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ABSTRACT

Microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) 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 production in MFCs produces
an electric field that drives cations towards the cathode, and anions 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 different buffers in solutions with
different pHs and conductivities was 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 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 potential window 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 these higher pHs diffusion dominated buffer transport.

In two-chamber microbial electrolysis cells (MECs) with anion exchange membranes
(AEMs), a phosphate buffer solution (PBS) is typically used to avoid increases in catholyte pH as
Nernst equation calculations indicate that high pHs adversely impact electrochemical
performance. However, ion transport between the chambers will also impact performance, which
is a factor not included in those calculations. To separate the impacts of pH and ion transport on

MEC performance, a high molecular weight polymer buffer (PoB), which was retained in the



catholyte due to its low AEM transport and cationic charge, was compared to PBS in MECs and
abiotic electrochemical half cells (EHCs). In MECs, catholyte pH control was less important than
ion transport. MEC tests using the PoB catholyte, which had a higher buffer capacity and thus
maintained a lower catholye pH (<8), resulted in a 50% lower hydrogen production rate (HPR)
than that obtained using PBS (HPR=0.7 m*-H, m™ d!) where the catholyte rapidly increased to
pH=12. The main reason for the decreased performance using PoB was a lack of hydroxide ion
transfer into the anolyte to balance pH. The anolyte pH in MECs rapidly decreased to 5.8 due to a
lack of hydroxide ion transport, which inhibited current generation by the anode, whereas the pH
was maintained at 6.8 using PBS. In abiotic tests in ECHs, where the cathode potential was set at
—1.2'V, the HPR was 133% higher using PoB than PBS due to catholyte pH control, as the anolyte
pH was not a factor in performance. These results show that hydroxide ion transport through
AEM to control anolyte pH is more important than obtaining a more neutral pH catholyte.

MFCs cannot effectively treat wastewater with low a COD, so a post-treatment is usually
needed for polishing MFC effluent. Anaerobic fluidized bed membrane bioreactors (AFMBRsS)
use granular activated carbon (GAC) particles suspended by recirculation to effectively treat low
strength wastewaters (~100-200 mg L—1, chemical oxygen demand, COD), including MFC
effluent, but the effluent contains dissolved methane. An aerobic fluidized bed membrane
bioreactor (AOFMBR) was developed to avoid methane production and the need for wastewater
recirculation by using rising air bubbles to suspend GAC particles. 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
retention time of 1.3 h). The effluent of the AOFMBR had a COD of 20 £8 mg L%, and a
turbidity of <0.2 NTU, for low-COD influent (153 19 and 214 27 mg L™?), similar to the

AeMBR and AFMBR. For the high-COD influent (299 + 24 mg L—1), higher effluent CODs



were obtained for the AeMBR (38 +£9 mg L) and AFMBR (51 £11 mg L) than the AOFMBR
(26 =6 mg L ™). Transmembrane pressure of the AOFMBR increased at 0.04 kPa d*, which 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 uniform biofilm on 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 (square-root transformed Bray—Curtis similarity, SRBCS, 0.69). Communities 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 AOFMBR, the process
is energy intensive due to the large air flowrates. In addition, ammonia nitrogen is not effectively
biologically removed in either AFMBRs or AOFMBRs. Membrane aerators were added into an
AFMBR to form an aerated membrane fluidized bed membrane bioreactor (AeMFMBR) capable
of simultaneous removal of organic matter and ammonia without production of dissolved
methane. Good effluent quality was obtained for domestic wastewater (193423 mg/L and 4945
mg-N/L) treatment, with non-detectable suspended solids (<2 mg/L), 9345% of chemical oxygen
demand (COD) removal to 1411 mg/L, 89+7% of soluble COD removal to 13+11 mg/L, and
7448% of total nitrogen (TN) removal to 1243 mg-N/L. Nitrate and nitrite concentrations were
always low (< 1 mg-N/L) during continuous flow treatment. The ammonia removal rate (AR) was
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 granular activated 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



was due to nitrification and denitrification 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 the 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 electricity.(1) The consumption of electricity in 2016 is 3710 million megawatt
hours, which is believed to be further growing in the future. The increase in energy demand
accelerates the depletion of non-renewable 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 2052.(2) In 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 sulfate oxide. 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 taken up by the oceans.(3) The limited uptake of carbon dioxide
resulted in 43% of carbon dioxide emitted remaining in the atmosphere on average each year.(4)
Renewable, sustainable and clean energy sources will be needed in the future to mitigate the

energy crisis and related climate issues.

1.2 Energy demand for wastewater treatment



Water and wastewater treatment systems are an important energy consumers of
electricity, accounting for 3-5% of electricity consumption.(5) 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 requirements; 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 small-scale wastewater treatment plant
showing the total energy intensity was 1.046 kWh/m? of wastewater 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 in municipal wastewater
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 automation, and low food to microorganism conditions.(7)
Therefore, wastewater treatment technologies 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 wastewater is treated by aerobic biological processes, such as
the activated sludge (AS) process. However, the AS process has several disadvantages, such as
high energy demands, high sludge production, and insufficient nutrient removal. For example, the
energy needed for aeration alone can be ~500 Wh m= for 1 kg organic removal during
operation.(8) Large amounts of solids will be produced daily, ranging from 15-100 L/kg BODs

removed, due to high yield coefficients from aerobic microorganisms.(9) Recently, anaerobic
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treatment technique has drawn much attention due to its high energetic efficiency and low sludge
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 promising anaerobic 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 obtain energy as electricity or hydrogen gas. Compared 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 electricity. For
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, the addition of membranes
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 buffer retention on the
performance of MFCs and MECs, and on optimizing membrane bioreactors as a post-treatment
process for the effluent from MFCs in terms of COD concentrations and ammonia nitrogen
removal. In addition, | examined methods that minimized dissolved methane concentrations and

membrane fouling.



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

Obijective 2: Develop a polymeric buffer with a large molecular weight (>10,000 Da)
achieving buffer retention in the catholyte of two-chamber MECs to evaluate

the effect of buffer retention compared to ion transport through membrane

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

avoid dissolved methane and lower membrane fouling.

Obijective 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 dissolved methane 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. The following 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 voltammetry (LSV). This work was published as ‘Ye, Yaoli, Xiuping Zhu, and
Bruce E. Logan. "Effect of buffer charge on performance of air-cathodes used in microbial fuel

cells." Electrochimica Acta 194 (2016): 441-447.” | conducted all experiments, and Dr. Zhu



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 buffer loss through the separator (membrane) between the chambers. A polymer
buffer was first synthesized and tested as the catholyte for buffer capacity, buffer retention, LSVs
and hydrogen production. The effect of ion transport through membrane with phosphate buffer
was compared to that of buffer retention using polymer buffer. This study was concluded as a
manuscript as: ‘Ye, Yaoli and B. E. Logan. "Simultaneous nitrogen and organics removal using
membrane aeration and effluent ultrafiltration in an anaerobic fluidized membrane bioreactor."’,
which was submitted to the International Journal of Hydrogen Energy. | conducted all the tests
and prepared the manuscript. Dr. Logan contributed to the revision of the manuscript.

In Chapter 5, three membrane bioreactors, 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 electron microscopy. Microbial communities in each of the
bioreactors were compared by DNA analysis. This work was published as ‘Ye, Yaoli, Nicole
LaBarge, Hiroyuki Kashima, Kyoung-Yeol Kim, Pei-Ying Hong, Pascal E. Saikaly and Bruce E.
Logan. "An aerated and fluidized bed membrane bioreactor for effective wastewater treatment
with low membrane fouling." Environmental Science: Water Research & Technology 2.6 (2016):
994-1003.” I performed all the tests and reactors operation in this study. Ms. LaBarge and Dr.
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 contributed to the revision 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 and TSS 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 analyzed to gain insight into the ammonia removal
mechanism. This study was concluded as a manuscript, ‘Ye, Yaoli, Pascal E. Saikaly, and B. E.
Logan. "Simultaneous nitrogen and organics removal using membrane aeration and effluent
ultrafiltration in an anaerobic fluidized membrane bioreactor.” Bioresource Technology (2017).".
I 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 paper 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, into electricity, hydrogen or other chemical
products (Fig. 2-1). 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 cathode typically 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 terminal (1).
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 hydrogen evolution
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 reactions (2). Other 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 cathode (3). Cathodic 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 MFC (4). Hydrogen peroxide was found to be collected in an MFC when an
efficient catalyst (Platinum) was absent (5). Other organic chemicals, such as acetate (6), ethanol
(7) and butyrate (8), have been generated by biocathodes when both electrical power and carbon
sources (usually CO>) were input. These reactors that produced organic molecules are often

referred as microbial electrosynthesis (MES) systems.



Numerous studies have been done on BESs, especially MFCs and MECs, to enhance the
performance of 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 other treatment

processes.

Power production
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Fig. 2-1 Possible anode and cathode reactions in BESs (9)

2.1.1 MFC, electricity production and wastewater treatment

An MFC consists of an anode, cathode, electrolyte, separator (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 maximum power generation
(Pmax), internal resistance, and coulombic efficiency (CE). Power generation is assessed in terms
of a power density, normalized either to an area (2-1) or liquid volume (2-2) using polarization
tests (1), as:

Ece
Pareq = 21 (2-1)

AeRext
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2
Pv _ _Ecen (2_2)

" VpRext
where the Ecen is the voltage across the external load, Ae is the targeted electrode area, either
anode or cathode, or the cross sectional area between the electrodes, Rex: is the resistance of the
load, V. is the volume of the reactor, Parea iS the power density normalized to area and Py is the
power normalized to volume.

The internal resistance is the sum of activation resistance, concentration resistance, and
ohmic resistance (11). The activation resistance is caused by the activation loss of the anode and
cathode electrochemical reactions to initiate the oxidation or reduction reactions (11). The ohmic
resistance consists of the contact resistance of the electrodes, solution resistance (dependent on
conductivity), and the membrane resistance (if a membrane is used) (12). The concentration
resistance is due to the difference between the bulk and local concentration. The internal
resistance can be obtained using electrochemical techniques, 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 calculated as (1)

MfP1at

= Fbvg,ACOD (2-3)

€cE
where M is the molecular weight of the oxygen, F Faraday’s constant, b the ratio of electron
exchanges with the moles of oxygen, Van the volume of anolyte and A CODis the change in

COD over the time period 0to .
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 to have high electronic conductivity,

biocompatibility, chemical stability, and high specific surface area (10). The mostly commonly
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used material for the anode is a carbon based material, such as carbon fiber, carbon cloth,
graphite, and carbon felt. A Prax ranging from 893 to 1015 mW/m?2 was obtained in cubic MFCs
with pre-treated carbon mesh anode, with a CE of 22% to 76% (13). MFCs with a carbon brush
anode, made from carbon fibers, achieved a higher Pmax 0f 2400 mW/m? than the carbon mesh,
with a CE of 60% (14). The ammonia treated carbon cloth anode achieved a Pmax 0f 1970 mW/m?,
and the startup time was reduced by 50% compared to untreated carbon cloth (15). Non-porous
graphite plates were also tested to be suitable for MFC anodes, and roughened graphite plates
showed better biomass activity than Pt-coated titanium anodes (16).

In order to further increase anode performance, modification of the anode has been
widely researched. For example, a RuO; film was deposited on a carbon felt anode, achieving a
power density (3.08 W/m?) 17 times as high as untreated carbon cloth, which was believed to be
due to the enhanced electron transfer of the anode (17). A Prax 0of 42 mW/m? was obtained using a
carbon nanotube (CNT, 20%)/polyaniline (PANI) composite anode with Escherichia coli. as
anode bio-catalyst, which was higher than E. coli MFCs (0.47-2.6 mW/m?) (18). Rolling Fe;Ox
into activated carbon anode loaded by stainless steel (SS) mesh increased the Pmax by 22% from
664 to 809 mW/m?, which was attributed to the improved capacitance (19). Another study also
showed that enhanced anode capacitance can increase both stationary and transient power
production (20). Other modifiers, such as polyaniline (21), PANI/poly(aniline-co-o-aminophenol)
(PAOA) (22) and graphene (23), were tested on carbon-based anodes in MFCs, and improved
anode performance were obtained as well. Other than carbon-based anodes, metals are also good
candidates for the MFC anode material due to their superior electron conductivity. Gold (24),
titanium oxide (16) and SS plate (25) have been used in MFCs, and some reported the metal
anodes could produce current as effectively as carbon-based anodes (26).

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

influence electron transfer. Three electron transfer mechanisms are proposed (Fig. 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 anode (27). Electrons from
inside the bacteria are transferred to external electron acceptor via outer membrane cytochromes.
However, based on this mechanism, the current generated can be limited to only several pA/cm?
based on a cell density of a single monolayer of bacteria (28). The other two electron 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, such as Shewanella strains (29), through which the electrons
can be transferred from cytochromes to external electron acceptors. The conductive nanowires
enable remote electron transport (28) and the formation of conductive biofilm matrix (30). It is
believed that 100% of electron harvesting can be achieved with the electron transfer mechanism
of DET and nanowires (28). However, exoelectrogenic microorganisms are typically not capable
of using complex substrates, resulting in limited current generation 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 higher current than that
produced with DET (28). Mediators are usually added as electron shuttles in the early stage of
MFC studies to produce appreciable power (31). 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 mediator can significantly increase the rate of electron release by the
microorganisms. The use of mediators, such as neutral red (32), humic acid (33) and
anthraquinon-2, 6-disulphonic disodium salt (AQDS) (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 may be the
most promising ones since they are cheap, stable and well-studied. 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 are usually, phenolic
compounds, which may be toxic and have adverse effect to the environment in long term (35). In
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.
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Fig. 2-2 Extracellular electron transfer mechanisms. From top to bottom, direct electron transfer,

nanowire and mediator (31)

2.1.1.2 MFC cathode

In MFCs, many oxidants can be the candidates as the electron acceptors for cathode
reduction reaction, such as ferricyanide (36), persulfate (37) and oxygen (14). Among all the
candidates, the most commonly used oxidant is oxygen due to its low cost and non-toxic
properties (10). The oxygen reduction reaction (ORR) in an air-cathode MFC is a tri-phase

reaction as electrons, protons and oxygen meet and react at the catalyst layer on the cathode.
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Complete and incomplete ORR pathways are proposed based on proton consumption and either a
4-electron (2-4) or 2-electron transfer (2-5):

0, + 4H* + 4e~ - H,0 (low pH) / 0, + H,0 + 4e~ — 40H™ (high pH) (2-4)

0, + 2H* + 2e” - H,0, (2-5)

The 4-electron 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, and oxide-covered
metals (38). The pH in MFC is usually around neutral, which makes ORR in MFC fundamentally
different from that in fuel 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 generation. For example,
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 terms of scaling up MFC (39). In addition, doubling the cathode size can increase Pmax by 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 smaller than the cathode resistance (40). The cathode
limitation for power is further confirmed by analyzing internal resistance (41). The cathode had
780% higher resistance (285 Q) than that of anode (33 Q). The limitation by the cathode is
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 cloth cathode (42),
which is manufactured by loading a catalyst layer (Pt/C) on one side of carbon cloth, and carbon
based layer and diffusion layer (polytetrafluoroethylene, PTFE) onto the other. The use of this
Pt/C carbon cloth cathode can contribute to an increase in Pmax by 42% compared with a

commercialized fuel cell cathode (43). Cathodes with other catalyst are developed based on this
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general structure of catalyst layer, current collector, and diffusion layer (Fig. 2-3), but with other
catalysts since the platinum is costly. When the Pt/C catalyst was replaced with cobalt
tetramethylphenylporphyrin (CoTMPP), for example, the cathode performance only decreased
slightly compared with a Pt/C cathode (43). In another study, pyrolyzed CoTMPP and Pt
catalyzed cathodes were compared with a pyrolyzed iron (11) phthalocyanine (pyr-FePc)

catalyzed cathode, and there was only a small difference in the cathode performance using the
different catalyst (44). Ferric iron reduced on graphite electrode as the catalyst was applied as
MFC cathode, achieving a Pmax 0f 0.86 W/m? with a current density of 4.5 A/m? (45). The catalyst
of metal oxides and metal complexes, though less expensive than platinum, still can cost several
hundred dollars per square meter (46).

In order to further reduce the cathode cost without lose in power generation, activated
carbon (AC) powders have become more widely used as the cathode catalyst because AC is
inexpensive and it has a large specific surface area. For example, MFC with cathode made by
pressing a mixture of AC and PTFE onto nickel mesh current collector produced Pmax as high as
1220446 mW/m?, 16% higher than the Pt/C carbon cloth cathode (46). 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 a Pmax of 1190450
mW/m?, which was comparable to 1320 mW/m? by the Pt/C carbon cloth control (47). 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, and rolling catalyst layer consisting

of AC and PTFE on the other side, which produced a Pmax 0f 802 mW/m? 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 facing the air side (49)

Another difference between the cathode in an MFC and a conventional fuel cell is the
cathode fouling caused by biological 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 attempts have
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 an anti-fouling coating (50). Cathodes made from
nitrogen doped carbon powder sprayed with amino-trimethylene-phosphate was found to
effectively reduce chemical fouling, resulting in a decrease of 13% in power after 40 days of
operation, which was lower than the 56% reduction in power for MFCs with a carbon powder
cathode (51). Enrofloxacin, a fluoroquinolone antibiotic, was also incorporated in the catalyst

layer of an air cathode catalyzed by AC, resulting in a decrease in biomass content on the cathode
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by 60.2% compared with an untreated cathode, after 92 days of operation (52). No substantial

decrease in PmaxS were shown for the cathode 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 or methods to reduce or reverse fouling are needed

for maintaining stable, long-term cathode performance.

2.1.1.3 MFC separator

MFCs can be classified as single-chamber or double-chamber configurations based on
whether or not a separator is used to physically separate the solution into anolyte and catholyte
chambers. Without a separator, single-chamber 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 lack of 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 MFCs (53). The use of separator can also result in problems. 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 cathode (4). The anolyte will become more
acidic, while the catholyte more alkaline. The difference in electrolyte pH can cause a potential
loss and an increase in internal resistance (54). With an initial high anolyte pH and low catholyte
pH, a tubular MFC achieved 3.8 times higher Pmax than an MFC starting with a neutral pH (55).
In addition, the drop in anolyte pH may not only lead to decrease in microbial activity on anode
(56). The use of separator may also cause fouling of the separator (57) and increasing the
maintenance costs for MFCs.

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

ultrafiltration membrane (UFM), microfiltration membrane (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 200 Q (56). The use of UFM, AEM, CEM, proton exchange membrane
(PEM) were compared in MFCs treating synthetic wastewater, with that AEM producing the
highest Pmax (610 mW/m?) 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 was evaluated in MFCs,
showing that the BPM was the least suitable for MFC due to its high resistance (59). J-cloth, glass
fiber mesh, and CEM were compared in MFCs with various configurations, with the higher Pmax
obtained using J-cloth and glass fiber compared with a CEM due to their low ohmic resistances
(60). In addition, a higher CE was achieved with glass fiber due to its lower oxygen transport.
MFCs with MFM as the separator showed a comparable Pmax with a membrane-less
configuration, double that of obtained with a CEM, without negative effect on internal resistance
(61).

The use of separator is a trade-off between oxygen intrusion and internal resistance. The
use of J-cloth or glass fiber separators are more promising than others, such 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, downflow, tubular reactors,
cassette-electrode setups, separator electrode assemblies (SEA), and fluidized beds. A Pmax 0of 170
mW/m? was obtained in a two-chamber MFC (CEM) with an upflow configuration in continuous
flow mode with a reticulated vitreous carbon cathode (62). Another upflow MFC with porous
sponges as separator achieved a Pmax 0f 315 mW/m? using an activated carbon fiber cathode. A

downflow configuration was compared with an upflow configuration in a single-chamber MFC,
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with the down-flow configuration producing a higher Pmax due to better cathode performance, and
the simpler design of the down-flow configuration was claimed to contribute to an easier design
for scaling up (63). In a tubular reactor, the graphite granule anode was wrapped around a Pt/C
cathode, producing a Pmax as high as 50 W/m?® (64). A innovative cassette-electrode setup was
developed, with a detachable cassette of two flat cathodes sandwiched between a PEM and
anodes, resulting in a Pmax 0f 899 mW/m?(65). The cassette-electrode MFC was tested for treating
organic wastes like cattle manure (66). The cassette-electrode 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. A Pmax of 975 mW/m? was obtained from an SEA
MFC with a graphite fiber brush and single air cathode using a textile separator (67). An
improved power generation was achieved as high as 4.30 W/m? in a SEA MFC by using a non-
woven fabric layer separator and a U-shaped Ti wire as the current collector (68). In another
study, several different reactor configurations were compared along with two different separators,
glass fiber and J-cloth, with the highest Pmax 0f 696 W/m? produced by a double SEA with
electrode spacing of 0.3 cm and glass fiber separator (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 the start-up time (69). The configuration will be
crucial for MFC scaling up, so the simple structure, such as cassette-electrode, 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 and tested for 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 reach a current of 225 mA (248 W/m3) (70). Three fluidized bed MFCs

were connected in series achieving a Pmax 0f 11.7 mW/m? with 14.7 mW/m? for each single MFC,
with 99% of COD removal with series flow of the fluid through the MFCs (71). Although the
total power generation of a stacked MFCs is close to the sum of unit MFCs, there is a risk of
voltage reversal when the MFCs are connected in series (72). VVoltage reversal happens when
some MFCs in the series are charged (consuming energy) by others instead of discharging (73).
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 supported. In addition, 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 charging by a stack of MFCs (74).

The second way for MFC scaling up is to increase the surface area of anode, cathode and
reactor volume. If the power density stays constant, scale-up of MFCs with the same structure as
those at small-scale 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 electron transport across the anode biofilm (75). Another study reported the
anode lead-out terminals were very important for large-scale MFCs, which could result in 47% of
power loss in large-scale MFC compared with small-scale MFC (76). In addition, unknown
factors or factors that have not been understood well may also account for the power loss of the
larger-scale MFCs.

Numerous scaled-up 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 scale-up, while other studies reported

substantial power losses. A 10-L serpentine type MFC was constructed by combining 40 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 4.1 W/m? (77).
The comparison between this serpentine MFC and a small-scale MFC suggested the power was
effectively maintained during scale-up. Ammonia was found to be removed along with COD with
an efficiency higher than 85% due to ammonia volatilization. Long-term tests 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 20-L bipolar plate MFC stack of four cells produced a
high Pmax of 144 W/m?® by decreasing pH, purging with pure oxygen, and increasing flow rate,
resulting in a small volumetric resistivity of 1.2 mQ/m?, comparable to or lower than small-scale
MFC of 0.5 L (78). However, some other studies showed a decrease in power generation during
scale-up. For example, a multi anode/cathode MFC was constructed by integrating a GAC bed
with multiple anodes and cathodes into a single-chamber MFC (20 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 the 4-anodes/cathodes configuration (1.25 mW). Compared with the small-scale
MFC, the large-scale 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. A 12 L-MFC treating
synthetic wastewater (sodium acetate) achieved a Pmax 0f 431 mW/m? resulting in a low anode
polarization resistance of 0.44 Q (76). The comparison between the small-scale and the large
scale MFC with the same configuration showed a power generation decrease of 38% from 696
mW/m? during scale-up. A 47% loss in power was identified as due to ohmic losses as a result of

poor lead-out of the terminals, while reasons for the remainder of power loss 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 MEC they are consumed at the cathode by the 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 HER of —0.414 V (vs. NHE) is
more negative than anode potential under standard biological condition (—0.296 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 voltage is even 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 (1.8-2.0 V) (81). Compared with biological hydrogen production process, such as
photo- and dark-fermentation, the MEC has a higher energy conversion efficiency, higher
hydrogen production rate, and higher hydrogen quality (82).

The performance of MEC can be evaluated 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 CE can 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:

NHy _
=7
nce [ ldt

2Fny,

(2-6)

Teat =

where ny, is the moles of hydrogen collected, n¢g the theoretical hydrogen production calculated

based on moles of coulomb transferred assuming a 2:1 hydrogen conversion ratio. The HPR 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 by multiply CE with cathodic efficiency as:
€nre = €cETcat (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:

_ _ nHZAHH2
e =W, IEt

(2-8)
where Wy, is the energy generated as hydrogen gas, Wy the energy input as electricity and AH,

the enthalpy contained in hydrogen. Another energy efficiency describing the energy yield

relative to the added substrate, 7, as:

ne = Yz _ MHy0HH, (2-9)

S Ws ngAH;

where W is the energy content in the consumed substrate, which is calculated by multiplying the
enthalpy, AH,, and the moles of substrate, ns. The last energy efficiency, overall energy recovery,

is calculated as:

WHZ
Wg+Ws

Ne+s = (2-10)

2.1.2.1 MEC cathode

Many factors have been shown to affect MEC performance, such 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 catalyst usually 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 overpotential of Pt cathode was evaluated using various buffers, such as phosphate
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buffer, ammonium chloride, ammonium bicarbonate and Good’s buffer, showing that the
minimum overpotential of 0.05 V at pH of pH 6.2 with phosphate buffer, and 0.09 V at pH 9.0
with ammonium chloride, and 0.09 V at pH 9.3 with ammonium bicarbonate and 0.07 V at pH
7.3 with Tris (one of Good’s buffer) (83). Low HER overpotential substantially reduced the
electrical energy input needed for MECs to produce comparable H, production rates, resulting in
higher energy efficiencies. For example, a maximum HPR of 3.12 0.02 m3-H,/m?3-d with a high
CE of 98% and cathodic efficiency of 96% under 0.8 V was achieved in a membrane-less MEC
with platinum catalyzed cathode (84). However, platinum is expensive, scarce, and its mining can
cause adverse environmental problems (85).

To overcome this dilemma with the use of Pt, other metal-based 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 mesh cathodes with different sizes were
compared with carbon cloth loaded with Pt/C, showing that #60 SS mesh produced a HPR as high
as 3 m®-Hy/m3-d with a high CE of 9844% and overall energy efficiency of 7444% with 0.9 V
applied (86). Another study reported on using a SS brush with high specific surface area of 810
m2/m? as the MEC cathode (0.6 V), which produced hydrogen at a rate of 1.7 m3-Hz/m3-d with
overall energy efficiency of 7845%. The control cathode, a graphite bush, had a larger specific
surface area, but resulted in a much slower HPR due to its poor catalyst properties (87). 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, surpassing Pt sheet in terms of overall energy
efficiency and HPR (88). 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 powder (0.5-1 um) was applied onto carbon

cloth with or without carbon black as the cathode, and compared with Pt/C cathode and
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electrodeposited nickel cathode (89). 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. However, 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 anti-corrosion property (90). The
results showed that the material with the best catalyst performance might not be the best choice
due to lack of anti-corrosion. SS EN 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, bio-cathodes are another alternative to noble-
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 half cell (91). A current density of
1.2 A/m? was achieved under cathode potential of —0.7 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 caused by precipitation 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 below —0.4 V (93). The experiment 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 overpotential for HER. Non-noble 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

Separators, usually membranes, are needed in water electrolysis to avoid mixing of
hydrogen and oxygen gas produced. In an MEC, a separator, such as ionic exchange membrane,
is also commonly used to separate the anode and cathode chambers. This separation of electrodes
can increase hydrogen yield relative to electrical energy by reducing hydrogen cycling (hydrogen
utilized by anode bacteria) and ensure high purity of hydrogen in the gas by avoiding
methanogenesis (80). However, the addition of a separator in an MEC introduces an additional
internal resistance. In 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 in electrochemical potential (54). When an MEC was operated without separator, the
maximum HPR was 3.12 m3-H,/m®-d at applied voltage of 0.8 V. However, the methane
concentration could be as high as 28% with low applied voltage of 0.2 V due to the long cycle
time (80). In another membrane-less study a MEC with a non-ion selective J-cloth as the
separator and gas-phase cathode, compared to an MEC with Nafion 117 as the separator (84). A
smaller internal resistance of 19 Q was shown for membrane-less MEC, with HPR as high as 6.3
m3-Ho/m?3-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 phosphate buffer treating synthetic wastewater, showing that AEM produced the
highest hydrogen and the BPM mitigated the pH increase the best (94). A forward osmosis
membrane was utilized as the separator in an MEC, and a comparable HPR of 0.3 m® Ho/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 AEM (95). However, another comparison of an AEM and a

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 192 mQ/m? for 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 in CEM could cause an additional potential loss (97).

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 more alkaline and the anolyte more acidic. Even in single-chamber MECs, the
local pH near the electrodes can vary (98), leading to a concentration overpotential (99). 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 buffer both
the anolyte and catholyte in MFCs and MECs.

The extent of the effect of the buffer on cathode performance remains unclear, with some
studies supporting the concept that the addition of buffer can enhance the cathode performance,
while with others concluding 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 buffers (PBS,
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 differences could reach
as much as 0.3 V, but the overpotential was nearly removed by sparging using CO; as the buffer
(100). Other studies suggested that the use of buffer can improve cathode performance by

facilitating the transport of protons and hydroxide ions as carriers. For example, in one study,
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carbon dioxide was added to the influent of the air used to aerate the catholyte, and the dissolved
carbon dioxide (bicarbonate) was used as a buffer to provide hydroxide ions (101). 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 not contribute 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 non-buffered saline catholyte (similar conductivity) (102). Another study
compared the effect of different buffers on MFC performance, showing that the conductivity

instead of buffer has more significant impact on the power generation (103).

2.1.3 MxC

BESs with functions other than electricity production and hydrogen generation have also
been developed, which are collectively referred to 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, microfiltration 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 solid-liquid separation, gas-permeable 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 counter-diffusion configuration, where
oxygen diffuses out from 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 wastewater treatment is as an extractive membrane. In an

extractive membrane, the biomedium and wastewater stream are separated by membrane (104).
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The biodegradable organics in the wastewater are first diffused through the membrane into
biomedium side, 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 in MABRs for nutrient removal.

2.2 Membrane bioreactor

Strict legislation on wastewater effluent discharges has led to requirements for enhanced
treatment processes with high removal rates and efficiencies for COD, nutrients, and suspended
solids. One of the most 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
removed 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, which contributes 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 organics removal, high solids removal and low sludge
production, a major obstacle for using membranes for wastewater treatment is membrane fouling.
Membrane fouling refers to a decrease in flux and an increase transmembrane pressure (TMP) to
pull the effluent through the membrane, which can increase the cost for operation and
maintenance. Membrane fouling is a complex process that includes interactions between

microbes and membrane, and therefore the design and operation of MBRs for biological and
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membrane treatment is quite empirical (105). For a membrane, the driving force of pulling
permeate is due to a pressure gradient or a concentration gradient (106). In MBRs, the biological
process and membrane filtration cannot be separated, so the potential foulants along are attracted
by the gradients to the membrane surface. The foulants have a great diversity. Inorganic
chemicals, such as clays, salts, and organic matter in the wastewater or those produced by
microbial metabolism, and grease, oil, surfactants, proteins, and the biofilm formation on the
membrane, all can contribute to membrane fouling (107). As shown in Fig.2-3, membrane fouling
could be caused by pore blocking with colloids and solutes, and formation of cake layer on the

surface of membrane.
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Fig. 2-4 Membrane fouling mechanism (a) pore blocking and (b) cake layer (107)

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 unclear. Extracellular polymeric substances (EPS) formation was studied in a pilot-scale
submerged MBR, showing that loosely bound EPS in solution rather than tightly bound EPS
contributed to membrane fouling, the release of which was enhanced under shear stress and low
temperature (108). A linear relationship was obtained between the fouling rate of the membranes
and the concentration of polysaccharides in the sludge during operation with an SRT of 8 days, in
two MBRs operated in parallel (109). The effect of particle size distribution on membrane
resistance was studied in a MBR, showing that the hydraulic resistance of the membrane filtering

recirculated activated sludge suspension was greater than that without recirculation (110). Further
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analysis showed that the soluble particles generated from the microorganisms imposed under
shear stress accounted for half of the total membrane resistance. A review paper summarized the
contribution of sludge composition (flocs, colloids and solutes) on membrane fouling (Table 2-1)
(107). Although flocs seemed to be the main contributor to membrane fouling (Table 2-1), the
difference between each case indicated that the membrane fouling also depends on operational
conditions. Many other operational factors, such as membrane material, aeration and reactor
dimension, are all reported to have an effect on membrane fouling (105). Another study reported
that the operational 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 mg/L (111).

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

of sludge suspension (reconstructed) (107)

Flocs Colloids  Solute Remarks Reference
(%) (%) s (%)
CA-1 83 4 13 This study was performed in a cross-flow Membrane
CA-2 76 10 14 membrane filtration cell for 5 h with a constant composition
CA-3 74 13 13 TMP of 100 kPa (112)
CA-4 72 14 14
Bulking 76 11 13 This study was performed in a batch filtration 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 SRT (114)
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 cross-flow MBR (115)
65 30 5 TMP=100 kPa, u=3 m/s, T=15 °C, SRT=60 d (116)
24 50 26 MLSS=20.7 g/L, SRT=20 d (117)

Three stages, conditioning fouling, steady fouling, and transmembrane pressure jump,

have been identified to describe membrane fouling in MBRs (106,118). Membrane fouling starts

with the irreversible adsorption of soluble biological products, such as EPS, soluble microbial
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products (SMP), other related organics and colloids, to produce pore blocking, called
conditioning fouling (107). In this period, the TMP rapidly increases. Following conditioning
fouling is steady fouling, with the attachment of biomass on the membrane which is enhanced by
adsorption of organics in the first stage of fouling, resulting in a formation of cake layer of
biofilm and flocs on the surface (Fig. 2-3). In the final stage, due to the uneven distribution of
fouling conditions on the membrane, caused by previous two fouling stages, less available surface

area due to clogging will result in an exponential increase and a jump in the TMP.
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Fig. 2-5 Three common membrane configurations: (a) external flow membrane; (b) submerged

membrane; (c) external submerged membrane (119).
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2.2.2 Membrane configuration

Generally, two membrane configurations, external cross-flow membrane and submerged
membranes, are used for membrane bioreactors based on the different placement of the
membranes (119). When the membrane is placed in a recirculation line and operated under
pressure (Fig. 2-4A), this configuration is referred as external-flow membrane. When the
membrane is placed in the mixed liquor in the bioreactor and operated under suction (Fig. 2-4B),
this configuration is called a submerged membrane. In external-flow membranes, the fast 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 been developed 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 line (Fig. 2-4C).

An analysis of the membrane flux of the two configurations showed that external-flow
membranes (4 to 250 L/m?/h) had a higher flux than the submerged configuration (3 to 80
L/m?/h) (119). Another study concluded that the energy cost for submerged membranes to treat
wastewater (0.25-1.0 kWh/m?3) was lower than that of the external-flow setup (3-7.3 kWh/md)
(120). Due to the lower energy costs and pressure applied, the commercialization of submerged
MBRs has been accelerated due to the production of cheap polymeric membranes (121). The

review of submerged MBRs is therefore the focus of the following sections.

2.2.3 Aerobic membrane bioreactor

Ultrafiltration and microfiltration membranes are placed in submerged AeMBRs to
replace the clarifier in the AS process for solids removal, leading to some advantages, such as fast

start-up, small footprint, and low sludge production compared to AS (122). In addition, the
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removal of bacteria and virus by membrane filtration can decrease the disinfection by-products
produced in 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 treatment (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 by the use of filtration membrane.

Municipal wastewater treatment with AeMBRs has been extensively evaluated, with
good treatment obtained in both pilot and full scales. For example, pilot-scale AeMBRs were
studied to treat municipal wastewater in two different places, both achieving good COD removal
(>95%) and ammonia removal (>97%) with HRTs of 2-9 h. Low TMP was maintained (20 kPa)
during the operation with air bubbling, periodic backwashing, and chlorine washing (124).
Another study on municipal wastewater treatment showed that a 95% of COD removal was
obtained using a pilot-scale AeMBR (3.9 m®) for 535 days. With air bubbling and periodic
cleaning of the membrane, the average TMP was maintained around 0.3 bar 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 effluent phosphorus concentration
below 0.05 mg/L was obtained by dosing either ferric chloride or sodium aluminate to the anoxic
basin (125).

Other wastewaters with that require a high organic loading for treatment, such as non-
food processing industrial wastewaters, landfill leachate, sludge digestates, and human
excrement, were also successfully treated with AeMBRs (121). Food processing industrial
wastewater, for example, from food ingredients (126), 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 cross-flow AeMBRs, resulting in an effluent

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

Due to the good and stable performance, AeMBRs are being commercialized world-wide,
and the volume 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

capacities.

2.2.4 Anaerobic membrane bioreactor

AnMBRs were 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 less sludge production. Compared with AeMBRs, there are
several differences in operation for AnMBRs. Since methane can be generated in AnMBRs,
dissolved methane is in the effluent, which needs to be removed by using, for example, an air-
stripping unit (129). Operating AnMBRs 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 were found in AnMBRs (130).
Methane solubility increases with lower temperatures, which complicates effective methane
removal (131). The membrane fouling mechanisms in AeMBRs and AnMBRs are believed to be
different, as reported in a previous study that the molecular 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 majority 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 fouling (132).
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A review paper concluded that the extensive opportunities for AnMBRs lies in treating
highly particulate and high-strength wastewaters, while AeMBRs are more suitable for low-
strength wastewater treatment (119). AnMBRs have also been tested for treating various
wastewaters, including synthetic wastewaters, food processing wastewaters, industrial
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. The membrane was
shown to be responsible for a large portion of DOC removal (133). An AnMBR treating
simulated domestic wastewater was evaluated under various temperatures, showing a 95% of
COD removal at temperatures as low as 6 <C. Analysis of the microbial communities illustrated
that the microbial diversity increased with low temperature (134). Municipal wastewater was
treated by an AnMBR (12.9 L, HRT of 2.6 h) with non-woven fabric membrane, achieving an
effluent COD of 78 mg/L with TMP controlled under 30 kPa by periodic chemical 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 organic loading rates
ranging from 2-15 kg-COD/m?/d (136). Other industrial wastewaters, such as pulp and paper
industrial wastewater, was treated in AnMBRs at both mesophilic and thermophilic conditions,
achieving a COD removal above 93% with a high concentrated influent (>10,000 mg-COD/L)
(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 of E. coli and Enterococci were found to be similar with or
without anaerobic digester. Overall, bench-scale and pilot-scale AnMBRs have shown similar
treatment performance with AeMBRs, even at low temperature and short HRTs (130), but extra

post-treatment is needed to handle dissolved methane in the effluent of AnMBRs.
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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 bubbling. Many different
strategies have been adopted for membrane fouling control, among which the conventional
approaches, such as membrane relaxation, backwashing, chemical clean, are most widely used. 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 backwashing (139). 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 membrane (140). Other anti-fouling strategies
have been developed and tested recently as well. The addition of absorbent media, such as
powdered activated carbon (PAC) (133,141) and GAC (142), reduced membrane fouling
effectively by absorbing fine colloids and soluble biodegradable organics. 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 fouling (143). Employing ultra-sound
treatment in an on/off mode reduced membrane resistance by 70% compared with a control

membrane without ultra-sound irradiation (144).

2.2.5 Anaerobic fluidized bed membrane bioreactor

Recently, another anti-fouling strategy was developed by introducing a high
concentration of fluidized GAC particles into an AnMBR, producing an AFMBR where the GAC
are used to mechanically scour the membrane surface. The AFMBR was first developed as a post-
treatment method for an anaerobic fluidized bed bioreactor (AFBR), achieving a COD removal of
AFBR effluent of 87% with no detectable TSS (120). 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 unclear. In a
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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 as foulants (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). This trend reversed if the GAC was pre-adsorbed with organic matter. A
recent study using wavelet decomposition to analyze the vibration signal during GAC scouring,
showing that the smallest GAC particles (1.2 mm) needed the greatest energy input to achieve the
same scouring effect as the larger GAC particles (1.85 and 2.18 mm) (147). Also, the solid phase
dynamics correlated well with membrane fouling mitigation rather than liquid phase dynamics.
The AFMBR has primarily been used as the post-treatment reactor to follow several
different types of reactors. For example, an AFMBR as a secondary treatment process to treat
effluent from a MFC treating domestic wastewater achieved 85% of COD removal and 99.6% of
TSS removal, with an estimated energy demand of 0.0186 kWh/m? (148). Another study further
evaluated the post-treatment 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 t0 3.8 h. An
AFMBR treating the effluent from an anaerobic baffled reactor (ABR) was evaluated, showing
87% of COD removal using a complex synthetic wastewater at an HRT of ~1 h, with an energy
demand of 0.0087 kWh/m? (150). In addition, another study reported that an AFMBR following
an AFBR was capable of treating pharmaceutical chemicals (78-100% of removal)
simultaneously with COD degradation (151). A long-term test of pilot staged AFBR-AFMBR
treating domestic wastewater under temperature 8 to 30 <C showed high removal efficiency of
COD (90%) and BOD (90%) was maintained even in the winter after full acclimation (152).
Other studies focused on the AFMBR itself, concluded that good effluent quality can also

be obtained by an AFMBR alone treating low concentration 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 had the highest COD removals (153). A single AFMBR was
compared to a staged anaerobic fluidized membrane bioreactors (SAF-MBR) for treating
synthetic wastewater (~200 mg COD/L), with no significant differences found between the
processes in terms of COD removal efficiency, TMP, bulk liquid suspended solids, EPS

production, and SMP (154).

2.3 Membrane aerators

Another application of membranes in wastewater treatment is to immobilize biofilms on
the surface of membranes, so that the contaminants are removed by the immobilized biofilm. Two
different configurations have been developed, called a membrane aerator and a membrane
biofilter (155). The membrane aerator uses tubes 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 membrane-based aeration

approach.
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Fig. 2-6 The schematic diagram of the MABR (155)
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2.3.1 Oxygenation

If air or oxygen is pressurized in the lumen, it diffuses out in a bubbleless form and is
available as an electron acceptor for microorganisms in the biofilm. The difference between
membrane-aerated bioreactor (MABR) and conventional treatment process is the counter
diffusion of lumen gas from the membrane and organics to the biofilm on the membrane (Fig. 2-
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 membrane 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 outer layer of the 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 removal. The MABR was
first tested for treating synthetic wastewater (total organic carbon, TOC, 1000 mg/L and total
nitrogen, TN, 58.5 mg-N/L) in batch mode (24 h), achieving a removal efficiency of 97.9% for
TOC and 98.3% for TN with lumen pressure of 245 kPa (pure oxygen) (158). Another study
investigated a MABR treating synthetic COD-free wastewater in continuous flow mode with
HRT of 1-4 h, resulting in an ammonia removal flux as high as 5.4 mg-N/m?-d (159).

Good nitrogen removal was also obtained in an MABR supplied with air instead of pure
oxygen, although longer HRTs were needed. A total nitrogen removal flux (NRF) of 1.7 g-N/m?-
d was achieved by an MABR to treat COD-free wastewater (47.1 mM NHs-N), resulting in a 75%
removal of influent N (156). Both COD and ammonia in synthetic wastewater were

simultaneously removed by a MABR (HRT of 6 h), with 90% of COD removal and 2 g-N/m?-d
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of ammonia removal flux. However, stable treatment was only sustained for 3 months, due to
excessive biofilm growth (160). Nitrogen and carbonaceous compounds in synthetic wastewater
(total organic carbon of 100 mg/L and 25 g-N/m?) were simultaneously removed using an MABR
with a carbon removal flux (CRF) of 7.4 g-C/m?-d and NRF of 2.8 g-N/m?-d, and a large
difference in nitrogen and carbon removal rate was discovered at various membrane locations
(161). A higher nitrogen removal flux of 4.48 g-N/m?2-d were obtained in a MABR (HRT of 16 d)

supplied with air treating artificial swine wastewater, with a 96% of TOC removal (157).

2.3.2 Hydrogen pressurized in the lumen

Hydrogen supplied by an MABR has also been used to achieve autotrophic nitrification.
For example, separate arrays of juxtaposed hollow fiber membranes were used to supply pure
bubbleless hydrogen and oxygen in a redox control bioreactor treating organic-free synthetic
wastewater (217 mg-N/L of ammonium), with an ammonia removal flux of 5.8 g-N/m?
membrane-d and a nitrate and nitrite removal flux of 4.4 g-N/m2-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 g-N/m?-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 air-cathodes used in microbial fuel
cells

Abstract

In microbial fuel cells (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 production results in an electric field that 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 different buffers in solutions with different pHs and conductivities 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 potential window 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 these higher pHs

diffusion dominated buffer transport.
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3.1 Introduction

A microbial fuel cell (MFC) is a promising technology for wastewater treatment as it can
be used to simultaneously extract electricity from organic compounds using bacteria as well as
treat the wastewater (1). The power produced by a single-chamber MFC is usually limited by the
cathode due to the poorly catalyzed oxygen reduction reaction under near-neutral pH conditions
needed by the bacteria, with the optimal pH reported to range from 6.5 to 10 (2-4). In single-
chamber MFCs there is no net change in pH due to current production, as protons released at the
anode due to oxidation of organic matter are neutralized by OH™ ions produced at the cathode (4).
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, phosphate (5, 6), bicarbonate (7), or Good’s buffers (8) are usually
added into the medium to avoid pH changes. For wastewaters, natural alkalinity can help avoid
net pH changes (7).

The addition of a buffer to a medium not only enables control of the 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 a phosphate buffer in a single-chamber MFC from
100 to 400 mM nearly doubled power production (9). In two-chamber MFCs, the use of a cation
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% decrease in power (after 96 h) due to the increase in the catholyte pH, as this pH change
increased the cathode overpotential (10). In a comparison of several different Good’s buffers, that
were either neutrally or negatively charged, it was shown that conductivity was more important

than buffer type when buffers were all added at the same concentration (8).



61

The importance of the net charge of the buffer on cathode performance has received little
attention in bioelectrochemical systems 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
Nernst-Planck Equation (11), in terms of concentration, chemical activities, and the electric field,

as.

Ji = —D;V(¢;) — D; %QV(V) — D;ic;V(Iny;) (3-1)

where J is the chemical flux, i indicates the specific chemical species, ¢ is the concentration, V the
potential, y the activity coefficient, T the temperature, D the diffusivity, R the gas constant, and z
the charge of the species. In an MFC, the electrical field draws cations to the cathode, and anions
towards the anode (Fig. 3-1). Most buffers examined to date in single-chamber MFCs have had a
negative charge. A comparison of several different catholyte salts and buffers (NaCl, NaHCOs,
NHsHCO3;, PBS, and NH4CI) in gas diffusion half cells, however, showed that positively charged
NH7 worked better than the other chemicals examined (12). The predominant reaction at the
cathode is the dissociation of water and release of OH™ ions (13). In MFCs and other
bioelectrochemical systems, the pH near the cathode can become more alkaline with increased
current. The improved performance using NHZ by Popat et al. (12) was therefore attributed to its
pKa 9.2 and effective buffering of the hydroxide ion, consistent with other studies demonstrating
the importance of the buffer pKa relative to the solution pH on cathode performance (14, 15). 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 impact on the cathode was not examined (16).
In other bioelectrochemical systems, such as microbial reverse electrolysis cells (MRECS), it has

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

bicarbonate, compared to sodium bicarbonate buffer (17). 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 positive charge would 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 were selected 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 selected from biologically 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 30 °C.

Neutrally Charged (0) Negatively Charged (-) Positively Charged (+)
HL: = H* + L?! HL=H* + L2 HL*=H*+L
Buffer pKa Buffer pKa Buffer pKa
Pivalic acid 5.0 Succinic acid 5.3 Pyridine 5.2
MOPS 7.1 ADA 6.5 Imidazole 7.0
Tricine 8.0 POPSO 7.6 Tris 8.0
Ampso 9.0 Diethanolamine 8.9

Caps 10.3 Piperidine 11.0
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3.2 Methods

3.2.1 Buffer selection and solution preparation

Buffers with a range of pKas and net charges were selected from commercially available
biologically compatible buffers (Table 3-1). The buffers were categorized into three groups based
on their net neutral, negative, or positive charged. The pKas of these buffers were 5, 7, 8, 9, and
10.8. The diffusivity (D) of each buffer in water was estimated calculated using the Wilke-

Chang correlation (18) as:

1.173 x107 13 x(@M)%> T
D, = V0.6 (3-2)
UV

where @ is the association factor for the solvent (water, @ =2.26), M the molecular weight of the
solvent, u the viscosity of solvent (cp), T the temperature and Vi, the molar volume of the solute
at boiling point which was estimated from the structure (Table 3-2).

Each set of buffers, grouped based on their pKa, were prepared at both relatively high (HC)
and low conductivity (LC) concentrations for LSV tests. For both LC and HC tests, each buffer
was added at a concentration of 50 mM, followed by adjustment of the pH (using either sodium
hydroxide or hydrochloric acid) to match that of the specific pKa of the buffer. Then, the
conductivity of the solution was increased by adding sodium chloride. For LC tests, the
conductivity of the solutions was increased to match the highest conductivity of the buffer
prepared without NaCl addition within each pKa group. For HC buffers, conductivity was further
increased to 7 mS/cm.

As indicated by Eq. 3-1, ion migration is influenced by the dominant ionic species, which
can change with pH. To examine the impact of the net charge of the buffer on current generation
in LSV tests, the pH of the solutions was shifted away from the buffer pKa. A change of one pH

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 the pH at buffer pKa. Solution pH for buffers with pKa of 8
were adjusted to pHs of 7, 8, and 9, and the conductivity adjusted to the highest conductivity of
these solutions (5.5 mS/cm) as described above. For example with the Tris buffer(positive charge,
pKa of 8.1) at pH 7, the dominant species in the solution would have a net positive charge, while
the dominant species would be with neutral charge at a pH of 9. The same procedure for adjusting
the pH was repeated for the group of buffers with a pKa of 10.8, using final pHs of 9.8, 10.8, and
12, all at a solution conductivity of 4.9 mS/cm.

To clarify the charges on each of these different buffers under the various experimental
pH conditions, a two-part 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
positively (+), neutrally (0) or negatively (-) 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 (4, ¢). The first “+” shows that this chemical functions as a positively charged
buffer, and the notation "§" indicated that at this pH the chemical form of the buffer was
approximately evenly distributed between neutral (0) and positive (+) ions. Ata pH of 7, Tris
ions are all predominantly positively charged, and thus it is indicated at this pH as Tris (+, ).
Using this notation, the form of the buffer is easily clarified for the test conditions.

Table 3-2 Buffer common name, chemical structure and molecular weight.

Chemical Structure
HsC oH Qmﬁ\/_ [ %NQ&

CH
¥ CHs

Chemical Name Pivalic acid MOPS Tricine

Molecular Weight 102 209 179
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Diffusivity(10° cm?/s) 9.4 7.5 7.5
Chemical Structure cHy O 7

H3C II:lI Yﬁ*O <:>7H+\/—ﬁ_o -0

HO OH O : OH
(@]
Chemical Name AMPSO CAPS Succinic acid
Molecular Weight 227 221 118
Diffusivity(10° cm?/s) 6.6 6.5 9.8
Chemical Structure o o—g NCNw ‘%ﬁo, N -
o HI\o- ° on on ° N /
M e
Ne) )\
o) NH,

Chemical Name ADA POPSO Pyridine
Molecular Weight 190 362 79
Diffusivity(10° cm?/s) 7.5 5.2 10.8
Chemical Structure NH* oH HO v OH

‘ J HO/\ENH3* H2

H OH

Chemical Name Imidazole Tris Diethanolamine
Molecular Weight 68 121 105
Diffusivity(10®cm?s)  12.4 9.4 9.6
Chemical Structure

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

LSVs were conducted in a cubic reactor (19) containing a cylindrical chamber 3 cmin
diameter, with a total volume of 26 mL. Anodes and cathodes with a projected surface area of 7
cm? each were located on the opposite ends (4 cm electrode spacing). A cation exchange
membrane (CEM, Nafion 117, Boulder, CO, USA) was placed 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
described (20). Four polytetrafluoroethylene (PTFE) layers were brushed onto one side of 30
wt % wet-proofed carbon cloth (type B-1B, E-TEK), followed by heating, to form a diffusion
layer to prevent water leakage. Then, the catalyst layer consisting of platinum catalyst (0.5
mg/cm? Pt, 10 wt % Pt/C, E-TEK) and 5% Nafion solution was loaded onto the other side of
carbon cloth, and dried for 24 h. A reference electrode (RE-5B, BASI, West Lafauette, IN;
+0.209 V vs standard hydrogen electrode, SHE) was placed close to the cathode.

LSVs were done at a slow scan rate of 0.1 mV s, from 0.2 V to -0.3 V vs Ag/AgCI
using a potentiostat (VMP3 Multichannel Workstation, Biologic Science Instruments, U.S.A).
The same buffer solution was placed into each chamber before conducting LSV tests. All
potentials were reported versus a Ag/AgCI reference electrode, and all tests were conducted in a

30 °C constant temperature room.

3.3 Results

3.3.1 Impact 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 charged buffers 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 shown in Fig. 3-2A. Positively
charged pyridine (+, &) at pH of 5 produced higher cathodic current densities than neutrally
charged pivalic acid (0, %) or negatively charged succinic acid (—, Z,). Other LSVs are shown
in the supporting information (Fig. A-S1).

In order to more directly compare the magnitude of the impact of the buffer on cathode
overpotential, current densities were compared for each buffer at two specific potentials typical of
an MFC air cathode during operation (0 V and —0.1 V). At pH 5, the current production buffering
with pyridine (+, ) was 7.6 A m2, which was 69% greater than pivalic acid (0, °) (4.5 Am?),
and 95% larger than succinic acid (—, Z,) (3.9 Am™) at 0 V. At a lower cathode potential of —
0.1V, differences in current differences between positively charged and other buffers were still
significant, though the differences were smaller (Fig. 3-2C). Current production by positively
charged pyridine (+, §) (7.6 A m2), for example, was 49% larger than pivalic acid (0, 2),
which was smaller than the 69% increase observed at 0 V. Compared to succinic acid (— Z,) (5.3
A m2), current was improved using pyridine (+, &) by 59% at —0.1 V, compared to 95% at 0 V.

For buffers with a pKa > 8, there were no appreciable differences in current among the
buffers based on their net charge. For example, current with Diethanolamine (+, ¢) (pKa 8.9, 1.7
A m~2) was only 6.3% greater than AMPSO (0, 2) (pKa 9.1, 1.6 Am2)atpH 9.

The use of the LC solution reduced the cathodic current in all cases (Fig. 3-2D and 3-2E),
which was expected due to the decrease in solution conductivity. (9). The use of the LC solution,
however, did not change the observation that the use of a positively charged buffer improved
cathode performance. At a pH of 5, cathodic current at 0 V with buffers with a pKa of ~5 was
improved for pyridine (+, &) (4.1 A m™), as current was 37% larger than pavalic acid (0, 2),
and 41% higher succinic acid (—, Z,). Current production was also enhanced 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 buffers (Fig. A-S2). This lack of a correlation shows that the 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

3.3.2 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 m=) for Tris (+, T)at—0.1V was 57% larger than that obtained using Tricine
(0, 3), and 76% higher than with POPSO (—, Z) (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 Tricine (0, %) and 36% improved compared to POPSO (—, Z,) at—0.1V (Fig. 3-
3B). When the pH was further increased to 9, where there was little net positive charge on the

Tris (+, J), there was only a small increase (< 21%) in current compared to Tricine (0, Z) or
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POPSO (—, Z3), which both carried net negative charges. In addition, the potential window for
current improvement shrank from ~0.3 V to ~0.2 V as pH increased from 7 to 9 (Fig. A-S3),
indicating the potential window for improved current was also pH dependent. While current
production using with Tris (+) changed for the different pHs, the LSVs using POPSO (—) and
Tricine (0) were quite similar for three pHs (Fig. 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 impact of pH on
current. The LSVs were relatively unchanged for Piperidine (+) and CAPS (0) at pHs of 9.8, 10.8

and 12, at both 0 and -0.1 V (Fig. 3-4, Fig. A-S3B).
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Fig. 3-2 A. Comparison of LSVs of three different buffers (with the charge 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 conductivity of B. 0 V and 7 mS/cm (HC), C. -0.1 V and
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low conductivity (LC), D. 0 V and LC, E. -0.1 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 buffer 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 be studied separately from
its importance as a buffer. At a pH 7, the dominant species in Tris (+, I) was completely
positively charged, while for Imidazole (+, &) the portion of positively charged ion was only
50%. Ata pH 7, in a solutions having the same conductivity (6.5 mS/cm), both positively charged
Tris (+, I)and Imidazle (+, &) both showed higher current densities than the negatively or
neutrally charged species (MOPS (0, %), ADA (—, Z,), Tricine (0, ) and POPSO (0, X)) (Fig.
3-5). While there was little difference in the maximum current produced by the two positively
charged buffers, the width of the potential window (~0.2 to ~—0.2 V) was slightly larger for Tris
(+, I)than Imidazole (+, §) (~0.2to~-0.1V). 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 of potentials.
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3.4 Discussion
3.4.1 Enhanced transport by migration

The current produced in LSVs was consistently improved by using buffers that had a net
positive charge (pyridine (+), Imidazole (+), and Tris (+)) (Fig. 3-2B and 3-2C) when the pH was
near neutral. This shows that the choice of the buffer would be quite important relative to the
current densities produce in MFC tests, as most tests are done using solutions at a near neutral pH
(9). The reason for the improved current is the impact of the electric field on the charged buffer.
As shown by the Nernst-Planck model (Eq. 3-1), the electric field will drive the transport of
positively charged ions towards the cathode. When the buffer is the predominant cation, this can
help to improve current generation at near neutral pHs (Fig. 3-2). While Eg. 3-1 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 medium without 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 that there 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 positively charged buffers with
pKa > 9, such as diethanolamine (pKa 8.9) or piperidine (pKa 11.1) (Fig. 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 OH~ ion concentration at this pH. Oxygen reduction releases OH~ions
from the cathode and increase cathode local OH~concentration. 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 OH™ 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 charged (phosphate) buffer (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 cations 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 neutrally-charged poly(phenylsulfone) Radel binder had improved

cathode performance compared to negatively charged Nafion(21), but another-neutrally-charged
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binder (poly(bisphenol A-co-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 V to 0.1 V. If the Nafion binder was a
predominant factor for improved current, then we 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 cathode performance.

3.4.2 Comparison with other buffer studies

The impact of the charge of an ion on anodic current production was previously 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 of a positively 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 mM) in 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 performance (8), but there was a
large impact of solution conductivity. However, the buffers they chose were all negatively or
neutrally charged. Therefore, their results were consistent with ours, as we also found no impact
on current generation for negatively or neutrally-charged buffers.

In a previous study, it was found that the presence of positively charged NH7 (12)

improved current production relative to the control (phosphate buffer), but only at current
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densities >10 A m. In our LSV results, this current corresponds to a potentials more negative
than —0.2 V vs Ag/AgCl, which is a region where we did not observe any impact of the positively
charge buffer on current production relative to a negatively charged buffer. One reason for the
impact of the buffer at this high current density could be the different pH conditions examined for
each chemical. While the pH for the PBS tests was 7.2, it was increased to 7.9 in tests with
NH.CI. As a result, the buffer capacity of PBS at pH 7.2 (pKa=7.21) would be higher than that of
ammonia at a pH 7.9 (pKa= 9.25). Thus, PBS could function better at stabilizing pH in their study
as it was used at a pH near its pKa. Second, as pointed out in their paper, when the current was as
high as 10 A m2, the OH™concentration at the cathode would be very high, and when NH,*
combined with OH~ and was deprotonated, it would form ammonia which could leak out through
the air cathode (23). As a result, loss of ammonia would help to maintain the local pH. In both
that study and our study, however, it is clear that the 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 of 95% 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
cathodic potential of 0 V than —0.1 V (vs. Ag/AgCI), 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 was no difference 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 substantially impact performance depending on its pKa, charge, and the

solution pH.
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Chapter 4

The importance of OH- transport through anion exchange membrane in
microbial electrolysis cells

Abstract

In two-chamber microbial electrolysis cells (MECs) with anion exchange membranes (AEMs), a
phosphate buffer solution (PBS) is typically used to avoid increases in catholyte pH as Nernst
equation calculations indicate that high pHs adversely impact electrochemical performance.
However, ion transport between the chambers will also impact performance, which is a factor not
included in those calculations. To separate the impacts of pH and ion transport on MEC
performance, a high molecular weight polymer buffer (PoB), which was retained in the catholyte
due to its low AEM transport and cationic charge, was compared to PBS in MECs and abiotic
electrochemical half cells (EHCs). In MECs, catholyte pH control was less important than ion
transport. MEC tests using the PoB catholyte, which had a higher buffer capacity and thus
maintained a lower catholye pH (<8), resulted in a 50% lower hydrogen production rate (HPR) than
that obtained using PBS (HPR=0.7 m*-H, m™ d'') where the catholyte rapidly increased to pH=12.
The main reason for the decreased performance using PoB was a lack of hydroxide ion transfer into
the anolyte to balance pH. The anolyte pH in MECs rapidly decreased to 5.8 due to a lack of
hydroxide ion transport, which inhibited current generation by the anode, whereas the pH was
maintained at 6.8 using PBS. In abiotic tests in ECHs, where the cathode potential was set at —1.2
V, the HPR was 133% higher using PoB than PBS due to catholyte pH control, as the anolyte pH
was not a factor in performance. These results show that hydroxide transport through AEM to

control anolyte pH is more important than obtaining a more neutral pH catholyte.
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4.1 Introduction

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.(1) A
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 on the cathode by microorganisms on the anode), and loss of hydrogen due
to methanogenesis.(2) 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 CEM.(3,4) However, the addition of a membrane increases internal resistance and
creates pH differences between the electrolyte chambers, with the anolyte becoming more acidic
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 increase in the catholyte pH is not desireable
because it increases the voltage needed to evolve hydrogen gas at equilibrium,(5) which

according to the Nernst equation is: .

Eeq = Ear — 2% — Eqp = —0.414V — —Inpy, [OH7]? — (=0.289 V)  (4-1)

QAoxi
assuming an equilibrium anode potential of —0.289 V (acetate as substrate at pH 7,(6) where E2,;
is the cathode potential at equilibrium (-0.414 V), R the ideal gas law constant (8.314 J K mol-
1), F the Faraday’s constant (96485 C mol™), T the absolute temperature (K), z the electron
transferred (2 & mol ™) per mole of hydrogen gas, py, the hydrogen partial pressure and [0H "]
the concentration of hydroxide ions. Even in MECs lacking a membrane, the local pH near the
electrodes can vary, with the anolyte becoming more acidic and the catholyte more alkaline,(7)
leading to concentration overpotential.(8) To avoid large pH changes, buffers such as phosphate

(9,10) or bicarbonate buffers(11) are usually used in MECs.



81

Buffers improve the performance 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 m) when the pH is near the buffer pKa.(12) Buffers in MEC catholytes
also increase the solution conductivity (13) and serve an additional function of shuttling charge
between the electrolyte chambers, primarily through the transport of negatively-charged buffer
ions through the AEM.(3) 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 critical for hydrogen gas production. For
example, it was shown that MECs with a highly conductive, but non-buffered saline solution (68
mM NacCl), had a higher hydrogen production rate (HPR) of 1.6 m3-H, m~-d than MECs using a
phosphate buffer solution (PBS, HPR=1.0 m*-H, m=-d) in MECs with an AEM.(14) 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, we synthesized a
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 charge. The PoB are polycations that deprotonate at basic pHs or gain protons
at acidic pHs.(15) It was reasoned based on past studies showing the importance of catholyte pH
that the HPR 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 its large MW from
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 by measuring 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 addition, 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. Hydrogen production 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 OH™ through AEM was more important than buffer capacity,

solution conductivity, and buffer transport through AEM in MECs.

4.2 Material and Methods

4.2.1 PoB synthesis and preparation

Poly-DMAEMA (PDMAEMA) was synthesized as reported by others.(16) Briefly, 1 g of
DMAEMA, 19 mg 2,2’-bipyridine, and 9.14 mg of copper (I) bromide were mixed and degassed
using pure N2 gas. Then, 1 g of degassed deionized (DI) water was added, followed by the
addition of methyl 2-bromopropionate as the initiator. The reaction was carried out at 20 €. After
PDMAEMA was collected and dissolved in 10 mL of DI water, the solution was purified by
dialysis (Sigma-Aldrich, average flat width 35 mm, 12 kDa MW cut off) to remove copper ions
and small-MW 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 method.(17) Briefly, 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 astirred cell (200 mL, Amicon, US). The concentration of total organic carbon (TOC) was
measured (Shimadzu TOC-V, Shimadzu Corp., Japan) of the original PoB and at several different
times of the permeate solution. The MW distribution was obtained with the permeate

concentration data using the permeate coefficient model (17) (detailed protocol given in the SI).

4.2.2 Buffer retention and buffer capacity tests

A side-by-side test of buffer retention using PBS (4.58 g Na;HPOy4, 2.45 g NaH,PO4, 0.31 g
NH4Cl and 0.13 g KCl in 1 L, 50 mM) and 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 tube, Fig. B-S1A) which had a cylindrical chamber with 3 cm in
diameter and 4 cm in length (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 (water chamber). 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 TOC-V, Shimadzu Corp., Japan), while
the concentration of PBS was obtained using a phosphate analysis kit (total phosphorus TNT
reagent set, Hach, US). Buffer losses were monitored based on the change of the percentage of
buffer in the chamber. A minimum buffer retention curve was calculated by assuming that half of
the buffer in the buffer chamber was lost within two days before the water chamber is refilled,
using
r = (0.5)%5¢ x 100% (4-2)
where r is the percentage of buffer retained, and t is time in day.

Titrations of the two buffer solutions, PoB and 50 mM PBS, were conducted to 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 used measured as a

function of pH during titration.

4.2.3 MEC operation and hydrogen test

The A schematic of the MEC used in this study is shown in Fig. B-S1A. The anode (carbon
felt) and cathode (stainless steel mesh, #60, SS mesh) were placed in a cubic reactor 3 cm in
diameter with two 2-cm long chambers separated using an AEM. The anode was pushed next to
the endplate, while the cathode placed next to the membrane, resulting in an electrode spacing of
2 cm. An anaerobic tube was epoxied onto a hole on the top of the 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 collected using a gas bag (Calibrated Instruments, Inc, US), collected
through a needle pierced through the rubber stopper. The reference electrode (Ag/AgCl, RE-5B,
BASI, West Lafauette, IN; +0.209 V vs. standard hydrogen electrode, SHE) was placed in the
anode chamber to measure the anode potential every 10 min.

The anodes of MECs were initially inoculated 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, the feed solution was switched to the synthetic wastewater, which
consisted 10 mM sodium bicarbonate, 2 g L™ of 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 mS cm by adding sodium chloride. The low anolyte buffer
concentration (10 mM) used here was intended to mimic the low buffer capacity of municipal
wastewater with alkalinity reported to be 100-300 mg-CaCO; 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 mS cm™

compared to 7.0 mS cm* for PBS. A higher conductivity for PoB was chosen to compensate the
conductivity decline when pH increases.

Hydrogen production in the MECs was evaluated daily in 3-cycle tests, by replacing the
anolyte each cycle (daily) with fresh medium, but not replacing catholyte, in order to study changes
of the catholyte over time. The anolyte and catholyte pH and conductivity were also monitored
daily. The hydrogen produced was measured using a gas chromatograph (SRI 301c, SRI
instruments) with the gas bag method.(11) Total phosphate concentrations in the catholyte were
measured using the phosphate analysis kit (total phosphorus TNT reagent set, Hach, US) to
calculate buffer losses. Long-term performance of MECs with a high cathlyte pH was evaluated

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

4.2.4 Electrochemical 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 MECs, except that the
electrode spacing was increased to 4 cm and a reference electrode (Ag/AgCl, +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 electrode. The same
anolyte solution, 10 mM sodium bicarbonate solution with 2 g L™* sodium acetate (pH, 7.0 and
conductivity, 7.0 mS cm™) was added to the anode chamber, while one of the buffer solutions,
PoB or PBS, was tested as the catholyte. The cathodic potential was set and fixed at —1.2 V (vs.
Ag/AgCIl). The hydrogen production test was carried out in a similar fashion with that in MECs in
a 3-cycle test, with replacement of the anolyte every daily cycle but not the catholyte. The pH and

conductivity of the anolytes and catholytes were monitored 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). Both MEC and EHC tests were conducted in duplicate, and all tests were

conducted in a constant temperature room (30 <€).
4.2.5 Calculations

The overpotential due to the bulk solution pH increase, 7, (3) was calculated as

1077

RT
n= TGS (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 noted by others.(20) The cathodic coulombic efficiency (CCE) is used to evaluate the
conversion of electrons to hydrogen gas, and it was calculated from current and hydrogen

production using Simpson’s rule as

npFVy npFVy,
m [‘end it {At
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where Vy, is the measured hydrogen production, n the number of electrons per mole of
hydrogen (2 e mol?), m the molar weight of hydrogen, p the density of hydrogen at 30 °C, i the
current (A), t the time (s), 4¢ is the time interval between current sampling, i the initial current
(A\), iena the end current (A), n the total current sampling points, and i; is the j " current sampling
point.
The average current was calculated based on the time for accumulation of 90% of charge
(lavg,00) to minimize the impact of low current at the end of the cycle on the calculation of the

average.(21) It was calculated as:

09Q _ 09 ftt:esld idt

too too

Iavg,90 = (4'5)



87

where Q is the charge accumulated calculated by integral the current over time period, and tgo the

time for accumulating 90% of charge.

4.3 Results and discussion

4.3.1 Characterization of PoB and buffer retention test

The MW distribution obtained from the ultrafiltration method showed that 60% of
PDMAEMA had a 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 material (34%) < 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 method.(16)

Based on titration results from a pH of 7 to 10, the buffer capacity of the PoB (pKa ~ 7.5)
was 2.2 times 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 the small-MW PBS buffer 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 reported by a previous study.(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 AEM (Fig. 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, indicating appreciable 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).
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Fig. 4-1 The percentage of PoB or phosphate (PBS) buffers retained in (A) diffusion tests using
an AEM (without current) and (B) in MECs. The dashed line (minimum) shows the result that
would be based on equilibrium between the two chambers each time the counter electrolyte

solution was changed (eq. 4-1). (B) The retention of PBS in MEC with AEM.

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

electrochemical interactions between PoB and the cathode.
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4.3.2 Hydrogen production in MECs with AEM after 1 cycle

Hydrogen production in the MECs with PBS were 25% higher (HPR = 0.540.1 m3-H, m=
d1), and current was 26% higher (lavgo0 = 1.5 mA) than that with PoB (HPR = 0.440.1 m3-H, m3
d?, lageo =1.2 mA) on day 1 (Fig. 4-2A). These higher rates were obtained with the PBS even
though the buffer capacity (Fig. B-S2) and conductivity (Fig. 4-5A) of the PoB solutions were
both higher than those of the PBS. Thus, having a better buffered catholyte with a higher

conductivity was not sufficient to ensure better electrochemical performance.
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Fig. 4-2 (A) Current (C, open symbols) and hydrogen production (H, filled symbols) using PoB
or phosphate (PBS) buffers in MECs with AEMs in three, one-day cycles. The anolyte was
replaced daily, while the catholyte was not. (B) the anode potential of the MECs with PoB and

PBS
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The MECs with the PoB had less of a change in pH than those with PBS. The pH with PBS

substantially increased (pH = 11.440.1) after the first cycle (day 1), consistent with pH changes
reported in a previous study using this concentration of PBS.(25) There was much less of a rise in
pH with PoB after the first day (pH = 7.640.1). The higher pH of PBS than PoB resulted in a
higher overpotential of 0.2 V (eq. 2). The much more rapid rise in pH of the PBS was due to a
combination of loss of phosphate ions (36%) due to transport through the membrane, and
decreased buffer capacity with OH™ ion production at the cathode. In contrast, little PoB would be
transported across the membrane due to its high MW, and it had twice the buffer capacity of PBS,
so the pH change with the PoB was relatively smaller than that of PBS. Based on these changes in
the pH, it was reasoned that on day 1, charge was balanced with the PoB primarily by transport of
chloride ions through AEM, while for PBS the main ions transported were negatively charged
phosphate ions (Fig. 4-3B). Therefore, though the calculated overpotential using the Nernst
equation at the final pH conditions was calculated for the PBS to be 0.2 V higher than that of the
PoB (pH = 11.4 for PBS vs pH = 7.6 for the PoB), the electrochemical charge balance by
phosphate ions that could pass through the AEM was more important for improving current and
hydrogen production than maintaining low catholyte pH. This indicated that the ion transport
played a more important role than buffer capacity or conductivity in the MECs.

The differences in hydrogen production (day 1) with the two different buffers was consistent
with the measured anode potentials (Fig. 4-2B). The anode potential with PBS became more
negative, while the PoB anodes became more positive. Since the applied voltage was constant as
1.1V, the more negative anode potential for PBS would result in a more negative cathode potential,
and therefore a higher current according to the Butler-Volmer equation. The more positive anode
potential in MECs with PoB was likely due to the low anolyte pH of 5.740.1, compared to the
anode potential with PBS (pH of 6.340.1) (day 1, Fig. 4-3A). A pH of ~6.0 or lower is known to

inhibit current generation by exoelectrogenic bacteria.(26—28) The higher anolyte pH in MECs with
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PBS was due to the transport of phosphate ions from the catholyte through the AEM (Fig. 4-3B),

which contributed to a more stable anolyte pH.
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Fig. 4-3 (A) Changes in the pH of the anolytes (-An) and catholytes (-Cat) in MECs with AEMs.
Schematic showing the main ions that are expected to be transported through the AEM with (B)

PBS and (C) PoB.

4.3.3 Hydrogen production in MECs with AEM in 3 cycles

Hydrogen gas production was also evaluated over 3 cycles in order to study the impact on

gas production when the catholyte was not replaced, and thus there was little buffering capacity
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of both PoB or PBS. In addition, most of the PBS would have been transported out of the
catholyte as well. The rates of hydrogen production with PBS increased over the second and third
cycles (days 2 and 3), with a 0.6 m3-H, m=3 d* (day 2, lavge0 = 1.7 mA) and 0.8 m3-H, m=3d*
(day 3, lavge0 = 2.1 mA). In contrast, the rates of hydrogen production decreased for PoB to 0.2
m3-H, m= d (day 2, lavgeo = 0.6 mA) and 0.3 m3-H, m= d (day 3, lavgo0 = 0.7 mA). The
conversion of current into hydrogen gas was high for tests with both buffers, with CCEs of
9842% for PoB and 88+1% for PBS, indicating that loss of hydrogen was not a decisive factor in
the differences in the HPRs.

For PBS, the rapid rise in catholyte pH, combined with the loss of phosphate ions (~70%,
Fig. 4-1B) meant that charge would have to be balanced by OH™ ion transport, as these ions were
now present at a bulk concentration of 16 mM when the pH reached 12.2. The conclusion of
dominant transport of OH™ ions through the AEM at high catholyte pH was consistent with that in
another study proposing that the dominance of OH" transport under steady conditions.(29) For the
PoB solution, chloride ions likely dominated ion transport due to the lower pH of ~9 (0.01 mM of
OH") (Fig. 4-3B). The different ions transported with the PBS and PoB therefore can explain why
the pH of the anolyte was higher with PBS (pH=6.8, day 3) than with PoB (5.8), even though
proton production would have been higher in the MECs with PBS than PoB due to the higher
current.

The anolyte pH of the MECs with PBS continued to increase in days 2 and 3 (Fig. 4-3B),
leading to more negative anode potentials (Fig. 4-2B), consistent with an increase in HPR and
current. Even though the previous studies (12,13) suggested that lowest cathode overpotential of
0.05 V was achieved at pH 6.2 for PBS due to a weak acid catalysis effect, the increased HPR
corresponded to increased anolyte pH indicating that OH™ ion transport that stabilized anolyte pH

was more important than weak acid catalysis.
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4.3.4 Hydrogen production tests in EHCs with AEM

In order to examine the impact of the buffer on HER in the absence of adverse conditions
that impacted current generation by the biotic anode, hydrogen production was measured using
the two buffers in abiotic EHCs at a fixed cathode potential (1.2 V). Under these conditions,
current and hydrogen generation are limited only by performance of the cathode and not ion
transport or anode potentials. The average rate of hydrogen production with the PoB was 0.740.1
m3-Hz M2 d? (lavge0 =2.640.2 mA) in EHCs, which was 1.3 times higher than that for PBS
(0.320.1 m*-H, m3d?, layge0 = 0.940.1 mA) (Fig. 4-4A). This result was different with the
hydrogen production obtained in MECs, where twice as high HPR was achieved by using PBS
(0.740.1 m3-H, m= d™) compared to PoB. There was nearly complete recovery of hydrogen gases
with both PoB (CCE=9644%) and PBS (CCE=90145%), consistent with the results from MECs,

indicating that a large loss of hydrogen gas was not a factor in the HPR.
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Fig. 4-4 (A) Hydrogen production (H, filled symbols) and current (C, open symbols) in an

electrochemical cell separated using an AEM, with PoB and PBS as catholyte, at a fixed cathode
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potential of —1.2 V. The negative current indicates a reduction reaction. (B) Changes in pH of the
anolytes (An) and catholytes (Cat) in electrochemical half cells with PoB or phosphate (PBS)

buffers.

In EHCs, the higher buffer capacity of PoB than PBS accounted for the increased HPR, as
the pH remained lower using PoB (9.240.2) than using PBS (10.440.2, day 1) (Fig. 4-4B). The
higher HPR for PoB is consistent with a weak acid catalysis effect.(12,13) The different results
for the MECs and EHCs further supported the conclusion that the low anolyte pH of <6 was the
primary reason for the lower HPR (0.3 m3-H, m= d) in the MECs with PoB, compared to that
with PBS (HPR of 0.7 m3-H, m= d1). The lower HPR in EHCs with PBS than that with the
MECs with PBS was due to the more positive cathode potential in EHCs (1.2 V) than -1.4 VV
(MECs, an anode potential of -0.3 V).

There was a decrease in the current and HPR for EHCs with both PoB and PBS in days 2 and
3, likely due to the increase in catholyte pH (PoB, 7 to 12.1 and PBS, 7 to 11.4). The increase in
the bulk pH (Fig. 4-4B) resulted in an increase in overpotential, calculated using the Nernst
equation, to be as high as 0.3 V with the pH increase from 7 to 12.

The conductivity of anolyte of EHCs with PoB was four (~42 mS cm?, day 1) and two (~21 mS
cm, day 2) (Fig. 4-5B) times as high as the corresponding anode conductivity in MECs (~11 mS
cmt) (Fig. 4-5A). With hydroxide and chloride ions as the anions in the cathode chamber, this
increase in anolyte conductivity indicated that chloride ions likely dominated the transport of ions
through the AEM in EHCs with PoB (Fig. 4-3B), as there were no other ions at concentrations
sufficient to balance charge with PoB. Hydroxide ions transported to the anolyte could not increase
conductivity because of the consumption by proton produced at the Pt electrode, although they

would help to limit anode pH increases.
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Fig. 4-5 Conductivities of the anolytes (An) and catholyte (Cat) over three days with one day cycles,

with anoyte replaced daily in (A) MECs and (B) EHCs.

4.3.5 MECs with PoB without catholyte over 15 cycles

To examine the impact on hydrogen generation after loss of the buffering capacity of the
PoB (due to the rise of the pH), hydrogen generation was studied in a daily batch cycle after a
long period of time (15 cycles) without catholyte replacement. The HPR reached 0.740.1 m3-H,
m=3d? (lage = 1.430.3 mA, Fig. 4-6), which was similar to that produced in the MECs with PBS
on day 3 (0.8 m®-H, m= d?) and 166% higher than the HPR of MECs with PoB at a lower pH
(day 1-3, 0.3 m3-H, m2 d?). The high catholyte pH (12.240.3) and conductivity (17.430.4 mS
cm*) measured at the start of this test were maintained over the batch cycle, with a final pH of

12.340.2 and conductivity of 17.640.3 mS cm?, indicating a steady state was reached for MECs
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catholyte. This final pH was five pH units above the measured pKa, so the buffer capacity of the
PoB was negligible.

The anolyte pH was also higher here (6.940.1) in the cycle than that with PoB in days 1-3
(~5.8), and this higher pH was comparable with that (~6.8) in MECs with PBS after 3 days. The
high anolyte pH obtained after many cycles indicated that hydroxide ion transport from the
catholyte was able to better maintain the pH in the anolyte pH, which is consistent with the more

negative anode potentials (Fig. 4-6), which indicated better anode performance.
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Fig. 4-6 Current and the anode potentials of MECs with PoB over a single, 24-h cycle after 15

cycles without catholyte replacement.

4.3.6 Outlook

The different effects of the PoB buffer in the EHCs, which had improved hydrogen

generation with the PoB compared to PBS, and in the MECs where the anolyte pH was not well
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maintained and hydrogen production was low compared to PBS, help to explain different
observations among some previous MEC studies. For example, electrochemical tests, such as
cyclic voltammetry(13,30), chronopotentionmetry(12) and resistance analysis(3) consistently
show that addition of buffer can enhance cathode performance by reducing overpotential through
weak acid catalysis, increasing conductivity and serving as charge carrier. However, these
conclusions were different from those of an MEC study which showed a non-buffered saline
solution had a higher hydrogen production than a buffered solution using PBS.(14) Although the
mechanism for better performance with saline solution was not well understood in that study, our
results suggest that the MEC result was likely due to a favorable anode pH due to hydroxide ion
transport as a result of the high pH of the catholyte with NaCl. In another study, MECs were
studied without catholyte (100 mM PBS) replacement over 10 cycles but using CEMs, which
would not facilitate hydroxide ion transport.(25) They observed a reduction in HPR from 0.2 to
0.1 m3-H, m= d* over time, different from the result of increase in HPR in this study. Their result
of reduction in HPR was likely due to a lack of OH™ or negatively charged buffer ions transport
through the CEM to the AEM.

The importance of the hydroxide ion transport for buffering the anolyte pH suggests that a
catholyte buffer is not needed. If PBS or other negatively charged buffers are used with AEMs, the
loss of the buffer will occur unless it is constantly replenished. This loss of buffer capacity was
clearly shown here. Moreover, buffering the catholyte can impair OH ion transport into the anolyte,
as shown here by a 38% decrease in HPR with PBS (pH=7) at day 1 compared to 70% loss of PBS
and a high catholyte pH at day 3 in MECs. When the buffering capacity was lost in the MECs with
PoB (catholyte pH of 12.3) without catholyte replacement (after 15 cycles), the HPR of 0.740.1
m3-H, m3 d was comparable to that with PBS (pH=12.2) on day 3. These two observations
support that operating MECs using high catholyte pH strategy would be more favorable than

maintaining catholyte pH at a neutral pH when a poorly buffered solution, such as an actual
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domestic wastewater, is treated in MECs. The cost of a PBS buffer in batch-mode MECs was
estimated to be 3.39 $ m=-H, in a previous study, almost 8 times as high as the value of hydrogen
gas (0.42 $ m=3-H,) produced. (25) In addition, using PBS in the catholyte would result in its
undesirable loss into the wastewater, leading to potential environmental issues. Thus, operating

MECs without PBS replacement is useful for many practical reasons.

4.4 Conclusions

The effect of buffer capacity and buffer capacity and ion transport was examined in this study
by comparing MECs and EHCs with either a large-MW PoB, which was well retained by an AEM
(98+2%), or PBS which readily passed through the AEM. A HPR of 0.7240.1 m3-H, m= d! was
produced in MECs with PBS, which was twice as high as that with PoB, despite the higher buffer
capacity of the PoB. It was concluded that the poorer performance of the PoB was due to the
decrease in the anolyte pH with the PoB. In abiotic EHCs, however, where current was generated
by setting the cathode potential, the HPR was 133% higher for PoB than PBS. The increased HPR
for PoB in EHCs was due to the better buffer capacity and retention of the PoB. Hydroxide ion
transport at high catholyte pH was needed to stabilize anolyte pH and avoid an adverse impact on
the anode activity in MECs, while increasing buffer capacity and conductivity can enhance cathode
performance by weak acid catalysis when the anode performance did not constrain current
generation in EHCs. In addition, the catholyte pH (12.240.3) and conductivity (17.440.4 mS cm™)
reached a steady state in MECs with PoB after long term without catholyte replacement (15 cycles),
producing a high HPR of 0.7240.1 m®H, m= d™. This indicated that the use of buffer was

unnecessary in MECs, which can lower the costs and simplify operational conditions.
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Chapter 5

An aerated and fluidized bed membrane bioreactor for effective wastewater
treatment with low membrane fouling

Abstract

Anaerobic fluidized bed membrane bioreactors (AFMBRS) use granular activated carbon (GAC)
particles suspended by recirculation to effectively treat low strength wastewaters (~100-200
mg/L, chemical oxygen demand, COD), but the effluent can contain dissolved methane. An
aerobic fluidized bed membrane bioreactor (AOFMBR) was developed to avoid methane
production and the need for wastewater recirculation by using rising air bubbles to suspend GAC
particles. 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 retention time of 1.3 h). The effluent of the AOFMBR had a COD
of 2048 mg/L, and a turbidity of <0.2 NTU, for low-COD influent (15319 and 214427 mg/L),
similar to the AeMBR and AFMBR. For the high-COD influent (299424 mg/L), higher effluent
CODs were obtained for the AeMBR (3829 mg/L) and AFMBR (5111 mg/L) than the
AOFMBR (2646 mg/L). Transmembrane pressure of the AOFMBR increased at 0.04 kPa/d,
which 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 uniform biofilm on 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 (square-root transformed Bray-Curtis similarity, SRBCS, 0.69).
Communities on the GAC and suspended sludge were dissimilar in the AOFMBR (SRBCS,

0.52), but clustered in the AFMBR (SRBCS, 0.63).
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5.1 Introduction

Aerated membrane bioreactors (AeMBRs) are effective alternatives to conventional
processes for wastewater treatment because of the combination of good biochemical oxygen
demand (BOD) removal and the lack of a need for a secondary clarifier. Other advantages of
AeMBRs include the ability to obtain a high mixed liquor suspended solids (MLSS)
concentration in the reactor (1), stability of performance during fluctuations in flow and organic
loading, low excess sludge production, and relatively short hydraulic retention times (HRTS)
(2,3). However, a major disadvantage of AeMBRs and other membrane bioreactors (MBRs) is the
need for frequent membrane chemical cleaning to avoid excessive membrane fouling (4). The
energy demands of all aeration systems, including AeMBRs and activated sludge, are also high
compared to those needed for anaerobic treatment techniques (5).

Anaerobic membrane bioreactors (AnMBRs) are being developed as alternatives to
activated sludge and aerated membrane bioreactors in order to reduce energy demands needed for
wastewater treatment (6), because AnNMBRs do not require aeration, and to reduce treatment plant
operating costs as anaerobic processes can produce less sludge than aerobic systems. ANMBRSs
have been tested with many types of wastewaters, including municipal, synthetic, food
processing, and industrial, at both laboratory and pilot scales, and have produced good effluent
quality (6,7). However, membrane fouling is also challenging for AnNMBR operation. Various
strategies have been developed to reduce fouling, such as biogas recirculation and sparging (8),
addition of granular or powdered activated carbon (PAC) as an absorbent (9) in a submerged
membrane operation, ultrasonic irradiation (10), and high cross flow velocity (11) for the external
cross-flow operation.

A new approach to reduce membrane fouling for low-strength wastewaters was recently

developed based on using fluidized granular activated carbon (GAC), in a process called an
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anaerobic fluidized bed membrane bioreactor (AFMBR). The AFMBR has primarily been used as

the secondary treatment reactor to treat the effluent from several different types of reactors. In
tests using effluent from an anaerobic fluidized bed bioreactor (AFBR) treating synthetic
wastewater, the AFMBR achieved 87% removal of the chemical oxygen demand (COD) (influent
of 59 mg COD/L) and nearly 100% solids removal, at an HRT of 2-3 h. Membrane fouling was
well controlled as the reactor was operated for 120 days, and required only two chemical
cleanings. The energy consumption of the AFMBR was estimated to be only 0.058 kWh/m? (12).
An AFMBR was also used as a secondary treatment process to treat effluent from a microbial fuel
cell (MFC) treating domestic wastewater. At an HRT of only 1 h, the AFMBR removed 85% of
the COD and 99.6% the TSS, with an estimated energy demand of 0.0186 kWh/m?(13). An
AFMBR treating the effluent from an anaerobic baffled reactor (ABR), showed 87% COD
removal using a complex synthetic wastewater at an HRT of ~1 h, with an energy demand of
0.0087 kWh/m?®(14). A single AFMBR was compared to staged anaerobic fluidized membrane
bioreactors (SAF-MBR) for treating synthetic wastewater (~200 mg COD/L), with no significant
differences found between the processes in terms of COD removal efficiency, transmembrane
pressure (TMP), bulk liquid suspended solids, extracellular polymer substances (EPS) production,
and soluble microbial products (SMP) (15).

One of the main disadvantages of AnMBRs or AFMBRs is that the effluent can contain
high concentrations of dissolved methane which must be removed prior to discharge to avoid the
release of this greenhouse gas to the atmosphere (16,17). In this study, an aerobic fluidized bed
membrane bioreactor (AOFMBR), containing 92 g/L fluidized GAC particles as scouring media,
was examined to simultaneously avoid production of dissolved methane, as well as eliminate the
need for water (AFMBR) or biogas recirculation (AnMBR) used in anaerobic membrane reactors.
The performance of the AOFMBR was compared in side-by-side tests with two other processes

as controls: an AFMBR and an AeMBR. Domestic wastewater was used at three different COD
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concentrations (~150, 200, and 300 mg/L) to study the impact of organic loading on COD

removal and membrane fouling. It was hypothesized that AOFMBR could achieve better organics
removal and have less membrane fouling, as well as avoid generation of dissolve methane due to
the aerobic conditions compared to the AFMBR. Treatment was evaluated in terms of COD and
soluble COD (SCOD) removal and effluent turbidity, and TMP was monitored to assess
membrane fouling. Scanning electron microscopy (SEM) was conducted to examine the
morphology of biofilms on the membrane and membrane integrity. Analysis of microbial
communities by 16S rRNA gene sequencing was done by sampling the solutions, and when

present, the GAC, in the different reactors.

5.2 Materials and Methods

5.2.1 Reactor design

All three reactors (AFMBR, AOFMBR, and AeMBR) were constructed from polyvinyl
chloride (PVC) tubes (30 cm long and 1.6 cm in diameter) with fittings and connectors as
previously described (13). Each reactor had a volume of 65 mL, with slightly different
configurations for aeration versus recirculation (Fig. C-S1). A thick butyl rubber stopper (20 mm
diameter, Chemglass Inc., Vineland, NJ) was placed on the top of the AFMBR tube to keep it
sealed. Biogas produced by the AFMBR was collected for analysis in a gas bag to the top of the
reactor using a needle to pierce the rubber stopper. Each reactor contained a membrane module
made by bundling eight polyvinylidene fluoride (PVDF) hollow fiber membranes (24 cm-long,
2.0 mm in outer diameter, 0.8 mm in inner diameter, 0.1 um pore size, Kolon Inc., South Korea)
together for a total exposed membrane area of 0.0048 m? per reactor. Epoxy was applied as the
sealant. The module was placed in the middle of the reactor body, with the effluent pulled

through the membrane by suction generated using a peristaltic pump (model no. 7523-90,
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Masterflex, Vernon Hills, IL). GAC (DARCO MRX, 10 %30 mesh, Norit Activated Carbon) was

rinsed with deionized water several times, and added into the AFMBR (10 g wet weight, 153 ¢
GAC/L) and AOFMBR (6 g wet weight, 92 g GAC/L). High concentrations of GAC were used to
control membrane fouling by scouring in both the AFMBR and AOFMBR reactors, at
concentrations similar to those used in previous AFMBR studies (13,18). Less GAC was added
into AOFMBR in order to keep it better fluidized by rising air bubbles. AeMBR and AOFMBR had
the same reactor configuration except no GAC was added into AeMBR. Mechanical scouring of
GAC (AFMBR and AOFMBR) or shear generated by air bubbles (AeMBR) were the only strategies
to control membrane fouling during the study. There was no chemical cleaning of the

membrane.

5.2.2 Reactor operation

All three reactors were operated at an overall HRT of 1.3 h (11.6 L/m?-membrane-h),
with pumps operating for 10 min on at 0.93 mL/min, and 1 min off for relaxation of the
membranes. Fluid was recirculated by pumping (model no. 7523-90, Masterflex, Vernon Hills,
IL) at a flowrate of 25030 mL/min (upflow velocity of 2.4 cm/s) to fluidize the GAC in the
AFMBR. An air flow of 240420 mL/min (3.0 m3/m2-membrane surface-h) was used for both the
AOFMBR and AeMBR, by placing a gas diffusor (Gas dispersion tubes, Medium Frit,
Chemglass, US) at the bottom of the reactor (Fig. C-S1). The effluent tubing was cleaned with
hydrochloric acid two times (day 41 and 89) in response to spikes in effluent turbidity, to remove
accumulated biomass growing in the tubing.

In order to acclimate the microorganisms for growth on the GAC, the AFMBR and
AOFMBR were inoculated using diluted municipal wastewater (primary clarifier of the
Pennsylvania State University Wastewater Treatment Plant) with a COD of 150 mg/L, for one

month, using the operation mode described above. The AeMBR was fed with the same diluted
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wastewater for one month. To begin the experiments, the membrane modules were replaced by
new ones (designated day 1).

In order to study the effect of wastewater strength on membrane fouling and effluent
quality, the study conditions were separated into 4 Phases: Phase 1 (1-45 days), influent COD of
153 mg/L; Phase 2 (45-73 days), influent COD of 214 mg/L; Phase 3 (73-103 days), influent
COD of 299 mg/L; Phase 4 (103-131 days), influent COD of 329 mg/L, and using a new
membrane module. Operational details are summarized in Table 5-1. The replacement of the
membrane module for Phase 4 was needed due to the TMP drop in the AFMBR and AeMBR,
which might have been caused by the failure of the membrane at some time in Phase 3. The
wastewater strength was controlled by dilution of domestic wastewater using distilled water to
obtain the targeted COD. Consistent pH and solution conductivity were obtained by adding
sodium bicarbonate and sodium chloride as needed to each diluted wastewater sample (pH of
~7.6 and conductivity of 1.2 mS/cm). Effluent samples were taken from the effluent tubing every
two days. All reactors were operated at ambient temperature (22410 °C).

Table 5-1 Wastewater characteristics (influent) and membrane condition.

Phase 1 2 3 4
COD (mg/L) 153+9 21427 299424 329437
SCOD (mg/L) 87+18 115#9 185+26 17928
pH 7.7140.1 7.740.1 7.540.3 7.740.2
Conductivity (mS/cm) 1.240.1 1.240.1 1.340.1 1.240.1
Membrane new continued continued new

5.2.3 Measurement and analysis

COD was measured using a DR3900 Spectrophotometer (HACH, Company, Loveland,

CO). Samples for SCOD analysis were filtered using 0.45 wm pore size syringe filters (PVDF, 25
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mm size, Restek Corporation). Differences in effluent CODs and SCODs between the reactors
were assessed using the Student’s t-test. The difference in results is considered to be significant
here when the P value is less than 0.03. Conductivity and pH were measured using probes and
meters (Seven-Multi, Mettler-Toledo International Inc.). Biogas production rates were calculated
from the change in biogas composition (measured using gas chromatographs; SRI Instruments)
and volume of gas in the collection bag. Turbidity was measured (2100P, HACH Company,
Loveland, CO) as an indicator of solids removal. Pressure in the effluent tubing was monitored as
the TMP of the membrane module using a pressure transducer (TDH 31, Transducer Direct, US).
Suction pressure was reported as a positive value. TMP and turbidity data were collected starting
on day 7.

Membranes from the reactors were examined with SEM at the end of Phase 3 to evaluate
biofilm formation due to the three different reactor operational conditions. Small pieces of
membrane were cut from the middle of the fiber, and prepared by: fixation in 2.5%
glutaraldehyde in a 0.1 M phosphate buffer solution (PBS) at a pH of 7.2 for 30 minutes; rinsing
with PBS for 3>6 min; successive dehydration using ethanol solutions of 5%, 50%, 70%, 85%,
95%, 3x100%, each for 5 min; critical point drying; sample mounting on aluminum stubs with
conductive tabs; and coating with 10 nm Au/Pd. SEM images were viewed at 125 ><and 10,000 x
magnifications.

The microbial communities were analyzed using genomic DNA extracted from the
suspended biomass and biomass on the GAC (0.25 g, if present) in the AOFMBR, AFMBR, and
AeMBR at the end of Phase 4. For suspended biomass samples, liquid (13 mL) from the reactor
was centrifuged at 4500 x g (Eppendorf 5804) for 1 h and the supernatant was decanted. For the
AOFMBR and AeMBR suspended biomass analysis, 0.25 g of pellet was used for DNA
extraction, but less was used for the AFMBR due to less solids collected. DNA was extracted

from suspended biomass samples and GAC following the Power Soil DNA isolation Kit protocol
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(Mo Bio Laboratories, Inc) with modifications: 0.1 um diameter glass beads were used instead of
garnet beads; samples were centrifuged for 1 min instead of 0.5 min; and the incubation time was
increased for 10 min instead of 5 min. The 16S rRNA genes in the extracted DNA samples were
amplified by polymerase chain reaction (PCR) according to a previous study (19). Briefly,
thermal cycling was conducted with the barcoded forward primer of 515F (5’-Illumina overhang -
GTGYCAGCMGCCGCGGTA-3’) and reverse primer 805R (5°- Illumina overhang-
GACTACHVGGGTATCTAATCC-3"), followed by the purification of amplicons. Equimolar
16S rRNA gene amplicons were mixed and submitted for high-throughput amplicon sequencing
on an lllumina MiSeq platform (Illumina Inc, San Diego, CA, USA) in the KAUST Genomics
Core Lab. The DNA sequences were processed for its quality and analyzed by the same approach
as specified in previous study (20). Briefly, the relative abundances of various microbial genera
and unclassified groups were square-root transformed and calculated for Bray-Curtis similarities
(SRBCS) and metric multi-dimensional scaling (mMDS). Microbial groups that exhibited more
than 0.95 Pearson’s correlation to the spatial distribution of samples were overlaid onto the
mMDS plot, and represented as vectors accounting for the spatial positions of samples. The
microbial relative abundance was plotted in phylum level, with the predominant genus (>1%)
shown separated. All high-throughput sequencing files were deposited in the Short Read Archive

(SRA) of the European Nucleotide Archive (ENA) under study accession number PRIEB13756.

5.3 Results

5.3.1 Effluent quality and COD removal

The AOFMBR had the lowest effluent COD and SCOD among all three reactors on
average, for tests with the influent COD of either 15319 mg/L (Phase 1) or 214427 mg/L (Phase

2). In Phase 1, the average effluent COD from the AOFMBR was 1847 mg/L, and the SCOD was
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1748 mg/L (Fig. 5-1). These corresponded to removal efficiencies of 8844% for COD, and

8049% for SCOD. COD removal efficiencies averaged 84+6% for the AFMBR, and 8645% for
the AeMBR. Good treatment was therefore also obtained by AFMBR and AeMBR, as the

effluent CODs and SCODs were all <30 mg/L.
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Fig. 5-1 Average CODs and SCODs in the effluents of the AFMBR (AF), AOFMBR (AO), and
AeMBR (MBR) in four Phases of operation. The standard deviations for COD is in black and for
SCOD is in blue. The corresponding removal efficiencies are shown above the bar chart. The
thick lines below each designation indicate whether the effluent of one reactor has significantly
different average COD compared with others. If the colors are the same, the average CODs are
not significantly different, while if the colors are different, the average COD are different based

on analysis using the Student’s T-test.

When the organic loading rate was increased by 40% using an influent COD of 214427
mg/L (Phase 2), effluent COD concentrations from the AOFMBR (COD, 2247 mg/L; SCOD,

1947 mg/L) were not significantly different from those in Phase 1 (t-test, P=0.13), resulting in an
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improved removal efficiency of 9043% for COD and 82+7% for SCOD (Fig. 5-1). Increased

COD removals were also obtained in for the AFMBR (8624%) and AeMBR (9043%). Thus, for
Phase 1 and 2 tests, the effluent from all reactors had good effluent quality based on the effluent
CODs.

When the influent COD was increased by another 40% to 299424 mg/L (Phase 3), the
AOFMBR had better treatment performance than the other two reactors. The AFOMBR effluent
COD increased slightly to 2847 mg/L (from 2247 mg/L) (Fig. 5-1) in Phase 3, resulting in
average removal efficiencies of 9142% for COD and 8643% for SCOD. The effluent CODs were
much higher for the other two reactors, with 39410 mg/L (8743% removal) for the AeMBR, and
51+11 mg/L (83%3% removal) for the AFMBR. The effluent CODs of the AOFMBR were
significantly different from those of the AFMBR (t-test, P<0.001) and AeMBR (t-test, P=0.002).
In addition, the effluent CODs of all three reactors in Phase 3 were significantly different from
those in Phase 2 (t-test, AFMBR, P<0.001, and AOFMBR, P=0.001, and AeMBR, P<0.001). The
AOFMBR had slightly improved COD and SCOD removals compared with Phase 1 and 2, while
the percent COD removal decreased for the AFMBR and AeMBR.

Due to an unusual drop in TMP at the end of Phase 3, possibly due to a failure of the
membrane or the epoxy seal, new membrane modules were installed in all reactors on day 103
(start of Phase 4). The influent COD of 329437 mg/L was not significantly different than that in
Phase 3 (t-test, P=0.04). The effluent CODs from each reactor with the new membrane module
were not significantly different from those obtained in the previous Phase 3 (t-test, AFMBR,
P=0.43, and AOFMBR, P=0.04, and AeMBR, P=0.42) (Fig. 5-1), indicating that the membrane
condition (after 103 d of operation for Phase 1-3 or a new membrane) had little impact on

organics removal.
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5.3.2 Effluent Turbidity

During the 131 d operation period, the AOFMBR effluent consistently had a very low
turbidity of 0.240.1 NTU (Fig. 5-2). The AeMBR had a comparable effluent turbidity (0.240.1
NTU), but the AFMBR effluent turbidity was higher and more variable (0.9#1.3 NTU). There
were several spikes in the effluent turbidity of the AFMBR, with values as high as 6.0 NTU (day
23) and 8.2 NTU (day 27). However, these spikes in turbidity were likely a result of biomass
growth and detachment from the effluent tubing. When the tubing of the AFMBR was cleaned,
the turbidity immediately decreased, for example from 1.4 to 0.2 NTU (Day 41), and from 1.5 to
0.3 NTU (day 89). After about another half month of operation the effluent turbidity of AFMBR
increased to 1.2 (day 59) and 1.1 (day 99) NTU, but no such effluent turbidity increases were
measured for effluent samples from the AOFMBR and AeMBR. Even when the very high
turbidity spikes (>2 NTU) were removed from the analysis, the average turbidity of AFMBR was
0.640.4 NTU (Fig. 5-2), which was 300% as high as the other two aerobic reactors. This suggests
that effluent quality in terms of turbidity was better in the aerated reactors (AOFMBR and

AeMBR) than the anaerobic reactor (AFMBR).
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Fig. 5-2 Effluent turbidity over time measured for the three different types of membrane

bioreactors. The inset shows the low turbidity range.
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Fig. 5-3 Transmembrane pressure over time with the flux of 11.6 L/m?-membrane-h. The lines
were obtained by linear fitting of the TMP over the first two phases, where the slopes were 0.04

(AOFMBR), 0.05 (MBR), and 0.09 (AFMBR) kPa/d.

5.3.3 Transmembrane pressures

In the first two Phases (lower influent COD concentrations), the TMP of the three
reactors all gradually increased over time, which indicated the membrane flux of 11.6 L/m?h was
below the critical flux, above which quick cake layer deposition occurs (6). The AOFMBR had
the slowest increase rate in TMP (0.04 kPa/d, obtained by linear fitting) among the three reactors
(Fig. 5-3), increasing from 1.9 kPa (day 7) to 4.2 kPa (day 73). The AFMBR had a starting TMP
similar to that of the AOFMBR, but the TMP increased at a rate of 0.09 kPa/day, reaching 7.0
kPa at the end of Phase 2 (day 73), which was 67% larger than that of the AOFMBR. The

AeMBR had a much higher initial TMP of 4.1 kPa, reaching 7.7 kPa by the end of Phase 2, which
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was the highest of the three reactors. In general, the increase in TMP showed good agreement
with a linear fit of the data in Phases 1 and 2 (Fig. 5-3), suggesting there was no appreciable
change in membrane fouling due to the increased COD in these two Phases. The relative
proportion of the increased TMP rate, based on the slopes of the three lines in Fig. 5-3, were 1.25
for the AeMBR and 2.3 for the AFMBR relative to the slope for the AOFMBR.

In Phase 3, there were large increases in TMP for both the AOFMBR and AFMBR but
not the AeMBR. The AOFMBR had a particularly sudden increase in the TMP, reaching 9.9 kPa
by the end of Phase 3, similar to that of the AFMBR (10.2 kPa). The AeMBR exhibited much
different behavior, and the TMP decreased over Phase 3, which might be a result of membrane
failure or failure of the membrane fittings. After replacing all membrane modules for continued
testing Phase 4, the TMP showed a trend similar to that in Phase 1, with slow increases in the
TMP. The AeMBR had a higher initial TMP in Phase 4 than the other two reactors, consistent

with results from Phase 1.

5.3.4 SEM imaging

Biofilm growth was observed on the AOFMBR (Fig. 5-4B) and AeMBR membranes
(Fig. 5-4C), based on comparisons with abiotic membranes (Fig. 5-4D). The AOFMBR biofilm
was relatively uniform (Fig. 5-4F), but it appeared to have a coarser morphology (Fig. 5-4B) than
those on the AFMBR (Fig. 5-4A), which had a relatively smooth and uniform morphology (Fig.
5-4A and 5-4E). However, no objects with sizes similar to those of bacteria were found on the
AFMBR membrane surface (Fig. 5-4A). Without GAC addition, the biofilm on the AeMBR
membrane surface was the most heterogeneous (Fig. 5-4C) and non-uniform (Fig. 5-4G) of the
different membranes examined. No sign of membrane surface damage was observed on all the

membrane imaged.
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Fig. 5-4 SEM images with the magnitude of 10,000 x<(A-D) and 125 x(E — H) for the surfaces
of the membranes in the reactor of AFMBR (A and E), AOFMBR (B and F), AeMBR (C and G)

and abiotic membrane (D and H).
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5.3.5 Microbial community analysis

The microbial communities in the reactors formed three distinct groups based on clusters
observed in mMMDS plots (Fig. 5-5A). The microbial communities of the suspended solids in the
two aerobic AOFMBR and AeMBR reactors were relatively more similar to each other (SRBCS,
0.69) than the other samples from the AFMBR or the GAC in the AOFMBR (Fig. 5-5A). The
suspended solids microbial communities in the AFMBR were different from those in the two
reactors, but were similar to communities on the GAC in that reactor (SRBCS, 0.63). The
microbes on the GAC in the AOFMBR were distinct from all other samples.

The dominant phyla in all the samples were Proteobacteria (42% to 66%), Bacteroidetes
(12% to 31%), Firmicutes (4% to 13%), while Actinobacteria was found to be abundant only in
the suspended solids in the aerobic reactors (9% in AOFMBR and 5% in AeMBR) (Fig. 5-5B).
Fusobacteria was found to be only abundant in the suspended solids in AFMBR (5%). At the
genera level, there was no large predominance of any single genera in the suspended solids in
AOFMBR and AeMBR. However, in the AOFMBR, Arcobacter (7%) and Flavobacterium (10%)
were the predominant genus on the GAC (Fig. C-S3). There was also approximately five times
higher relative abundance of Nitrospira (1.2%) on the GAC in the AOFMBR compared to the
liquid samples in AOFMBR and AeMBR. Similarly, the GAC of AOFMBR had Nitrosomonas
present at relative abundance of 0.03% while Nitrosomonas was present at a lower relative
abundance in the suspended solids from the AOFMBR (0.006%) and AeMBR (0.003%). In
contrast to the nitrifying populations, methane-oxidizing bacteria (e.g. Methylomonas,
Methylosarcina and Methylococcus) were present at 145-fold higher relative abundance in the
suspended solids of AOFMBR (average 0.03%) compared to that detected on the GAC in the

AOFMBR. The abundance of methane-oxidizing bacteria in the suspended solids of AOFMBR
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was higher than that detected in the AeMBR (0.002%) and much higher than that in the AFMBR

(0.001%).

The same dominant genera, Acrobacter, was found in the suspended solids (31%) and
GAC (13%) from the AFMBR, consistent with their close clustering in the mMDS plots.
However, some other genera were present at different relative abundances on the GAC compared
to those in the solution. For example, Geobacter was present at up to 7.8% relative abundance on
GAC, but only <0.2% in the suspended solids, in the AFMBR. Methanogenic archaeal sequences
were retrieved in higher relative abundance on the GAC from the AFMBR than the suspended
solids. For example, Methanothrix was present in 0.2% on the GAC compared to 0.02% in the
suspended solids in AFMBR, while Methanospirillum had a 4-fold higher relative abundance on

the GAC (0.04%) than in the suspended solids (0.01%).

5.3.6 Energy production and consumption

The production of methane gas in Phases 3 and 4 averaged 6.2+1.2 L/m3~wastewater
treated. No methane gas was collected and analyzed in the first two phases of reactor operation.
Dissolved methane was detected in the AFMBR effluent but not in the effluents of the aerated
reactors (AOFMBR and AeMBR). The methane generated by the AFMBR could be used to
produce 0.02 kWh/m? of electricity [assuming a 33% conversion efficiency of methane to
electricity (13)]. However, the amount of methane produced here would not be sufficient to
provide the energy needed to strip the dissolved methane out of the effluent, which was estimated
to be 0.05 kWh/m? (21). On this basis of energy recovery versus that needed for methane gas
stripping, avoiding methane generation could be more economically favorable than harvesting

methane with potential energy cost for air stripping.
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The main advantage of using an AOFMBR compared to the AFMBR was avoiding the

production of methane gas. However, it would also be desirable to reduce the energy for
suspension of the GAC by aeration to be less than that needed for recirculation in the AFMBR.
Based on the energy used here for aeration, however, using the air to replace recirculation did not
provide a favorable energy balance (Table 5-2). The energy consumption in AOFMBR, as well as
AeMBR (data not shown in Table 2), was still four times as high as that of AFMBR (energy
calculation details are in SI). The main part of energy consumption in the AOFMBR was
aeration, while the majority of energy needed for the AFMBR would be that used for methane gas
stripping. The effluent pumping energy to drive the suction pressure of the membrane module
was estimated to be only 0.6% of total energy in AOFMBR, and 4.3% in AFMBR. Even though
the AOFMBR had an advantage compared to the AFMBR of less membrane fouling under low
influent COD conditions, the reduced energy needed for the AOFMBR due to the lower TMP
would not be sufficient to make it less costly to operate than the AFMBR. Although sludge
production was not monitored in this study, and no sludge was removed from the reactor over the
131-day study, it will be necessary to consider the cost for sludge treatment in this aerobic system
compared to the anaerobic AFMBR.

Table 5-2 Estimates of energy consumption for AOFMBR compared to the AFMBR.

Energy estimation AFMBR (kWh/m?3) AOFMBR (KWh/m3) AeMBR (kWh/md)
Recirculation pumping 0.019 NA NA

Air blower NA 0.24 0.24
Influent pumping 0.0014 0.0014 0.0014
Effluent pumping 0.0026 0.0013 0.0013

Methane stripping 0.05 NA NA
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Energy generation from -0.02 NA NA
methane
Total 0.06 0.24 0.24

Stripping energy from (21)

NA: not applicable

5.4 Discussion

5.4.1 Enhanced effluent quality and membrane fouling control

The use of rising bubbles in the AOFMBR to suspend the GAC, rather than recirculation
in the AFMBR, resulted in improved treatment, with a 49% lower effluent COD (average of 2616
mg/L) for the AOFMBR compared to the AFMBR (51+11 mg/L). The use of GAC in the aerated
AOFMBR also improved removal compared to the AeMBR, with a 32% lower effluent for the
AOFMBR than the AeMBR (3839 mg/L), at the highest influent CODs of 299 mg/L (Phase 3)
and 329 mg/L (Phase 4) at a HRT of 1.3 h. This improvement in performance for the AOFMBR
compared to the AeMBR was due to the presence of the GAC, which make have reduced the
COD levels by providing a high surfaced area for growth of microorganism and adsorption of the
organic matter. The COD removals of the AFMBR (84-87%) in this study were within the large
range of those previously reported of 63% (22) to 95% (15) using various wastewaters and HRTS.
However, COD removals in most of these studies have ranged from 80% to 90% (12-14).
AeMBRs treating domestic wastewater (low strength) generally are in the range of 80% to 95%
COD removal (12,23), which is consistent with that observed here (86-89%) even though the
AeMBR was not chemically cleaned during this study. The AOFMBR also consistently produced

an effluent with a low turbidity (0.230.1 NTU) that was on average 78% lower than that of the
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more highly variable effluent turbidity of the AFMBR (0.941.3 NTU). A low effluent turbidity

was also obtained for the AeMBR (0.240.1 NTU), consistent with a previous study (24).

Membrane fouling was better controlled for the AOFMBR compared to the AFMBR and
AeMBR, when the influent COD was lower than 200 mg/L, as the TMP increase rate was only
45% of that in AFMBR and 80% of that in AeMBR. Biofilm was observed on the membrane of
the AOFMBR, while no bacteria-size particle was found on the membrane of AFMBR,
suggesting accumulated material was likely biomass debris, SMP or precipitated inorganics. The
different surface morphologies suggest that the aerobic conditions or the way the GAC scoured
the membranes when air bubbles were present was also important for achieving a reduction in the
rate of membrane fouling. The effectiveness of GAC for scouring and minimizing membrane
fouling was supported by SEM images, as the biofilm on the AOFMBR membrane appeared to be
relatively uniform compared to the more heterogeneous biofilm on the AeMBR membrane. When
a thick biofilm or mass of particulate organic matter forms on a membrane, it is referred to as the
cake layer, and it usually is the major part of the membrane resistance (25). Therefore, the
reduction of membrane fouling in the AOFMBR can be explained primarily by the effective
reduction of the thickness of a cake layer by fluidizing GAC. One concern in using both air
bubbles and high concentration of GAC (92 g/L) in the AOFMBR was the potential for damage
of the membrane. However, there was no evidence of loss of membrane integrity in the system
due to the high concentration of GAC and presence of air bubbles based on either visual
observations or reactor performance.

While GAC has previously been used in other types of aerated membrane reactors, the
concentration of GAC used here (92 g/L) was similar to that used in anaerobic reactor AFMBR
studies (95-342 g/L) (12-14,18,26), but much higher than those used in aerated membrane
reactors in many previous studies (up to 2 g/L). Thus, the use of a high concentration of GAC,

which is a good adsorbent of organic matter, likely aided in reducing membrane fouling as
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biopolymers and organics in the AOFMBR or AFMBR could be adsorbed by the GAC rather

than deposited on the membrane surfaces. In a previous study, when only a relatively small
amount (2 g/L) of powdered activated carbon (PAC) was added into an AeMBR, improved
treatment was obtained for a distillery wastewater (27). Adding 0.75 g/L or 1.5 g/L of PAC into
an AeMBR was also previously shown to reduce membrane fouling (24). GAC addition of 0.5 to
2 g/L was also found in another study to minimize sudden increases in membrane resistance, and
organic removal was improved (28). It was concluded in all these other studies that the reduction
in fouling was mainly due to adsorption of foulants onto the activated carbon, although scouring
may have also been important. In the AOFMBR conditions examined here, the substantially
higher GAC concentration compared to these previous studies made it possible that organic
matter adsorption to the GAC was a factor, in addition to membrane scouring, in minimizing
membrane fouling. The GAC in both the AFMBR (10 g) and the AOFMBR (6 g) was not
replaced during this study (more than 200 days, including the acclimation and test periods), and
there was no sign of reduced performance at the end of phase 4 due to the age of the carbon.
While carbon replacement might be needed for operation over longer periods of time, the rate that
carbon might need to be replaced cannot be estimated based on the results of this current study.
The TMP of 10.2 kPa that developed in the AFMBR is within the range of 5 kPa to 20
kPa used by others over a 100-d operation period without cleaning (15,26). A rapid increase in
the TMP in the AOFMBR was observed in Phase 3, which usually would indicate sudden
changes in the biofilm or cake layer structure (29). Sudden changes in TMP appear to occur more
frequently in lab-scale membrane bioreactors than larger reactors (1,30). Even with this rapid
TMP increase, the TMP of AOFMBR was still comparable to that of AFMBR. The initial TMP
for AeMBR were higher than that of AFMBR and AOFMBR in both Phase 1 and 4, when the
membrane was replaced by fresh one. The reason for this difference was likely due to the absence

of the GAC for membrane scouring in the AeMBR, compared to the other two reactors. The
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membrane flux of 11.6 L/m2-membrane-h in this study was close to that used in previous
AFMBR studies (8-16 L/m?-membrane-h), and the TMP increase of the AFMBR in
Phases 1 and 2 was also consistent with previous reports (12-14,31). The membrane flux
set here was within a range typical of AnMBRs (10-40 L/m2-membrane-h) (6) and

AeMBRs (4 -36 L/m2-membrane-h) (32).

5.4.2 Microbial community analysis

Phylum-level microbial community analyses in the AFMBRs have not been previously
reported, and therefore comparisons cannot be made to previous studies for this reactor or the
new AOFMBR. However, comparisons are possible to communities in conventional treatment
systems. At phylum level, the dominant four phyla, Proteobacteria, Bacteroidetes, Firmicutes,
and Actinobacteria, in the suspended biomass in the AOFMBR and AeMBR were the same four
phyla as those identified in a previous study of 15 activated sludge samples collected from 14
treatment plants (33). The phyla with relative abundance above 5% in the suspended biomass of
the AFMBR, Proteobacteria, Bacteroidetes, Firmicutes, and Fusobacteria, were also found
dominant in an anaerobic moving bed biofilm reactor treating municipal wastewater (34). This
suggests that the microbial communities in suspension at the genera level, resembled those
communities from other aerobic and aerobic/anaerobic (moving bed) systems.

The GAC in the AFMBR and AOFMBR provides a more unigue growth environment
compared to the suspended cells. We observed a selective enrichment of Geobacter and certain
methanogens (e.g. Methanothrix and Methanospirillum) in the GAC communities in the AFMBR.
The abundance of these two groups on the GAC may be important, as Geobacter was shown to
colonize GAC and conduct extracellular electron transfer to methanogens under anaerobic growth

conditions (35,36). The transfer of extracellular electrons is particularly beneficial for acetoclastic
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methanogens as acetate has to be activated first at the expense of adenosine triphosphate
(ATP) in order to generate methane and carbon dioxide (37). This benefit could help explain the
higher relative abundance of Methanothrix, an acetoclastic methanogen, on the GAC in the
AFMBR.

The biofilm on the GAC in the AOFMBR, had a greater abundance of Nitrospira and
Nitrosomonas compared to the suspended microbial communities in either the AOFMBR or the
AeMBR. This suggests that nitrifying bacterial populations may have benefited from growth
conditions on the GAC. Unfortunately, the enriched abundance of these microorganisms was not
determined until the completion of the study, and nitrogen balances were not conducted as a part
of this study. The comparatively higher relative abundance of Nitrosomonas and Nitrospira on
the GAC in the AOFMBR, as well as the low concentrations of COD in the reactor effluent,
suggest that having GAC in this system might produce conditions favorable for nitrification.

The suspended microbial communities in the AOFMBR also had a higher relative
abundance of methane-oxidizing bacteria (e.g. Methylomonas, Methylosarcina and
Methylococcus) compared to those in the AFMBR. The presence of the methane-oxidizing
bacteria in the AOFMBR could indicate that methanogenesis may have occurred in this system,
or they could just reflect growth of cells on dissolved methane present in the influent wastewater.

The possibility of methane oxidation in this system may be an interesting area for further study.

5.4.3 Energy consumption

Although methane gas production was avoided in the AOFMBR, energy consumption
was 4 times greater than that of the AFMBR. However, the presence of the GAC in the
AOFMBR resulted in better membrane fouling control and better COD removal than the
AeMBR. The minimum aeration intensity needed to effectively fluidize the GAC (6 g, 92 g/L)

was 0.005 m®/m?—cross section area-s, which is comparable to some AeMBRs (28,38,39). The
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energy consumed by the AOFMBR and AeMBR was therefore similar to that of an AeMBR

(0.3—0.6 kwWh/mq) (6) and activated sludge process (0.3—0.6 kWh/m?®) (40). However, the
energy needed for AFMBR operation estimated here (0.06 kWh/m?) and those reported by others
(0.019 to 0.028 kwWh/m?) (12,13) was about one tenth of that used by other types of AnMBRs
(0.25—1 kWh/m?®) (6). One reason for the lower energy requirements of an AFMBR is that water
recirculation is less energy intensive that gas sparging. Additional headlosses, for example, due to
an increase in viscosity with MLSS accumulation, was not included in the calculations for the
AFMBR, and thus the actual energy for that system is underestimated relative to the gas sparging
systems.

Gas-phase methane produced in AFMBR was averaged 6.2+1.2 L/m®-wastewater treated
(0.02 m3-CH4/kg COD) in Phases 3 and 4. Although methane production overall was low
compared to a previous AFMBR study (14), it was 36 times as high as a previous study using
MFC effluent with the same AFMBR reactor design. The increased gas production observed here
was most likely due to the higher influent COD in Phases 3 (299324 mg/L) and 4 (329437 mg/L)
compared to the previous study (13) of 107+10 mg/L. The methane production measured here,
however, was 10 times lower than that typical of UASBs, CSTRs and AnMBRs treating various
of wastewaters (0.2 to 0.4 m3-CHa4/kg COD) (41), which is a consequence of the different HRTs
and influent CODs of AFMBR compared to these studies with other types of reactors.

It should be possible to reduce the energy used by the AOFMBR. Based on Stoke’s Law,
using GAC with a smaller size could reduce the needed aeration intensity needed to fluidize the
media, as the settling velocity is dependent on particle size squared. Also, particles other than
GAC could be used, but these materials might not be good adsorbents. Larger media has been
found to be more useful for reducing fouling than smaller media (particle sizes ranging from 0.2
to 2 mm) (42). This suggests that there is an optimum particle size that can be chosen to balance

energy demands with reduced membrane fouling. It might also be possible to use intermittent
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aeration in the AOFMBR, which has been shown to have better fouling control under some

operational conditions in AeMBRs (1).

5.5 Conclusions

An AOFMBR was developed by replacing recirculation in an AFMBR with aeration as
the driving force for GAC fluidization, with a near-term goal of avoiding methane production and
a long-term goal of reducing energy demands relative to AnMBRs and AeMBRs. Operation of
the AOFMBR with two controls, the anaerobic AFMBR with GAC, and an AeMBR with aeration
but no GAC, showed the following:

1. The effluent COD in the AOFMBR was maintained at the lowest concentrations compared to
the other two reactors, with average maximum removal efficiencies of 92% (COD) and 87%
(SCOD) for the high influent CODs in the last two Phases (averaging 299+24 mg/L in Phase
3, and 329437 mg/L in Phase 4).

2. Effluent turbidity of the AOFMBR was steady and averaged 0.2 NTU, while the AFMBR had
occasional spikes in the effluent turbidity.

3. Membrane fouling was better controlled in AOFMBR under three different influent CODs of
153 and 214 mg/L, with a TMP increase rate of only 80% compared to the AeMBR, and 43%
compared to the AFMBR. SEM images also supported less membrane fouling in the presence
of the GAC particles.

4. FEliminating recirculation by using air bubble in the AOFMBR compared to recirculation in
the AFMBR did not result in a lower energy consumption for the AOFMBR. The use of
intermittent acration or optimization of the size and density of the media that is fluidized in

the reactor could contribute lowering energy costs for operation.
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Chapter 6

Simultaneous nitrogen and organics removal using membrane aeration and
effluent ultrafiltration in an anaerobic fluidized membrane bioreactor
Abstract
Dissolved methane and a lack of nutrient removal are two concerns for treatment of

wastewater using anaerobic fluidized bed membrane bioreactors (AFMBRs). Membrane aerators
were integrated into an AFMBR to form an Aeration membrane fluidized bed membrane
bioreactor (AeMFMBR) capable of simultaneous removal of organic matter and ammonia
without production of dissolved methane. Good effluent quality was obtained for domestic
wastewater (193423 mg/L and 4945 mg-N/L) treatment, with no detectable suspended solids,
9345% of chemical oxygen demand (COD) removal to 14411 mg/L, and 7448% of total
ammonia (TA) removal to 1243 mg-N/L. Nitrate and nitrite concentrations were always low (< 1
mg-N/L) during continuous flow treatment. Membrane fouling was well controlled by
fluidization of the granular activated carbon (GAC) particles (transmembrane pressures
maintained <3 kPa). Analysis of the microbial communities suggested that nitrogen removal was
due to nitrification and denitrification based on the presence of microorganisms associated with

these processes.

6.1 Introduction

An anaerobic fluidized bed membrane bioreactor (AFMBR) was first developed as a
post-treatment method for an anaerobic fluidized bed bioreactor (AFBR), achieving 87% removal
of chemical oxygen demand (COD), 82% of soluble COD (SCOD), and ~100% of total

suspended solid (TSS) (1). In addition, a low energy demand of 0.028 kWh/m? was estimated for
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the process, which is 10 times lower than that needed for treatment using anaerobic membrane
bioreactor (0.25-1 kWh/m?) (2). Membrane fouling is well controlled in an AFMBR by
mechanical scouring due to fluidization of granular activated carbon (GAC) particles. Effective
treatment has also been obtained using AFMBRs as a second process that followed treatment by
other types of bioreactors. For example, the effluent of a microbial fuel cell (MFC) treating
domestic wastewater was reduced to a COD of 16 =3 mg/L and TSS of <1 mg/L, at an AFMBR
hydraulic retention time (HRT) of 1 h (3). Low effluent COD (11 mg/L) and negligible TSS were
also achieved at an HRT of ~ 1 h for effluent from an anaerobic baffled bioreactor (ARB) (4).
The combined AFBR and AFMBR process was found to have an additional advantage of
effective removal of pharmaceuticals from a wastewater (86-100%) (5). A disadvantage of
AFMBR treatment, however, is that the effluent contains dissolved methane which would need to
be removed prior to discharge (6). In addition, total nitrogen has not been reported to be reduced
during AFMBR treatment, since a combination of anoxic and anaerobic conditions are required to
achieve nitrification and denitrification.

Membrane-aerated bioreactors (MABRS) were developed to obtain efficient nitrogen
removal through the growth of a biofilm on the aeration membranes. Oxygen is added by
bubbleless gas transport through the membrane to the biofilm. Nitrification can occur in the
stratified biofilm on the membrane, resulting in the release of nitrate which can reduce the
concentration of organics by denitrification to levels needed to enable nitrification in the biofilm
(7). Ammonia-oxidizing bacteria (AOB) have been identified in the deep biofilm layer near the
membrane, while denitrifiers and heterotrophic bacteria grow on the outer layer (8). Stratified
biofilm growth of nitrifiers and denitrifiers has also been confirmed using fluorescence in situ
hybridization (7). Typically the biofilms on the membranes are 50 to 200 um thick (9), which is
usually deep enough to prevent oxygen transfer into the bulk liquid, thus maintaining anaerobic

conditions in the solution (10). Membrane aerators immobilized with microorganisms were first
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tested using synthetic wastewater (total organic carbon, TOC, 1000 mg/L and total nitrogen, TN,
58.5 mg-N/L) in batch mode (24 h), achieving a removal efficiency of 97.9% for TOC and 98.3%
for TN with lumen pressure of 245 kPa (pure oxygen) (11). When treating organic-free synthetic
wastewater (217 mg-N/L of ammonium) in continuous-flow mode, separate arrays of hollow
fiber membranes (HFMs) that supplied pure bubbleless hydrogen and oxygen in a redox
controlled bioreactor obtained a high ammonia removal flux (AR) of 5.8 g-N/m? membrane-d,
with a nitrate and nitrite removal flux of 4.4 g-N/m?-d, at a pressure of 861 kPa (12). A total
nitrogen removal flux (NRF) of 1.7 g-N/m?-d was achieved using an MABR supplied with air to
treat COD-free wastewater (47.1 mM NHs-N), with 75% removal of the influent nitrogen (7).
Nitrogen and carbonaceous compounds in synthetic wastewater (TOC of 100 mg/L and TN of 25
g-N/md) were simultaneously removed using an MABR supplied with air, showing a carbon
removal flux (CRF) of 7.4 g-C/m2-d and NRF of 2.8 g-N/m?2-d (13). One disadvantage of using
MABRSs is that they require relatively long hydraulic retention times (HRTS) compared to other
processes. For example, HRTs can be as long as several days using air, for example 1 day (12), 4-
6 days (7), 1.2-12 days (14) and 15 days (8). However, HRTs can be reduced to only ~1 to
several hours few by using pure oxygen, for example 0.6 h (15), 6 h (13) and 1-10 h (16).

In order to achieve effective ammonia removal in an AFMBR, it was hypothesized that
adding a membrane aeration module into the reactor could enable simultaneous removal of both
carbonaceous and nitrogen compounds in a single aeration membrane fluidized bed membrane
bioreactor (AeMFMBR). By infusing oxygen into the system, nitrogen could be removed through
nitrification on aeration membranes, and denitrification by microorganisms on the aeration
membranes or on GAC and in the mixed liquor. In addition, it was hypothesized that production
of methane could be avoided through the use of the membrane aerators as nitrate could serve as
the primary alternate electron acceptor. A bench-scale AeMFMBR was constructed by integrating

two different modules, the membrane aerators and the membranes used for ultrafiltration of the
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effluent, into a single reactor containing fluidized GAC. The performance of the AeMFMBR was
initially examined using synthetic influent in fed-batch mode, and then by using synthetic or
diluted domestic wastewaters in continuous flow mode. The mechanism of nitrogen removal was
investigated through a microbial community analysis of the suspended biomass and the biomass

on membrane aerators, and GAC.
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Fig. 6-1 Schematic of the AeMFMBR showing locations of the aeration and filtration

membranes.

6.2 Material and Methods

6.2.1 Reactor setup

The AeMFMBR made of polyvinyl chloride (PVC, McMaster Carr) contained two
chambers, one for filtration (lower section) and the other for aeration (upper section), with a total
volume of 4.5 L (Fig. 6-1). The aeration membrane module contained 135 polyvinylidene
fluoride (PVDF) HFMs (pore size of 0.1 um, Kolon Inc., South Korea) that were sealed at one

end. The ultrafiltration membrane module used to filter the wastewater had 54 PVDF HFMs. The
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total surface area was estimated to be 0.08 m? for the aeration membrane module (18 m*m?3), and
0.03 m? for the filtration membranes (7 m?/m?). A magnetic water pump (50 px-x, 1100 GPH,
Pan World, Japan) was used to keep the mixed liquor recirculated at a constant flowrate of
4.340.9 L/min. Two peristaltic pumps (model no. 7523-90, Masterflex, Vernon Hills, IL) were
used for influent and effluent pumping. A mass flow controller (0 to 10 LPM, Air/He/Ar, Cole-
Parmer, US) was used to measure the air flowrate, and a pressure gauge (ypel1490, Ashcroft,
Stratford, CT) was used to measure the air pressure. GAC particles (45 g/L; DARCO MRX, 10 x
30 mesh, Norit Activated Carbon, Cabot, GA) were added into filtration chamber for biofilm

growth and to control membrane fouling.

6.2.2 Operation

AeMFMBR operation was separated into six phases, with each phase used to sequentially
examine the different aspects of the AeMFMBR components and test conditions, for example
operation only with aeration membranes compared to operation with GAC and organic carbon in
the feed, to identify the impact of the organic carbon on nitrogen removal. Each of these phases
are identified with notation to indicate the specific aspects of operation, as follows: B for fed
batch operation, or C for continuous flow operation; HN for high (~240 mg-N/L) and LN for low
(50-80 mg-N/L) nitrogen concentrations; S for synthetic wastewater, and W for actual domestic
wastewater; G for operation with GAC particles added to the reactor; U for operation with
ultrafiltration of the effluent; and P for tests with a higher air pressure used in the aeration module
compared to other tests (Table 6-1). For example, phase 3B-SG indicates phase 3 operation with
fed batch conditions, a synthetic wastewater feed, and GAC fluidization (but no ultrafiltration of
the effluent).

Table 6-1 Operational conditions of the reactors for the six phases.

Phase Duration  Mode Wastewat  Air flow CcoD SCOD TA (mg-
(day) er (mL/min)  (mg/L) (mg/L) N/L)
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1B-HN 45 Batch COD free 1.0£0.2 - - 23619
2B-LN 25 Batch COD free 1.0£0.3 - - 79111
3B-SG 24 Batch Synthetic 1.0£0.2 16243 16213 7317
4C-SGU 29 Continuous  Synthetic 1.0+0.1 154+12 154+12 68%6
5C-WGU 38 Continuous Domestic 1.2+0.4 20219 12748 5243
6C-WGUP 34 Continuous Domestic 2.2+0.2 193423 10717 4945

The membrane aerator (air flowrate of 1 mL/min) was inoculated with sludge from a
nitrification tank (Pennsylvania State University Wastewater Treatment Plant) and feed solution
(40 mM NH4HCO3, 14.3 mM NaCl, 3.7 mM KHCO3, 0.8 mM KHSOg, 1.25 mM KH,POa, 0.83
mM MgSQOs, 1.23 mM CaCly, and 0.11 mM FeCls) in a column with stirring for 50 days prior to
phase 1B-HN. Each time the operational conditions were changed the reactor was operated for at
least one week under the new conditions for reactor acclimation. The AeMFMBR was operated at
a constant temperature room with 20 <T (minimum light source to avoid phototrophic growth).

In phase 1B-HN, membrane aerator module alone was tested for ammonia removal with
the reactor operated in batch mode (two repeated cycles), using a COD-free medium, and a high
concentration of ammonia (HN) for acclimation of the biofilm for nitrification (2369 mg-N/L,
Table 6-1). The feed solution contained 40 mM NH4HCOs3, 14.3 mM NaCl, 3.7 mM KHCQO3, 0.8
mM KHSO4, 1.25 mM KHzPO4, 0.83 mM MgSOs, 1.23 mM CaCl,, and 0.11 mM FeCls (7). In
all subsequent phases (2-6), lower nitrogen concentrations were used in the range of 49 to 79 mg-
N/L, as indicated in Table 6-1. In phase 2B-LN, the AeMFMBR was therefore operated under the
same conditions as phase 1 except the total ammonia concentration in the feed solution was
reduced to 79+11 mg-N/L.

In phases 3 through 6, GAC particles were added into the filtration chamber and only
lower nitrogen concentrations were tested. In phases 3 and 4, glucose (0.075 g/L) and acetate (0.1
g/L) were added into the feed solution as a source of COD, producing a TCOD of ~150 mg/L. In
phase 3B-SG, the reactor was therefore operated in batch mode (three repeated cycles) to

examine the impact of a defined, synthetic wastewater on nitrogen removal, compared to no COD
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in the influent in phase 2. The addition of GAC was used to provide a large surface area for
biofilm growth.

In phases 4 through 6, the ultrafiltration membrane module was placed in the reactor, and
the operation was switched to continuous flow, producing the combined conditions for complete
AeMFMBR operation in all subsequent tests. In phase 4C-SGU, the reactor was fed synthetic
wastewater at two different flowrates, with a 10 min on and 1 min off for membrane relaxation;
3.6 mL/min (7.2 L/m#h), producing a net HRT of 20.5 h; and 1.8 mL/min (3.6 L/m%h), to
produce a longer HRT of 41 h.

For tests in phases 5 and 6, the feed was switched to a domestic wastewater obtained
from the primary clarifier of the Pennsylvania State University Wastewater Treatment Plant and
operated at the longer HRT of 41 h. The wastewater was diluted to a TCOD of ~200 mg/L using
distilled water, and the total ammonia (TA) concentration was adjusted to ~50 mg-N/L by adding
ammonium bicarbonate, to simulate COD removal by an upstream process (such as an MFC)
with no nitrogen removal. For phase 5C-WGU, the reactor operation was therefore the same as
that in phase 4 except the synthetic wastewater was replaced by a diluted wastewater with a
similar TA concentration. In phase 6C-WGUP, the lumen pressure (P) was increased to 4-5 kPa
from 2-3 kPa in the first 5 phases to increase air flowrate in order to try to increase the ammonia
removal rate. A low lumen pressure was applied in this study to make sure an axoic environement

was maintained in the AeMFMBR.

6.2.3 Analytical methods

TCOD and SCOD were measured using commercial kits (COD digestion vials, low range
and high range, Hach). Three-day headspace biochemical oxygen demand (HBOD) tests were
used to analyze the reactor effluent and mixed liquor concentrations, where the HBODs is

approximately equal to a BODs measured using standard methods (17). Total ammonia
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(Nitrogen-ammonia reagent Set, high range, Hach), nitrite (NitraVer X nitrogen-nitrate reagent
set, high range, Hach) and nitrate (NitriVer 3 TNT reagent set, nitrogen-nitrite, low range, Hach)
concentrations were measured for the effluent and the liquid inside the AeMFMBR. Mix liquor
suspended solids (MLSS) was quantified based on total suspended solid (TSS) following standard
methods (method 2540D, with filters having with a pore size of 1.5 pm; GE Whatman) using a
sample volume of ~50 mL. Dissolved oxygen (DO) was monitored using an oxygen meter
(NeoFox oxygen monitoring kit with probe, Ocean optics, US). Dissolved methane for the
effluent and mixed liquor were measured based on gases desorbed from solution as previously
described (3), except 4 mL of headspace was left for air while transferring the sample to serum
bottle (10 mL) instead of filling serum bottle without leaving a headspace. Transmembrane
pressure (TMP) of the ultrafiltration membrane was monitored using a pressure transducer (TDH
31, Transducer Direct, US). The pH and conductivity of the diluted wastewater were measured
using a probe and meter (Seven-Multi, Mettler-Toledo International Inc.).

Microorganisms were sampled from the aeration membranes at the end of phase 2B-LN
and 4C-SGU, and from GAC particles and the suspended biomass in 4C-SGU. DNA was
extracted from the samples following the Power Soil DNA isolation kit protocol with some
modifications to improve DNA extraction (Mo Bio Laboratories, Inc) (18). Bead tubes with 0.1
mm glass beads were used instead of the garnet bead-beating tube in the original kit. The sample
(GAC, centrifuged suspended solids from mixed liquor sample or aeration membranes cut into
small pieces) and 750 L bead solution were added to the bead tube, and tubes were mixed using
a bead mill (Bead Ruptor 12 Homogenizer, Kennesaw, GA) for 45 s instead of using a vortexer,
followed by centrifugation at 10,000 ><g for 1 minute, and incubation at 4 <C for 10 minutes. The
extracted DNA was then sequenced by DNASense (Denmark). Briefly, DNA samples were
amplified by polymerase chain reaction (PCR). The forward 515F (5°-

GTGYCAGCMGCCGCGGTA-3’) and reverse 805R (5’-GACTACHVGGGTATCTAATCC-3)
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tailed primers were designed for targeting the V4 region of bacterial and archaeal 16S rRNA gene
(18). The resulting amplicons were then purified, and single read sequenced (251bp) on MiSeq
(IMumina). Taxonomy was assigned using the RDP classifier in QIIME (19), using the MiDAS
database v.2.1.2 (20). Principle component analysis (PCA) was generated based on the relative
abundance of operational taxonomic units (OTUs) with OTUs (unit vector) >5% present shown
as axises. Square-root transformed Bray-Curtis similarities (BCS) were calculated between
samples.

The oxygen transfer efficiency (OTE) was calculated assuming complete nitrification

(total ammonium converted to nitrate) using the set air flowrate and measured AR as:

nARgAmg,
0.23mypQair

OTE = (6-1)

where n the stoichiometric ratio of ammonia and oxygen (4), ARy is ammonia removal flux (g-
N/m? d), A the membrane aerator area (0.03 m?), m,, the molecular weight of oxygen gas (32
g/mol), 0.23 the mass fraction of oxygen in air, 71, is the molecular weight of nitrogen (14

g/mol), p the density of air at 20 T (1.205 x10° g/m®) and Qair the airflow rate (m*/d). The
Student-T test was used to assess differences in COD and ammonia removals among phases, with

the differences considered to be significant for p < 0.05.
6.3 Results and Discussion
6.3.1 Nitrogen removal with COD-free synthetic wastewater

In the initial operation of the reactor (phase 1B-HN) with a high initial ammonia
concentration of 23629 mg-N/L, the AR was 0.440.02 g/m?-d (Fig. 6-2, Fig. D-S1), resulting in a
total nitrogen removal efficiency of 7242% over a period of 20 days. When the ammonia

concentration was reduced to 79411 mg-N/L in the next phase (2B-LN) the rate was only slightly
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lower at 0.340.06 g-N/m?-d (Fig. 6-2), indicating that the feed concentration had little impact on
the rate of removal (Fig. D-S2). The TN concentration at the end of cycle in phase 2B-LN was <5
mg-N/L, indicating the membrane aeration could effectively reduce TN to a low concentration.
These two ARs were lower than those previously reported for MABRsS treating inorganic
ammonium using air, which ranged around 1.7 g-N/m?-d (~30-50 kPa) (7) to 2 g-N/m?-d (21).
The lower rate here was probably due to the low lumen pressure (2 kPa) and the low ambient

temperature (20 <C) compared to these previous studies.
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Fig. 6-2 Comparison of ammonia removal rate (AR) in each of the six phases of operation (phase

1B-HN, 2B-LN, 3B-SG, 4C-SGU, 5C-WGU and 6C-WGUP).

The nitrite concentrations during the operation were always low (Fig. D-S1 and D-S2),
with 0.630.6 mg-N/L for phase 1B-HN (Table 6-2) and 0.840.7 mg-N/L for phase 2B-LN (Table
6-2). The nitrate concentrations were also low, with 1.841.4 mg-N/L for phase 1B-HN and
1.6#1.4 mg-N/L for phase 2B-LN (Table 6-2). The low nitrite and nitrate accumulated indicated

that ammonium oxidation to nitrite was the limiting step in nitrification. Although the feed did
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not contain any appreciable COD, the measured TCOD in mixed liquor in phase 2B-LN was
41423 mg/L. The COD was believed to be generated by autotrophic nitrifiers, consistent with a
previous study treating COD-free synthetic wastewater (22), where COD was also found to be
produced, likely by the generation and release of soluble microbial products (SMP) into the
solution.

Table 6-2 Nitrate and nitrite concentration, total ammonia removal and TCOD/SCOD removal

during the six phases of operation.

Phase Nitrite (mg- Nitrate (mg- Removal TCOD removal SCOD removal
N/L) N/L) Efficiency efficiency efficiency
1B-HN 0.610.6 1.8+1.4 72+2% - -
2B-LN 0.810.7 1.6+£1.4 94+1% - -
3B-SG 0.710.9 0.9+0.3 81%12% - -
4C-SGU 0.08+0.06 0.6£t0.4 65X 16% 75112% -
5C-WGU 0.02£0.01 0.4+0.1 64+14% 75+8% 64+14%
6C-WGUP 0.02+0.01 0.510.1 74+8% 93+5% 891+7%

6.3.2 COD and nitrogen removals using synthetic wastewater

In phase 3B-SG when COD was added as a synthetic wastewater (16243 mg-COD/L)
and GAC particles were used, COD and nitrogen were degraded simultaneously with membrane
aeration. The AR of 0.440.03 g/m?-d (Fig. 6-2) obtained in phase 3B-SG was similar to that in
phase 1B-HN and 2B-LN, despite the addition of the organic matter into the feed solution. Nitrate
and nitrate concentrations remained low (<1 mg-N/L) (Fig. D-S3), consistent with phases 1B-HN
and 2B-LN. Organic matter was degraded to a low concentration of 25419 mg-COD/L (Fig. D-
S4). However, compared with the nearly linear decrease in ammonia in the first three phases, the
COD removal rate decreased over time, with a very rapid initial decrease in COD followed by a
slower rate of removal over time.

When the filtration membrane was introduced into the system in phase 4C-SGU, and the
AeMFMBR was switched from fed-batch mode to continuous flow operation at an HRT of 20.5 h

(4C-SGUL1), the average AR increased by 1.5 times to 1.040.3 g/m?-d (Fig. 6-2). The TA
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concentration inside the AeMFMBR was similar to that in the effluent (Fig. 6-3), indicating the
filtration membrane did not impact retention of soluble ammonia. An average of 2548% removal
of nitrogen was obtained, with effluent TN of 51411 mg-N/L (Fig. 6-3). In order to increase
nitrogen removal, the HRT was increased to 41 h (4C-SGU2), leading to 5511% of TA removal,
with an effluent TA of 37411 mg-N/L. The ARs obtained in 4C-SGU at the two different HRTs
(1.040.4 g/m?-d at 20.5 h, and 1.140.2 g-N/m?-d at 41 h) were not significantly different (T-test, p
= 0.6), indicating that the AR was not dependent on the HRT.

There was no significant increase in COD removal efficiency (T-test, p = 0.4) when the
HRT was increased in phase 4C-SGU from 20.5 h (77+12%) to 41 h (70+11%). The average
effluent TCOD was 39+19 mg/L, which would be below the standard discharge standard for

BODs of 30 mg/L assuming a typical ratio of 2:1 COD:BOD:s ratio (23).
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Fig. 6-3 (A) Total ammonia (TA) concentration of the influent, effluent, and the mixed liquor

during continuous mode operation (phase 4C-SGU, 5C-WGU and 6C-WGUP); (B) TCOD,
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SCOD, HBOD, and TSS of the influent, effluent and the mixed liquor. Two different HRTs were

used in phase 4C-SGU with 4a (20.5 h) and 4b (41 h).

6.3.3 COD and nitrogen removal using diluted domestic wastewater

When domestic wastewater was treated instead of the synthetic wastewater in phase 5C-
WGU, the AR was reduced by 40% to 0.640.2 g/m?-d (Fig. 6-2). The difference was likely due to
the form of nitrogen, which was only NH4sHCO3 in phases 1B-HN to 4C-SGU, but a mixture of
organic nitrogen and this ammonium salt (~40%) in 5C-WGU. In addition, domestic wastewater
may contain inhibitors for nitrifying bacteria. The overall nitrogen removal was 3329%, with an
effluent TA concentration of 3635 mg-N/L (Fig. 6-3). Only small concentrations of nitrate
(0.0240.01 mg-N/L) and nitrite (0.440.1 mg-N/L) were measured in the treated effluent.

When the aeration pressure in phase 6C-WGUP was increased from 2 to 4-5 kPa, the AR
(1.240.2 g/m?-d, Fig. 6-2) was twice that obtained in 5C-WGU (0.640.2 g-N/m?-d, T-test, p =
0.002). A lower effluent TA of 1243 mg-N/L (Fig. 6-3) was obtained, with a TA removal
efficiency of 7448% that was significantly higher than that in 5C-WGU (T-test, p < 0.001). The
effluent nitrate (0.0240.01 mg-N/L) and nitrite (0.420.1 mg-N/L) concentrations remained low
and were not significantly different from those in 5C-WGU (T-test, p > 0.4), indicating the
ammonia oxidation was still the limiting step for nitrificaiton in 6-DWHA/C. The TA
concentration inside the AeMFMBR was similar to that in the effluent in both phases 5C-WGU
and 6C-WGUP (Fig. 6-3), while the nitrate and nitrite concentration inside the AeMFMBR were
slightly higher than those in the effluent (Fig. D-S5).

COD was effectively degraded, with an effluent TCOD of 49416 mg/L and SCOD of
47+17 mg/L in phase 5C-WGU (Fig. 6-3), resulting in removal efficiency of 7548% for TCOD
and 64+14% for SCOD. In phase 6C-WGUP with the higher aeration rate, COD removal was

further improved with an effluent TCOD of 14#11 mg/L and SCOD of 1311 mg/L, indicating
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that the increase in air flux enhanced both COD removal and nitrogen removal. The removal
efficiencies reached 93#5% for TCOD, and 89+7% based on SCOD in 6C-WGUP(Table 6-2).
The similar effluent TCOD and SCOD in 5C-WGU and 6C-WGUP (Fig. 6-3) indicated good
solids removal with the filtration membrane. This was further confirmed by TSS tests, where no
TSS were detected in the effluent, with influent TSS of diluted domestic wastewater ranging from

20 mg/L to 80 mg/L (Fig. 6-3).

6.3.4 Transmembrane pressure, DO and dissolved methane

Membrane fouling was well mitigated in the AeMFMBR by using fluidized GAC
particles, with a maximum TMP of 3 kPa (Fig. 6-4) during continuous-mode of operation. There
was a decrease in TMP in phase 4C-SGU with a longer HRT, indicating that a longer HRT
reduced fouling due to the decreased flux. This result was consistent with a previous study where
shorter HRTs led to larger membrane fouling (24).

In phase 5C-WGU when the synthetic wastewater was switched to actual wastewater, the
TMP was still low (0.440.3 kPa). However, the TMP increased to 1.140.4 kPa when air flowrate
was doubled in phase 6C-WGUP. The MLSS of the AeMFMBR in 6C-WGUP (7033 mg-TSS/L)
(Fig. 6-3) was significantly higher than that in 5C-WGU (30+10 mg-TSS/L) (T-test, p = 0.01).
The increase in MLSS could help explain the increase in TMP in 6C-WGUP. The TCOD and
SCOD inside the reactor were higher than those in the effluent (Fig. 6-3), suggesting that a cake
layer formed on the filtration membrane that could have contributed to the removal of COD, as

suggested by others (18,25).
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Fig. 6-4 Transmembrane pressure and mixed liquor suspended solids in phase 4C-SGU, 5C-
WGU and 6C-WGUP. Two different HRTs were used in phase 4C-SGU with 4a (20.5 h) and 4b

(41 h).

There was no measurable DO (0 mg/L) in the AeMFMBR during continuous mode
operation period, indicating the fluid environment in the AeMFMBR was anaerobic. Although
the DO in the mixed liquor of the AeMFMBR remained zero (i.e. anaerobic conditions),
dissolved methane was never detected in either the mixed liquor or effluent samples possibly
because methanogenic archaea (relative abundance <0.01%) were not enriched in the system.
This result is different from that obtained in a previous AFMBR study where a COD to methane
conversion of 10% resulted in a dissolved methane concentration of 1.5 mL/L (3).

The OTE during continuous flow mode operation was calculated using Eg. 6-1 and the
calculated ammonia flux and air flow to be high, with 82+16% for phase 5C-WGU, and 7449%
for 6C-WGUP when treating diluted domestic wastewater. These high OTEs indicated that most
of the oxygen was consumed for nitrogen removal even with the introduction of organic matter.
The rest of the oxygen in the air supply was believed to be consumed by heterotrophs on the

membrane aerator surface, since the DO was maintained near zero.
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principal components with OTUs relative abundance >5% shown as the axes. The axes pointing

at the sample indicates the high relative abundance; (B) microbial community analysis based on

the relative abundance on the genus level. Only the genera with a relative abundance higher than

1% were shown (with pattern), while the other genera were included based on phylum level (pure

color and vertical lines). Archaea (<0.01%) and Eukaryota were shown at the Kingdom level.



149

6.3.5 Microbial community analyses

The microbial community samples formed four distinct groups as they did not cluster
with each other based on a PCA analysis (Fig. 6-5A). The BCS of the membrane aerator samples
in phases 2B-LN and 4C-SGU was 46%, indicating the community changed after organics were
introduced. The BCS between the membrane aerator and GAC in 4C-SGU was 57%, higher than
that between membrane aerator and the mixed liquor (37%).

In phase 2B-LN, the ammonia removal for membrane aerators treating COD-free
synthetic wastewater was likely due to biological nitrification and denitrification, based on the
microbial community analysis of the membrane aerator. Nitrosomonas (6%) was one of the
dominant genera (Fig. 6-5B) on the membrane aerator in phase 2B-LN. Members of this genus
are commonly found in activated sludge process (26,27), and were reported to be present in the
biofilm on membrane aerator in other several studies (7,28) as the AOB converting ammonia to
nitrite. In addition, OTU_28 was shown to have a relative abundance of 6% (Rhodocyclaceae
family), with 96% sequence similarity to Dechloromonas denitrificans which was reported as
denitrifying bacteria (28). No anammox genera were found on the membrane aerator sample.

The microbial community of membrane aerator in phase 4C-SGU with synthetic
wastewater changed compared with that in phase 2-LN/B with no COD in the feed, although
ammonia removal was still occurring by nitrification and denitrification. The Rhodocyclaceae
became the dominant biofilm family (47%) on the membrane aerator when the organics were
introduced. Within the Rhodocyclaceae family, Azonexus (10%) (Fig. 6-5B) was the dominant
genus, which includes denitrifying bacteria species such as Azonexus caeni (29) and Azonexus
hydrophilus (30). Nitrosomonas were also dominant on membrane aerator in 4C-SGU (2%). In
contrast, members of the genus Nitrosomonas were not detected in the mixed liquor and were

present at very low relative abundance (0.2%) on GAC. The family of Comamonadaceae, whose
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members were reported as denitrifying bacteria (31), also had a high relative abundance of 6%. In
addition, Pseudoxanthomonas was shown to have a high relative abundance of 6%, and bacteria
in this genus have been reported to stabilize the sludge structure in a sequencing batch reactor
achieving partial nitrification (32).

Both the mixed liquor and GAC probably also contributed to denitrification, indicated by
the high relative abundance of the denitrifying genus Dechloromonas on the GAC (5%) and in
the mixed liquor (14%) samples (Fig. 6-5B) (28,33). Other than Dechloromonas, other OTUs
belonging to the Rhodocyclaceae family were found with a high relative abundance of 11% in
GAC and 12% in ML. Obligate or facultative anaerobes, such as Geobacter
metallireducens (OTU_19, similarity of 99%) (34), Geobacter hydrogenophilus (OTU_136,
similarity of 99%) (35) and Aeromonas rivipollensis (OTU_17, similarity of 99%) (36), were
shown to have a significant relative abundance (>13%) on the GAC and mixed liquor samples,
indicating an anoxic environment was maintained in the AeMFMBR, consistent with the result of
the DO measurements.

The genus Ocal5 belonging to the order Ignavibacteriales was found to colonize with a
relatively high abundance the membrane aerator in phase 2B-LN (14%) and 4C-SGU (2%) tests,
and the GAC in phase 4C-SGU (6%). Ocal5 was previously found in a wastewater treatment
plant treating textile wastewater (37), but it has not been well studied. The colonization of Ocal5

on the growth media was quite interesting and could be worth investigating in a future study.

6.3.6 Overall assessment and future studies

Based on the microbial community analysis, ammonia removal was most likely due to
biological nitrification and denitrification. The lack of any dissolved oxygen or methane, or
visible gas bubbles, suggests that air stripping was not a factor in ammonia removal in the

AeMFMBR. In order to rule out the effect of air stripping for ammonia removal, an abiotic test
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was conducted using membrane aerators to strip an ammonium bicarbonate solution (80 mg-
N/L). No noticeable ammonia removal was shown during the first 20-day stripping (bubbleless
addition of the air) (Fig. D-S6). In addition, there was no decrease in TN even when sparging
tests were conducted with a gas diffuser using air.

Although the HRT of the AeMFMBR was shorter than those reported in some other
MABR tests (several days using air) (7,8,12,14), and comparable with a hybrid systems
combining anaerobic baffled reactor with membrane aerator (40 h) (28), the HRT was still a little
too long to be feasible as a post-treatment technique. According to the COD and nitrogen removal
in the AeMFMBR, it is indicated that the nitrogen removal had a slower rate than COD removal.
The slow nitrogen removal rate was likely due to the low lumen pressure applied in this study for
maintaining an anaerobic environment for mixed liquor, supported by the DO measurement and
microbial community analysis. In order to reduce the HRT, increased lumen pressure or larger
surface area should be used in future tests to increase the rates of nitrification using membrane
aerators. In these future studies, a balance could be found between maintaining an anaerobic

environment and applied lumen pressure to maximize the AR.

6.4 Conclusions

The operation of the AeMFMBR at an HRT of 41 h produced a good effluent quality
with a TN of 1243 mg-N/L and COD of 14411 mg/L, and non-detectable dissolved oxygen or
methane. Nitrate and nitrite concentrations in the effluent were <1 mg-N/L. High removal
efficiencies were obtained for both COD (9345%) and ammonia (7448%). Membrane fouling
was well mitigated with a TMP <3 kPa. Analysis of the microbial communities supported a
mechanism of ammonia removal in the AeMFMBR based on nitrification and denitrification in

the presence or absence of added COD.
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Chapter 7

Future studies

In this dissertation, | examined the use of buffer in MFC/MEC and the use of membrane
bioreactor as the post-treatment for MFC effluent. | evaluated the effect of buffer charge on the
air cathode performance in MFC, showing that the cationic buffer can enhance the cathodic
current by improved transport with migration (Chapter 3). An innovative polymer buffer was
developed with higher buffer capacity than the conventional buffer (50 mM PBS), resulting in a
higher hydrogen production rate than that with PBS and a good buffer retention with the use of
CEM, AEM and UFM (Chapter 4). In addition, the post-treatment of MFC effluent was assessed
by comparing AOFMBR, AFMBR and MBR treating diluted domestic wastewater, concluding
that AOFMBR had a better treatment performance in terms of COD removal under high influent
COD (~300 mg/L) and membrane fouling control (Chapter 5). Integrating AFMBR and
membrane aerator as AeMFMBR achieved simultaneous COD and nitrogen removal with low
effluent COD and total ammonia (Chapter 6). Although those aspects in use of buffer in
MFC/MEC and membrane bioreactor for post-treatment have been addressed, future studies will
be required to optimize the buffer and post-treatment of MFC/MEC.

1. The effect of buffer charge needs to be investigated in MFCs or MECs and simulated

with a time-dependent model. The Nernst-Planck equation and my results in Chapter 3

suggested that the use of a cationic buffer in the catholyte could increase cathode



158

performance by enhanced buffer transport, but the extent of this influence needs to be
investigated. In addition, the buffer transport in the catholyte correlates with pH, species
concentration, concentration gradient, buffer charge and electric field, which tend to
change over the operation cycle. Therefore, a time-dependent model simulating the ion
transport is worth being developed to quantitatively analyze the effect of buffer charge on
cathode performance.

An inexpensive approach for buffer capacity regeneration needs to be developed for the
MEC catholyte. The MEC catholyte pH tends to increase during operation due to the
production of hydroxide ion by HER, which reduces the potential for hydrogen
production according to Nernst equation. The replacement of catholyte buffer is required
to achieve stable hydrogen production. Therefore, a cheap approach for buffer capacity
regeneration would be helpful to reduce the cost of buffer replacement.

The AOFMBR needs to be improved by reducing the energy needed for aeration. The
AOFMBR achieved better COD removal and had less membrane fouling than the
AFMBR, but the energy cost was 4 times as high energy as the AFMBR. An optimization
of the AOFMBR aeration process to reduce energy cost while maintaining similar
performance is worth exploring.

GAC scouring with a different driving forces (rising air bubbles and recirculation) needs
to be examined to investigate their similar or different contributions to membrane fouling

control. The interaction between the scouring media and membrane is likely quite
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complicated. A future study focusing on the scouring effect with gas fluidization as the
driving force could contribute to a better understanding of mechanisms for membrane
fouling mitigation.

Optimization of AeMFMBR will be needed to reduce its HRT by shrinking the reactor
size and adjusting aeration while remaining low DO. Good COD and total ammonia
removal were simultaneously accomplished by an AeMFMBR, but it required a relatively
long HRT of 42 h. A significant reduction in HRT is required for this to be competitive
with other approaches. A reduction could likely to be achieved by increasing the specific
membrane surface area (membrane area per reactor volume) and aeration rate (gas

pressure could be increased),
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Effect of buffer charge on performance of air-cathodes used in microbial fuel

cells
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Fig. A-S1 LSVs for buffers of three groups with pKa and pH 5, 7, 8, 9, 10.8. The conductivity of

the buffer solution is A. 7 mS/cm, B. LC (at the lower right corner)
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Appendix B

The importance of OH— transport through anion exchange membrane in
microbial electrolysis cells

A

membrane (red

Fig. B-S1 (A) the structure for MEC (4 cm wide) with 2 cm electrode spacing, resulting in anode
and cathode volume of 13 mL; (B) electrochemical half cells with anode chamber of 13 mL and
cathode chamber of 26 mL. The cathode was incised to ventilate produced hydrogen gas from
reference electrode chamber to the chamber with anaerobic tube for gas sample collection.
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Fig. B-S2 Titration curves showing the buffer capacities of the PBS and PoB solutions.
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Details for MW distribution test of the polymer buffer

The MW distribution test was carried out using the protocol below (Bruce E. Logan, Environmental

Transport Process, John Wiley & Sons, 2012, p.71):

1.

The concentration of the original polymer buffer solution was tested as Cy. The total volume was
Vo.

Permeate was collected from the ultrafiltration cell with different ultrafiltration membranes with
cut-off of 2 K, 10 K, 30 K and 100 K. The volume and its TOC concentration was monitored. A set
of volume and TOC can be obtained as V3, V>, V3, .... (L) and the corresponding TOC concentration
of C;, C3, Cs, ... (mg LY

The cumulative mass of TOC can be calculated using the volumes and the TOC concentration as:
M; = 2 ViC; (B-1)
The cumulative volume of permeate can be calculated as:

Vai =21 V; (B-2)
The TOC concentration could pass through the ultrafiltration C;o can be obtained by non-linear

fitting using cumulative masses and volumes:

Cr, c
M; = 7 (Vg ¢ = (Vo = V)™ ] (B-3)
0

where Cp is the original concentration that can pass through the membrane, P. is filtration
coefficient, and Vris the filtrate volume.

The percentage of the chemicals has MW smaller than the membrane pore size is:

Cr,
Psmalter = C_OO X 100% (B-4)
The percentage of the chemicals has MW larger than the membrane pore size is:

C
Prarger = (1 - C—O) X 100% (B-5)

With a set of membranes with different cut off, the distribution can be obtained.

An example of 100 K membrane:
Vo=151 mL, Cy=260 mg/L, V=151 mL

Filtrate volume, V¢ (mL) TOC (mg/L) Cumulative mass (mg)

15 186 2.8




30 217
49.5 253
64.5 229
78.5 252

7.1
12.1
15.5
19.0
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The data were plotted using Cumulative mass vs. (Vo-Vy), and then fitted using non-linear

fitting method, Allometric2, in the Origin 8.5 pro.

30 Model Allometric2
Equation y =a+ b*x"c
—~ 25k Reduced Chi-Sqr 0.03244
8 Adj. R-Square 0.99923
— Value Standard Erro
o 20F H a 39.85214 4.68261
= H b 1931145  29.22584
~ 0.8266 0.1373
% H . .
CU 15 ™
=
()
2 10}
®© B Cumulative Mass
g —— Fitting
S St
@)
o 1 1 1 1
0.06 0.08 0.10 0.12 0.14
V.-V, (L)

The P, and C; obtained from fitting:
C.0=268 mg/L

Pc=0.83

The percentage (<100 KDa) is:

CT,O

— X 100% = 100%
Co

DPsmailer =
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Appendix C

An aerated and fluidized bed membrane bioreactor for effective wastewater
treatment with low membrane fouling

/ \ gas collect B

recirculation

tubing

air blow

Fig. C-S1 Reactor configuration A. AFMBR, B. AOFMBR and AeMBR. AeMBR and AOFMBR
had the same reactor configuration except no GAC was added into AeMBR
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Fig. C-S2 The effluent COD and SCOD over time
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Fig. C-S3 Analysis of the microbial communities in the solution (S) and on the GAC (G) in the
AOFMBR (AO), AFMBR (AF) and AeMBR (MBR) reactors based on relative abundance at the

genus level (removing genera at <1% abundance)



Energy calculations for the AFMBR and AOFMBR

The energy used by the AFMBR was estimated as described previously [182], except as noted
below:

1. Influent pumping energy
The head increase due to the influent pumping is

(0'85%> 1min 1m 2
b »2 B (%)2 : (%)(0.6 cm)2 605 100 cm -
HL =hn+ 5 =h++ E = (0. m) + (2)(9.8522) =0.5m (C—l)

where h = 0.5 m is the height difference between the pump and water surface level, and v = 5 X
10~* m/s is the velocity of the influent, calculated from the inlet diameter of 0.6 cm and influent
flow rate of 0.85 cm*/min. H, is the headloss of the influent pumping.

The power and energy cost normalized to treated wastewater for influent pumping energy:
3

kg m cm®\ 1m3 1min 1W
W, = pgH,Q = (10003) (9.85—2) 0.5m)|( 0.85

min/10° cm3 60s 1kgm?
3
=70 x 107°W (C-2)
N W (7.0><10‘5W)1(1);‘:VW KWh
W == —— e = 0.0014- 3 (C-3)

Q  (0ss
min’106 cm3 1h

where H, = 0.5m is the total headloss of the influent pumping, and p = 1000 kg/m3 is the

density of the wastewater, and Q = 0.85 cm3/min is the flow rate of influent,. E; represents the

power required for influent pumping, and E} is the normalized influent pumping energy cost for

treating 1 m® wastewater.

2. Effluent pumping energy

The transmembrane pressure on day 75 was chosen for this calculation as this was at the end of
phase 2 where the TMP increase remains slow and linear, although other pressures could similarly
be used to make this calculation.

The energy for effluent pumping energy:

kg
_ _ 3 em®) 1m® 1minl gz 1w _4
W, = APQ = (9 x 103 Pa) (o.ssm) 0% e a3 ¥7a DT 13 X 107*W (C-4)
S
W (1.3x104 W)W KWh
VVeN = Fe - (0_85Cm3 1m3102(())¥nvin = 00026 m3 (C-S)

min’106 cm3 1h
where AP = 9000 Pa is the transmembrane pressure, and p = 1000 kg/m? is the density of the
wastewater, and Q = 0.85 cm?3/min is the effluent flow rate. E; represents the power required for
effluent pumping, and EY is the normalized effluent pumping energy cost for treating 1 m?
wastewater.

3. Recirculation pumping energy
The headloss of GAC fluidization:

AP = g(p. — py)(1 —£)h = (9.8 SEZ) [(1300 = 1000)% (1= 0.75)(03 m)—it
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= 220.5 Pa (C-6)
1 kgz
220.5P .S
H, =22 = @252 e _ 0225 m (C-7)

pg (1000%)(9.8522)
where p, = 1300 kg/m3 is the density of the GAC particle, and pg = 1000 kg/m?3 is the density

of the wastewater, and h = 0.3 m is the bed height in our reactor design, and € =

void volume The settled bed height (30-7.5)cm . .
=1- = = 0.75 is the porosity of GAC
void volume+media volume fluidized bed height (30) cm p Y

fluidization, and AP presents the pressure drop caused by GAC fluidization, and H; is the
corresponding headloss.

The headloss of the two tee connectors calculated by Darcy—Weisbach equation (not included in
the previous study) (K value derived from Water Transmission and Distribution WSO: Principles
and Practices of Water Supply Operations, 2014, page 114):

cm m3 min
((250m>1016 cm3160 s )
2 Qy2 (E)(l.s cm)z*ﬁ
H = KkZ = g% — 24\ 7 wem? / —71%105m (C-8)
2g 2g 2)(983)

where K = 2.4 is the friction coefficient for tee connectors, and v = 2.4 cm/s is the recirculation
velocity (calculated with the recirculation flow rate of 250 cm3/min and the crosssection diameter
of 1.5 cm). H; is the total headloss for the two tee connectors.

The headloss by flowing through the reactor estimated by Hazen-Williams Equation (not included
in the previous study) (C value was obtained from Optimal Design of Water Distribution
Networks, 2004, page 116):

1
3 .
1 cm?) 1 min 0.54
_ ( Qr )0-54L _ (250 min) 60 s (0.5 m)
L= = :
0.278CD?263 m0-37 1m
(0.278 T)(140)(1.5 cm 745 Cm)2-63
=48x10"°m (C-9)

where Q, = 250 cm3/min is the recirculation flow rate of, and D = 1.5 cm is the diameter of the
pipe, and C = 140 (assumed) is Hazen-Williams constant. H; is the headloss due to GAC
fluidization.

The energy for maintaining GAC fluidization was calculated as:
W, = ngL,totalQr

kg m s
= (1000—3) (98)(0.0225m+7.1x 10" m + 48
m S
cm3> 1min 1m®* 1W

x 107> m)<250

min/ 60s 10 cm3 1 kg m?
3
=92x107*W (C-10)
9.2x10~4W) (LKW
Wy = We - O Wigow) _ () gy kWh (C-11)
r Q cm 1m 60 min m3
(0'85m)106 cm3 1h

where @, = 250 cm?/min is the recirculation flow rate, and Hy ¢o¢q; = 0.0226 m is the total
headloss (calculated by summing up all the headloss), and p = 1000 kg/m? is the density of the
wastewater, , Q = 0.85 cm3/min is the influent flow rate. E, represents the power required for
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recirculation pumping, and EY is the normalized recirculation pumping energy cost for treating 1
m® wastewater.

The influent and effluent pumping energy of AOFMBR and AeMBR were calculated with the
same method as AFMBR. Influent pumping energy was estimated to be 0.0014 kWh/m? for both
reactors, and the effluent pumping energy, 0.0013 kWh/m* (AOFMBR) and 0.0022 kWh/m?
(AeMBR) (TMP of 4.5 kPa in AOFMBR and 7.5 kPa in AeMBR, day 75).

The air blower energy was estimated using:

W, = pgH = 1000kg 98m 0.3 240
a = PY LQa_ F(S_z)(m)

cm3> 1min 1m3 1w

min/ 60s 10 cm3 1 kg m?
3
=0.012W (C-12)
1 kW
N _ W, (0.012W)( ) kWh
We' = Q- (0.85™ Tt som — 0-24 m3 (C-13)

min’106 cm3 1h

where P = 30 cm is the head at air inlet, and Q, = 240 cm?/min is the air flow rate, and Q =
0.85 cm?/min is the flow rate. E, represents the power required for air blowing, and EY is the
normalized energy cost of aeration for treating 1 m* wastewater.
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Table C-S1 The effluent COD, SCOD and removal efficiencies (average £SD) for the three reactors

in the 131-day of operation for the four phases.

COD (mg/L) SCOD (mg/L) COD removal SCOD removal

(%) (%)

AOFMBR  18+7 1748 884 8049

Phase 1 AoMBR 2248 2048 865 779
AFMBR  24+10 2048 846 75411
AOFMBR  18%7 1748 90+3 8212

Phase2  AeMBR 2248 20+8 84:+4 76+7
AFMBR  24+10 2048 903 8247
AOFMBR  18+7 1748 91%2 8613

Phase3  AeMBR 2248 20+8 8743 80+5
AFMBR  24+10 2048 8343 8546
AOFMBR  18%7 1748 932 88+3

Phase 4 AeMBR 2248 20+8 883 804
AFMBR  24+10 2248 8543 765

Table C-S2 Examination of whether the effluent CODs among the reactors (AF-AFMBR, AO-
AOFMBR, MBR-AeMBR) were significantly different. When p values (based on the Student’s T-
test) were smaller than 0.03, the effluents were not considered to be significantly different.

Comparisons are made on the data shown in Figure 5-1.

AF/AO AO/MBR AF/MBR
Phase 1 0.03 0.09 0.22
Phase 2 0.007 0.40 0.001
Phase 3 <0.001 0.002 0.002
Phase 4 <0.001 <0.001 0.002

Reference

Ren, L., Ahn, Y., Logan, B.E., 2014. A two-stage microbial fuel cell and anaerobic fluidized bed
membrane bioreactor (MFC-AFMBR) system for effective domestic wastewater treatment.
Environ. Sci. Technol. 48, 4199-4206.
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Appendix D

Simultaneous nitrogen and organics removal using membrane aeration and
effluent ultrafiltration in an anaerobic fluidized membrane bioreactor
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Fig. D-S1 The ammonia, nitrate and nitrite concentration in phase 1B-HN (batch mode repeated

two times, synthetic wastewater with 23649 mg-N/L)
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Fig. D-S2 Ammonia, nitrate and nitrite concentration in phase 2B-LN (batch mode repeated two

times, COD-free synthetic wastewater with 79+11 mg-N/L)
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Fig. D-S3 Ammonia, nitrite and nitrate concentration in phase 3B-SG (batch mode repeated three

times, synthetic wastewater with 7347 mg-N/L)
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Fig. D-S4 Triplicate COD removal test in phase 3B-SG.
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Fig. D-S5 Nitrite and nitrate concentrations in the effluent and mixed liquor (ML) during

continuous flow operation (phases 4C-SGU, 5C-WGU and 6C-WGUP).
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Fig. D-S6 Bubbleless and bubble abiotic air stripping test.
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