioelectrochemical Systems (BES) has focused on converting

compounds in wastewater to bioelectricity via Microbial Fuel Cell (MFC) or other
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energetically valuable products [2]. Properties of tFhe proton selective membrane preperties
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and its configuration in dual-chamber MFCs offer the opportunity to gxtraettransfer cations

from the anolyte over to the cathode [3]. Fherefore-In this way the cathode can be exploited

as a mechanism gf-for removing specific contaminants e.g. heavy metals [4]. This can be
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taken a step further;and-with-the-use-of by supplying an -external energy ssupplied-into the

BES system, where valuable products such as hydrogen gas [5], hydrogen peroxide [6],

methane [7] or caustic soda [5,8] can be recovered.

The formation of caustic soda for example, is driven by the alkalinisation on the cathode side

due to the continuous consumption of protons by the oxygen reduction reaction (ORR) and

cationic flux [3]. In general, ORR on the carbon based cathodes proceeds either via the two-
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or four- electron pathway. The 4-electron pathway appears to be predominant on noble metal

catalysts, whilst the 2-electron pathway, known as peroxide pathway is more common on

carbon based electrodes. In acidic conditions, it will result in formation of hydrogen peroxide

which is further reduced to water. In alkaline environment it will result in generation of OH-

[9]_that leads to a further increase in pH. Seehk-MFC operation causes not only transport of
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ions (protons and cations) but also flow of liquid through the membrane, which leads to the

so called electroosmotic transport of water [10]. This has resulted in many recent studies
moving away from electricity generation and instead focussing on electricity consumption via
Microbial Electrolysis Cells, where microbially assisted electrosynthesis can effectively be
used for the production of oxidants or disinfectants [11] or even water dissociation via
electrodialysis for separating the ionic species. However, it has recently been reported that
the same process of microbially driven electrosynthesis can be achieved with both energy

production and simultaneous elemental recovery in a simple MFC design [12]. This preeess
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process generatinrg-generated a highly saline catholyte selations-that ean-additionally acted as
a dragging mechanism, linkingthe-operational-conditions-of such-system-withsimilar to the
Osmotic MFC. The Osmotic Microbial Fuel Cell (OsMFC), incorporates forward osmosis
membranes, NaCl as the catholyte solution and usually, platinum electrodes. OsMFC
represents a water extraction technology, which can recover water molecules from the
anolyte through the membrane via osmotic pressure [13]. This relies on Forward Osmosis
(FO), where the osmotic pressure gradient that exists between solutions of two different
concentrations is driving the transport of water across the membrane. The driving force is
created by high solute concentration solution and water transport occurs naturally via electro

passive transport. In saeh-a-systemOsMFC, externally supplied salt solution is used as

catholyte -and hasthe-high-eathebyte-salinity-has been shown to increase current generation
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[14], however- the disadvantage of FO reactors is the salt leakage saehasNaClacross the
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membrane [15].

‘Wastewater, as an abundant biological resource has the enormous potential for clean energy,
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and its treatment is an important benefit of this process. In order for the MFC technology to
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be feasible and implemented in real world conditions, the performance needs to be improved,
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and its design has to be simplified to become cost effective for practical use, To explore this

path further it is important to look into cost effective materials, design and methodology to

showcase the technology as a serious contender for practical implementation in wastewater
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treatment plants. For example, c€eramic materials; as-porous; semi-permeable membranes;
have been recognised as a low cost alternative to PEMgs and —TFhe-use-of ceramic-materialsin

MECs-has-beenreported-before-asused as septum/separator [16] or as a whole MFC reactor

J17-20]. In addition, the electrode material is another critical factor of the MFC architecture
that plays an important role in performance, cost of production and preparation, as well as

longevity and maintenance. In this respect, activated carbon pased cathodes are inexpensive
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and useful alternatives to Pt-catalyzed electrodes in MFCsas-eathode-material- has-gained-atot
interestirecentvenesbetrpanalternatve materiatothe mereexpensiveplatiaam |21

24].
The aims of this work were therefore to: i) develop a simple, ceramic based MFC design as
an immersed anode in a wastewater tank for both energy recovery and microbially driven

electrosynthesis of catholyte; ii) explore simple and cost effective geramie-designs based only
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on carbon electrodes and ceramic materials, iii) demonstrate the catholyte generation in situ

within the catholyte chamber as a means of water recovery and carbon capture.

2. Materials and methods
2.1. MFC design and operation
MECs were built using terracotta caves (Orwell Aquatics, UK) of 10 cm_length-length, 4.2
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cm outside diameter, 3.6 cm inside diameter and the; wall thickness of 3mm3mm;-were
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purehasedfor £4-75-, They wereas assembled with carbon veil anode and activated carbon

cathode. The anode electrode was made of carbon veil 20 g/m” (PRF Composite Materials,

Dorset, UK), size 2430cm’. The electrode was folded down, and-wrapped around the
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terracotta cave, and it was held in place with nickel chromium wire (0.45cm diameter) as
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shown in Figure 1. The MFCs were placed inside a container filled with 200 mL of activated

sludge provided by Wessex Water Scientific Laboratory (Cam Valley, Saltford, UK) and
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supplemented with 0.1M sodium acetate at pH 6.6. which was periodically (7 days) supplied

as feedstock.

L

A J

[ Formatted: Centered
N
Figure 1. The ceramic MFC assembled and its schematic description. | ~( Formatted: Highlight
o { Formatted: Highlight
< *{ Formatted: Centered
2.2.Cathode preparation

To optimise the cost and performance as-well-as-the-eost-of the cathode glectrode-material, —( Formatted: Highlight
. . . . . \T\'\ { Formatted: Highlight

carbon veil was used as gas diffusion layer (GDL) replacing forexamplethe more expensive \

b \( Formatted: Highlight
carbon cloth. Carbon veil sheet was pre-treated by coating with-with 30% PTFE (Sigma \{ Formatted: Highlight
Aldrich) solution and left to dry. This material was used as the current collector and GDL-.

Afterwards, it was coated with gActivated carbon and 20% PTFE mixture on one side only. ( Formatted: Highlight
The mixture was prepared by combining 80g of Aetivated-activated Carben-carbon powder

(G. Baldwin and Co., London, UK) and 20 % wt PTFE (60% PTFE dispersion in water -

Sigma Aldrich, UK) in deionised water. The prepared mixture was applied onto the pre-

treated carbon veil and distributed with a spatula. The obtained loading of activated carbon

was ~60 mg/cmz. The AC/PTFE mixture and carbon veil were hot pressed pressed-underat | [ Formatted: Highlight
150-200 °C with-using a household iron atmmaximum-temperature-setting-until the coated { Formatted: Highlight
material was completely dry (Figure 2). ( Formatted: Highlight
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80% AC and 20% PTFE mixed | Mixture is applied with a spatula onto the | | Applied mixture on carbon
| carbon veil sheet treated with 30% PTFE veil is being pressed with
household iron until dry

30 % PTFE treated
carbon veil

AIR SIDE

Activated Carbon
and PTFE mixture

MEMBRANE SIDE

Figure 2. Cathode electrode preparation procedure

The cathodes were then cut in 90cm’ pieces and placed as-single-Jayers-inside the MFC

( Formatted: Highlight

cylinders so the activated carbon layer faced the inside of the terracotta gylinderwall.
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Electrodes and-were connected to the data logging equipment via nickel chromium wires and

[Formatted: Highlight

stainless steel crocodile clips. Fhe MECs-were-placed-inside-a-bucketfiled-with200-ml-of

2.3. Data capture

Polarisation experiments were performed using a Resistorstat tool [25] in the range of 30kQ
to 10Q and the time constant for each resistance value was 3 minutes. Data were logged using

a multi-channel Agilent 34972A, LXI Data Acquisition/Switch Unit (Farnell, UK) ~Fhe-data

A
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were-and processed using the Microsoft Excel and GraphPad Prism software packages.

Current and power were calculated as previously described [26].

For the purposes of demonstrating the feasibility of the tested MFCs as the sole power source
for applications, a single red LED (RS, UK) was connected directly to the MFC without the

use of any energy harvesting system.
2.4. Analysis

The pH was measured with Hanna 8424 pH meter (Hanna, UK) and the conductivity with
470 Jenway conductivity meter (Camlab, UK). Dry weight of precipitated salts was
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determined by drying 0.5 mL of catholyte over 48 h and weighing the dry mass. Energy
dispersive X-ray (EDX) analysis was performed (Philips XL30 SEM) and jwas used to

[Formatted: Highlight

determine elements present in crystallised cathodic salts. Detection limits are typically 0.1—
100% wt. X-ray diffraction (XRD) analysis on precipitated salts from the catholyte was
determined using powder measurements, performed on a Bruker D8 Advance Diffractometer

with the results peing-analysed using EVA software package (Bruker, UK).
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COD was determined using the potassium dichromate oxidation method (COD HR test vials,
Camlab, UK) and analysed with a MD 200 photometer (Lovibond, UK) where 0.2mL

samples were taken before and during MFC treatment and filter-sterilised prior to analysis.

3. Results and Discussion
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3.1. Power performance

TFwe-A triplicates of MFCs were continuously operated under gxternal load conditions from

[Formatted: Highlight

the beginning (T1, T2, T3), whereas the second triplicate set (T4, TS, T6) was left to-mature

Y it

under open circuit conditions. In order to evaluate the electricity generation of this system,
the polarisation experiments were performed only on the working MFCs and are shown in

Figure 32. The best performance 2.58mW (286mW/m?) was achieved by T1, whereas T2

( Formatted: Highlight
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generated 2.12mW (235mW/m?) and T3 gave 1.16 mW (128mW/m?). The MFCs under open
circuit conditions were used to assess the passive dialysis effects, i.e. the passive diffusion of
anolyte through the porous structure of the terracotta chassis.

-+ T1 Power (m\W)
= T1Voltage (mV) =800
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Figure 32. Polarisation curves performed during experirrertMFCs were operated using

( Formatted: Highlight

sodium acetate and wastewater mixtare-mixture.
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The performance under fixed external load conditions (53€Q2) shewed-demonstrated that all

[Formatted: Highlight

MFCs exhibited stable performance over a 7 day period, during which, catholyte formed on

[Formatted: Highlight

the surface of the cathode (Fig. 5A4). The current generated during this time was T1 7.12
mA, T2 4.50 mA and T3 6.09 mA, which was proportional to the amount of catholyte
generated (Fig. 43:1eftA); T1 produced 68 mL, T2 45 mL and T3 produced 55 mL of clear
catholyte. The MFCs in open circuit mode showed some catholyte accumulation, however in

significantly smaller volumes (Fig. 3;+ight4B); T4 produced 15mL, T5 17 mL and T6
generated 10 mL of catholyte. }tis-assumed-thatthis-wasThis is most likely due to passive

[Formatted: Highlight

diffusion, since no charge transfer was occurring under open circuit conditions. During this
time the amount of anolyte lost was proportional to the accumulated catholyte, and thus the
MFC performance. This is in agreement with the previously published work that reported on

catholyte generation [12].
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Figure 43. A) Amount of water produced under working (53Q) conditions in relation to

P
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currentdeft)-; B) and-comparison of the amount of catholyte produced in closed and open
circuit conditions {right)-

3.2. Catholyte analysis
Only the cathode electrodes in the working MFCs showed clear production of droplets
directly on the surface of the electrode material, which resulted in further accumulation of
liquid. The catholyte generated was transparent in colour and odourless, whilst the catholyte

generated under open-circuit, was similar to the anolyte (Figure 5B). The level of pH and

[Formatted: Highlight

conductivity was a function of the presence or absence of the external load. Figure 65 shows
that both pH and conductivity of the catholyte in the working MFCs (T1, T2 and T3) was
significantly higher than that of the catholyte of the open-circuit MFCs. Moreover, the
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difference in pH between the anolyte and catholyte was more marked for the working MFCs

rather than the MFCs under open-circuit, which showed no significant changes indicating ~{ Formatted: Highlight

an:ion and pH splitting mechanism in working MFCs (T- working).

Fig 54. A) Catholyte formation, (feft)-and-B) the amount of catholyte produced under (&) _— [Formatted: Highlight
weorking(53Q)closed circuit (left) and (b)-open circuit conditions (right). ; ( Formatted: Highlight
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Figure 65. Conductivity and pH of MFC catholyte, with respect to the anolyte, in working

and open circuit conditions. Arrows highlight the difference in these two conditions. _{ Formatted: Highlight

During the 7 days of continuous operation under load, for the working MFCs, it was clearly

shown that the COD was significantly reduced, as illustrated in Figure 76 below.
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238 Tid

239 ’ Figure 76. Temporal COD reduction from the working MFCs against MFCs in open circuit.

240

241 | As can be seen in Figure 67, the level of COD reduction achieved by the ceramic MFCs was
242 of the order of 92%, and this was also true for the underperforming T2 MFC. It may be

243 assumed that other antagonistic reactions were taking place in this unit in particular, and this
244 should form part of a separate investigation.

245 3.3. Powering the LED

246  To show the potential of the cylindrical MFCs to power real world applications, the working
247 | MFCs were used to successfully operate a red LED directly, at a constant voltage of ~1.7V.

248  The LED was shown to be operated continuously as long as the substrate (0.1M sodium

249 | acetate) was fed to the MFCs. This substrate has-beenused-onece-and-haswas fed at the ~( Formatted: Highlight

250 | beginning of the week and was not been-replenished until the end of the test as shown in

251 | figure 78. During the anolyte exchange for feeding, the LED would stop working for a short
252 period of time, until the MFC performance recovered to the previous levels, at which point

253 the LED would turn ON once again.

Performance
/ — Voltage (T1, T2, T3 in series)
2_0./| — Current{mA)
1.54
=
= 1.0
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0.0

254

10



255
256
257
258

259
260
261
262
263

264
265

266
267
268
269
270
271

Figure 87. Voltage of the LED and current generated from the 3 working MFCs connected in
series, and directly powering the single LED.

3.4. Carbon Capture via electrodialysis
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Figure 98.A) EDX profile representing % of detected elements in crystallised salts from the
evaporated liquid sample, B) (defty-and-crystalline structure of catholyte formed on the

bottom of the glass container (right).
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Figure 109. Comparison between the amounts of salts generated in the collected catholyte,

for the open circuit and loaded MFCs.

Further analysis of the accumulated salts shows that apart from high pH and high

concentration of the solution, the salts formed following the evaporation of samples, showed

88% on average 88% content as sodium salt. As can be seen in Figure 109, a significantly ( Formatted: Highlight
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higher amount of salts migrated the-ameuntofsalts-thathave migrated from the anode to the

cathode in the loaded MFCs is far higher than the solid mass measured from the open circuit

units; this is also proportional to the amount of liquid catholyte formed. If the amount of salts
generated under open circuit (no charge transfer) is deducted from the amount of salts
generated by the loaded MFCs, then a net weight of 3.3g/mL can be directly attributed to
electro-osmotic drag and ORR. In addition, the chemical properties of the catholyte generated

under load conditions, such as high pH, high conductivity and high salinity, may be suitable

4. Discussion

as a disinfection agent, which is forming part of our jmmediate-rextstepscontinuing research. [Formatted: Highlight
Initial findings suggest that the chemical composition of the catholyte is consistent with

mineral phases such as trona, (Naz(COpz)(HCO;) 2H,0) and Na, COz 2H,0O.Trona is a ( Formatted: subscript

mixture of two phases of sodium carbonate/bicarbonate (data not shown). AN [ Formatted: Subscrpt
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The key issue for the implementation of Carbon Capture and Storage (CCS) is the high cost ( Formatted: Subscr

\ [ Formatted: Subscript

of sorbents. The current practice for CCS is effectively capturing CO; in the flue gas by an ‘ {Formaued: Highlight

alkaline hydroxide absorbing solution, in order to react and form an alkaline carbonate
solution with a normal gas-liquid absorption tower; for example, CO, + MOH — MHCO;
where M represents a metal such as sodium . The use of alkaline sorbents have been shown as
a method for carbon capture [27] and the MFC could be a method for a sorbent production
that produces electrical energy [28].

Electro-dialysis is a process that depends on the principle that most dissolved salts are
positively or negatively charged and they will migrate to electrodes with opposing charges.

Electro-dialysis systems do this by using expensive membranes [29]. In the MFC presented

0 JU J JU JU L
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here, wastewater whieh-was supplemented with sodium acetate ts-and utilised as the carbon ( Formatted: Highlight
energy source for the microorganisms, which break it down for consumption. This dissociates [Formmed: Highlight
the sodium ions, which migrate over to the cathode through the ceramic material, as a direct

consequence of the electricity being generated, thus effecting electrodialysis and ion

separation. Cesteffeetiveness-has-been-achieved-by-choosing-eoest-effieitentThis method is ( Formatted: Highlight
truly cost effective because inexpensive materials and simplified methods of preparation were ( Formatted: Highlight
employed. For example, carbon veil used as a gas diffusion matrix is 100 times cheaper than

30% PTFE pre-treated, commercially available carbon cloth (g.g. as supplied by [Formatted: Highlight
fuelcellearth). The calculated cost of in house prepared activated carbon cathodes is 120 £/m?

which weuld-beis 7 times cheaper in-ecomparisen-to-theto using the same coating on carbon [Formatted: Highlight

cloth.
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With an electric field in the system, the process of anolyte dissociation takes place with the
use of membrane systems. Electrical potential applied to the ion exchange separators will
involve the ion movement within the reactor. This has been the basis for electrodialysis
studies where the potential is set externally to drive the dialytic process or desalination.
Recently, it was proposed that alkali production in a cathodic chamber of a microbial
electrolysis cell is possible, when a high electrical potential is applied and additional
catholyte is externally supplied at high salt concentrations [8]. This exploration has been
showing the potential of alkali production in situ in electrodialysis systems [30] resulting in
rather complicated designs [31]. This study is aiming to demonstrate the advantages of simple
designs to make the MFC technology even more attractive.

The novelty of the use of ceramic material to (i) perform the co-generation of electricity and
electro-dialytic functions and (ii) extract water and (iii) produce alkaline catholyte, is
bringing this closer to implementation in real domestic environments as well as wastewater
treatment plants. It is shown here that water desalination can be accomplished without
electrical energy input as a result of electricity generation. The fact that the power does not
decrease during this operation, whilst the cathode electrode has been flooded, might be
attributed to the high salt concentration and increased conductivity. Electrical resistance of
ion exchange membranes strongly increases with the decrease of solution concentration
especially in low strength solutions [32,33]. Moreover the electrical power produced from
mixing saline solutions is rooted in the membrane-based energy conversion mechanisms such

as reversed electrodialysis [34,35]. The salinity gradient energy is a very promising avenue
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for electricity generation and in this design, it might be an additional driving element.

Ceramic based MFC cylinders yere-have been previously shownzhewever in standard anode-

cathode configurations [20] shewingthe-ability-to remove ammonium [36] and energise

practical applications [37]. The submerged MFC design described in the present study

represents a true integration of two BES systems (MFC and MEC) into one simple design

that could be used in a real environment. Scaled-up versions of the MFCs presented here have, -

already been demonstrated as (i) a stack of 40, MFC reactors set up to treat urine and charge a

mobile phone in real-time [38] and (ii) a stack of 288 MFC reactors operating directly from
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urinals to power indoor lighting [39]4394. Open to air cathode coupled with ceramic

membranes could be used both for electricity generation and filtration of wastewater to
regenerate water. Real life implementation of microbial fuel cells presented herein that does
not require strictly controlled conditions or high maintenance, has the potential to play a

major role in developing sustainable urban wastewater systems. Considering the amount of
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wastewater produced globally and the potential energy stored within it, it is important that

MEC.

MEC technology development should perhaps be pursued with real word applications in [Formatted: Highlight
mind, This work is aiming at efficient industrial-scale development that would recover ( Formatted: Highlight
energy from wastewater using a terracotta tubular design, enhancing functionality of the ( Formatted: Highlight

5. Conclusions
-This work has shown a novel, ceramic based MFC with an internal cathode that can perform
the function of the co-generation of electricity and Jlinked formation of catholyte from ( Formatted: Not Highlight

wastewater. MFC electrical performance is directly related to the amount of accumulated

catholyte in the internal cathode chamber. The formation of catholyte is solely due to the
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MEFC operation that drives the glectro-dialytic transport of ions from the anode to the cathode
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and results in active electroosmotic extraction of water. The properties of formed catholyte

include high pH and high salt concentration, which demonstrates the potential of in situ

production of alkaline sorbent from wastewater. Pt-free MFC produced caustic sorbents that
can fix carbon dioxide into carbonates and bicarbonates through wet scrubbing showing cost

effective microbially assisted electrosynthesis.

This work js—repertingreports simultaneous extraction of clean water from wastewater,
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elemental recovery and power production fremusing a low maintenance, simple to make
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Microbial Fuel Cell system encouraging further scale-up into real world applications.
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