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ABSTRACT

Microbial fuel ells (MFCs)and microbial electrolysis celMECs)are very promising
technologies for simultaneous wastewater treatment and energy recovery. In MFCs, buffers are
typically used to improve performance by stabilizing the electrode pH and increasing the
electrolyte conductivity, but the importance of the buffer net charge at current densities typical of
MFCs on cathode performance has received little attention. Current prododiiéiCs produces
an electric field that drives cations towards the cathodeanims to the anodé. series of
biological buffers were selected with positive, negative, and neutral charges that had pKas
ranging from 5 to 10.8. Cathodic current production using these different buffers in solutions with
different pHs and conductivés was compared using linear sweep voltammetry (LSV). At lower
pHSs, buffers with positive charge increased cathodic current by as much as 95% within certain
ranges (potential windows) of cathode potentials. No difference in cathodic current was shown in
current for buffers with neutral or negative charge. The reason for this increase with the net
positive charge buffers was likely due to a more stable electrode pH produced by electric field
driving the positively charged ions towards the cathode. The paltefmidow for the positively
charged buffers was positively correlated to the concentration of cationic buffer in the electrolyte.

At a pH higher than 9, no improvement in cathodic current was shown for buffers with positive
charge, indicating at theseghier pHs diffusion dominated buffer transport.

I n -t wamber microbial electrolysis cells (ME
(AEMs), a phosphate buffer solution (PBS) is t
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MFCs cannot effectively treat wastewater with |laMOD, so a postreament is usually

needed for polishing MFC effluerAnaerobic fluidized bed membrane bioreactors (AFMBRS)

use granular activated carbon (GAC) particles suspended by recirculation to effectively treat low

strength wastewater®002 00 mg LT 1, chemi c a,lncluwirnggF@ n de mand

effluent,but the effluent contasdissolved methane. An aerobic fluidized bed membrane

bioreactor (AOFMBR) was developed to avoid methane production and the need for wastewater

recirculation byusing rising air bubbles to suspend GAC patrticles. The performance of the

AOFMBR was compared to an AFMBR and a conventional aerobic membrane bioreactor

(AeMBR) for domestic wastewater treatment over 130 d at ambient temperatures (fixed hydraulic

retentin time of 1.3 h). The effluent of the AOFMBR had a COD of 20 +8 i &nd a

turbidity of <0.2 NTU, for lowCOD influent (153 +19 and 214 +27 mg'b), similar to the

AeMBR and AFMBR. Forthe higt OD i nf l uent (299 N 24 mg LT1),



were obtained for the AeMBR (38 +9 mg¥) and AFMBR (51 +11 mg L) than the AOFMBR
(26 £6 mg L'Y). Transmembrane pressure of the AOFMBR increased at 0.04 kRéhith was
20% less than the AeMBR and 57% less than the AFMBR, at the low influent COD. Scanning
electron microscopy (SEM) analysis indicated a more uniforfiirnion the membrane in
AOFMBR than that from the AeMBR biofilm, and no evidence of membrane damage. High
similarity was found between communities in the suspended sludge in the AOFMBR and
AeMBR (squareroot transformed BrayCurtis similarity, SRBCS, 0.69LCommunities on the
GAC and suspended sludge were dissimilar in the AOFMBR (SRBCS, 0.52), but clustered in the
AFMBR (SRBCS, 0.63).

Although the production of dissolved methane can be avoided in AOFiBRprocess
is energy intensive due to the largefliwrates.In addition,ammonianitrogenis noteffectively
biologically removedn eitherAFMBRs or AOFMBRs Membrane aerators were added into an
AFMBR to form an aerated membrarfliidized bed membrane bioreactéeMFMBR) capable
of simultaneous removaf organic matter and ammonia without production of dissolved
methane. Good effluent quality was obtained for domestic wastewater (19323 mg/L and 4945
mg-N/L) treatment, with nomletectable suspended solids (<2 mg/L), 9345% of chemical oxygen
demand (CO) removal to 1411 mg/L, 8947/% of soluble COD removal to 1311 mg/L, and
7448% of total nitrogen (TN) removal to 1243 miy/L. Nitrate and nitrite concentrations were
always low (< 1 mgN/L) during continuous flow treatment. The ammonia removal rate (ARR) w
higher with continuous flow treatment than fed batch operation, higher for a synthetic wastewater
compared to a domestic wastewater, but independent of the hydraulic retention time. Membrane
fouling was well controlled by fluidization of the granulatieated carbon (GAC) particles as
shown by a low transmembrane pressure (<3 kPa). No methane was detected in the treated

effluent (<0.5 mg/L). Analysis of the microbial communities suggested that the nitrogen removal
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was due to nitrification and denitrifition based on the presence of microorganisms associated

with these processes.
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Chapter 1

Introduction

1.1 Energy demand and challenge of environmental issues

According to tle US Energy Information Administration report, the electricity generation
from all fuels in 2016 is 4079 million megawatt hours, in which fossil fuel is the major energy
source to produce electricig) The consumption of electricity in 2016 is 3710 million megawatt
hours, which is believed to be furttgmowing in the future. The increase in energy demand
accelerates the depletion of A@newable fossil fuels, which has been produced from animal
biomass and plants over millions of years. The energy crisis is at the corner, since an estimation
by CIA World Factbook showed our oil deposits will be gone by 2@32 addition, the use of
fossil fuels is leading to severe environmental problems, such as global warming and acid rain,
due to the release of carbon dioxide, nitrogen oxides, and soidt The emission of fossil
fuels increased by 29% between 2000 and 2008. The concentration of carbon dioxide in the
atmosphere is found to be 36% higher than that before industrial revolution, even though a large
amount of carbon dioxide can be takgnly the ocean@) The limited uptake of carbatioxide
resulted in 43% of carbon dioxide emitted remaining in the atmosphere on average eéh year.
Renewable, sustainable and clearrgynsources will be needed in the future to mitigate the

energy crisis and related climate issues.

1.2 Energy demand for wastewater treatment
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Water and wastewater treatment systems are an important energy consumers of
electricity, accounting for-3% of dectricity consumptiorf5) However, water and wastewater
treatment plants are usually not well optimized to save electricity since the treatment plants have
duties and priorities to meet for the public services. For example, the effluent should comply with
the regulatory requements; the reliability of their treatment needs to stay high; operational and
maintenance costs and revenue are required to be balanced and under control to ensure the
longevity of assets. An analysis was conducted on a-scell wastewater treatmeirtémt
showing the total energy intensity was 1.046 kWAnhwastewater treated, among which
electricity accounted for half of the total energy including manual energy, diesel, and chemical
energy(6) In addition, growing water scarcity has led to a requirement for a better and more
effective treatment of water. Although conventional treatment processes icipaliniastewater
treatment plants can deliver good wastewater treatment with high stability, a life cycle analysis
showed that a conventional aerobic activated sludge treatment process was no longer cost
effective due to high energy costs, low automatéom low food to microorganism conditiotd.
Therefore, wastewater treatment teslogies with lower energy costs and higher efficiencies
need to be developed to mitigate the energy crisis and the water supply burden.

1.3 Bioelectrochemical and membrane systems for wastewater treatment and energy
recovery

Conventionally, domestic wastater is treated by aerobic biological processes, such as
the activated sludge (AS) process. Howetleg AS process has several disadvantages, such as
high energy demands, high sludge production, and insufficient nutrient removal. For example, the
energyneeded for aeration alone can be ~500 Whfon 1 kg organic removal during
operation(8) Large amounts of solids will be produced daily, ranging frorda® L/kg BOLQ

removed, due to high yield coefficients fromr@gc microorganismg) Recently, anaerobic
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treatment technique has drawn much attention due to its high energetic efficidiowasludge
production. Bioelectrochemical systems (BESSs), such as microbial electrolysis cells (MECs) and
microbial fuel cells (MFCs), and membrane bioreactors, such as anaerobic fluidized bed
membrane bioreactor (AFMBR), are among the most promisiagrahic treatment techniques

to aerobic processes.

BESs, such as MFCs and MECs, accomplish direct extraction of electrons from organics
in wastewater, and the extracted electrons can be donated to the electron acceptor (usually oxygen
or water) to obtainmergy as electricity or hydrogen g&ompared with other anaerobic
treatment process, where methane is produced first and then converted into electricity, MFCs can
accomplish direct biological conversion of chemical energy in organic matter into etyecEai
an MEC, however, an additional energy supply is needed to drive the cathodic hydrogen
evolution reaction, but the hydrogen produced in an MEC can have a higher efficiency than water
electrolysis and a less emissions than industrial steam reforming.

Anaerobic membrane bioreactors can achieve both good wastewater treatment and have
low energy demands compared with conventional AS processes, with a potential to accomplish a
net energy gain while meeting strict discharge standards. In addition, theradfimembranes
in anaerobic wastewater treatment systems can overcome barriers to effective treatment at low

temperatures and low organic matter concentrations.

1.4 Objectives

My research focused on evaluating the effects of buffer charge and btéfarae on the
performance of MFCs and MECs, and on optimizing membrane bioreactors adragtosent
process for the effluent from MFCs in terms of COD concentrations and ammonia nitrogen
removal. In addition, | examined methods that minimized dissohattiane concentrations and

membrane fouling.



Objective 1: Evaluate the effect of buffer charge on cathode performance in MFC.

Objective 2: Develop a polymeric buffer with a largelecular weight (>10,000 Da)
achievingbuffer retention in theatholyteof two-chamber MECs to evaluate

the effect of buffer retention compared to ion transgiwdugh membrane

Objective 3: Develop an aerobic fluidized bed membrane bioreactor (AOFMBR) using
rising air bubbles to fluidize granular activated carbon (GAC) ¢lagtito

avoid dissolved methane and lower membrane fouling.

Objective 4: Develop an aerated membrane fluidized bed membrane bioreactor
(AeFMBR) by combining membrane aerators and an AFMBR to achieve
simultaneous nitrogen and COD removal with low dissolwethane in the

effluent.

1.5 Outline of Dissertation

This dissertation is organized in 7 chapters including this Chapter 1. Chapter 2 is a
literature review of MFCs, MECs, membrane aerator bioreactors, and anaerobic fluidized bed
membrane bioreactor. Thellowing Chapters 3 to 6 report on the results that address each of the
research objectives. An outlook and future works is presented in Chapter 7.

In Chapter 3, the effect of buffer charge on air cathode performance was evaluated using
linear sweep voitmmetry (LSV). This work was published@@&, Yaoli, Xiuping Zhu, and
Bruce E. Logan. "Effect of buffer charge on performance edatinodes used in microbial fuel

cells." Electrochimica Acta 194 (2016): 4447061 conducted all experiments, and Dr. Zhu
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provided profound suggestions on the experiment design. Dr. Logan contributed to improve the
quality of data, figure and text presented in the paper.

In Chapter 4, | examined the use of a high molecular weight buffer in the catholyte in
order to avoid bdér loss through the separator (membrane) between the chambers. A polymer
buffer was first synthesizemhd tested as the catholyte buffer capacity, buffer retentiobSVs
and hydrogen productiofihe effect of ion transport through membrane with phatphuffer
was compared to that of buffer retention using polymer buffas study was concluded as a
manuscri pt aadB.E. boyaa.,"Simdleaoebus nitrogen and organics removal using
membrane aeration and effluent ultrafiltration in an ar@erftuidized membrane bioreactas.",
which was submitted to the International Journal of Hydrogen Enkecgynducted all the tests
and prepared the manuscript. Dr. Logan contributed to the revision rofthgscript

In Chapter 5, three membrane bioreast AFMBR, AOFMBR and aerobic membrane
bioreactor were compared side by side for 102 days for treating diluted domestic wastewater in
terms of COD removal, membrane fouling, and methane production. Membrane surface

morphology was imaged by scanning elecstmicroscopy. Microbial communities in each of the

bi oreactors were compared by DNA analysis. Thi
LaBarge, Hiroyuki Kashima, Kyournygeol Kim, PeiYing Hong, Pascal E. Saikaly and Bruce E.

Logan. "An aerated anduidized bed membrane bioreactor for effective wastewater treatment

with low membrane fouling." Environmental Science: Water Research & Technology 2.6 (2016):

9941 003. 0 | performed all the tests and reactor

Kim gave suggestions to enhance the bioreactor operation stability. Dr. Hong and Dr. Saikaly
contributed to the microbial community analysis. Dr. Logan gave advices to enhance a better
presentation of the data and figures. All the coauthors also contrilouteel tevision of the

manuscript.



In Chapter 6, the concept of an AeMFMBR was presented based on integrating
membrane aerators into an AFMBR. The performance of the AeMFMBR was evaluated in terms
of ammonium, nitrite and nitrate removal along with COD &68& removals in both batch and
continuous flow modes for more than 200 days. Dissolved methane and dissolved oxygen were
also tracked during continuous flow mode operation. Microbial communities on the membrane
aerator, GAC and mixed liquor were analyzedjain insight into the ammonia removal
mechani sm. This study w¥YesYadidascal B Shikaly,aadsB.EB manus
Logan. "Simultaneous nitrogen and organics removal using membrane aeration and effluent
ultrafiltration in an anaerobiculdized membrane bioreactor." Bioresource Technology (2017).
| performed all the experiments, tests and reactor operation in this study, and prepared the
manuscript. Dr. Saikaly and Dr. Logan contributed to the revision of the manuscript to enhance

the @mper quality.
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Chapter 2

Literature Review

2.1 BES for energy recovery from wastewater

BESs are systems capable of converting the chemical energy in organic wastes, such as
domestic wastewaters and industrial wastewaters, inttrieley, hydrogen or other chemical
products Fig. 21). The most studied BESs are MFCs, where the electrons are extracted from the
organic matter by bacteria on the anode, they flow through the external circuit, and then they are
consumed at the cathotigically by the oxygen reduction reaction. The oxygen reduction
reaction has a more positive potential than organic (acetate) oxidation reaction on the anode, so
electrical power is produced when electrons flow from the negative to the positive tddinal
The MEC is a device that shares a similar working principle to the MFC, except the cathode
reaction changes to water electrolysis (hydrogen evolution). Because the hyalrolytion
reaction (HER) at the cathode has a more negative potential than the anode reaction, additional
power needs to be input to trigger the MEC electrode reaqyrn®ther BESs are capable of
generating valuable products by applying electrical power. For example, methane can be
recovered using a biocathode catalyzed by methanogenic communities, which can directly accept
electrons or hydrogen gas from the cath@jeCathodic production of alkali as high as ~1
mol/L, such as sodium hydroxide, can be achieved by introducing a ion exchange membrane as a
separator into an MF@). Hydrogen peroxide was foundlte collected in an MFC when an
efficient catalyst (Platinum) was abs€b). Other organic chemicalsuch as aceta{é), ethanol
(7) and butyratd€8), have been generated by biocathodes when both elepizal and carbon
sources (usually C{pwere input. These reactors that produced organic molecules are often

referred as microbial electrosynthesis (MES) systems.
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Numerous studies have been done on BESSs, especially MFCs and MECs, to enhance the
performancef energy recovery by applying new materials or combining BESs with other
renewable energy technologies. The performance of wastewater treatment performance has also
been evaluated with many different designs of BESs or by integrating BESs with ottmeettea

processes.

Power production

+Power source }

Polymer ———— Monomer Woie 11,0, + 2H'+ 2¢ — H,0
R Fermentation \ / . .
Organic acids/alcohols  H, ’ 0, +2e +2H,0 — H,0,+ 20H

Sres 2NO,.+10e'+12H' — N, + 6H,0

Propionate co,, H,e
Butyrate c
A A Y
" N T 2CO, +7H  + 8e' — Acetate + 2H,0
Glycerol — Ethanol + 2e" + 2H o H
D O =
Lactate + H,0 E D 2H +2¢ — H,
E
Acetate + CO, + 4H'+ 2¢’
2H,0 +2¢° — H,+20H
H, — 2H" +2¢’
Glucose +6H,0 — 6CO,+ 24H "+ 24e” Glutamate
t . X * e Propionate
H,— 2H'+2e / \ Glucose, H', e st
Acetate

Fig. 2-1 Possible anode and cathode reactions in BESs

2.1.1 MFC, electricity production and wastewater treatment

An MFC consists of an anode, cathode, elegteolseparator (optional) and an external
circuit (10). Many studies were conducted on each of the components to improve MFC
performance. In MFCs, performance is usually evaluated based on maximemgameration
(Pmax), internal resistance, andwombic efficiency (CE). Power generation is assesaddrms
of apower density, normalized eitherdaarea 2-1) or liquid volume @-2) using polarization

tests(1), as:

] —_— (2-1)
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J— (22)

where theEce is the voltage across the external lo&gs the targeted electredarea, either
anode or cathode, or the cross sectional area between the ele@sgdethe resistance of the
load, V; is the volume of the reactdPareais the power density normalized to area Bns the
power normalized to volume.

The interral resistance is the sum of activation resistance, concentration resistance, and
ohmic resistancgll). The activation resistance is caused by the activation loss of the anode and
cathode electrochemical reactions to initiatedkielation or reduction reactiorf$l). The ohmic
resistance consists of the contact resistance of the electrodes, solution resistance (dependent on
conductivity), and the membrane resistance (if a membrane is(@2¢dyhe concentration
resistance is due to the difference between the bulk and local concentration. The internal
resistance can be obtained using electrochemical technigues, such as polarization test, Tafel
curves, electrochemical impedance spectroscopy (EIS), potential sweep and chronoamperometry.

The CE is the fraction of Coulombs actually extracted from the substrate in the total

electrons available in substrate which can be calculatéd as

T —3 (2-3)

whereM is the molecular weight of the oxygdhF ar a d a y 6 bthecratiocf dleatron

exchanges with the mole$ axygen,Van the volume of anolyte an/COLs the change in

COD over the time periodJto #.

2.1.1.1 MFC Anode

The selection of anode material is crucial for the effective attachment of exoelectrogenic
bacteria. Anode materials used in MFCs need e high electronic conductivity,

biocompatibility, chemical stability, and high specific surface §&t6a The mostly commonly
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used material for the anode is a carbon based material, such as daharafbon cloth,
graphite, and carbon felt. As&ranging from 893 to 1015 mW#Awas obtained in cubic MFCs
with pretreated carbon mesh anode, with a CE of 22% to (4 MFCs with a carbon brush
anode, made from carbon fibers, achieved a highgoP2400 mW/m than the carbon mesh,
with a CE of 60%{14). The ammonia treated carbon cloth anode achievegafPL970 mW/m,
and the startup time was reduced by 50% comparedtreateccarbon clot{15). Non-porous
graphite plates @are also tested to be suitable for MFC anodes, and roughened graphite plates
showed better biomass activity thand@tated titanium anod€6).

In order to further increase anoderformance, modification of the anode has been
widely researched. For example, a Riitdh was deposited on a carbon felt anode, achieving a
power density (3.08 W/ 17 times as high as untreated carbon cloth, which was believed to be
due to the enhancedectron transfer of the ano@E?). A Prax0f 42 mWim? was obéined using a
carbon nanotube (CNR0%/polyaniline (PANI) compositanodewith Escherichia colias
anode biecatalyst, which was higher th&n coliMFCs (0.47 2.6 mWm?) (18). Rolling FeOx
into activated carbon anode loaded by stainless steel (SS) mesh increasgdh@6 from
664 to 809MW/m?, which was attributed to the improved capacitaii®. Another study also
showed that enhanced anode capacitance can increase both stationary and transient power
production(20). Other modifiers, such g®lyaniline(21), PANI/poly(anilineco-o-aminophenol)
(PAOA) (22) and grapheng3), were tested on carbdrased anodes in MFCs, and improved
anode performance were obtained as well. Other than chdsad anodes, metals are also good
candidates for the MFC anednaterial due to their superior electron conductivity. G4,
titanium oxide(16) and SS platé25) have been used in MFCs, and some reported the metal
anodes could produce current as @ffely as carbotbased anodg26).

Theanode material has an effect on the attachment of microorganisms, which can then

influence electron transfer. Three electron transfechanisms are proposddd. 2-2), direct
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electron transfer (DET), mediated electron transfer (MET), and microbial nanowires. DET only
takes place when the exoelectrogenic bacteria are in contact with the(2npé#ectrons from
inside the bacteria are transferred to external electron acceptor via outer membrane cytochromes.
However, lased on this mechanism, the current generated can be limited to only pévenal
based on a cell density of a single monolayer of baq@8)a The other twelectron transfer
mechanisms allow microorganisms to utilize electron acceptors other than anode, leading to a
thicker electroactive biofilms grown on the anode. Molecular pili (conductive nanowires) are
evolved by some microorganisms, suctsaswanellatrains(29), through which the electrons
can be transferred from cytochromes to external electron acceptors. The conductive nanowires
enable remote electron transp@8) and the formation of conductiveodfilm matrix (30). It is
believed that 100% of electron harvesting can be achieved with the electron maianism
of DET and nanowire@8). However, exoelectrogenic microorganisms are typically not capable
of using complex substrates, resulting in limited curremntegation unless complex substrates are
broken down to simple molecules that can be used by the exoelectrogenic microorganisms. The
MFCs involving MET, on the contrary, can produce orders of magnitude highertaiagthat
produced with DET28). Mediators are usually added as electron shuttles in the early stage of
MFC studies to produce appreciable po{&d). The mediator is a reversible electron
acceptor/donor that can receive electrons from microorganisms and to donate electrons to the
anode. The presence of a mediiatan significantly increase the rate of electron release by the
microorganisms. The use of mediators, such as neutré2gchumic acid33) and
anthraquinor?, 6-disulphonic disodium salt (AQD%34), have been studied showing the
addition of mediators can contribute to a higher power generation.

The review here on anodes suggests that modified carbon based materials reay be th
most promising ones since they are cheap, stable angtweied. Although mediators can

enhance the anode performance, mediated MFCs are not likely to be used in commercial
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applications due to the environmental and cost concerns. The mediators Hye piserolic
compounds, which may be toxic and have adverse effect to the environment in lo(@5jefm
addition, the use of mediator also adds an extra cost for MFC operation since the mediators are

likely to be washed out with the effluent.

a /y Circuit b
L8
E— - — O
———— =
——— = ~—H,0
—— -
=
[———— =
— = E
—— =
—— =
—— E
] E
[C———— =
E——— —_—— =
—_
s -
——x =
= =
e = =
é > HY =
— = 5 Anode
— =
— = {— Diffusion
é > =] |
— = ayer
= — |+ E Separator
[ ; — =
——! = Cathode

Fig. 2-2 Extracellular electron transfer mechanisms. From top to bottom, direct electron transfer,

nanowire and mediat@B1)

2.1.1.2 MFC cathode

In MFCs, many oxidants can be the candidates as the electron acceptors for cathode
reduction reaction, such as ferricyan{@6), persulfatg37) andoxygen(14). Among all the
candidates, the most commonly used oxidant is oxygertalits low cost and netoxic
propertieg10). The oxygen reduction reaction (ORR) in ancgithode MFC is a tphase

reaction as electrons, protons and oxygen meet and react at the catalyst lagecathode.
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Complete and incomplete ORR pathways are proposed bagwdton consumption and either a
4-electron(2-4) or 2-electron transfer (3):
I 1t ( tAo (/[ (owpH)// (/1 1 A0t/ ( (highpH (2-4)
I ¢( ¢Ao(/ (2-5)
The 4electron pathway is believed to be predominant on a noble metal catalyst, while the 2
electron pathway is likely predominant on many carbon based materials, gold, andowetkl
metals(38). The pH in MFC is usually around neutral, which makes ORR in MFC fundamentally
different from that in fel cell, which occurs under an acidic pH. The proton, as a reactant, has a
low concentration at neutral pH, resulting in slow ORR kinetics. Therefore, many studies have
indicated that the cathode performance is the limiting factor in power generati@xaraple,
volumetric power density was shown to have a linear function with the cathode specific surface
area, indicating that the MFC configuration was less important than cathode specific surface area
in termsof scaling up MFG39). In addition, doubling the cathode size cacrease R.xby 62%,
while doubling anode size only contributed to an increase of 12%. Another study supported a
cathode limitation in power by reporting that the polarization resistance of the anode obtained by
EIS was one or two orders of magnitude sarathan the cathode resistar{¢®). The cathode
limitation for power is further confirmed by analyzing internal resistéat® The cathode had
780% higher resistance ( 28 hitaibh bythdcathodeishrat of an
caused by the high cathodic activation losses, ohmic losses, and mass transport losses. Numerous
of catalysts are developed to reduce activation losses.

The most widely used air cathode in MFC is still the Pt/C carbon cldibae(2),
which is manufactured by loading a catalyst layer (Pt/C) on one side of carbon cloth, and carbon
based layer and diffusion lay(polytetrafluoroethylene, PTFE) onto the other. The use of this
Pt/C carbon cloth cathode can contribute to an increasg,iny42% compared with a

commercializeduel cell cathod¢43). Cathodes with other catalyst are developed based on this
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general structe of catalyst layer, current collector, and diffusion layeg.(23), but with other
catalysts since the platinum is costly. When the Pt/C catalyst was replaced with cobalt
tetramethylphenylporphyrin (CoTMPP), for example, the cathode performancecanbaded

slightly compared with a Pt/C catho@8). In another study, pyrolyzed CoTMPP and Pt

catalyzed cathodes were compared with a pyrolyzed iron (ll) phthalocyaniregipg)

catalyzed cathode, and there was only a small difference in the cathode perfarsiagtie

different catalys{44). Ferric iron reduced on graphite electrode as the catalyst was applied as
MFC cathode, achieving ankof 0.86 W/n% with a curent density of 4.5 A/f(45). The catalyst

of metal oxides and metal complexes, though less expensive than platinum, still can cost several
hundred dollars per square mei48).

In order to further reduce the cathode cost without lose in power generation, activated
carbon (AC) powlers have become more widely used as the cathode catalyst because AC is
inexpensive and it has a large specific surface &@aexampleMFC with cathode made by
pressing a mixture of AC and PTFE onto nickel mesh current collector produges Righ a
122046 mW/n¥, 16% higher than the Pt/C carbon cloth cath@@. In another study, cathodes
were made by applying a mixture of AC and PTFE paste as the catalyst layer with four PTFE
layers as the diffusion layer, onto a nickel foam current collector, producing af 2190150
mW/m?, which wa comparable to 1320 mW#ry the Pt/C carbon cloth contr@ 7). Another
AC catalyzed cathode was fabricated by rolling method using a conductive gas diffusion layer
consisting of carbon black and PTFE on one side of SS mesh,|mgl catalyst layer consisting

of AC and PTFE on the other side, which produceg.ad? 802 mW/ni at 3.44 A/m (48).
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Fig. 2-3 The air cathode structure with a catalyst layer facing the solution side, and a carbon layer

and diffusion layer faag the air sidg€49)

Another difference between the cathode in an MFC and a conventional fuel cell is the
cathode fouling caused bydbbgical fouling, organic and inorganic matter deposition in the MFC
because the anode is biologically catalyzed. Therefore, the long term performance of an MFC is a
concern due to deterioration of the cathode performance caused by fouling. Some atteenpts h
been reported for fouling control by cathode modification. Applying the biocide vanillin on an air
cathode catalyzed by AC showed the greatest reductions in fouling and power after 5 weeks of
operation compared with the cathode without anfamting coating(50). Cathodes made from
nitrogen doped carbon powder sprayed with artiimoethylenephosphate was found to
effectively reduce chemical fouling, resulting in a decrease of 13%wmemafter 40 days of
operation, which was lower than the 56% reduction in power for MFCs with a carbon powder
cathodg51). Enrofloxacin, dluoroquinoloneantibiotic, was also incorporated in the catalyst

layer of an air cathode catalyzed by AC, resulting in a decrease in biomas oarttee cathode
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by 60.2% compared with an untreated cathode, after 92 days of opés&iddo substantial

decrease inRs were shown for the dadde with enrofloxacin.

The studies in this section suggest that AC or modified AC as the catalyst other than Pt or
a metal based catalyst are the most promising catalysts for MFC air cathodes. In addition,
inhibitors for biofilm growth on the cathode methods to reduce or reverse fouling are needed

for maintaining stable, lonterm cathode performance.

2.1.1.3 MFC separator

MFCs can beclassified as singtehamber or doublehamber configurations based on
whether or not a separator is used to philsisgaparate the solution into anolyte and catholyte
chambers. Without a separator, singtamber MFCs have achieved higher power densities than
two chamber MFCs due to the reduction in internal resistance in the absence of a separator.
However, the lackf a separator or membrane can result in high oxygen intrusion from air
cathode, and a decrease in CE and cathode fouling due to contact with microorganisms, compared
to two-chamber MFC$53). The use of separator can also resuproblems. For example, a pH
gradient will be created between anolyte and catholyte due to limited transport of ions such as
protons compared with the proton consumption rate at ca(dddehe anolyte will become more
acidic, while the catholyte more alkaline. The eiffnce in electrolyte pH can cause a potential
lossand an increase in internal resista(®®). With an initial high anolyte pH and low catholyte
pH, a tubular MFC achieved 3.8 times highgs«Ehan an MFC starting with a neutral [§56b).

In addition, the drop in anolyte pHaw not only lead to decrease in microbial activity on anode
(56). The use of separator may also cause fouling of the sep@@tand increasing the
maintenance costs for MFCs.

Up to now, cation exchange membrane (CEM), anion exchange membrane (AEM),

ultrafiltration membrane (UFM), microfiltratiomembrane (MEM), bipolar membrane (BPM)
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and porous fabrics have been used in MFCs as separators. A CEM was used in an MFC treating
diluted starch processing wastewater, showing the proton transport became limited when the
resistance was below 2@0(56). The use of UFM, AEM, CEM, proton exchange membrane
(PEM) were compared in MFCs treating synthetic wastewater, with that AEM producing the
highest Rax (610 mW/n%) with comparable internal resistance to the CEM, PEM and UFM (~90
q) (58). The suitability of using an AEM, CEM or BPM as the separator walsiaed in MFCs,
showing that the BPM was the least suitable for MFC due to its high resiéi@cécloth, glass
fiber mesh, and CEM were compared in MFCs with various configurations, with the higher P
obtained using-dloth and glass fiber compared with a CEM due to their low ohesistances
(60). In addition, a higher CE was achiewsith glass fiber due to its lower oxygen transport.
MFCs with MFM as the separator showed a comparakleAth a membrandess
configuration, double that of obtained with a CEM, without negative effect on internal resistance
(61).

The use of separator is a traofé between oxygen intrusion and internal resistance. The
use of Jdloth or glass fiber separators are more promising tHaerstsuch as CEMs, AEMs, and

BPMs, due to their lower ohmic resistances.

2.1.1.4 MFC configurations

Various MFC configurations have been developed to enhance power generation and
improve wastewater treatment. The configurations include upflow, dowrtildwlar reactors,
cassetteelectrode setups, separator electrode assemblies (SEA), and fluidized bggdfA RO
mW/n? was obtained in a twohamber MFC (CEM) with an upflow configuration in continuous
flow modewith a reticulated vitreous carbon catle(62). Another upflow MFC with porous
sponges as sator achieved ag of 315 mW/n% using an activated carbon fiber catho8le.

downflow configuration was compared with an upflow configuration in a sicliggenber MFC,
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with the downflow configuration producing a higherR due to better cathode perfomee, and

the simpler design of the dowilow configuration was claimed to contribute to an easier design

for scaling up(63). In a tubular reactor, the graphite granule anode wasgedsaround a Pt/C
cathode, producing anRas high as 50 W/A{64). A innovative cassettelectrode setup was
developed, with a detachable cassette of two flat cathodes sandwiched between a PEM and
anodes, resulting in an& of 899 mW/n3(65). The cassettelectrode MFC was tested for treating
organic wastes like cattle many&s). The cassettelectrode MFC was believed to be scalable.
SEA MFCs,which can increase power generation by reducing electrode spacing with a separator
to avoid short circuiting between the electrodes, have the disadvantage of oxygen transport from
cathode inhibiting anode bacterial activity PAaxof 975 mW/ni was obtaied from an SEA

MFC with a graphite fiber brush and single air cathode using a textile sef&@takn

improved power generation was achieved as high as 4.36 WAYSEA MFC by using nonr

woven fabric layer separator and ashaped Ti wire as the current collect68). In another

study, several different reactor configurations were compared along with two different separators,
glass fiber and-dloth, with the highestRxof 696 W/n? produced by a double SEA with

electrode spacing of 0.3 cm and glass fiber isepge(60). An innovative fluidized bed MFC was
introduced by using a graphite rod as the anode surrounded by fluidized carbon particles,
producing a higher output voltage and shortening thegatime(69). The coniguration will be

crucial for MFC scaling up, so the simple structure, such as caskatteode, which can be

easily expanded by hydraulic connection of single unit, is preferable.

2.1.1.5 Scaling up MFCs

A number of methods have been proposed anéddst scaling up MFCs. One way is to
electrically connect unit MFCs in series or parallel to increase the total voltage or current

generation. For example, 6 MFC units were connected in series to reach a voltage of 2.02 V (228
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W/m?®) and in parallel to redn a current of 225 mA (248 WAN(70). Three fluidized bed MFCs

were connected in series achieving.a«Bf 11.7 mW/m with 14.7 mW/ni for each single MFC,
with 99% of COD removal with series flow of the fluid through the MF. Although the

total power generation of a stacked MFCs is close to the sum of unit MFEsisthetisk of

voltage reversal when the MFCs are connected in §gi2@sVoltage reversal happens when

some MFCs in the series are charged (consuming energy) by others ingtisatiarging73).

The voltage reversal is believed to be due to poor working conditions of some MFCs, such as
substrate starvation. This problem can be avoided by using continuous flow operation mode to
make sure sufficient substrate is supporte@ddition, eliminating the MFCs with voltage

reversal out from the circuit by short circuiting is also an effective solution. Urine powered stack
of 24 MFCs was capable of charging a mobile phone, achieving a 25 min of mobile phone use
with ~24 hours of chaing by a stack of MFCE4).

The second way for MFC scaling up is to increase the surface area of anode, cathode and
reactor volume. If the power density stays cortstsaleup of MFCs with the same structure as
those at smalcale would be expected to produce power proportionally. However, a review
paper concluded that this trend was not true due to the factors such as the mechanism of mass
transport and the electrdransport across the anode biof{ifd). Another study reported the
anode leagbut terminals were very important for largeale MFCs, which could result in 47% of
power loss in largecale MFC compared with smalktale MFQ(76). In addition, unknown
factors or factors that have not been understood well may also account for the power loss of the
largerscale MFCs.

Numerous scaledp MFCs with large electrode areas have been developed with different
configurations, and the power densities produced have not been consistent among studies. Some
claimed that power generation could be maintained during-spalehile other studies reported

substantial power losse&.10-L serpentine type MFC was constructed by commigidO tubular
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air cathode MFC units with graphite felt anodes and carbon cloth felt cathodes with nickel and
MnO; powder for treating brewery wastewater, achieving a power generation of 42(¥Vjm

The comparison between this serpentine MFC and a-sealt MFC suggested the power was
effectively maintained during scalg. Ammonia was found to be removed along with COD with
an efficiency higher than 85% due to ammonia volatilization. leng tess showed a decrease

in power generation as wastewater was treated, but the loss in power was mostly recovered by a
cathode rinse with deionized (DI) water. A-R®ipolar plate MFC stack of four cells produced a
high Rnaxof 144 W/n? by decreasing pH, pging with pure oxygen, and increasing flow rate,
resulting in a small volumetric resistivity of 1.2jdm?, comparable to or lower than smatlale

MFC of 0.5 L(78). However, some other studies showed a decrease in power generation during
scaleup. For example, a multi anode/cathode MFC was constructed by integrating a GAC bed
with multiple anodes and cathodes into a sisffiamber MFC (@ L) (79). As the number of

anodes and cathodes increased to 12, a power generation of 3.4 mW was obtained, which was 3
times as high as theahodes/cathodes configuration (1.25 mW). Compared with the-soaddi

MFC, the largescale MFC achieved a lower power density due to the large internal resistance
caused by large electrode spacing. Good treatment of both COD and TKN was achieved at an
HRT of 20 h with efficiencies of 80% for COD, and 30% for TKN. ALLRIFC treating

synthetic wastewater (sodium acetate) achieveghaP431 mW/ni resulting in a low anode
polarization resistance of 0.44(76). The comparison between the spsale and the large

scale MFC with the same configuration shovegabwer generation decreast38% from 696

mW/n? during scaleup. A 47%loss inpower was identified adue toohmic losgsas a result of

poor leadout of theterminals, whilereasons fotheremainder opowerloss remained unknown
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2.1.2 MEC, hydrogen production

The anode of an MEC works similarly to the anode in an MFC, as both are based on
oxidation of organics catalyzed by microbes. The produced electrons travel through an external
circuit, but in the MEQGhey are consumed at the cathbgehe hydrogen evolution reaction
(HER) (Fig. 2-1), which dissociate water to form hydrogen gas. However, this process cannot
happen spontaneously, since the equilibrium cathode potential for HERAG# V (vs. NHE) is
more negative than anode potential under standard biological condi®i@96 V vs. NHE, with
5 mM acetate under pH of 7). An additional power supply of at least ~0.114V is needed to be
added on MEC electrodes to initiate HER, but in practice this vakageen larger (>0.130 V)

(80). Although electrical energy is input into the MEC, this voltage is much lower than the
theoretical voltage at neutral pH (1.21 V) to split water, or the voltage input in practice for water
electrolysis (1.8.0 V) (81). Compared with biological hydrogen production process, such as
photo and darkfermentation, the MEC has a higher energy conversion efficiency, higher
hydrogen production rate, and highgdiogen quality(82).

The performance of MEC can be avatied in terms of many different factors, including
current densities, CE, hydrogen production rate (HPR), cathodic efficiency, hydrogen recovery
efficiency, and energy efficiency based on energy input or energy input and substrate energy.
Current and CEan obtained using the same approach as that in MFC. Since a product of
hydrogen instead of current is collected in a MEC, cathodic efficiency is adopted to evaluate the

fraction of current converted into hydrogen, which can be calculated as:
i _ — (2-6)
where¢ is the moles of hydrogerollected¢  thetheoretical hydrogen producti@alculated

based on moles of coulomb transferred assuming a 2:1 hydrogen conveigsiorheaHPR can

be calculated by normalizing the produced hydrogen gas in volume to time and reactor volume.
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The term hydrogen recovery efficiency is defined as the fraction of electrons in substrate
converted into hydrogen, which can be calculated byiplyII€EE with cathodic efficiency as:

[ [ (2-7)

Three energy efficiencies are used to assess energy conversion. The energy yield relative to
electrical input, the ratio of energy content in the collected hydrogen relative to the electrical

energy required, is:

y

(2-8)
where® is theenergygenerated as hydrogen gés, theenergyinput aselectricity andy’'O

theenthalpy contained in hydrogefnother energy efficiencgiescribing the energy yield

relative to the added substrate, as:

e

(2-9)

<

wherew is the energy content in the consumed substrate, which is calculated by mugjtibgy/in
enthalpy, YO, and the moles of substrate, The last energy efficiency, overall energy recovery,

is calculated as:

_ (2-10)

2.1.2.1 MEC cathode

Many factors have been shown to affect MEC perfoiceasuch as the cathode material,
separator, eletrolyte buffer, electrode spacing, and electrical power sources, among which cathode
material has a primary impact on MEC performance. Because the HER on plain carbon material
is slow, a metal based catalystually is used to reduce the activation overpotential.

The most commonly used metal catalyst for HER is platinum due to its good performance
for the HER. A low overpotential can be obtained by using a platinum based catalyst. For

example, the overpoteatiof Pt cathode was evaluated using various buffers, such as phosphate
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buffer, ammonium chl ori de, ammoni um bicarbonat
minimum overpotential of 0.05 V at pH of pH 6.2 with phosphate buffer, and 0.09 V at pH 9.0
with amnonium chloride, and 0.09 V at pH 9.3 with ammonium bicarbonate and 0.07 V at pH
7.3 with Tris ((83)kowbER oc&mpatahtialssubbtantiallyeeduced the
electrical energy input needed for MECs to produce comparalgeoHuction rates, resulting in
higher energy efficiencies. For example, a maximum HPR of 3.12 +0%a2im3-d with a high
CE 0of98% and cathodic efficiency of 96% under 0.8 V was achieved in a menribssndEC
with platinum catalyzed cathod@4). However, platinum is expensive, scarce, and its mining can
cause adveesenvironmental probleng§5).

To overcome this dilemma with the use of Pt, other mzdaed catalyzed and bio
catalyzed cathodes have been developed and tested in MECs. Stainless steel (SS) is a cheap
alternative proposed to replace Pt in many studies. SS ratgbdes with different sizes were
compared with carbon cloth loaded with Pt/C, showing that #60 SS mesh produced a HPR as high
as 3 mM-Ho/m?3-d with a high CE of 981% and overall energy efficiency of 74 with 0.9 V
applied(86). Another study reported on using a SS brush wigh Ispecific surface area of 810
m?/m? as the MEC cathode (0.6 V), which produced hydrogen at a rate of-H7Z/mr-d with
overall energy efficiency of 78%. The control cathode, a graphite bush, had a larger specific
surface area, but resulted in a mstdwer HPR due to its poor catalyst proper(&s). Other
than SS, nickel is also a good candidate for an MEC cathode catalyst. Different metal cathodes,
including SS, nickel and Pt, were assessed together in MECs at 0.9 V applied, showing that nickel
and SS cathodes had a similar performance, surpassshgétin terms of overall energy
efficiency and HPR88). An electrodeposited nickel oxide layer, produced an overall energy
efficiency of 48% for both SS and nickel cathodes at 0.6 V applied, which was 10 times higher
than a Pt sheet (4%). In another MEC study, nickel powdetl(rB) was applied onto carbon

cloth with or without carbon black as the cathode, and compared with Pt/C cathode and



25

electrodeposited nickel catho(®9). The HPR of nickel powder catalyzed cathodes were
comparable with that of Pt/C cathodes, as well as having similar cathodic efficiencies, CEs, and
hydrogen recovery efficiencies. iWever, the use of both nickel and SS might lead to corrosion
and loss of metal. A list of metal cathodes, including platinum, nickel alloy, SS, were compared
using cyclic voltammetry (CV) in terms of overpotential and-aatrosion property90). The
results showed that the material with the best catalyst performance might not be the best choice
due to lack of antcorrosion. SS N 1.4401 was shown to have highest resistance to corrosion at
a pH of 9. Therefore, the choice of catalyst should depend on the operation conditions, especially
the pH.

Other than chemically catalyzed cathodes;dzithodes are another alternative to eobl
metal catalysts. The first biocathode was proposed in 2008 by reversing the polarity of a bioanode
inoculated with acetate and hydrogen oxidizing bacteria in a hal@dgllA current densityf
1.2 A/n? was achieved under cathode potentidal@f7 V without the addition of mediators. A
subsequent study identified the feasibility of combining the bioanode and biocathode in one MEC
(92). However, a low hydrogen recovery efficiency was obtained of ~20%. In addition,
deterioration of biocathode was shown, which was believed to be causeztipjtation of
calcium phosphate and the production of methane. Another approach for enriching autotrophic
electrotrophs on electrodes as a biocathode was proposed by inoculating the anode as a sediment
type MFC, followed by setting potential beld®.4 V (93). The expernent and clone library
analysis indicated that the microorganisms grown on the biocathode were hydrogenotrophic
methanogens and autotrophic electrotrophs.

Unlike MFC cathodes where the AC catalyst is the promising, carbon based catalysts
have a large ovpotential for HER. Nomoble metal catalyzed cathodes, such as nickel and
stainless steel, therefore appear to be more promising for MECs since the use of Pt is costly and a

biocathode does not provide stable performance.
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2.1.2.2 MEC separator

Separatorsusually membranesare needed in water electrolysis to avoid mixing of
hydrogen and oxygen gas producedan MEC, aseparator, such as ionic exchange membrane,
is also commonlysedto separatéheanode and cathode chambers. This separation of elestro
canincrease hydrogen yield relative to electrical energgelydng hydrogen cyclingdhydrogen
utilized by anode bacteria) and ensure high purity of hydrogen in the gas by avoiding
methanogenesi80). However, the addition of a separator in an MEtdduces an additional
internalresistanceln addition the pH differences that develop between the catholyte and anolyte
result from the limited transport of protons or hydroxide ions through the membrane can cause a
drop inelectrochemical potentigb4). When an MEC was operated without separator, the
maximum HPR was 3.12°-H,/m-d at applied voltage of 0.8 V. However, thethane
concentration could be as high as 2&%h low applied voltage of 0.2 V due toghtong cycle
time (80). In another membrankess study a MEC with a nean selective tloth as the
separator and gashase cathode, compared to an MEC with Nafion 117 as the sefjadtaéx
smaller internal resistance of §i9was shown for membradess MEC, with HPR as high as 6.3
m3-Ha/mé-d.

lon exchange membranes have been widely used and compared in MECs as the separator.
CEM, charge mosaic membrane (CMM) and BPM were compared in a continuous mode MEC
with potassium phgshate buffer treating synthetic wastewater, showing that AEM produced the
highest hydrogen and the BPM mitigated the pH increase théddgsA forward osmosis
membrane was utilized as the separator in an MECaaadnparable HPR of 0.3*H./m? d
was obtained for both the AEM and CEM at 1.0 V, with a larger pH gradient for the CEM but
higher cathode overpotential for the AERB). However, another comparison of an AENIa

CEM showed a large difference in performance, in which 5 times higher HPR was obtained in the
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MEC with an AEM at 1 V, due to the low internal resistance of 1§2nmfor AEM (96).

Another explanation for better performance using AEM was believed to be because some pH
gradient potential loss could be recovered by anion transport in the AEM, while the cation

transport inCEM could cause an additional potential |(338).

2.1.2.3 MEC buffer

In two-chamber MEC studies, buffers are usually added to stabilize pH and increase
solution conductivity resulting in better current and hydrogen production, because the catholyte
tends to become moedkaline and the anolyte more aciditzen insinglechamber MECsthe
local pH near the electrodes can véd8), leading toaconcentration overpotentiéd9). The
same problems are present in MFCs as well. Therefore, inorganic buffers, such phosphate buffer
(PBS), bicarbonate buffer (BBS), and ammonium buffer solutions have been used to hbffer bo
the anolyte and catholyte in MFCs and MECs.

The extent of the effect of the buffer on cathode performance remains unclear, with some
studies supportinthe concepthat the addition of buffer can enhance the cathode performance,
while with others conclding the addition of buffer had no effect. Some studies reported that a
reduced cathode overpotential could be obtained when the catholyte was buffered. The minimum
overpotential of HER was reported to be reached at a pH close to the pKa for all bif&rs (P
BBS, ammonium chloride, ammonium bicarbonate, and Tris) at a constant current density of 15
A m'2 (50 mM), but the minimum overpotential ranged from 0.05 V to 0.09 V for the different
buffers(83). Furthermore, increasing buffer concentration also led to lower cathodic
overpotentials. Another study showed that the overpotential caused by pH differencesachuld r
as much as 0.3 V, but the overpotential wearlyremoved by sparging using ¢@s the buffer
(100) Other studiesuggestedhat the use of buffer can improve cathode performance by

facilitating the transport of protgmnd hydroxide ions as carrseFor example,ri one study,
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carbon dbxide was added to the influent of the air used to aerate the catholyte, and the dissolved
carbon dioxide (bicarbonate) was used as a bufferazidehydroxide iong101). A 45% of

power increase was found when carbon dioxide was mixed in the air influent. However, some
studies reported that the use of buffer did notrifute to improved performance. For example,

the addition of 50 mM PBS to the catholyte in an MEC did not improve hydrogen production
compared to a nehbuffered saline catholyte (similar conductiviti)02). Another study

compared the effect of different buffers on MFC performance, showing that the conductivity

insteadof buffer has more significant impact on the power generétiof).

2.1.3 MxC

BESs with functions other than electricity production and hydrogen generation have also
been developed, which are collectively rederto as MxCs. This innovative functions include
enhanced energy production, reverse osmosis membranes are used for water purification. These
two types of membrane processes need high pressure as the driving force for water transport. On
the contrary, miafiltration and ultrafiltration membranes, due to the large pore size than
nanofiltration membrane, have a higher permeability, thus are more economical when used in
wastewater treatment for solids removal.

In addition to solidiquid separation, gagermeable membranes can also serve as the gas
diffusor or membrane aerator in a biological treatment process. The membrane can also act as the
substrate for microorganisms to be immobilized on. The codiffession configuration, where
oxygen diffuses out frm the lumen to bulk in one direction, while the nutrient diffuses in from
bulk to membrane in the other direction, allows the simultaneous removal of organics and
nutrient. A third use of membrane in wastew#ateatment is as an extractive membrdnean

extractive membrane, the biomedium and wastewater stream are separated by mg®dbyane
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The biodegradable organics in the wastewater are first diffused through the membrane into
biomediumside, and removed subsequently by biological process.

In the following sections, membrane applications in wastewater treatment are reviewed
with a focus on the use of membrane incorporated in MBRs for solids removal, and the use of

membrane bioreactors MABRSs for nutrient removal.

2.2 Membrane bioreactor

Strict legislation on watewater effluent discharges has led to requirements for enhanced
treatment processes with high removal rates and efficiencies for COD, nutrients, and suspended
solids. One of thenost promising new technologies that has received much attention is the
membrane bioreactor (MBR). By integrating a membrane module into the bioreactor, the
wastewater effluent is pulled through the membrane so that most of the suspended solids are
removel by filtration. In addition, membranes can help to separate the hydraulic retention time
(HRT) from the solids retention time (SRT), which can produce a low HRT but high a SRT.
Compared with conventional AS processes, the MBR uses less land area, winthites to a
savings in construction costs. MBRs can be further categorized into anaerobic MBRs (AnMBR)

and aerobic MBRs (AeMBRs), depending on whether wastewater aeration is used or not.

2.2.1 Membrane fouling

Although MBRs can achieve high orgaricenoval, high solid removaland low sludge
production, a major obstacle for using membsdoewastewatetreatment is membrane fouling.
Membrane fouling refers to a decrease in flux and an increase transmembrane pressure (TMP) to
pull the effluent througlthe membrane, which can increase the cost for operation and
maintenance. Membrane fouling is a complex process that inchidesctiors between

microbes and membrane, amereforethe desigrand operation of MBR®&r biological and
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membrane treatment galite empirical105). Foramembrane, the driving force ptilling
permeateas due toa pressure gradient or a concentration gradiedé). In MBRs, the biological
process and membrane filtration cannot be seedy sdhe potential foulants along are attracted
by the gradients to the membrane surfad¢e fbulanthave a great diversitynorganic
chemicals, such as clays, salts, arghnicmatterin the wastewater ahoseproduced by
microhbial metabolismand grease, oil, surfactagtproteirs, and the biofilm formation on the
membraneall can contribute to membrane fouli(i@7). As shown inFig.2-3, membrane fouling
could ke caused by pore blockimgth colloids and solutes, and formationacaike layer on the

surface of membrane.

a

O, % O Sludge particles
@ % & . - ; & Colloids
A % \a &  Solutes

Fig. 2-4 Membrane fouling mechanism (a) pore blocking and (b) cake (2Q&)

Much research has been conducted to identify and characterize foulants to better
understand the nature of membrane fouling, but the major contributors to the membrane fouling
remain unclearExtracellular plymeric substances (EP®ymationwas studied in a pilegcale
submergedBR, showingthat loosely bound EP8 solutionrather than tightly bounBPS
contributed tanembrane foulingthe release of which was enhanced under shear stress and low
temperatee (108). A linear relationship was obtained between the fouling ratkeshembrans
and the concentration of polysaccharides in theggutliring operation witan SRT of 8 daysin
two MBRs operated in parall€Ll09). The effect of particle sizdistributionon membrane
resistance was studied in a MBR, showing thatydraulic resistancef the membrane filtering

recirculatedactivated sludgeuspensiomvasgreater thamhat without recirculatiorf110). Further
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analysis showed th#tte soluble prticlesgenerated from the microorganisms imposed under
shear stresaccounted for half of the totalembrane resistanca review paper summarized the
contribution of sludgeomposition (flocs, colloids and solutes) membrane foulingT@able 21)

(107) Although flocs seerdto be the main cdributor to membrane foulinfrable 21), the
difference between each case indidatet the membrane fouling also depends on opesdtion
conditions Many other operational factors, suchnasmbranematerial aeration andeactor
dimension are all repodd to have an effect on membrane foulih@5). Another study reported

that the operatiad configuration, such as membrane type and membrane module configuration,
can have a larger impact on membrane fouling and permeate flux decline than mixed liquor over
the range of solids from 3600 to 8400 m¢111).

Table 2-1 Contribution of each sludge fraction to membrane fouling during membrane filtration

of sludge suspensidneconstructed(107)

Flocs  Colloids Solute Remarks Reference
(%) (%) s (%)
CAl 83 4 13 This study was performed in a crefiswy Membrane
CA2 76 10 14 membrane filtration cell for 5 h with eonstant composition
CA3 74 13 13 TMP of 100 kPa (112)
CA4 72 14 14
Bulking 76 11 13 This study was performed in a batch fitica unit Sludge
sludge for 4 h with a constant TMP of 4.0 kPa characteristic
Normal 52 22 26 (113)
sludge
Deflocculated 22 47 13
sludge
20 days 63 37 The sludge samples from lab scale MBRs were  SRT114)
40 days 72 28 filtered in a batch test with a constant TMP of 27
60 days 71 29 kPa
52 24 24 This study was tested in a crefisw MBR (115)
65 30 5 TMP=100 kPa, u=3 m/s, T=15 C, SRT=60d (116)
24 50 26 MLSS=20.7 g/L, SRT=20d (117)

Three stages, conditioning fouling, steady fouliagdtransmembrane pressure jump,
have beemdentifiedto describe membraneuling in MBRs(106,118) Membrane éuling starts

with the irreversible adsorption of soluble biological produstich as EPSpluble microbial
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products EMP), other related @anic and colloid, to produce pre blockingcalled

conditioning fouling(107). In this period, the TMP rapidly increas€sllowing conditioning
fouling is steady foulig, with theattachment of biomass on the membrahéch isenhanced by
adsorption of organgin the first stage of fouling, resulting if@mation ofcake layer of

biofilm and flocs on the surfacd=(g. 2-3). In the final stage, due to the uneven disttion of
fouling conditiors on the membraneaused byrevioustwo fouling stags, less available surface

area due to clogging will result in an exponential increase gnmd@in the TMP.
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Fig. 2.5 Three common membranerdgurations: (a) external flow membrane; (b) submerged

membrane; (c) external submerged memb(aa8).
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2.2.2 Membrane configuration

Generally, two membrane configurations, external efloss membrae and submerged
membranes, are used for membrane bioreactors based on the different placement of the
membrane$119) When the membrane is placed in a recirculation line and operated under
pressurelig. 2-4A), this configuration is referred as exterflalv membrane. When the
membrane is placed in the mixed liquor in the bioreactor and operated under gtigti@aiB),
this configuration is called a submerged membrane. In extdomamembranes, #afast cross
flow velocity is applied to the membrane surface as a way to disrupt the formation of cake layer.
In submerged MBRs, rising gas bubbles are used to scouring media to inhibit cake layer
formation. Less commonly, a third configuration has bearekbped by combining the first two
configurations. The membrane is placed in the circulation line, but a vacuum pump is used as the
driving force to pull effluent through membrane in the recirculation kg @-4C).

An analysis of the membrane flux thie two configurations showed that exterfiaiv
membranes (4 to 250 L#h) had a higher flux than the submerged configuration (3 to 80
L/m?/h) (119). Another study concluded that the energy cossfilimerged membranes to treat
wastewater (0.25L.0 kwWh/nf) was lower than that of the exterdlaw setup (37.3 kWh/n)

(120) Due to the lower energy costs and pressure applied, the commercialization of submerged
MBRs has been accelerated due to the production of cheap polynaeeniorane$121). The

review of submerged MBRs is therefore the focus of the followingosect

2.2.3 Aerobic membrane bioreactor

Ultrafiltration and microfiltration membranes akacedin submergedeMBRs to
replace the clarifiein the AS procesfor solids removal leading tasomeadvantages, such st

startup, small footprint and lowsludge productiosompared to A%122). In addition, the
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removal of bacteria and virllyy membrane filtratiowan decrease the disinfectionoducs
producedn subsequent treatment. The use of the submerged configuration has reduced the
energy consumption to be competitive with AS process, which makes AeMBRs effective for
wastewater tr@ment(123) AeMBRs have been successfully incorporated into municipal and
industrial wastewater treatment process, due to the separation of HRT and SRT, and complete
solids retention ypthe use of filtration membrane.

Municipal wastewater treatment with AeMBRs has been extensively evaluated, with
good treatment obtained in both pilot and full scales. For examplespidteé AeMBRs were
studied to treat municipal wastewater in two eliéint places, both achieving good COD removal
(>95%) and ammonia removal (>97%) with HRTs & B. Low TMP was maintained (20 kPa)
during the operation with air bubbling, periodic backwashing, and chlorine wd4Rihy
Another study on municipal wastewater treatment showed that a 95% of COD removal was
obtained using a piletcale AeMBR (3.9 /) for 535 days. With air bubbling and periodic
cleaning of the membrane, the average TMP was maintained &@&ibdr with an HRT of 10
15 h(123). A full-scale AeMBR was integrated with an anoxic basin to evaluate COD, nitrogen,
and phosphorus removals. A COD removal of 95% and an effluesppbius concentration
below 0.05 mg/L was obtained bpsing either ferric chloride or sodium alumintighe anoxic
basin(125).

Other wastewatensith that require a high organic loading for treatment, such as non
food processing industrial wastewaters, landfill leachsitelge digestates, and human
excrement, were also successfully treated with AeM@R4). Food processing industrial
wastewater, for example, from food ingredig(it®6), were also treated with high COD
removals nitrogen removals, and low effluent TSS using AeMBRs. Combined sanitary and
industrial wastewaters were treated using an external-tave®\e MBRS, resulting in an effluent

with COD of 400 mg/L and BOD of 10 mg{127). Compared with other treatment processes,
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the MBR allows he retention of biomass even if an inhibitor in the industrial wastewater impairs
biological treatmen{119).

Due to the good and stable performance, AeMBRs are being commercializedwdazr]d
and thevolume of wastewater being treated using AeMBRs is estimated to continue to grow in
the future(128). However, there are some challenges, such as high maintenance costs, the
membrane lifespan, membrane fouling control, and further scaling up AeMBRs to obtain higher

capacites.

2.2.4 Anaerobic membrane bioreactor

AnMBRswere developed by not using aeration in MBRs, resulting in advantages, such
as low energy costs due to the absence of aeration, volatile compounds removal, methane
production for energy recovery, and lessigk production. Compared with AeMBRs, there are
several differences in operation for AnNMBRSs. Since methane can be generated in AnNMBRs,
dissolved methane is in the effluent, which needs to be removed by using, for example, an air
stripping unit(129). Operating AnNMBRSs under low temperature was regarded as obstacle for
anaerobic treatment technologies due to the slow microbial growth, but two review papers
independently concluded that no barriers for microbial activity Weened in AnMBRSs(130).
Methane solubility increases with lower temperagurehich complicates effective methane
removal(131). The membrane fouling mechanisms in AeMBRs aniIBRs are believed to be
different, as reported in a previous study thatmolecular weight distribution fingerprint of the
foulants, such as EPS (on membrane) and SMP (in the effluent and retentate), were different for
aerobic and anaerobic MBRs. The orédy of SMP in AnMBRs was retained by the membrane,
while all SMP fragments passed through, indicating the retention of these SMP fractions

contributed to membrane foulirf@32).
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A review paper concluded that the extensive opportunities for ANMBRs lies in treating
highly particulate and higktrength wastewaters, while A&®Rs are more suitable for lew
strength wastewater treatmdéhi9). AnMBRs have also been tested for treating various
wastewaters, including synthetic wastewaters, food processing wastewaters, industria
wastewaters, and municipal wastewaters, and good effluent quality has been obtained by
AnMBRs with different configurations. For example, synthetic sewage wastewater with high
salinity was successfully treated in AnMBRs with a 99% of DOC removal. Thdoraemwas
shown to be responsible for a large portion of DOC rem@a8). An AnMBR treating
simulateddomestic wastewater was evaluated under various temperatures, showing a 95% of
COD removal at temperatures as low as 6 €. Analysis of the microbial communities illustrated
that the microbial diversity increased with low temperafiB). Municipal wastewater was
treated by an AnMBR (12.9 L, HRT of 2.6 h) with reoven fabric membrane, achieving an
effluent COD of 78 mg/L with TMP controlled under 30 kPa by peciactiemical cleaning
(135) The foulants characterized using various techniques showed that they were mostly proteins
and EPS, with a broader molecular weight distribution than the influent. Food processing
wastewater treatment by AnMBRs showed COD removals above 90% at orgdimg lades
ranging from 215 kgCOD/m?¥/d (136). Other industrial wastewaters, such as pulp and paper
industrial wastewater, was treated in AnMBRs at both mesophilic and thermophilic conditions,
adhieving a COD removal above 93% with a high concentrated influent (>10,0@ODdL)

(137). In addition, agricultural waste, such as animal wastes, was treated by an anaerobic digester
and a pilot AnMBR, showing a TKN removal of 32% and total phosphorus and COD removal
above 90%¢138). The removal oE. coliandEnterococciwere found to be similar with or

without anaerobidigester. Overall, énchscale and pilescale AnMBRs have shown similar
treatmenperformance with AeMBRs, even at low temperature and short KIRBD§ but extra

posttreatment is needed to handle dissolved methane in the effluent of AnNMBRs.
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Membrane fouling is still a concern in AnMBRs, which is reported to be more severe
compared with AeMBRs due to the lack of surface shear from air bubMigugy different
strategies have been adopted for membrane fouling coatnoaing which the conventional
approaches, such as membrane relaxation, backwashing, chemical clean, are ehpaseadd A
previous study compared these fouling control strategies, indicating that the cake layer was well
removed by all of these approaches, while the irreversible fouling due to pore clogging was
removed only by chemical cleaning and enhanced batimgEl 39). Biogas sparging, similar to
that of air bubbling in AeMBRs, is also commonly used in AnMBRs, reducing the membrane
resistance by inducing a shear at the surface of the mem{drédeOther antifouling strategies
have been developed and tested recently as well. The addition of absorbent media, such as
powdered activated carbon (PA@B3,141)and GAC(142), reduced membrane fouling
effectively by absorbing fine collogdandsolublebiodegralableorganics. Applying an electric
field in MBRs to drive the migration of charged EPS, solids, and other foulants away from the
membrane module reduced irreversible membrane fo(li4g) Employing ultrasound
treatment in an on/off mode reduced membrane resistance by 70% compared with a control

membrane without ultraound irradiatior{144).

2.2.5 Anaerobic fluidized bed membrane bioreactor

Recently, another antbuling strategy was developed by introducinbigh
concentrédon of fluidized GAC particlesnto anAnMBR, producing alm\FMBR where the GAC
are usedo mechanically scour the membrane surfddee AFMBR was first developed as a post
treatment method for an anaerobic fluidized bed bioreactor (AFBR), achieving aebbal of
AFBR effluent of 87% with no detectable T&&0). The TMP during operation increased from
0.075 to 0.1 bar without chemical cleaning in the 40 days after a chemical cleaning. Although

membrane fouling is well controlled, the effect of the GAC on scouring is still untiea
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previous study, the use of fluidized GAC effectively removed the cake layer and absorbed the

potential foulants before interaction with the membrane, but had a potential to induce loss of

membrane integrity and introduce fine carbon particles\darits(145). The GAC size was

shown to have little effect on membrane scouring and membrane damage. However, a later study

reported that the smaller the GAC particles were, the greater membrane fouling was reduced by

GAC scouring(146). Thistrend reversed if the GAC was padsorbed with organic matter. A

recent study using wavelet decomposition to analyze the vibration signal during GAC scouring,

showing that the smallest GAC patrticles (1.2 mm) needed the greatest energy input to aehieve th

same scouring effect as the larger GAC patrticles (1.85 and 2.181#i)) Also, the solid phase

dynamics correked well with membrane fouling mitigation rather than liquid phase dynamics.
The AFMBR has primarily been used as fplosttreatment reactdo follow several

different types of reactorfor example, an AFMBRSs a secondary treatment process to treat

effluent from aMFC treating domestic wastewatachieved35% of COD removaind 99.6%of

TSSremoval with an estimated energy demand of 0.0186 kV¥i148). Another study further

evaluated the pogreatment of the effluent from MFC using AFMBR under different OLRs

(149) A stable COD removal of 89% was obtained by the AFMBR with HRTs of 1.2 to 3.8 h. An

AFMBR treating the effluent from an anabio baffled reactor (ABR) was evaluated, showing

87%of COD removal usig a complex synthetic wastewater at an HRT of ~1 h, with an energy

demand of 0.0087 kwWh/h§150). In addition, another study reported that an AFMBR following

an AFBR was capable of treating pharmaceutical chemical$Q@% of removal)

simultaneously with COD degradati¢tb1). A longterm test of pilot staged AFBRFMBR

treating domestic wastewater under temperature 8 @ Stbwed high removal efficiency of

COD (90%) and BOD 90%) was maintained even in the winter after full acclima(ibs?).
Otherstudies focused on the AFMBR itself, concluded that good effluent quality can also

be obtained by an AFMBR alone treating low cortion wastewaters. The acclimation of
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AMFBRs was tested with GAC inoculated by wastewater, anaerobic digestion sludge, or
anaerobic bog sediment, showing that the AFMBR with GAC inoculated by anaerobic digestion
sludge and acclimated with acetate hadhilgeest COD removald 53). A single AFMBR was
compared to a staged anaerobic fluidized membrane bioreactorsBRJ-for treating

synthetic wastewater (~200 mg COD/L), with no significant differences found between the
processes in terms of COD removal efficienEWP, bulk liquid suspended solidsPS

production, anc&MP (154)

2.3 Membrane aerators

Another application of mebranes in wastewater treatment is to immaobilize biofilms on
the surface of membranes, so that the contaminants are removed by the immobilizedThiafilm.
different configurations have been developed, called a membrane aerator and a membrane
biofilter (155). The membrane aerator ssebes pressurized with gas, where the gas diffuses out
through membrane with a bubbleless form. The membrane biofilter works in the opposite way,
where the liquid wastes flow inside the lumen, and the wastes diffused out is degraded by biofilm
immobilized at the membrane surface. In the following sections, the membrane aerator will be
focus of the literature review as this is the more commonly used merdiaaed aeration

approach.

J] 0O, J, C-substrate

[Gas Phase Membrane

——>0. —t

«—-co.«—— +—>co,

B b
l 0, CO, i El:ioqmass
2

Fig. 2-6 The schematic diagram of the MABR55)
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2.3.1 Oxygenation

If air or oxygen is pressurized in the lumé#rdiffuses out in a bubbleless form and is
available as an electron acceptor for microorganisms in the bidfilendifference between
membraneaerated bioreactor (MABR) and conventional treatment process e®timter
diffusion of lumen gas from the membrane and organics to the biofilm on the menfiitarge (

5). Oxygen from the lumen diffuses out into the biofilm, while the substrate diffuses into the
biofilm from the bulk. This counter diffusion on the mewne allows the growth of stratified

biofilm (156), where nitrifying bacteria can grow in the inner layer of biofilm near the membrane,
with denitrifying and heterotrophic bacteria growing on the outarlafthe biofilm(157). The

MABR has several advantages, such as the separation of the depth of the reactor and oxygen
transfer efficiency by controlling lumen pressure, prevention of volatile fatty acid stripping
during treatment due to bubbleless aeration, high oxygen transfer efficiency, and no need for
adjusting pH by integrating nitrification and denitrification.

MABRs have successfully been applied for nitrogen nutrient remdw@MABR was
first tested for treating synthetic wastewater (total organic carbon, TOC, 1000 mg/L and total
nitrogen, TN, 58.5 mg\/L) in batch mode (24 h), achieving a removal efficiency of @&7f@r
TOC and 98.3% for TN with lumen pressure of 245 kPa (pure oxy$B8). Another study
investigated a MABR treating synthetic C@i2e wastewater in continuous flow mode with
HRT of 1-4 h, resulting in an ammonia removal flux as high as 5-4Nfmagf-d (159).

Good nitrogen removal was also obtained in an MABR supplied with air instead of pure
oxygen, although longer HRTs were neededtbtal nitrogen remeal flux (NRF) of 1.7 gN/m?-

d was achieved by an MABR to treat C@ee wastewater (47.1 mM NHN), resulting in a 75%
removal of influent N156) Both COD and ammonia in synthetic wastewater were

simultaneously removed by a MABR (HRT of 6 h), with 90% of COD removal antii&g-d
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of ammonia removal flux. However, stable treatment was only sustained for 3 months, due to
excessive biofilm growti160). Nitrogen and carbonaceous compounds in synthetic wastewater
(total organic carbon of 100 mg/L and 2®5¢m°) were simultaneously removed using an MABR
with a carbon removal flux (CRF) of 7.4Qfn?-d and NRF of 2.8-¢N/m?-d, and a large

difference in nitroge@nd carbon removal rate was discovered at various membrane locations
(161). A highernitrogen removal fluxof 4.48 gN/m?-d were obtaiad inaMABR (HRT of 16 d)

supplied with aitreating artificial swine wastewater, witf96% of TOC removal157)

2.3.2 Hydrogen pressurized in the lumen

Hydrogen supplied by an MABR has also been used to achieve autotrophic nitrification.
For exampleseparate arrays of jteposed hollow fiber membranegre used to supply pure
bubbleless hydrogen and oxygen in a redoxrobbforeactor treating organfcee synthetic
wastewater (217 mb/L of ammonium), with an ammonia removal flux of 5-8lgn?
membraned and a nitrate and nitrite removal flux of 44Ngm?-d (162). Another study applied
MABR to remediate contaminated groundwater, achieving a 92% to 96% of nitrate removal with
a nitrate removal flux ranging from 2.7 to 5-3¢gmn?-d (163). The membrane aerator prevented
the microbial contamination of the product water. The main disadvantage of the hydrogen gas

MABR is the cost of the hydrogen gas.
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Chapter 3

Effect of buffer charge on performance of aircathodes used in microbial fuel
cells

Abstract

In microbial fuel cells (MFCs), buffers are typically used to improve performancabiyizng

the electrode pH and increasing the electrolyte conductivity, but the importance of the buffer net
charge at current densities typical of MFCs on cathode performance has received little attention.
Current production results in an electric fighét drives positive ions towards the cathode, and
negative ions to the anode. A series of biological buffers were selected with positive, negative,
and neutral charges that had pKas ranging from 5 to 10.8. Cathodic current production using
these differenbuffers in solutions with different pHs and conductivitiesss compared using

linear sweep voltammetry (LSV). At lower pHs, buffers with positive charge increased cathodic
current by as much as 95% within certain ranges (potential windows) of cathodligfstslo
difference in cathodic current was shown in current for buffers with neutral or negative charge.
The reason for this increase with the net positive charge buffers was likely due to a more stable
electrode pH produced by electric field driving ghositively charged ions towards the cathode.
The potential window for the positively charged buffers was positively correlated to the
concentration of cationic buffer in the electrolyd.a pH higher than 9,amimprovement in

cathodic current was shovior buffers with positive chargeindicating at these higher pHs

diffusion dominated buffer transport.
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3.1 Introduction

A microbial fuelcell (MFC) is a promising technolodgr wastewater treatment as it can
be used teimultaneously extra@lectricity from organic compoundssing bacteria as well as
treat thewastewate(1). The power produced by a singtbamber MFC is usually limited by the
cathode due to the poorly catalyzed oxygen reduction reaction underewta pH conditions
needed by the bacteria, with the optimal pH reported to rangeti®ito 10(2-4). In single
chamber MFCs there is no net change in pH due to current productjpoi@ss released at the
anode due to oxidation of organic matter are neutralized Byi@id producedt the cathodés).
The local pH around the electrodes can vary, with the anode becoming more acidic than the bulk
solution, and the cathode more alkaline. In order to avoid deleterious impacts of pH on the
bacteria or electrode reactions, phospli@até), bicarbonat€7), or Go o@)are ushallyf f er s
added into the medium to avoid pH changes. For wastewaters, natural alkalinity can help avoid
net pH change§’).

The addition of a buffer to a medium not only enables coaftrble pH near the pKa of
the buffer, but it also increases solution conductivity which can improve performance. For
example, an increase in the concentration of aggtais buffer in a singlehamber MFC from
100 to 400 mM nearly doubled power product{®n In two-chamber MFCs, the use afcation
exchange membrane between the electrodes can result in large pH differences in the electrolytes
unless high concentrations of buffer are used. In tests with a 10 mM phosphate buffer there was a
75% decease in power (after 96 h) due to the increase in the catholyte pH, as this pH change
increased the cathode overpoten(idl). I n a comparison of steaver al
were either neutrally or negatively chargigdyas shown that conductivity was more important

than buffer type when buffers were all added at the same corizen(B).
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The importance of the net charge of the buffer on cathode performance has received little
attention in bioelectrochemical stgms compared to the studies on effect of the buffer pKa. The
solution in an MFC is not usually mixed, and so ion transport can be described by the extended
NernstPlanckEquation(11), in terms of concentration, chemical activities, and the electric field,
as:

0 ©Ontd O—ome6 oo iifl (3-1)

whereJ is the chemical fluxj, indicates the specific chemical specieks the concentratiory the
potential,r the activity coefficientT the tempeature,D the diffusivity, Rthe gas constant, azd

the charge of the specids.an MFC, the electrical field draws cations to the cathode, and anions
towards the anodé-{g. 31). Mostbuffers examined to date in singthamber MFCs have had a
negative barge. A comparison of several different catholyte salts and buffers (NaCl, NaHCO
NH4HCGO;, PBS, and NLCI) in gas diffusion half cells, however, showed that positively charged

. ( worked better than the other chemicals exam{d@d The predominant reaction at the
cathode is the dissociation of wagard release of OHons(13). In MFCs and other
bioelectrochemical systems, the pH near the cathode can become more alkaline with increased
current. The improved performance using by Popat et al12) was therefore attributed to its
pKa9.2and effective buffering of the hydroxide ion, consistent with other studies demonstrating
the importance of the buffer pKa relative to the solution pH on cathode perfor(ddnts). It

was estimated, using the model PCBIOFILM, that an electrical field could impact current
produced by the anode by as much as 15%, but the impdlce cathode was not examir(éé).

In other bioelectrochemical systems, such as microbial reverse electrolys{MEHEs),it has

also been shown that cathode performance is improved in the presence of ammonium

bicarbonate, compared to sodium bicarbonate b(ff8r The importance of the charge of the ion
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on cathode performance in MFCs or MECs, however, has not been specifically examined in these
studies.

The importance of the net charge of a buffer on cathode performance was examined here
using linear sweep voltammetry (LSV) for buffers that varied in charge, pKa, and molecular
diffusivities. It was hypothesized that the use of buffers with net positivgemayuld improve
cathode performance as they are drawn to the cathode surface by the electrical field, while
negatively charged ions would be repelled, but the magnitude of this difference in performance
was not known. A total of 13 different buffers werdected categorized into three buffer groups
with net positive, negative or neutral charge. Cathode performance was examined at several
different pHs relative to the pKa of the buffers.

Table 3-1 Buffer seleatd from biologicly compatible buffers. Abbreviations used for some
buffers are defined in the text. The charged dissociation ligand (L) species is shown for each

buffer. All the buffer pKa are given at 3G.
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3.2 Methods

3.2.1Buffer selection and solution preparation

Bufferswith a range of pKas and net charges were selected from commercially available
biologically compatible buffersT@ble3-1). The buffers were categorized into three groups based
on thér net neutral, negative, or positive charged. The pKas of these buffers were 5, 7, 8, 9, and
10.8. The diffusivity () of each buffer in water was estimated calculated using/ilies-

Changcorrelation(18) as:

8 n 8

0 3 (3-2)

wheren is the association factor for the solvent (water,2.26),M the molecular weight of the
solvent,’ the \iscosity of solvent (cp)T the temperature and, the molar volume of theolute
at boiling point which was estimated from the structiia({e 3-2).

Eachset of buffers, grouped based on thpiia, were prepared at batblativelyhigh (HC)
and low conductivity (LCroncentration$or LSV testsFor both LC and HC tests, edohffer
was added at a concentrationrb0f mM, followed by adjustent of thepH (using either sodium
hydroxide or hydrochloric acjdo match that of the specifigKa of the buffer.Then, the
conductivityof the solution wascreased by adding sodium chitte. For LCtests, the
conductivity of the solutioewas increased tmatch the highestonductivityof the buffer
prepared without NaCl additiamithin eachpKa group. For HC buffers, conductivity was further
increased to 7 mS/cm.

As indicated byeg. 3-1, ion migrationis influenced bythe dominant iotic specieswhich

can change with pH'o examine the impact of the net charge of the buffer on current generation
in LSV tests, thepH of the solutions washiftedaway from thebuffer pKa. A change of ongH

unit away from the buffer pKa not only can change net charge, but it greatly decreases the buffer
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capacity compared to conditions with thid at bufferpKa. Solution pH for liffers with pKa of 8
wereadjusted tgHs of 7, 8, and 9, and the conductivagjustedo the highest conductivity of
these solutionés.5 mS/cmas described abovEor examplewith theTris bufferpositive charge,
pKaof 8.1)atpH 7, the dominant species in the solutiosuld have a ngtositive charge, while
the dominant specsawould be with neutral charge apld of 9. The same procedufer adjusting
the pHwas repeated fdhe group of buffers with pKa of 10.8,usingfinal pHs of 9.8, 10.8, and
12, all at a solution conductivity @.9 mS/cm.

To clarify the charges on éla of these different buffers under the various experimental
pH conditions, a twgpart notation was used for each buffer, indicated in parenthesis following
each buffer name. The first symbol indicated that the buffer was selected to function as a
positivdy (+), neutrally (0) or negativelyi | charged species, with the second pair of symbols
indicating the predominant species at that pH. For Tris (pKa of 8.1) at a pH 8, for example, we
indicated Tris(h ) . The first @+0 sdionsaasapoditietycharbeds ¢ h e mi
buffer, and the notation cindicated that at this pH the chemical form of the buffer was
approximately evenly distributed between neutral (0) and positive (+) ions. At a pH of 7, Tris
ions are all predominantly posiély charged, and thus it is indicated at this pH as Trifs ().

Using this notation, the form of the buffer is easily clarified for the test conditions.

Table 3-2 Buffer common name;hemical structure and moleculaeight

Chemical Structure
HiC Qmﬁ\/_ || %N%

CH
% CH,4

Chemical Name Pivalic acid MOPS Tricine

Molecular Weight 102 209 179
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Diffusivity(10®cné/s) 9.4 7.5 7.5
Chemical Structure ¢ 9 <:>7N+ 1.
Hsz\(gg szg © OH
(@)
Chemical Name AMPSO CAPS Succinic acid
Molecular Weight 227 221 118
Diffusivity(10® cmé/s) 6.6 6.5 9.8
. - [e] [0] e
Chemical Structure o of% NCNw %70, o
(o} (o} © OH OH © \ /
A e
Ne) )\
] NH2

Chemical Name ADA POPSO Pyridine
Molecular Weight 190 362 79
Diffusivity(10®cné/s) 7.5 5.2 10.8
Chemical Structure NH* oH HO v >-OH

‘ J HO/\ENH3* Hz

ﬁ OH

Chemical Name Imidazole Tris Diethanolamine
Molecular Weight 68 121 105
Diffusivity(10® cnmé/s)  12.4 9.4 9.6
Chemical Strature

H>*N
Chemical Name Piperidine
Molecular Weight 85
Diffusivity(10® cré/s) 9.6
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3.2.2Electrochemical analyses

LSVs were conducted in@bicreactor(19) containing a cyndrical chamber 3 cm in
diameter, with a total volume of 26 mL. Anodes and cathodes with a projected surface area of 7
cn¥ each were located on the opposite ends (4 cm electrode spaAcaajonexchange
membran€CEM, Nafion 117, Boulder, CO, USAvasplaced in the middle of the chamber. The
anode (counter electrode) was a platinum plate in contact with a titanium wire as the current
collector. The carbon cloth air cathode (working electrode) was manufactured as previously
described20). Four polytetrafluoroethylene (PTFE) layers were brushed onto one side of 30
wt % wetproofed carbon cloth (type-BB, ETEK), followed by heating, to form a diffusion
layer to prevent water leakage. Then, the catalyst layer consisting of platinum catalyst (0.5
mg/cn? Pt, 10 wt % Pt/C, HEK) and 5% Nafion solution was loaded onto the other side of
carbon cloth, and dried for 24 A.reference electrode (REB, BASI, West Lafauette, IN;
+0.209 V vs standard hydrogen electrode, SHE) was placed clttescaihode.

LSVsweredoneat a slowscan rate of 0.1 m¥?, from 0.2 V toi 0.3 V vs Ag/AgCl
using a potentiostat (VMP3 MultichaginWorkstation, Biologic Science Instruments, U.S.A).
The same buffer solution was placed into each chamber before conducting LSV tests. All
potentials were reported versasg/AgCl reference electrode, and all tests were conducted in a

30°C constant teerature room.

3.3 Results

3.3.1Impact of buffer charge for a pH similar to the buffer pKa

Buffers with a positive net charge reduced cathode overpotential, and therefore improved
current production at pHs < 8, compared to neutrally or negatively chaufiers over a

potential window of +0.15 V to 0.15 V (HC solution, 7 mS/cm). An example of LSVs for
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buffers with three different net charges, all with a pKa of ~5, is shoWwigirs-2A. Positively
charged pyridine (h ) at pH of 5 produced high cathodic current densities than neutrally
charged pivalic acidrfi ) or negatively charged succinic acidi( ). Other LSVs are shown
in the supporting informatior-{g. A-S1).

In order to more directly compare the magnitude of thgachof the buffer on cathode
overpotential, current densities were compared for each laiffeo specificpotentials typical of
anMFC air cathode during operation (0 V andl1 V). At pH 5, the current production buffering
with pyridine ( h ) was 7.6 A rf?, which was 69% greater than pivalic aaith () (4.5 A ni?),
and 95% larger than succinic acidi( ) (3.9 A mi? at 0 V. At a lower cathode potentialiof
0.1V, differences in current differences between positively charged and other buffers were still
significant, though the differencesre smallerKig. 3-2C). Current production by positively
charged pyridine (h ) (7.6 A mi?), for example, was 49% larger than pivalic acif (),
which was smaller thaitne 69% increase observedlal. Compared to succinic acid ( ) (5.3
A m'?), current was improved using pyridine{ ) by 59% afi 0.1 V, compared to 95% at O V.

For buffers with a pKa > 8, there were no appreciable differences in current among the
buffers based on their net char§er example, current witBiethanolaming h ) (pKa 8.9, 1.7
A m'?) was only 6.3% greater than AMPSh( ) (pKa 9.1, 1.6 A rif) at pH 9.

The use of the LC solution reduced the cathodic current in all déige$-@D and3-2E),
which was expected due to the decrease in solution condud®itithe use of the LC solution,
however, did not change the observation that the use of a positively charged buffer improved
cathode performae. At a pH of 5, cathodic current at 0 V with buffers with a pKa of ~5 was
improved for pyridine (h ) (4.1 A ni?), as current was 37% larger than pavalic amfd (),
and 41% higher succinic acid§ ). Current production was @®nhanced with buffers with

pKas of 7 and 8, but not for buffers with a pKa > 8.
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No significant relationship was found between the cathode current production and the
diffusion coefficient of the bufferd~(g. A-S2). This lack of a correlation shows thke current

enhancement was not appreciably impacted by the chemical diffusivity.
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Fig. 3-1 Diagram of (A) a positively charged and (B) a neutrally charge buffer interfacing with

cathode in an MFC
3.32 Buffer tests with the pH shifted away from the pKa

For the group of buffers with pKa of 8, lowering the pH below the pKa further improved
performance of the positively charged buffer (Tris) compared to the other buffers. At a pH 7 the
current (4.4 A i) for Tris ( h ) ati 0.1 V was 57% larger than that obtained using Tricine
(h ), and 76% higher than with POPSOR( ) (Fig. 3-3A). At a pH similar to the pKa, where
there was a decreased net positive charge on the Tris)(buffer, current was 43% improved
compared to Tricinerfi ) and 36% improved compared to POPS@® ( ) ati 0.1 V (Fig. 3
3B). When the pH was further increased to 9, where there was little net positive charge on the

Tris ( h ), there was only a small increase (< 21%) in current compared to Triging or
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POPSO (h ), which both carried netegative charges. In addition, the potential window for

current improvement shrank from ~0.3 V to ~0.2 V as pH increased from (Fig. ?\-S3),
indicating the potential window for improved current was also pH dependent. While current
production using witfris (+) changed for the different pHs, the LSVs using POPS&uiid
Tricine (0) were quite similar for three pHsid. A-S3), demonstrating that only the positively
charged buffer was favorable affected by the electric field at the cathode.

For the buffers grouped with a pKa 10.8, there was no appreciable imphtba

current. The LSVs were relatively unchanged for Piperidine (+) and CAPS (0) at pHs of 9.8, 10.8

and 12, at both 0 arid.1 V (Fig. 34, Fig. A-S3B).

20 v
]
' pH 5, HC
E 15
<
"q:'; 10
= -~ —Negative
- =
5 5 —_— Neutral
o . —Positive
8.2 0.1 0 -0.1 -0.2 -0.3
Potential V vs Ag/AgCI
~ 9|B HNegative| o 9|C ENegative
£ |ov,HC [ Neutral g |-0.1V,HC [ INeutral
<g HPositive | < 6l MPositive
g E
£3 E3r
3 =
© 6 © 6|
~ |D HNegative E ENegative
g (O0V,LC [INeutral -0.1V,LC [INeutral
< WPositive WPositive
€3 3
g
5
]
0 0
5 7 8 9 10.8 5 7 8 9 10.8
Buffer with pH Buffer with pH

Fig. 3-2 A. Comparison of LSVs of three different buffers (witle ttharge of +,, 0) with and
pH 5 in a high concentration (HC) solution (7 mS/cm). For comparisons of different buffers at
different pHs, the current is compared at two different potentials: current production

corresponding to cathode potential and cotiditg of B. 0 V and 7 mS/cm (HC), G0.1 V and
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low conductivity (LC), D. 0 V and LC, E0.1 V and LC. The electrolyte conductivity for each

low conductivity condition are at the top of bars.
3.3.3 Dominant buffer species and potential window

When a biffer is used in a solution with a pH that is more than one pH unit away from its
pKa, the buffer capacity faded due to the predominance of only one form of the ionic species.
Therefore, examination of the impact of the charge of the chemical can bel steplieately from
its importance as a buffer. At 7, the dominant species in T¢ish ) wascompletely
positively charged, while for Imidazo{e h ) the portion of positively charged ion was only
50%.At a pH 7, in a solutions havingakame conductivity6.5 mS/cnj, bothpositively charged
Tris ( h ) and Imidazle (h ) both showedhigher current densities than the negatively or
neutrally charged speciedlOPS(rth ), ADA ( h ), Tricine(rh ) and POPSQ@rh )) (Fig.

3-5). While there was little difference in the maximum current produced by the two positively
charged bufferghewidth of thepotential window(~0.2 to +0.2 V) was slightlylarger forTris

( h )thanimidazole( h ) (~0.2to ¥0.1 V). Thus, the main impact of the higher

concentration of positively charged species was to slightly increase the buffer window rather than

the current densities over this range oigptials.
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Fig. 3-5 Adjusting buffers with pKa 8 to pH 7 and comparing with buffers with pKa 7 (pH 7)

under the same conductivity of 6.5 mS/cm
3.4 Discussion
3.4.1Enhanced transport by migration

The current produced in LSVs was consistently improved by using buffers thatiead
positive charge (pidine (+), Imidazole(+), andTris (+)) (Fig. 32B and3-2C) when the pH was
near neutralT his shows that the choice of the buffer would be quite important relative to the
current densities produce in MFC tests, as most testhboareusing solutions at a near neutral pH
(9). The reason for the improved cemt is the impact of the electric field on the charged buffer.
As shown by the Nern®lanckmodel (Eg. 31), the electric field will drive the transport of
positively charged ions towards the cathode. When the buffer is the predominant cation, this can
hep to improve current generation at near neutral ghts 8-2). While Eq. 31 can be used to
support this impact of an electrical field on a charged ion, it was not possible to predict the
overall impact of the electrical field on current in this mediutheut conducting actual LSV

tests.
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When buffers carry a net negative charge, they will be driven away from the cathode
towards the anode, while for neutrally charge buffers, the electric field should have no impact on
buffer motion. We observed here tlia¢re was no difference in current production in LSVs for
the neutral or negatively charged buffers. The predominant buffer in a wastewater at a neutral pH
is the bicarbonate ion, which carries a net negative charge. Therefore, while there is a benefit to
current generation using a buffer with a positive charge, there is no adverse impact on cathode
performance using a buffer with a net negative charge compared to buffers with a neutral charge.

There was no improvement in current production for positigbbrged buffers with
pKa > 9, such asiethanolamindpKa 8.9) or piperidine (pKa 11.1iQ. 3-2BC), in solutions at
a pH > 9. The reason for this lack of impact of the positively charged buffer is unclear, but it is
likely related to the high OHon concentration at this pH. Oxygen reduction releasesi@ts
from the cathode and increase cathode locdl@&@Hcentration. At a higher pH the change in the
OH' concentration relative to bulk solution conditions is reduced because of lower current and
larger migration flux, which would result in smaller ®gradient in the diffusion layer near the
cathode at a higher pH than that at lower pH. Thus, the impact of the buffer under these
conditions may not be appreciable in the absence of such gradients.

All tests conducted here were performed using Nafion as the binder for the Pt/carbon
catalyst. Catalyst binders with different ion exchange capacities have previously been shown to
impact cathode performance, but only in tests using a negatively chargech@ibdspiffer(21,

22). The impact of the binder when using a positively charged buffer is therefore unknown.
Nafion is a cation exchange polymer, which facilitates transport of protons in hydrogen fuel cells
where other cédns are absent. The ability of Nafion to improve proton transport is less clear
when using well buffered solutions with high concentrations of other cations and anions. For
example, it was shown that a neutratlyarged poly(phenylsulfone) Radel binded limproved

cathode performance compared to negatively charged Nafjpmbut amtherneutrallycharged
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binder(poly(bisphenol Aco-epichlorohydrin, or BAEH) had poorer performance compared to
Nafion (22). We observed here that using a buffer (+) improved current, but only when the
cathode potential was in the range of around 0 \Ota V. If the Nafion binder was a

predominant factor for improved current, thea should have also observed improved

performance at more negative potentials as well. Thus, the binder does not appear to be a critical
factor in our results, but it is one that should receive further attention to better understand factors

affecting catbbde performance.

3.4.2Comparison with other buffer studies

The impact othe chargeof anion onanodiccurrent production wagreviously reported
by others to increase by 15% when the impact of the electrical field was included in the model
(16). Although that study only considered the impact of the buffer on anode performance, our
results show a similar but more important impact pbsitively charged buffer on the cathode
performance. The impact of ion migration in the electrical field on current production was much
higher in our study in part due to the higher buffer concentration used here (50 mM) compared to
that of acetate (7 mMn the previous study. The modeling result from another group showed that
a high concentration of certain negatively charged ions would be maintained near the anode in
electric field(11), which would account for the experimentally observed effects on the anode
relative to current generation. It was also reported that there was little impact of buffer type
(HEPES, phosphate, MES, and PIPES) was found on cathode perfer@amnct there was a
large impact of solution conductivity. However, the buffers they chose were all negatively or
neutrally chargedTherefore, their results were consistent with ours, as we also found no impact
on current generation for negatively or neutralharged buffers.

In a previous study, it was found that the presence of positively char@jed12)

improved current production relative to the control (phosphate buftgrprty at current
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densities 20 A m2. In our LSV results, this current corresponds to a potentials more negative
thani 0.2 V vs Ag/AgC| which is a region where we did not observe any impact of the positively
charge buffer on current production relativea negatively charged bufféne reason for the
impact of the buffer at this high current density could be the different pH conditions exdamined
each chemical. While the pH for the PBS tests was 7.2, it was increased to 7.9 in tests with
NH,CI.As aresult, thebuffer capacity of PBS at pH 7.gKa=7.21) would be higher than that of
ammonia at a pH 7.9 (pk&.25). Thus, PBS could function better at stabilizing pH in their study
as it was used at a pH near its pkacondas pointed out in their papevhen the current was as
high as 10 A rit, the OH concentration at the cathode would be very high, and Wh&h

combined with OHand was deprotonated, it would form ammonia which could leak out through
the air cathod€23). As a result, loss of ammonia would help to maintain the local pH. In both
that study and our study, however, it is clématthe use of positively charge buffers could lead to

improved current production under certain pH conditions and current densities.

3.5 Conclusions

Positively charged buffer enhanced cathodic current production at pH < 8, with the
greatest improvement 85% compared to neutral or negatively controlled buffers. This trend in
current improvement was the same in high (7 mS/cm) or and low conductivity (< 7 mS/cm)
solutions. The improvement produced by using a positively charged buffer was greater at a
cathdalic potential of 0 V thaii0.1 V (vs. Ag/AgCIl), with the range of the improved potentials
increased with buffer concentration. There was no adverse impact of using a negatively charged
buffer compared to that of a neutrally charged buffer, and there wdifference in current for
all buffers at a pH > 9. For MFC applications, while solution conductivity is more important that

the choice of the buffer when using neutral or negatively charged buffers, the use of a positively
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charged buffer can substantiaitlgpact performance depending on its pKa, charge, and the

solution pH.
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Chapter 4

The importance of OHi transport through anion exchange membrane in
microbial electrolysis cells
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4.1 I ntroducti on

Microbial electrolysis cells (MECs) are devices which can achieve simultaneous degradation
of organic matter in wastewater and conversion of the chemical energy into hydrogen/gas.
separator, such as an ion exchange membrane, is usually placed between the electrodes to reduce
hydrogen consumption by microbes on the anode that results in hydrogen cycling (consumption
of hydrogen produced dhe cathode by microorganisms on the anode), and loss of hydrogen due
to methanogenes{®) The use of an anion exchange membrane (AEM) is more common in
MECs than a cation exchange membrane (CEM), as hydrogen gas production is higher with an
AEM than a CEM3,4) However, the addition of a membrane increases internal resistance and
creates pH differences between the electrolyte chambers, with the anolyte becomiagidiore
and the catholyte more basic. The anolyte should be kept above a pH=6 so that pH does not
inhibit current generation by the exoelectrogens. An increabe icatholyte pH is not desireable
because it increases the voltage needed to evolve hydgagext equilibriungs) which

according to the Nernst equation is:
O ©O —ae— O ™poO —afg 00 ™ Y (4-1)

assuming an equilibrium anode potential 0f289 V (acetate as substrate at pfé)AvhereO

is the cathode potential at equilibriu®(414 V),R the ideal gas law constant (8.314'3 iol'

DFt he Faradayds c'9,mee absolute tendpéradtBes K)ie eleotrdn
transferred (2'emol'!) per mole of hydrogen ga$, the hydrogen partial pressure agd’O

the concentration of hydroxide ions. Even in MECs lacking a membrane, the local pH near the
electrodes can vary, with tlaolytebecoming more acidic and the catholyte more alkdlife,
leading to concentration overpotent(@).To avoid large pH changes, buffers such as phaisph

(9,10)or bicarbonate buffe¢sl) are usually used in MECs.
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Buffers improve the perfornmae of the MEC by reducing the overpotential of the hydrogen
evolution reaction (HER) on the cathode, as predicted by the Nernst equation, as long as the pH is
near the pKa of the buffer. The minimum overpotential for the hydrogen evolution reaction
(HER) can range from 0.05 V to 0.09 V for a variety of buffers (PBS, BBS, ammonia, Tris, or
Hepes; 50 mM, at 15 A #) when the pH is near the buffer pKi2) Buffers in MEC catholytes
also increase the solution conductivify8) and serve an additional function of shuttling charge
between the electrolyte chambers, primarily through the transport of negatneetyed buffer
ions through the AEM3) The importance of ion transport in an MEC, relative to pH changes,
cannot be assessed using the above Nernst calculation approach, and thus it is not clear whether
pH control or charge balance by the buffer is more critaahydrogen gas production. For
example, it was shown that MECs with a highly conductive, butnudfered saline solution (68
mM NacCl), had a higher hydrogen production rate (HPR) of 2:6.nm'3-d than MECs using a
phosphate buffer solution (PBS, HPRE n¥-H, m'3-d) in MECs with an AEM14) This finding
suggested that solution conductivity was more important than pH for HER in MECs, which
conflicts with the calculation based on the Nernst equation which shows the importance of pH.

To separate the impacts of pH and ion transport on MEC performance, wesmatlae
polymer buffer (PoB) that produced a high solution conductivity and had a pKa similar to that of
PBS, but was restricted from passage through the AEM due to its high molecular weight (MW, 30
kDa) and positive charg&he PoB are polycations thatpietonate at basic pHs or gain protons
at acidic pHg15) It was reasoned based on past studies showing the importance of catholyte pH
that the HR would be improved by better pH control, by preventing the loss of the buffer,
compared to low MW buffers such as PBS. However, the charge would not be balanced by buffer
ion transport between the chambers as the transport of PoB is restricted by ild\ifgom
transport through the AEM into the anolyte, and thus the importance of charge transfer could be

separated from that of pH. The two buffers (PoB or PBS) were initially compared by
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demonstrating their different transport through the AEM, and bysunizgy their solution
conductivities and buffer capacities at the selected concentrations. The performance of MECs
using PoB or PBS was compared in terms of current densities and hydrogen production, while
monitoring electrolyte conductivity and pH. In diiloh, hydrogen production was examined

using PoB and PBS in abiotic electrochemical half cells (EHCs), with a set cathode potential, to
separate the impact of the catholyte pH on HER from the impacts of pH changes of the anodes
observed in MECs. Hydrogearoduction in MECs was also evaluated over many cycles without
catholyte replacement. The differences in the performance of the MECs and EHCs were used to
support findings that the transport of OtHrough AEM was more important than buffer capacity,

soluton conductivity, and buffer transport through AEM in MECs.

4.2 Materi al and Met hods

421PoB synthesis and preparation

Poly-DMAEMA (PDMAEMA) was synthesized as reported by oth@®) Briefly, 1 g of
DMAE MA, 1 9bipgrigine2and2d4 mg of copper (I) bromide were mixed dagassed
using pure Mgas. Then, 1 g ategassedeionized (DI) water was added, followed by the
addition of methyl Zoromopropionate as the initiator. The reaction was carried out at 20 €. After
PDMAEMA was collected and dissolvéd 10 mL of DI water, the solution was purified by
dialysis (SigmaAldrich, awerage flat width 35 mm, 12 kDa MW cut off) to remove copper ions
and smalMW compounds. The dialysate was used as the PoB after adjusting pH to 7.0 by
adding hydrochloric acid.

The MW distribution of PoB was measured using an ultrafiltration methodBriefly, PoB
was first diluted and then passed in parallel through several ultrafiltration membranes with

different MW cutoffs of 2, 10, 30 and 100 kDa (Ultrafiltration membrane disc, 62 mm, Amicon,
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US) in a stirred cell (200 mL, Amicon, US). The concentration of total organic carbon (TOC) was
measured (Shimadzu TG Shimadzu Corp., Japan) of the original PoB and\arsé different
times of the permeate solution. The MW distribution was obtained with the permeate

concentration data using the permeate coefficient n{adg(detailed protocol given in the Sl).

422Buf fer retention and buffer capacity tests

A side-by-side test of buffer retention using PBS (4.58 gHNRO;, 2.45 g NaHPQy, 0.31 g
NH4Cl and 0.13 g KCl in 1 L, 50 mMgnd PoB was compared using a diffusion test. The AEM
(AMI-7001, Membrane International Inc.) was placed in the middle of an MEC reactor (without
electrodes and anaerobic tubgy. B-S1A) which had aylindrical chamber with 3 cm in
diameter and 4 cm irehgth (a total volume of 26 mL), to separate it into two chambers. Buffer
solution (PoB or PBS) was put in one of the chambers (buffer chamber), while DI water was
added to the other one (watdramber) The water chamber was emptied and refilled with DI
water every two days. The two chambers were sealed to prevent liquid evaporation. Samples (0.2
mL) were collected from the buffer chamber every four days. The concentration of PoB was
monitored based on concentrations of TOC (Shimadzu-VQO&himadzu Corp.Japan), while
the concentration of PB8asobtained using a phosphate analysis kit (fobedsphorus TNT
reagent setHach, U$. Buffer lossesveremonitored based on the change of the percentage of
buffer in the chambeA minimum buffer retention curwwas calculated by assuming that half of
the buffer in the buffer chamber was lost within two days before the water chamber is refilled,
using
i ™ ® pnmnp (4-2)
wherer is the percentage of buffer retained, aigtimein day.

Titrations of the two buffer solutions, PoB and 50 mM P®&re conductetb determine

their buffer capacities. Concentrated NaOH (1.7 M) was added into the buffer solution (20 mL)
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with constant mixing until a pH of 12 was reached, with the amount of NaOH ussedreg:as a

function of pH during titration.

423MEC operation and hydrogen test

T h A& schematic of the ME@sed in this study is shown kig. B-S1A The anode (carbon
felt) and cathode (stainless steel mesh, #60, SS mesaplaced in a cubic react8rcm in
diameter with two Zm long chambers separated using an AEM anode was pushed next to
the endplate, while the cathode placed next to the membrane, resuitinglectrode spacing of
2 cm An anaerobitubewas epoxied onto a hole on the tdgh® cathode chambers to collect
hydrogen gases produced during the tests. A thick butyl rubber stopper (20 mm diameter,
Chemglass Inc., Vineland, NJ) was used to seal the anaerobic tube on the cathode chamber, with
the produced hydrogen gas collectechgsi gas bag (Calibrated Instruments, Inc, US), collected
through a needle pierced through the rubber stopperreference electrode (Ag/AgCl, FaB,
BASI, West Lafauette, IN; +0.209 V vs. standard hydrogen electrode, SHE) was placed in the
anode chambép measure the anode potential every 10 min.

The anodes of MECs were initialiyoculated and acclimated in microbial fuel cells

(MFCs) using the effluent from other MFCs operated for more than six months. After the current
of the MFCs stabilized, theéd solution was switched to the synthetic wastewater, which
consisted 10 mM sodium bicarbonate, 2' §df sodium acetate, vitamin and mineral
solution(14) The pH of the synthetic wastewater was adjusted to 7.5 using hydrochloric acid and
the conductivity was increased to 7.0 mSdny adding sodium chlorid&he low anolyte buffer
concentration (10 mM) used here was intended to mimic the low buffer capacity of municipal
wastewater with alkalinity reported to be 1800 mgCaCQ L'*.(18) MFCs were then
converted into MECs, which were then operated with same synthetic wastewater as anolyte and

PBS or PoB as catholyte for two months at an applied voltage of 1.1 V to ensure a stable biofilm.
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The pH for both PBS and PoB was 7.0, while the conductivity for PoB was 12.0 thS cm

compared to 7.0 mS cifor PBS. A higher conductivity for PoB was chosertompensate the
conductivity decline when pH increases.

Hydrogen production in the MECs was evaluated daily-ty@e tests, by replacing the
anolyte each cycle (daily) with fresh medium, but not replacing catholyte, in order to study changes
of the caholyte over time. The anolyte and catholyte pH and conductivity were also monitored
daily. The hydrogen produced was measuusihg a gaschromatograph(SRI 301c, SRI
instrumentsyith the gas bag methdd1) Total phosphate concentrations in the catholyte were
measured using ¢hphosphate analysis kit (totghosphorus TNT reagent sddach, U$ to
calculate buffer losses. Lofigrm performance of MECs with a high cathlyte pH was evaluated

after 15 cycles (no catholyte replacement) for MECs with PoB.

424E|l ectrochemical tests

Hydrogen production using the PoB was compared to that obtained with PBS in
electrochemical half cells (EHCs) with a Pt plate as counter electrode, and SS mesh as working
electrode. The reactor structure of the EHCs was similar with those used as Mtepsileat the
electrode spacing was increased to 4 cm and a reference electrode (Ag/AgCI, +0.209 V vs SHE)
was inserted close to the cathode and outside current path, as recommended in a previous study
(Fig. B-S1B).(19) All potentials were reported versus the Ag/AgCI reference elextifite same
anolyte solution, 10 mM sodium bicarbonate solution with 2'gadium acetate (pH, 7.0 and
conductivity, 7.0 mS chi) was added to the anode chamber, while one of the buffer solutions,
PoB or PBS, was tested as the catholyte. The cathodintftwas set and fixed &1.2 V (vs.
Ag/AgCl). The hydrogen production test was carried out in a similar fashion with that in MECs in
a 3cycle test, with replacement of the anolyte every daily cycle but not the catholyte. The pH and

conductivity of theanolytes and catholytegeremonitored each day.
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Solution resistance was compensated in EHCs using a current interrupt technique with a
potentiostat (BioLogic model; software version = 10.23; 80% compensation based on the average
of 10 measurements). BoMEC and EHC tests were conducted in duplicate, and all tests were

conducted in a constant temperature room (30 €).

425Cal cul ati ons

The overpotential due to thrilk solution pH increase;, (3) was calculated as
- =1 (4-3)
The overpotential reported here only accounts for the bulk pH change, but the overpotential of
HER can also be due to the specific response of the electrode material (SS mesh) to pH changes,
as notedy otherq20) The cathodic coulombic efficiency (CCE) is used to evaluate the
conversion of electrons to hydrogen gas, and it wiasilesed from current and hydrogen

production using Simpsonds rule as

Q (4-9)

whereVn is the measured hydrogen productinthhie number of electrons per mole of
hydrogen (2 ‘'emol'!), mthemolarwe i ght of hydrogen, } tithe densit
current (A),t the time (s)mpfts the time interval between cent samplingio the initial current
(A), ienathe end current (A)y the total current sampling points, aini thej " current sampling
point.

The average current was calculated based on the time for accumulation of 90% of charge

(lavg,09 to minimizethe impact of low current at the end of the cycle on the calculation of the
averagg21) It was calculated as:

0y 2 (4-5)
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whereQ is the charge accumulated calculated by integral the current over time peritg,thed

time for accumulating 90% of charge.

4.3 Results and discussi on

431Char act erBaBtanmnd bouf f er retention test

The MW distribution obtained from the ultrafiltration method showed that 60% of
PDMAEMA hada MW between 30 kDa and 100 kDa. A small portion (6%) of PDMAEMA had
a MW in the range of 2 kDa to 30 kDa, with the remaining maké84%) < 2 kDa. This <2 kDa
fraction likely consisted of monomers that were not polymerized or removed by dialysis. The
MW distribution obtained in this study was consistent with a previous study using the same
synthesis metho(L6)

Based on titration results from a pH of 7 to 10, the buffer capacity of the PoB (pKa ~ 7.5)
was 2.2imes as high as that of 50 mM PBS (pKas of 7.2 and 12.3) commonly used in MECs
(9,10)(Fig. B-S2). At the start of the titration for the PoB there was a slow increase in pH from 7
to 9, and then a rapid increase in pH from 9 to 10 indicating loss of buffer capacity. The polymer
functioned differently than themallMW PBS luffer in response to base addition due to the
complexity of ionization of the polymer monomers and electric repulsion between adjacent
charged monomers. This repulsion was reported to contribute to better deprotonation under high
pHs(22,23)The titration curve of PoB (pKa ~7.5) obtained in this study was consistent with the
titration of PDMAEMA in deionized water reporteg b previous stud{24) The buffer capacity
of PoB and PBS were similar when the pH increased from 7 to 12.

The PoB was effectively retained using an ABRD( 4-1A), with 98+2% of the buffer
retained in the passive diffusion test (no current). The small loss of buffer was likely due to the

diffusion of the <2 kDa fraction of the PoB through the membrane. However, the PBS retention
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of only 3940.4% was obtained with AEM after 16 days, indicatipgraciable loss of buffer
through AEM driven by concentration gradient. Compared with the minimum curve calculated
(Fig. 4-1A), the PBS was better retained by AEM, indicating equilibrium was not reached before

water replacement (2 days).

Fig.4-1The percentage of PoB or phosphate (PBS) bl
an AEM (without current) and (B) in MECs. The
would be based on equiliadchumi metiwvbencohert €ewoe

solution wasl)chalnBged h(eeg.etention of PBS in MEC

Linear sweep voltammetry (LSV) was conducted for SS mesh cathode buffered with PoB
(data not shown No extra peaks were found for PoB solutionsidating negligible

electrochemical interactions between PoB and the cathode.




















































































































































































































































































