University of South Florida

Digital Commons @ University of South Florida
Graduate Theses and Dissertations

Graduate School

June 2020

Bio-electrochemical Denitrification Systems and Applications for
Nitrogen Removal in On-Site Wastewater Treatment
Kamal Ziad Taha
University of South Florida

Follow this and additional works at: https://digitalcommons.usf.edu/etd
Part of the Environmental Engineering Commons

Scholar Commons Citation
Taha, Kamal Ziad, "Bio-electrochemical Denitrification Systems and Applications for Nitrogen Removal in
On-Site Wastewater Treatment" (2020). Graduate Theses and Dissertations.
https://digitalcommons.usf.edu/etd/9001

This Thesis is brought to you for free and open access by the Graduate School at Digital Commons @ University of
South Florida. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized
administrator of Digital Commons @ University of South Florida. For more information, please contact
scholarcommons@usf.edu.

Bio-electrochemical Denitrification Systems and Applications for Nitrogen Removal in On-Site
Wastewater Treatment

by

Kamal Ziad Taha

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science in Environmental Engineering
Department of Civil and Environmental Engineering
College of Engineering
University of South Florida

Major Professor: Daniel H. Yeh, Ph.D.
Christopher Alexander, Ph.D.
Albert Robert Rubin, Ph.D.

Date of Approval:
June 25, 2020

Keywords: Nitrogen, Ammonium, Decentralized, Autotrophic, Nitrate
Copyright © 2020, Kamal Ziad Taha

Dedication
I would like to dedicate this to my wife who inspires me to improve every day.

Acknowledgments
Foremost, I would like to acknowledge my wife, parents, and siblings for their support
during my graduate studies. I would like to single out my wife, Mahu Kamal, as the driving force
for the completion of this thesis and my degree. Without her, I do not know where I would be
today.
Next, I would like to acknowledge all of the wonderful colleagues that I have had the
privilege of meeting in the lab. Without their company, my time at USF would not have been
nearly as enjoyable. The comradery they have provided me was one of the most rewarding parts
of my research. I would like to give a special thanks to Zachary Cross for assisting me directly
with my work and taking stress off of me in the lab.
I would also like to thank Dr. Cynthia Castro for providing me with guidance during my
research. Without her input and direction, I would not have been able to move forward multiple
times. She has been an excellent mentor for me and has given me the knowledge and skills that
have made me a more confident researcher. I would like to thank Dr. Daniel Yeh for giving me
the opportunity to work in a group with such fantastic people and for supporting my research
through his continued work with the Bill and Melinda Gates Foundation. Additionally, a special
thanks to the Bill and Melinda Gates Foundation for the support of this research. Lastly, I would
like to thank my committee members, Dr. Christopher Alexander and Dr. Albert Robert Rubin
for taking time to provide me with input on my work.

Table of Contents
List of Tables ................................................................................................................................. iii
List of Figures ................................................................................................................................ iv
Abstract .......................................................................................................................................... vi
Chapter 1: Introduction ................................................................................................................... 1
1.1
Background ............................................................................................................. 1
1.2
Objective ................................................................................................................. 6
Chapter 2: Literature Review .......................................................................................................... 9
2.1
Overview of BESs................................................................................................... 9
2.2
MFCs and MECs................................................................................................... 13
2.2.1 MFCs......................................................................................................... 13
2.2.2 MECs ........................................................................................................ 14
2.3
Water and Wastewater Applications ..................................................................... 16
2.3.1 Power Generation and Hydrogen Production ........................................... 16
2.3.2 Environmental Sensing ............................................................................. 17
2.3.3 Metal Recovery ......................................................................................... 18
2.3.4 Nitrogen Removal ..................................................................................... 18
2.4
Scope of Work ...................................................................................................... 25
Chapter 3: Materials and Methods ................................................................................................ 26
3.1
Inoculum and Media ............................................................................................. 26
3.1.1 Inoculum ................................................................................................... 26
3.1.2 Media ........................................................................................................ 26
3.2
Analytical Methods ............................................................................................... 29
3.2.1 Chemical ................................................................................................... 29
3.2.2 Electrochemical......................................................................................... 29
Chapter 4: Bench-scale Biocathode Reactors ............................................................................... 31
4.1
Introduction ........................................................................................................... 31
4.2
Experimental Approach ........................................................................................ 31
4.2.1 Reactor Design .......................................................................................... 31
4.2.2 Experimental Procedure ............................................................................ 33
4.3
Results and Discussion ......................................................................................... 33
4.3.1 Nitrogen Removal ..................................................................................... 33
4.3.2 Electrochemical Analysis.......................................................................... 38
4.4
Conclusion ............................................................................................................ 39
i

Chapter 5: Prototype Denitrifying Biocathode Reactors .............................................................. 40
5.1
Introduction ........................................................................................................... 40
5.2
MFC Denitrifying Biocathode (DB-MFC) ........................................................... 41
5.2.1 Experimental Approach ............................................................................ 41
5.2.1.1 Reactor Design ........................................................................... 41
5.2.1.2 Experimental Procedure ............................................................. 42
5.2.2 Results and Discussion ............................................................................. 43
5.3
Single-Chamber Denitrifying Biocathode (DB-SC) ............................................. 44
5.3.1 Experimental Approach ............................................................................ 44
5.3.1.1 Reactor Design ........................................................................... 44
5.3.1.2 Experimental Procedure ............................................................. 46
5.4
Conclusions ........................................................................................................... 54
Chapter 6: Conclusions and Future Research ............................................................................... 58
6.1
Overall Conclusions .............................................................................................. 58
6.1.1 Bench-scale Biocathode Reactors ............................................................. 58
6.1.2 Prototype Denitrifying Biocathodes ......................................................... 58
6.2
Future Research .................................................................................................... 59
6.2.1 Bench-Scale Biocathodes.......................................................................... 59
6.2.2 DB-MFC ................................................................................................... 60
6.2.3 DB-SC ....................................................................................................... 60
References ..................................................................................................................................... 63

ii

List of Tables
Table 1: MEC byproducts compiled from previous studies ......................................................... 16
Table 2: Literature comparison of denitrifying biocathodes with abiotic electron sources .......... 24
Table 3: Bioanode media recipe ................................................................................................... 28
Table 4: Biocathode media recipe................................................................................................. 28
Table 5: Calcium-Iron solution recipe .......................................................................................... 28
Table 6: Trace mineral solution recipe ......................................................................................... 28
Table 7: Bench-scale theoretical and empirical ammonium to nitrate ratios................................ 37
Table 8: Bench-scale bioanode average CE.................................................................................. 38
Table 9: TN and nitrate removal percentages ............................................................................... 39
Table 10: DB-MFC Average CE .................................................................................................. 43
Table 11: DB-SC and Control reactor conditions ......................................................................... 53

iii

List of Figures
Figure 1: Typical two-chamber H-type reactor design ................................................................. 12
Figure 2: Typical two-chamber flat plate design .......................................................................... 13
Figure 3: Typical MFC design ...................................................................................................... 14
Figure 4: Two-chamber MEC design ........................................................................................... 15
Figure 5: Bench-scale MFC schematic ......................................................................................... 32
Figure 6: Bench-scale MFC reactor .............................................................................................. 32
Figure 7: R1 TN removal .............................................................................................................. 34
Figure 8: R1 nitrate removal ......................................................................................................... 34
Figure 9: R2 TN removal .............................................................................................................. 35
Figure 10: R2 nitrate removal ....................................................................................................... 35
Figure 11: Average daily removal of TN ...................................................................................... 36
Figure 12: Average daily removal rate of nitrate .......................................................................... 37
Figure 13: Average cathode potential (vs. SHE) .......................................................................... 39
Figure 14: DB-MFC Schematic .................................................................................................... 41
Figure 15: DB-MFC Reactor ........................................................................................................ 42
Figure 16: DB-SC Schematic Front View .................................................................................... 44
Figure 17: DB-SC Reactor Front View ........................................................................................ 45
Figure 18: DB-SC Reactor Side View .......................................................................................... 46
Figure 19: Seed batch setup .......................................................................................................... 47
Figure 20: Time Series Nitrogen Distribution for DB-SC seed .................................................... 48
iv

Figure 21: Nitrogen distribution during DB-SC seeding .............................................................. 49
Figure 22: DB-SC polarization curve ........................................................................................... 50
Figure 23: DB-SC and Control Setup ........................................................................................... 51
Figure 24: DB-SC Total Nitrogen Distribution ............................................................................ 52
Figure 25: Control Total Nitrogen Distribution ............................................................................ 52
Figure 26: DB-SC and Control average cathode potential (vs. SHE)........................................... 54

v

Abstract
Denitrification experiments using biological cathodes (biocathodes) were conducted in
three separate experiments. The first experiment was to observe whether the rate of
denitrification in biocathodes could be increased with added ammonium at mass (mg/L) ratios of
0.100 (2.5/25), 0.05 (1.25/25), 0.0250 (0.625/25), and 0.0125 (0.3125/25) (parts ammonium to
nitrate (NH4+-N/ NO3--N). The purpose of the ammonium present was to provide the
microorganisms a starting nitrogen source for assimilation to biomass which, in theory, would
encourage the removal of nitrate through dissimilatory denitrification. As mixed cultures were
used, ratios tested were based on simplifying future operation of scaled-up biocathodes applied
to decentralized treatment of nitrogen. If an ideal ratio could be estimated, future operators could
add either ammonium or nitrate to increase the removal of nitrogen. Bench-scale testing was
done using a standard H-type microbial fuel cell (MFC) design. The second and third
experiments tested complex and simplified bio-electrochemical systems (BESs) scaled-up for onsite treatment of nitrate. The more complex system was a 2.9 L denitrifying biocathode MFC
(DB-MFC) designed to remove both chemical oxygen demand (COD) and nitrate. The simplified
system was a 2.9 L single-chamber denitrifying biocathode (DB-SC) electrochemically assisted
using a direct current (DC) power supply. DB-SC was the largest reported BES of this type by
volume and the only one to be operated in continuous flow was designed to solely remove
nitrate.
The control reactor on the bench-scale performed the best for both total nitrogen (TN)
and nitrate removal. When analyzing the average background ammonium in the control, a nitrate
vi

to ammonium mass ratio close to 0.00327 (0.0830/25) was measured. Results on the bench-scale
indicated that this ratio was better suited for both nitrate and TN removal. None of the tested
ratios performed better than the control reactor after the addition of ammonium. For the MFCs
tested with higher concentrations of ammonium, correlating to mass ratios higher than 0.0103, no
improvement to denitrification performance was observed when compared to the control and
baseline tests for each reactor. Incidentally, ratios above 0.0103 exhibited slower removal of TN
and almost no removal of nitrate. Further research is required to determine if a ratio below
0.0103 or near 0.00327 correlates to higher denitrification rates.
DB-MFC was able to remove up to 91% of the influent COD. However, due to low
coulombic efficiency (CE), simultaneous treatment of COD and nitrate was not observed during
operation. The highest average CE observed was 6.5 % ± 1.8 % when the anode was fed 500
mg/L of COD. The increase in size did not correlate to a higher overall cell potential which led
to a lower CE than what was observed on the bench-scale. Furthermore, the square shape of the
reactor led to poor mixing conditions in both the anode and cathode chambers. The main
objective to remove the influent nitrate in the biocathode was not achieved. The protons and
electrons provided by the additional COD oxidation were not enough for denitrification to be
facilitated at the cathode. As nitrate removal was not observed, research moved on to the design
of DB-SC for on-site treatment of nitrate.
DB-SC performed partial denitrification at an average rate of 6.2 mg N/(L*d). 25% of the
influent nitrate, was partially denitrified to nitrite at a cathode potential of -1.8 V (vs. Standard
Hydrogen Electrode (SHE)). The size and shape of the reactor did not affect the performance like
what was observed in DB-MFC. Based on the results, DB-SC had more potential for
applicability to on-site water treatment than DB-MFC.
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Chapter 1: Introduction
1.1

Background
The 2017 Joint-Monitoring Program (JMP) report conducted by the United Nations

Children’s Fund (UNICEF) and the World Health Organization (WHO) reported that 2 billion
people were estimated to live without basic sanitation services. Of the 2 billion, 673 million still
practice open defecation in street gutters, behind bushes, or into open bodies of water. In order to
meet the sixth of the sustainable development goals (SDG), “ensure availability and sustainable
management of water and sanitation for all,” adequate and equitable sanitation and hygiene as
well as an end to open defecation, must be achieved by 2030 (UNICEF, 2017). According to the
same report, no SDG region is on track to achieve basic sanitation by the 2030 deadline. In the
context of the developing world, decentralized and on-site water treatment systems have been
presented as one solution that can increase the number of people with access to safer water and
sanitation (Piratla & Goverdhanam, 2015).
Historically, decentralized wastewater treatment involved the use of simple septic
systems or pit latrines that offered limited benefits. However, novel decentralized treatment
technologies are being developed for on-site treatment of wastewater, water recycling, and
resource recovery to help bridge the gaps in sanitation access. Decentralized systems can offer
similar or a more improved level of treatment when compared to centralized systems at a
reduced cost, size, and operation (Zaharia, 2017). In the near future, an advanced treatment
technology could treat wastewater that is then recycled for agricultural use or could supplement
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water supply for non-potable applications such as toilet flushing (Capodaglio, 2017). To steer the
development of these new cost conscious technologies, ISO 30500 was created as an
international standard specifying “general safety and performance requirements for design and
testing as well as sustainability considerations for non-sewered sanitation systems (NSSS)”
(Sobsey, 2018). ISO 30500 was created for a standalone toilet coupled with a decentralized
treatment system. Within ISO 30500 are a set of effluent water quality requirements based on
human health and protection of the surrounding environment that include pathogens, viruses,
helminths, protozoa, chemical oxygen demand (COD), total suspended solids (TSS), nitrogen,
phosphorus, and pH.
Decentralized treatment technologies are novel by nature and still early in development.
In the field, the technology currently tends to focus on parameters having a more immediate
effect on human health and society. COD, TSS, pathogens, viruses, helminths, and protozoa have
the potential to devastate communities quickly with intestinal or diarrheal diseases when
wastewater contaminates local water supply. Existing methods for removal, both conventional or
advanced, are more easily scaled down and common for these parameters. By comparison,
environmental damage or health effects caused by excess nitrogen and phosphorus may not be of
immediate concern or notice. Methods for removing nitrogen and phosphorus can be difficult to
scale down or are too complicated to be feasible on a small-scale. In the USA standards such as
NSF 245 have been adopted as a bench-mark for on-site residential nitrogen removal, requiring
50% of total nitrogen removed. Removal of phosphorus and nitrogen is important to the longterm health of communities and their livelihood.
Environmental damage due to excess phosphorus and nitrogen contributes to
eutrophication and can affect the economic and physical health of communities. Algae requires
2

nitrogen, phosphorus, carbon, and sunlight to create biomass. The ratio of nitrogen to phosphorus
needed for algae growth varies on the species but excess amounts of both can cause harmful
algal blooms (HABs). HABs are a phenomenon of excess algae causing debilitating effects in
aquatic ecosystems. Oxygen deficiency in water bodies, clogged fish gills, and poisoning of
animals and humans are effects of HABs (Granéli & Turner, 2006). Areas where fish are a staple
in diets can routinely become devastated by HABs with the changes in the seasons. As sunlight
is needed for algal growth, summers put communities more at risk for red tide. Additionally,
areas dependent on some form of tourism are also effected by HABs due to the human health
hazard posed and the negative aesthetic effects of HABs (Bechard, 2019).
Nutrients, specifically nitrogen, can also be toxic to humans when reduced to nitrite.
Nitrate is commonly found in inorganic fertilizers while nitrite is mainly used as a food
preservative for cured meats. Nitrate contaminating water supplies can be reduced to nitrite
which can cause a biological effect in humans that prevents oxygen transport to the tissues.
Known as acquired methemoglobinemia, it causes cyanosis and, at higher concentrations,
asphyxia (Kutayli & Silberstein, 2007). Both surface and groundwater can become contaminated
with nitrate due to excess application of fertilizers and manures for agriculture (Sun et al., 2020),
from wastewater treatment, and from the oxidation of waste products in human and animal
excreta. Currently, in the United State of America (USA), the maximum concentration of nitrate
(measured as nitrogen) allowed in drinking water is not to exceed 10 mg/L of water and nitrite
(measured as nitrogen) is expectedly stricter at 3.3 mg/L
For medium-strength municipal wastewater in the USA, a typical concentration for total
nitrogen (TN) is 40 mg/L (Tchobanoglous et al., 2003). The TN is comprised of 25 mg/L of
ammonium (measured as nitrogen) and 15 mg/L of organic nitrogen. Nutrient removal and
3

control requirements focus more on nitrogen due to the higher concentration, adverse health
issues caused by nitrate and nitrite, and the difficulty associated with removing phosphorus from
affected systems. Eutrophication is affected by both the presence of nitrogen and phosphorus so
by reducing the concentration of nitrogen, the threat of phosphorus causing eutrophication can be
lessened. Excess phosphorus can have debilitating effects on human health, but the
concentrations necessary for health effects are greater than the concentrations found in
contaminated water (Vorland et al., 2018).
The work presented in this research focuses on the removal of nitrogen from water and
wastewater. As previously stated, nitrogen is typically present in higher concentrations and can
affect both human health and the environment. HABs can be prevented solely by treating
nitrogen as the photosynthetic microorganisms require both nutrients, typically higher nitrogen
than phosphorus, for growth. (Mostert & Grobbelaar, 1987). Meaning, for decentralized systems
nitrogen removal should take precedence to phosphorus removal.
Conventional biological nitrogen removal (BNR) methods used in centralized wastewater
treatment systems include the following activated-sludge processes: Ludzack Ettinger process,
modified Ludzack Ettinger process, four-stage Bardenpho, step-feed BNR, sequencing batch
reactors, and oxidation ditches (Ergas & Aponte-Morales, 2014). Advanced methods include
remediation using photosynthetic bacteria, ion exchange with porous mediums such as zeolite,
electrochemical, and bio-electrochemical treatment (Mook et al., 2012). While these treatment
processes can be considered state of the art, direct application to decentralized technologies is
hindered by inherently high energy and operational costs. Removing nitrogen in on-site
treatment systems can involve scaled-down versions of existing industrial methods such as
oxidation ditches (Han et al., 2013), photosynthetic microorganisms (Nhapi, 2004), and septic
4

systems (Lyons, 2004). Advanced methods such as electrochemical and bio-electrochemical for
on-site treatment are still being researched on the bench-scale with few studies showcasing
applications to decentralized treatment. Of the methods listed, oxidation ditches for on-site
treatment of wastewater are excellent to treat ammonium, nitrate, and COD within one system.
Rural areas often employ the use of oxidation ditches because of the space available, relatively
low maintenance requirements, and resiliency to influent spikes in the morning and evenings.
However, as oxidation ditches require a large open space to implement, many of the areas
needing access to better sanitation, such as slums or informal housing settlements, cannot
implement this technology. Photosynthetic treatment has space limitations like oxidation ditches
while also being mercurial. Treatment performance can depend on the sunlight available and a
large surface area needed is needed for treatment.
Septic tank systems are widely available and are an established solution for on-site
treatment of wastewater but need excess space, septic drain fields, for nitrogen removal . Septic
systems are known to cause contamination issues due to having a poor reputation for
maintenance (Withers et al., 2012). Additionally, sludge disposal in some countries is not closely
monitored or regulated. It is not uncommon for sludge collected from a septic tank to be dumped
illegally, hurting the reputation of septic tanks further (Murungi & van Dijk, 2014).
Ion exchange with porous mediums, electrochemical treatment, and bio-electrochemical
treatment are not widespread and are rarely used methods, save for maybe industrial
applications, for nutrient removal from wastewater. These systems can be implemented as
standalone treatment units but are typically designed as a step in a treatment train. Zeolite,
commonly found in cat litter, is an inexpensive and well-researched mineral used for ammonium
removal from wastewater. When pretreated with a salt solution such as NaCl the zeolite is able to
5

perform ion exchange with the nutrients in the wastewater. Once the zeolite is fully saturated
with nutrients it can then either be regenerated (Huang et al., 2015) or used as a soil amendment
(Guaya et al., 2020). The main drawback of zeolite is the relatively excessive use of
consumables when compared to electrochemical and bioelectrochemical treatment. If
regeneration is not possible, or the zeolite cannot be used as a soil amendment, it must be
replaced.
Over the last decade, there has been a surge of interest and research into bioelectrochemical treatment applications for on-site treatment of wastewater. Bio-electrochemical
systems (BESs) are an emerging technology that have a range of uses applicable to water and
wastewater needs in the developing world including nutrient removal. Bio-electrochemical
treatment is similar to electrochemical treatment except the catalysts are replaced with
microcosms attached to electrodes to facilitate the desired reactions. The substitution of
expensive electrodes with biocathodes lower the costs of such systems. Microbial fuel cells
(MFCs) and microbial electrolysis cells (MECs) are the two most commonly researched BESs.
MFCs are BESs in which oxidation and reduction reactions are decoupled and facilitated solely
by microbial actions that produce power as a byproduct. MECs are systems where an
independent power source, such as a potentiostat or direct current (DC) power supply,
electrochemically assists microorganisms to facilitate reactions. Both types of BESs have been
researched to remove nitrogen, in various forms, from wastewater.
1.2

Objective
Research was split into two objectives: 1) the first objective of this research was to test

whether the addition of ammonium to the biological cathodes (biocathodes) correlated with an
increased rate of denitrification; 2) the second objective was to design and test a BES for
6

decentralized treatment of nitrate from affected water sources. Denitrification experiments using
biocathodes were conducted in three separate experiments. The first experiment was to observe
whether the rate of denitrification in biocathodes could be increased with added ammonium at
mass (mg/L) ratios of 0.100 (2.5/25), 0.05 (1.25/25), 0.0250 (0.625/25), and 0.0125 (0.3125/25) (
parts ammonium to nitrate (NH4+-N/ NO3--N). The purpose of the ammonium present was to
provide the microorganisms a starting nitrogen source for assimilation to biomass which, in
theory, would encourage the removal of nitrate through dissimilatory denitrification. As mixed
cultures were used, ratios tested were based on simplifying future operation of scaled-up
biocathodes applied to decentralized treatment of nitrogen. If an ideal ratio could be estimated,
future operators could add either ammonium or nitrate to increase the removal of nitrogen.
The second and third experiments tested complex and simplified BESs scaled-up for onsite treatment of nitrate. The more complex system was a denitrifying biocathode MFC (DBMFC) designed to remove both chemical oxygen demand (COD) and nitrate. The simplified
system was a single-chamber denitrifying biocathode (DB-SC), the largest reported BES of this
type by volume and the only one to be operated in continuous flow was designed to solely
remove nitrate. DB-SC was based off of an MEC design but with a biocathode reducing nitrate
instead of a typical non-biological cathode setup.
The 70% removal of total nitrogen specified in ISO 30500 was set as the goal for the two
scaled-up BESs. Unlike traditional centralized treatment systems where targets for TN, nitrate,
and nitrite are given in concentrations, ISO 30500 requires only a certain percentage of influent
TN to be removed. The outcomes expected are that 1) lower ratios of nitrate to ammonium will
correlate to higher TN and nitrate removal rates; 2) scaled up BESs could be applied for on-site

7

water wastewater treatment to meet the ISO 30500 regulation. The scaled up BESs will be
fourteen times larger than the bench-scale reactors,
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Chapter 2: Literature Review
2.1

Overview of BESs
The knowledge of the exoelectrogenic traits in microorganisms dates back to 1910

through the work of M.C. Potter who first observed the ability of Escherichia coli (E. Coli) to
produce electricity (Potter, 1911). Scientists have since been studying the electrical properties of
microorganisms with increasing interest in BES work in the last two decades (Santoro et al.,
2017). Fundamentally, studies focus on microbial electron transport chains (ETCs). In ETCs
electrons are transferred from a low potential electron donor to an acceptor with a more positive
redox potential by redox reactions. Redox potential is the an environmental measurement of the
tendency to oxidize or reduce substrates (Pepper & Gentry, 2015). Reactions are typically
catalyzed by membrane-bound compounds using the energy difference between the donor and
the acceptor to establish a gradient of ions across the membrane. The ions are used in ATP
synthesis that converts the difference in electrical potential into chemical energy (Anraku, 1988).
BESs have become popular in the field of biotechnology as an emerging technology for
energy production, bioremediation, water and wastewater treatment, and environmental sensing
(Logan & Regan, 2006; Modin & Aulenta, 2017). BESs have been developed in a variety of
ways that take advantage of exoelectrogenic bacteria. MFCs and MECs are the two most
commonly researched BESs. MFCs are BESs in which oxidation and reduction reactions are
decoupled and facilitated solely by microbial actions that produce power as a byproduct. MECs
are systems where an independent power source, such as a potentiostat or direct current (DC)
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power supply, electrochemically assists microorganisms to facilitate reactions. BESs can be
planned and designed to be standalone or complement existing systems such as a membrane
bioreactor (Liu et al., 2018), a constructed wetland (CW) (Xu et al., 2018), or an algal
photobioreactor (Algae-PBR) (Venkata Mohan et al., 2014). BESs can also be operated in series
or parallel alongside each other to increase power output (MFCs) or to treat higher volumes of
water.
BESs are typically constructed with single or dual-chamber designs. A multi-chamber
design is possible but is normally used for more complex and niche applications such as
simultaneously removal of a contaminant and desalination (Pradhan et al., 2015). An electrode is
placed within a BES chamber and can either be colonized by microorganisms or left uncolonized
depending on the application and type of anode and cathode used. Electrodes in systems are
connected electrically with wire and connected hydraulically by the surrounding media to
preserve electroneutrality.
Microorganisms attached to the electrodes in BESs help to catalyze oxidation and
reduction reactions. Electrodes for both the anode and cathode are often graphite based and
include carbon paper, graphite rods, plates, felts, granules, or glassy carbon (vitreous carbon)
(Logan et al., 2006). Graphite felt electrodes yield the highest current due the excessive internal
surface area provided (Chaudhuri & Lovley, 2003). However, as the microorganisms are not able
to utilize all of the effective surface area, the flat surface area or volume of the electrode is used
when normalizing current and power densities (Sharma et al., 2014). Materials can vary with
application and size. As systems are tested at increased scales, materials such as platinum can
become expensive. Platinum is recommended for air cathodes because of the high electric
potential gains that lead to more efficient electricity production (Liu et al., 2004). COD is
10

oxidized at the anode by microorganisms, releasing both an electron and proton that are
transferred to the cathode. In an air cathode platinum is used as a catalyst in lieu of
microorganisms to reduce oxygen to water. With the high electrical potential gains from using
platinum more efficient energy production takes place with the MFC. Biocathodes can be used in
place the more expensive platinum catalyst, to reduce oxygen and save on costs for electrode
materials. In addition, the use of biocathodes opens up the use of different terminal electron
acceptors (TEAPs) of environmental interest (Ucar et al., 2017). The biofilms typically colonize
graphite electrodes which are cheaper to implement when compared to platinum.
BESs can operate with a variety of separators between chambers. Salt bridges, cation
exchange membranes (CEMs), and anion exchange membranes (AEM) are the most common
separators. Membrane-less designs have also been studied as a means of simplifying existing
systems as well as reducing costs for materials (Giddings et al., 2015). BES designs vary with
disc-shaped (Cheng et al., 2011), tubular, single-chamber, dual-chamber, and multi-chamber
options. Based on the desired application a BES has many potential options for configuration
that can fit the design constraints and application desired.
As the name implies, single-chamber systems have one chamber and depending on the
BES design, may contain both the anode and cathode. Single-chamber systems are often
membrane-less and are implemented to reduce cost or simplify a design. Dual-chambered BESs
are usually configured as either H-type or flat-plate designs. An H-type reactor design, seen in
Figure 1, consists of two chambers separated by tubing or a tunnel containing an ion exchange
membrane or a salt bridge to help facilitate ion transfer. The H-type design is popular for benchscale studies because the ion exchange membrane limits crossover of solutions and oxygen
between the two chambers (Flimban et al., 2019)
11

Flat plate BESs, as seen in Figure 2, are used both in laboratory and scaled up
experiments. This is due to the rectangular and simple design of the flat plate BES. The
tubing/tunnel in an H-type system can become expensive when materials such as glass are used
as artisanal work is necessary. The rectangular shape of the flat plate design is not only simpler
to create but also easier to stack. BES stacking is a method that involves connecting multiple
BESs either in series or parallel in an effort to increase performance (Santoro et al., 2018). In a
flat plate design the chambers are attached to each other with a separator sandwiched in between.
This helps to prevent limitations with ion exchange by providing a larger surface area for ion
transfer than H-type configurations. For all designs, BESs are capable of operation in both batch
and continuous flow modes.

Figure 1: Typical two-chamber H-type reactor design
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Figure 2: Typical two-chamber flat plate design
2.2

MFCs and MECs

2.2.1 MFCs
For an MFC, displayed in Figure 3, the oxidized substrate within the anode chamber must
be either fed continuously or replaced once used up. If the substrate is not constant or changed,
the BES is referred to as a bio-battery (Logan et al., 2006). MFC anodes are typically operated in
anaerobic environments to ensure no competition is possible between the TEAPs and the
colonized electrode (Pant et al., 2010). Oxidation of substrate at the anode releases both
electrons and protons and the reduction of a TEAP at the cathode leads to the creation of a
biological potential. Biological anode (bioanode) substrate includes organic waste, volatile fatty
acids (VFAs), sugars, and biomass. Electrons released by the oxidation reactions catalyzed by
electrogenic microorganisms “reduce” the electrode material and travel along the electrical
connection, which creates a current, to the cathode. Either a catalyst or reducing microorganisms
then “oxidize” the electrode material and reduce the TEAP (Du et al., 2007).
13

Figure 3: Typical MFC design
Cathode chambers can vary between three main configurations: air, chemical and
biocathodes (Zhou et al., 2013). MFCs with air cathodes are non-biological chambers where
electrons transferred from the anode to the cathode reduce free oxygen, due to the high
selectivity and potential, to water. Chemical cathodes operate similarly, however, the cathode
chamber is filled with an oxidizing agent, such as ferricyanide, to generate the highest overall
cell potential, and by extension, the highest power output. As Biocathodes are favorable as they
open up the use of different TEAPs of environmental relevance and are typically the most cost
effective (Ucar et al., 2017).
2.2.2 MECs
MECs, are similar in design and operation as MFCs. As mentioned previously, MECs use
an external energy source to facilitate reactions. By augmenting an MFC with an external
potential an MEC, displayed in Figure 4, can be created. MEC use is advantageous over MFCs
as there is greater control of the reactions taking place within the anode or cathode through
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adjustment of the applied voltage. Zhou et al., (2013) complied data listed in Table 1 from
previous studies on MECs and the applied voltages used for different reactions.

Figure 4: Two-chamber MEC design
MECs are commonly used to generate hydrogen gas (H2) as an alternative energy source.
Anaerobic respiring bacteria break down organic matter in the anode releasing both electrons and
protons. The anodic biofilm facilitates the oxidation of organic matter releasing hydronium
protons. Both products are used in a reduction process at the cathode. The hydronium protons
released are then transferred to the cathode where the ions are reduced to hydrogen gas. The
poised potential helps to push forward hydrogen production as the main reductive process (Liu et
al., 2005). If no potential was applied, the reaction would not be thermodynamically favorable.
The cathode in an MEC is not biological and is instead left abiotic as the DC power supply
facilitates the hydrogen production. MECs typically do not utilize biocathodes.
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Both MECs and MFCs are both designed to produce a useable energy product using
microbial action. A disadvantage of using MECs over MFCs is the added complexity of an
MEC. Additional materials are needed for construction such as the storage of the end-use
product and the supply of power for the external potential. For MECs to be competitive in the
energy market with hydrogen production an input of 0.3 A/m2 is required (Aiken et al., 2019).
Listed in Table 1 are the byproducts created under different applied potentials (Zhou et al.,
2013).
Table 1: MEC byproducts compiled from previous studies
Product

H2

CH4
H2O2
2.3

Power Supply
(V)
1.06
0.5
0.6
0.4
Anode Poised at +0.5
0.8
0.9
Anode Poised at 0
0.5

Recovery Rate
(L/L-1*d-1)
0.3
0.02
0.53
0.2
0.018
0.17-0.75
0.12
0.53
1.25 ± 0.13

Energy Efficiency
(%)
N/A
169
204
267
57
240-84
67
70
83.1 ± 4.8

Water and Wastewater Applications

2.3.1 Power Generation and Hydrogen Production
Power generation is possible with both MFCs and MECs, however as mentioned
previously, the methodology differs. MFC power output is heavily dependent on the substrate
and microorganisms at the anode. The upper limit of MFC power generation has not yet been
reached in research (El-badan et al., 2019). Logan (2009) calculated that, in theory, 1 E. coli cell
weighing 2×10−13 grams, doubling 2 times per hour with a volume of 0.491 μm3 could
theoretically produce 16,000 kW per m3 (Logan, 2009). At the time of that calculation the
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maximum power density seen was 6.9 W/m2 normalized to the anode surface area. Currently, the
highest recorded power density is 11.8 W/m2 (Ren et al., 2016).
MECs are capable of simultaneous treatment of wastewater and methane (Villano et al.,
2013). Yuan et al., 2015 concluded that while applying a voltage cannot be considered
sustainable, methods are being researched in an effort to make MEC power generation
sustainable (Yuan et al., 2015). MECs may be an appropriate alternative to bioelectricity
generation as MFCs are currently known to not produce power efficiently as systems scale up.
However, Castro (2017) concluded that “for large-scale applications of MFC technology,
methane production seems inevitable” (Castro, 2017) if action is not taken to suppress
methanogenesis. Enhanced methane production in the presence of graphite granules was
demonstrated by Castro (2017). Methane production while treating complex wastewaters, in
addition to the electricity produced from MFCs could increase the viability of MFCs as an
alternate energy source.
2.3.2 Environmental Sensing
MFCs can operate both as energy sources for low-power sensors and biosensors for
remote monitoring of the environment or a specific system. As biological sensors (biosensors)
MFCs for wastewater treatment can be used for monitoring constituents such as bio-chemical
oxygen demand (BOD) (Du et al., 2007; Modin & Aulenta, 2017). Additional constituents
beneficial for wastewater monitoring include: organophosphorus, Cd, Pb, Ni, Cu, formaldehyde,
the quantification of E. Coli, dissolved oxygen (DO), and volatile fatty acids (VFAs) (Yang et
al., 2015). The added benefit and self-powering nature of biosensors could also be applied to
treatment wetlands or protected water bodies. Biosensors could be added to the more remote
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areas of either of these areas without the need of a power source. Real-time environmental
monitoring anywhere in these types of areas would be valuable to operators.
Additionally, using an MFC as a source of energy for low-power remote sensors has
recently reached a breakthrough. Yamashita et al., 2019 was able to design a novel energy
harvester to charge a supercapacitor to 3.3 volts (V) using only 2μw of power (Yamashita et al.,
2019). The system successfully powered a remote CO2 sensor that was used for long-range data
transmission. MFCs for powering sensors and use as biosensors is attracting interest from
researchers all over the world and is quickly becoming the most immediate application of MFC
technology (Ivars-Barceló et al., 2018).
2.3.3 Metal Recovery
Hazardous metals contaminating the influent of wastewater treatment plants (WWTP)
can be removed and recovered using BESs (Modin & Aulenta, 2017). Metal recovery is typically
done using an MFC where metals are reduced at a chemical cathode. At the anode, organic
wastewater is oxidized to produce electrons and protons creating a biopotential. Metal ions such
as copper (Cu) are then reduced to solid metal and can be recovered. One such system saw
>99.9% removal of copper (Heijne et al., 2010). Similar reactors have also been determined to
remove and recover gold (Au), silver (Ag), nickel (Ni), lead (Pb), cadmium (Cd), and zinc (Zn),
and uranium (U) (Mathuriya & Yakhmi, 2014; Modin et al., 2012). This recovery is happening
simultaneously with electricity production. This dual benefit of metal recovery and electricity
generation will continue to improve and become more profitable as MFC technology grows.
2.3.4 Nitrogen Removal
Nutrient removal from wastewater using BESs is a widely researched topic at the
laboratory scale. Phosphorus and nitrogen are abundant in wastewater and are essential
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ingredients for biomass creation by microorganisms. As BESs are biological by nature, methods
have been developed to remove both macronutrients. Both phosphorus and nitrogen removal are
possible using BESs, however, for the purpose of this review, the focus will be on removal of
nitrogen, and particularly nitrate, from contaminated waters and wastewater.
BESs are capable of removing nitrogen in both oxidized and reduced forms. Research has
tended to focus on nitrate removal with BESs due to the high redox potential of nitrate.
Typically, this has been done using chemolithoautotrophic microorganisms biofilms on the
cathode of an electrode that are capable of reducing nitrate (Pous et al., 2014; Yu et al., 2015).
Heterotrophic microorganisms are also capable of denitrification in BESs and are known to
perform faster removal but at lower power densities (Vijay et al., 2019). However, an organic
carbons source must be provided to the microorganisms for biomass creation. Additionally, due
to the greater nitrate removal, more biomass is produced and must be disposed of more
frequently. The need for an additive carbon source and more frequent disposal makes the use of
heterotrophic microorganisms more unfavorable for decentralized nitrate removal. Autotrophic
microorganisms will be focused on due to not needing a carbon additive, less biomass production
over time, and higher power densities. The autotrophic microorganisms that facilitate nitrate
reduction in BESs commonly include the Thiobacillus, Thiomicrospira, Paracoccus, and
Pseudomonas genera.
Biocathodes are necessary due to the required enzymes and microbial reactions needed to
complete the denitrification process. For nitrogen, ammonium and nitrate are the most reduced
and most oxidized compounds, respectively. Nitrate to ammonium conversion is energy
intensive for microorganisms (Equation 5). Multiple reactions and enzymes are necessary for the
reduction of nitrate to ammonium and the oxidation of ammonium to nitrate. For nitrification,
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three steps are involved to transform ammonium to nitrate while for denitrification two separate
pathways are available: assimilatory and dissimilatory reduction of nitrate. Assimilatory
denitrification is for biomass creation where nitrate is converted to ammonium in a two-step
process (Equation 3). The ammonium is then converted to the amino acid glutamine used in
protein synthesis (Equation 1). Dissimilatory denitrification is where nitrate is used as a TEAP.
Equation four displays the four-step process necessary for dissimilatory denitrification needed to
convert nitrate to the inert dinitrogen gas (N2). The enzymes involved in the different pathways
are: glutamine synthetase and glutamate synthase, and glutamate dehydrogenase (Equation 1);
nitrogenase (Equation 2); assimilatory nitrate reductase and assimilatory nitrite reductase
(Equation 3); dissimilatory and respiratory nitrate reductases, respiratory nitrite reductases, nitric
oxide reductase and nitrous oxide reductase (Equation 4); ammonia monooxygenase,
hydroxylamine oxidase, and nitrite oxidase (Equation 5) (Cabello et al., 2004).
𝑁𝐻4+ → 𝐺𝑙𝑛, 𝐺𝑙𝑢 (𝑅 − 𝑁𝐻2 )
Equation 1
𝑁2 → 𝑁𝐻4+
Equation 2
𝑁𝑂3− → 𝑁𝑂2− → 𝑁𝐻4+
Equation 3
𝑁𝑂3− → 𝑁𝑂2− → 𝑁𝑂 → 𝑁2 𝑂 → 𝑁2
Equation 4
𝑁𝐻4+ → 𝑁𝐻2 𝑂𝐻 → 𝑁𝑂2− → 𝑁𝑂3−
Equation 5
The majority of BES work has focused on using chemolithoautotrophic microorganisms
for reducing nitrate. As the microorganisms are lithoautotrophs, an inorganic carbon source is a
necessity. Additional energy (approximately 10 kilocalorie per electron equivalent) is required
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for the microorganisms to convert the inorganic carbon into biomass, further slowing down the
denitrification process (Ebeling et al., 2006). Fortunately, nitrate is among the compounds with
the highest reduction potentials, +0.74 V SHE, in water and wastewater. Meaning, it is generally
more thermodynamically favorable for microorganisms to use nitrate as a TEAP due to the high
electric potential gains. Other major factors determining the removal performance of nitrate in
MFCs include pH, carbon to nitrogen ratios (C:N), and electrode potentials.
Denitrification is normally observed between a pH of 6.5 and 8.2 (Vidal et al., 2002). pH
is a ubiquitous measurement used in all scientific fields and gives insight into the conditions of a
studied environment and which reactions are possible. Biological denitrification reactions are
less likely to take place outside of the ideal range previously mentioned as the enzymes required
cannot be utilized to push the necessary reactions forward. Additionally, available hydronium
protons are necessary for denitrification to occur. According to Clauwaert el al., 2009, an ideal
pH for enhanced nitrogen removal in BESs is 7.2 (Clauwaert et al., 2009). Popular BES
microorganisms for nitrate removal, such as Thiobacillus Denitrificans prefer a pH range in
between 7.5 and 8.0 (Claus & Kutzner, 1985).
MFCs use C:N ratios to determine the necessary concentration of carbon in the anode for
the highest rate of denitrification at the cathode. The carbon is utilized by the microorganisms
within the anode as a carbon source. Typically measured as COD, the oxidation of the carbon is
the source of electrons and protons necessary for denitrification at the cathode. In MFCs,
denitrification rates are dependent on the reactions taking place at the anode. Wang et al., (2020)
reported that lower C:N ratios correlated to higher denitrification rates. Dual-treatment of COD
and nitrogen is possible with MFCs, however as denitrification at the cathode is dependent on the
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performance of the anode, optimization of the anode is necessary before the cathode. This can
lead to inconsistent removal over an MFCs operational lifetime.
Electrode potential for denitrification in both MECs and MFCs for autotrophic
denitrifying bacteria is necessary for the activation of the enzymes used in denitrification.
Typically a maximum of -0.50 V vs. SHE (Standard Hydrogen Electrode) is reported as the
necessary electrode potential for complete denitrification (Kondaveeti et al., 2014; Kondaveeti &
Min, 2013; Pous et al., 2014; Zhang et al., 2014). Zhang et al., found that for the Pseudomonas
genus potentials lower than -1.1 V vs. SHE did not lead to higher nitrate removal. Pous et. al.
(2014), reported that for the Thiobacillus genus the minimum ideal potential for denitrification
was -0.90 V vs. SHE. Ideally then, a maximum and minimum cathode potential can be assumed
to be between -0.50 V and -1.1 V vs. SHE.
An example of practical nitrogen removal application is highlighted in work done by
Ieropoulos (2017). The study on ceramic MFCs for both energy production and urine treatment
proved successful. Even with a short HRT, 26% removal of the influent COD (in the form of
urine) was achieved along with a maximum power output of 510 microwatts (Salar-García et al.,
2017).
In certain use cases, MECs have an advantage over MFCs due to less reliance on an
anode for electrons for reduction. Some microorganisms are capable of switching between using
a reducing agent and direct uptake from a DC power supply (Molognoni et al., 2017). This
effectively means that MFCs can be converted to MECs by simply applying a potential, thereby
improving the system’s performance. MEC systems studied for denitrification are limited and all
systems have only been operated as batch reactors which at full-scale is not practical. Mixed and
monoculture use varied in the tests but of the reported microorganisms used in MECs, the
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geneses Thiobacillus and Pseudomonas appear most often. Four of the seven studies in Table 2
indicate the presence of either genus of microorganism. A variety of removal rates have been
calculated for denitrification through MECs, with the highest recorded rate of 62.5 mg/(L*d) by
Cecconet et al. (2018) and average rate of 21.5 mg(L*d) across all systems. The most common
cathode potential cited in the experiments is -0.50 V vs. SHE. Cathode electrode surface areas to
liquid volume are not consistent between tests and range from 40 to 450 with an average of 200.
Typically, carbon cloth, felt, or rods are used during experimentation. Graphite granules were
used by Cecconet et, al., (2018) to provide excessive surface area for the microorganisms and a
specific surface area was not listed. No reactor volumes larger than 1 L were found in the
literature for denitrification by MECs.
2.4

Scope of Work
The first experiment was done on the bench-scale using a standard H-type MFC for

testing. The purpose of the ammonium present was to provide the microorganisms a starting
nitrogen source for assimilation to biomass which, in theory, would encourage the removal of
nitrate through dissimilatory denitrification. As mixed cultures were used, ratios tested were
based on simplifying future operation of scaled-up biocathodes applied to decentralized
treatment of nitrogen. The reactors were tested at mass (mg/L) ratios of 0.100 (2.5/25), 0.05
(1.25/25), 0.0250 (0.625/25), and 0.0125 (0.3125/25) ( parts ammonium to nitrate (NH4+-N/
NO3--N). If an ideal ratio could be estimated, future operators could add either ammonium or
nitrate to increase the removal of nitrogen.
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Table 2: Literature comparison of denitrifying biocathodes with abiotic electron sources
Cathode
Potential
(V SHE)

Cathode
Electrode
Surface Area
(cm2)

Cathode
Liquid
Volume
(mL)

NO3--N
Removal
Rate
(mg/(L*d*cm2))

-0.70
-0.50

N/A
49.0

675
110

N/A

12.0

-1.1

Operation

Dominant
Microorganism(s)

N/A
0.0296

Batch
Batch

300

0.130

Batch

16.0

100

1.16

Batch

-0.50

6.20

18.0

4.70

Batch

-0.50

22.4

200

0.890

Batch

Mixed Culture
Thiobacillus
Denitrificans
Mixed Culture
Pseudomonas
genus
Pseudomonas
alcaliphila
Mixed Culture
Thiobacillus
genus
Mixed Culture

N/A

105

1000

0.170

Batch

Mixed Culture

Source

(Cecconet et al., 2018)
(Yu et al., 2015)
(Nguyen et al., 2015)

(Zhang et al., 2014)
(Pous et al., 2014)

(Kondaveeti & Min,
2013)
(Park et al., 2005)
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The second and third experiments tested complex and simplified bio-electrochemical
systems (BESs) scaled-up for on-site treatment of nitrate. The more complex system was a 2.9 L
denitrifying biocathode MFC (DB-MFC) designed to remove both chemical oxygen demand
(COD) and nitrate. The simplified system was a 2.9 L single-chamber denitrifying biocathode
(DB-SC) electrochemically assisted using a direct current (DC) power supply. DB-SC was the
largest reported BES of this type by volume and the only one to be operated in continuous flow
was designed to solely remove nitrate. For DB-SC, a current was calculated using the equivalent
moles of electrons needed for full denitrification and biomass creation with a hydraulic retention
time (HRT) of 1-day Similar to Wan et al., (2009) (Wan et al., 2009). A cathode potential of
-0.5 V SHE is typically used in denitrification studies. However, as the system receives
electrons solely from a DC power supply, this potential cannot supply the necessary value of
electrons to achieve full denitrification. The applied voltage needed was calculated using the
internal resistance of DB-SC and the calculated current.
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Chapter 3: Materials and Methods
3.1

Inoculum and Media

3.1.1 Inoculum
The Bench-Scale biocathodes were seeded with sludge from an anoxic settling tank
collected from the Largo Wastewater Treatment Facility. Bioanodes for both the bench-scale and
DB-MFC were seeded with sludge from a primary influent tank at the same facility. Reactors
seeded with inoculum from the Largo Wastewater treatment plant were inoculated at a 1:4 ratio
of inoculum to media. The TSS and volatile suspended solids (VSS) from the primary influent
tank were calculated to be 281 and 236 mg/L, respectively. The TSS and VSS from the anoxic
sludge tank were 2551 and 2202 mg/L, respectively.
The biocathodes of DB-SC and DB-MFC were seeded with sediment and pond scum
collected from a nearby body of water. The seed was collected from the edge of the water body.
Sodium thiosulfate was used as a reducing agent for denitrification and an empirical sulfur to
nitrogen ratio was calculated as a comparison to the theoretical 4 mg of sulfur to nitrogen used
for the applied voltage calculation. The TSS and VSS for the lake sediment and pond scum were
2087 and 664 mg/L, respectively.
3.1.2 Media
Unless otherwise stated, Tables 3 and 4 list the medias and concentrations used during
testing for the bioanodes and biocathodes in each study, respectively. Medias were sparged
between 15 minutes and 1-hour, depending on the volume, with dinitrogen gas needed to lower
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the concentration of DO to zero. Sodium Phosphate Dibasic (Na2HPO4) and Potassium
Phosphate Monobasic (KH2PO4) were used to prepare the 16 millimolar (mM) buffer solution
used in both chambers to buffer each media to a pH of 7.2. Magnesium Sulfate (MgSO4) was
provided as a source of sulfur to the microorganisms for biomass creation. For the bioanodes, the
majority of studies had an influent 500 mg/L of COD added as Sodium Acetate (NaCH3COO) as
a source of carbon and Ammonium Chloride (NH4Cl) as a source of nitrogen. In DB-MFC, 1000
and 250 mg/L of COD were fed to the bioanode to observe if improvements to CE were made at
different times during operation. For the biocathodes, Sodium Nitrate (NaNO3) provided 25
mg/L of nitrate (measured as nitrogen) for assimilatory and dissimilatory nitrate reduction and
Potassium Bicarbonate (KHCO3) was provided as a carbon source to the autotrophic
microorganisms. 25 mg/L of nitrate (measured as nitrogen) was chosen based on the
concentration of inorganic nitrogen in municipal wastewater for the USA. Previous bench-scale
studies indicated that a ratio of 6.7 C:N, was ideal for the MFC configurations. Ammonium
(measured as nitrogen) was administered to the appropriate reactors with a pipette. R1 and R2
received doses from a stock of 1000 mg N/L ammonium solution. Tables 5 and 6 list the trace
constituents added to each media during experimentation. The purpose of the solutions was to
provide the microorganisms the trace minerals needed for enzyme production. 1 mL of each
solutions was added per 1 L of media.
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Table 3: Bioanode media recipe
Chemical Name
Sodium Phosphate Dibasic Anhydrous
Potassium Phosphate Monobasic
Anhydrous
Ammonium Chloride
Magnesium Sulfate

Chemical Formula
Na2HPO4
KH2PO4

Concentration (mg/L)
1136
1189

NH4Cl
MgSO4

Sodium Acetate

NaCH3COO

50
50
1464 (15 C:N)
732 (6.7 C:N)
366 (2.4 C:N)

Table 4: Biocathode media recipe
Chemical Name
Sodium Phosphate Dibasic Anhydrous
Potassium Phosphate Monobasic
Anhydrous
Magnesium Sulfate
Sodium Nitrate
Potassium Bicarbonate

Chemical Formula
Na2HPO4
KH2PO4

Concentration (mg/L)
1136
1089

MgSO4
NaNO3
KHCO3

50
152
2500

Chemical Formula
CaCl2-2H2O
FeSO4-7H2O

Concentration (mg/L)
1000
1000

Chemical Formula
ZnSO4-7H2O
MnCl2-4H2O
H3BO3
CoCl2-6H2O
CuCl2-2H2O
NiCl2-6H2O
Na2MoO4-2H2O
Na2SeO3

Concentration (mg/L)
100
30
300
236
10
10
30
30

Table 5: Calcium-Iron solution recipe
Chemical Name
Calcium Chloride Dihydrate
Iron(II) Sulfate Heptahydrate
Table 6: Trace mineral solution recipe
Chemical Name
Zinc Sulfate Heptahydrate
Manganese Chloride Tetrahydrate
Boric Acid
Cobalt Chloride Hexahydrate
Copper(II) Chloride Dihydrate
Nickel Chloride Hexahydrate
Sodium Molybdate Dihydrate
Sodium Selenite
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3.2

Analytical Methods

3.2.1 Chemical
Total organic carbon (TOC) was measured using a high temperature combustion type
TOC analyzer (TOC V-CSH, Shimadzu, USA). Simultaneously, TN was measured using a high
temperature TN analyzer (TNM-1, Shimadzu, USA). Nitrate and nitrite were measured using ion
chromatography (IC) on a (881 Compact IC Pro, Metrohm, USA)). Ammonium was measured
using gas diffusion through an ammonium analyzer (TL-2800, Timberline, USA). pH (WD35801, Oakton, USA) and conductivity (CON-BTA, Vernier Software and Technology, USA)
were measured using probes.
3.2.2 Electrochemical
In addition to the electrical connections between the anode and cathode chambers.
reference electrodes were placed in each biocathode to measure the potential. A datalogger
(DAQ6510, Keithley, US) took measurements every 15 minutes of both the overall cell potential
(OCP) and the cathode potential. The purpose of measuring the cathode potential was to observe
whether the conditions of the cathode were ideal for denitrification. Measuring OCP allowed for
the calculation of coulombic efficiency (CE). CE is an indicator of the total ratio of coulombs
transferred to the cathode from the substrate (Equation 6) and is calculated using the following
method for continuous flow systems:

𝐶𝐸 (%) =

𝑀𝐼
𝐹𝑏𝑞𝛥𝐶𝑂𝐷

Equation 6
In this equation, M=32, which is the molecular weight of oxygen in grams per mole, I is
the current that is found by dividing the overall cell potential and the applied resistance, F is
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Faraday’s constant, b=4, which is the number of electrons per mole of oxygen, q is the
volumetric flowrate, and ΔCOD is the difference between the influent and effluent for the anode
(Logan et al., 2006).
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Chapter 4: Bench-scale Biocathode Reactors
4.1

Introduction
MFCs at the bench-scale were seeded with a 1:4 ratio of either anoxic sludge and media

in the cathode or primary sludge and media in the anode, respectively. The anode chamber was
initially operated in batch to allow the heterotrophic microorganisms to attach to the felt in the
chamber. After two cycles, the anode began operation under continuous flow. The cathode
remained in batch operation to measure the baseline removal of both TN and nitrate and whether
the addition of ammonium at specific ratios would correlate to higher TN and nitrate removal.
The first reactor (R1) was tested with low ratios of ammonium to nitrate , the second reactor (R2)
with higher ratios and the last reactor (R3) was kept as a control with no ammonium added.
4.2

Experimental Approach

4.2.1 Reactor Design
The MFC was an H-type two-chambered system, shown in Figures 5 and 6. The anode
and cathode are separated by a circular Ultrex CEM with a surface area of 19.6 mm2 that was
pretreated by soaking in a 5% NaCl solution for 12 hours. The total and working volume of
either the anode and cathode were 250 and 200 mL, respectively. Rectangular carbon graphite
felts (Rayon Graphite Felt, Ceramaterials, USA) with a thickness of 0.3175 cm and a surface
area of 27 cm2 (9 cm x 3 cm) were placed in each chamber with copper wiring connecting the
electrodes. The graphite felt had an effective surface area of 400 cm2 per 1 cm3 of graphite as
noted by the manufacturer. A 10-ohm (Ω) resistor was placed in line with the wiring to measure
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the current and a silver chloride (Ag/AgCl) reference electrode (RRPEAGCL, Pine Research,
USA) was placed in the cathode chamber to monitor the potential.

Figure 5: Bench-scale MFC schematic

Figure 6: Bench-scale MFC reactor
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4.2.2 Experimental Procedure
Biocathodes were operated in batch tests with media recirculating through the cathode
chamber every 5 minutes from a 1-liter media bottle. Bioanodes were operated in continuous
flow with a constant influent of 500 mg/L of COD at an HRT of 1 day. 37% w/w HCl was used
to offset any pH increases due to denitrification in the cathode, manually, after each sample point
was collected. The MFCs were tested in 18-day batches with sampling taken every 72 hours for
the biocathodes, and every144 hours for the bioanodes. Between each test, the biocathode media
was replaced and the biocathodes were left to acclimate for 72 hours. After acclimation, the
media was replaced again, and an initial sample was taken. Samples were filtered through 0.45
μm filters and refrigerated. Processing took place within 3 days of sample collection. Prior to
testing, a batch was conducted initially to set the baseline removal rate for each reactor. The
ratios listed for testing are normalized to a nitrate (measured as nitrogen) concentration of 25 mg
N/L. Batch 1 was the baseline study while batch 2 and 3 were tests involving increased
concentrations of ammonium in biocathodes R1 and R2.
4.3

Results and Discussion

4.3.1 Nitrogen Removal
Increased concentrations of ammonium in R1 and R2 did not increase TN removal as
shown in Figures 7 and 9, respectively. As observed, removal of TN was slowed down with
negligible amounts removed in all tests where ammonium was added. The control reactor had the
highest removal of TN. When comparing the baseline removal rates for R1 and R2, a decrease of
up to 50% in TN removal is observed as the ammonium concentration increased in the
biocathodes. Results for nitrate, displayed in Figure 8 and 10 are similar to TN with removal in
R1 and R2 being negligent. The addition of ammonium did not assist the removal of nitrate
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significantly in any of the batch tests. When comparing R1 and R2 pre- and post-addition of
ammonium, nitrate removal is not observed with ratios of 0.100, 0.0500, and 0.0125. The ratio of
0.0250 displayed better removal of nitrate than the other batch tests, however, performance was
still worse than both the baseline and control. The control reactor had the highest removal of
nitrate and TN over any of the 18-day batch cycles.

Figure 7: R1 TN removal

Figure 8: R1 nitrate removal
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Figure 9: R2 TN removal

Figure 10: R2 nitrate removal

The presence of nitrite was not observed in any of the samples measured. Additionally,
after the initial sampling ammonium was well below the detection limits of the respective
machines used for analysis. An absence of both nitrite and ammonium in all the samples
indicated that complete denitrification occurred.
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When comparing the change in daily nitrate removal in Figure 12, the addition of
ammonium to the test reactors correlated to a larger decrease in nitrate removal than observed
with TN in Figure 11. All the ammonium addition tests performed measurably worse than the
baseline and control. Nitrate removal rates for three out of four of the ammonium addition tests
are nearly zero. The ratio of 0.0250 displays an order of magnitude larger nitrate removal than
other ammonium tests but is 33% smaller than the baseline daily removal rate for the same
reactor. The stark difference in the daily removal of TN and nitrate could be attributed to the
reactors utilizing the ammonium instead of the nitrate for biomass creation. Ammonium is
included within the TN measurement which can explain the higher daily removal rates for TN.
Any nitrate removed during the batch tests was most likely due to dissimilatory nitrate reduction
needed to create a proton gradient within the cells of the denitrifying bacteria.

Figure 11: Average daily removal of TN
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Figure 12: Average daily removal rate of nitrate
Theoretical and empirical ratios were compared for all reactors in all batch tests and are
listed in Table 7. It was assumed that the native ammonium concentrations within the baseline
batch tests and the control reactor were negligent. However, measurable amounts of ammonium
are observed within both the control and baseline tests in the initial sample albeit, at much higher
ratios than those tested. While there does not seem to be direct a correlation between the higher
ammonium ratios and higher TN and nitrate removal, the baseline and control tests imply that
ratios below 0.0103 are more ideal for autotrophic denitrification in denitrifying biocathodes.
Table 7: Bench-scale theoretical and empirical ammonium to nitrate ratios
Test
Baseline (R1)
0.0125
0.0250
Baseline (R2)
0.0500
0.100
Control (R3)

Theoretical Ratio
0
0.0125
0.0250
0
0.0500
0.100
0

Empirical Ratio
0.00439
0.0149
0.0192
0.0103
0.0606
0.116
0.00327
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4.3.2 Electrochemical Analysis
Coulombic efficiency (CE) varied between 10% and 20% with average values for each
reactor during experimentation listed in Table 8. The reactor that performed the best, R3-Control,
had a CE close to the overall average observed in all reactors. CE did not play a major role in
both the TN and nitrate removal rate for all reactors tested.
Table 8: Bench-scale bioanode average CE
Reactor-Test
Baseline (R1)
0.0125
0.0250
Baseline (R2)
0.0500
0.100
Control (R3)

Coulombic Efficiency (%)
17.58 ± 3.54
10.18 ± 0.47
12.10 ± 1.52
15.03 ±3.05
11.44 ± 0.05
12.62 ± 1.49
12.72 ± 1.85

Biocathode potential, displayed in Figure 13 varied minimally in each batch, with an
average minimum potential of -0.39 V SHE during any of the 18-day batch cycles. Previous
studies have shown that a maximum cathode potential of -0.50 V SHE and a minimum cathode
potential of -1.1 SHE (Zhang et al., 2014) are ideal for attached-growth denitrifying biocathodes.
While no system reached either threshold, the control had the lowest recorded biocathode
potential and the highest removal of both TN and nitrate. However, all biocathode potentials
measured are well within error of one another, indicating that the cathode potential did not play a
significant role in the removal of both nitrate and TN. Interestingly, the 0.0250 ratio test had the
highest recorded biocathode potential but performed the best out of all the ammonium batch
tests.
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Figure 13: Average cathode potential (vs. SHE)
4.4

Conclusion
For the biocathodes at the bench-scale, none of the tested ratios led to higher nitrate

removal. Conversely, reactors with additional ammonium performed poorly when compared to
both the control and the baseline tests conducted prior to ammonium addition. This could be due
to the fact that the small amount of ammonium inputted was in excess for the slow-growing
autotropic microorganisms to assimilate into biomass. The removal percentage for each ratio and
tests is listed in Table 9, the highest removal of both TN and nitrate was observed in the control.
The percentage of removal for TN and nitrate were 63% and 62%, respectively.
Table 9: TN and nitrate removal percentages
Test
Baseline (R1)
0.0125
0.0250
Baseline (R2)
0.0500
0.100
Control (R3)

TN Removal
33%
15%
22%
30%
15%
14%
63%

Nitrate Removal
37%
2.6%
21.3%
42%
0.80%
2.8%
62%
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Chapter 5: Prototype Denitrifying Biocathode Reactors
5.1

Introduction
The more complex prototype denitrifying biocathode, DB-MFC, was seeded with a 1:4

ratio of either anoxic sludge and media in the cathode or primary sludge and media in the anode,
respectively. The anode chamber was initially operated in two batch cycles to allow the
heterotrophic microorganisms to attach to the felt in the chamber. After all of the COD in the
system was consumed in the second cycle, the anode was changed to continuous flow operation.
The cathode remained in batch operation to measure the removal of both TN and nitrate.
For the simpler prototype, DB-SC, the lake sediment and pond scum were initially
inoculated into a vial after collection. 100 mL of the seed was transferred to an Erlenmeyer flask
and fed 3.1 g/L of excess sodium thiosulfate pentahydrate (Na2S2O3-5H2O), the cathode media
listed in Table 4, and 900 mL of Deionized water (DI) for a total volume of 1 L. Additionally 1
mL of each solution listed in Tables 5 and 6 were added to provide the necessary vitamins and
trace minerals for enzyme production. Three trials were conducted for a total of 54 days. Two
media changes took place on the 18th and 36th day where 500 mL of the seed was decanted and
replaced with fresh media. All chambers during the DB-SC study were operated in continuous
flow with an HRT of 1 day. Sampling took place every 48 hours of both the influent and effluent
of each chamber until steady-state conditions were observed. Samples were filtered through 0.45
μm filters and refrigerated. Processing took place within 3 days of sample collection.
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5.2

MFC Denitrifying Biocathode (DB-MFC)

5.2.1 Experimental Approach
5.2.1.1 Reactor Design
DB-MFC, displayed in Figures 14 and 15, was designed as a flat plate MFC with a
bioanode and biocathode oxidizing COD and reducing nitrate, respectively.

Figure 14: DB-MFC Schematic
DB-MFC was based on a flat plate BES design due to being more compact and easier to
integrate in existing systems if desired. The anode and cathode are separated by an Ultrex CEM
with a surface area of 470 cm2 that was pretreated in a 5% NaCl solution for 12 hours. The CEM
encompassed the entire side of the reactor to maximize the surface area, ensuring that proton
exchange is not limited to the size of the membrane. The total and working volume of each
chamber were 3.1 L and 2.9 L, respectively, nearly three times larger than what is seen in the
literature. The same rectangular carbon graphite felt used on the bench-scale was reused but with
a surface area of 72.5 cm2 (14.5 cm x 5 cm). Felt was placed in each chamber with copper wiring
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providing the electrical connection. A 10-ohm (Ω) resistor was placed in line with the wiring to
measure the current.

Anode

Cathode

Figure 15: DB-MFC Reactor
5.2.1.2 Experimental Procedure
DB-MFC was operated in a batch tests with media recirculating through the cathode
chamber every 5 minutes from a 15-liter bucket. Bioanodes were operated in continuous flow
with an HRT of 1 day. 37% w/w hydrochloric acid (HCl) was used to offset any pH increases
due to denitrification in the cathode, manually, after each sample point was collected. The MFC
was tested in 18-day batches with sampling taken every 72 hours for the biocathodes, and
every144 hours for the bioanodes. Between each test the biocathode media was replaced and the
biocathodes were left to acclimate for 72 hours. After acclimation, the media was replaced again,
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and an initial sample was taken. Samples were filtered through 0.45 μm filters and refrigerated.
Processing took place within 3 days of sample collection.
5.2.2 Results and Discussion
During the 7 months of operation of the MFC, no consistent and sustained removal of
either TN or Nitrate was observed in the biocathode. C:N ratios of 2.4, 6.7 and 15 were tested for
the MFC with no improvement observed in analysis.
Table 10: DB-MFC Average CE
C:N Ratio
15
6.7
2.4

Average Coulombic Efficiency (%)
2.89 ± 1.04
6.48 ± 1.76
4.14 ± 4.07

Unexpectedly, the CE, listed in Table 10, was never observed to be stable and was
calculated to be lower than what was observed in the MFC with biocathodes on the bench-scale.
The low CE was determined to be the reason for the lack of denitrification observed in the MFC
biocathode. Microbial growth within the tubing led to COD degradation prior to the chamber.
Inconsistent and lower concentrations in the influent for the anode prevented the steady-state
conditions needed for consistent TN and nitrate removal. The preliminary work conducted on
DB-MFC led to the design of DB-SC. Focus shifted from applying MFCs to on-site water
treatment to configuring a BES specifically for on-site treatment.
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5.3

Single-Chamber Denitrifying Biocathode (DB-SC)

5.3.1 Experimental Approach
5.3.1.1 Reactor Design
The final denitrifying biocathode studied was a single-chambered bio-electrochemical
system (DB-SC). DB-SC, displayed in Figures 16, 17, and 18 was built identical to DB-MFC;
however, both the anode and cathode exist in the same chamber. The unused second chamber
was repurposed to provide hydronium protons to the biocathode for denitrification through the
CEM. A duplicate control reactor, not seeded with inoculum in either chamber, was created and
operated simultaneously to serve as a control for comparison.

Figure 16: DB-SC Schematic Front View
The total and working volume of each chamber were 3.1 L and 2.9 L, respectively. Plain
carbon graphite with a surface area of 72.5 cm2, was used for the cathode and a graphite rod with
a diameter of 1.6 cm and a surface are of 161 cm2 was used as the anode. A DC power supply
(PPS2320A, Circuit Specialists, USA) was used to facilitate electron transfer with the positive
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lead connected to the anode and the negative lead to the cathode. A silver chloride reference
electrode was placed in between the two cathode felts to measure the cathode potential.

Figure 17: DB-SC Reactor Front View
Prior to seeding the MEC, the seed was evaluated and enriched in three separate trials in
series. The seed was cultivated in a 1 L Erlenmeyer flask that was placed on a shaker table
rotating at 200 revolutions per minute (RPM). After cultivation, the seed was then recirculated
through the DB-SC reactor over 18 days to allow the microorganisms time to attach to the
electrodes. The ancillary purpose of the test was to observe if oxygen permeation was significant
enough to affect denitrification in DB-SC and DB-MFC.
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Figure 18: DB-SC Reactor Side View

5.3.1.2 Experimental Procedure
To calculate the equivalent number of coulombs needed during the HRT of 1 day,
thiosulfate was used as a pseudo-electron donor for the calculation. An empirical chemical
formula (Equation 7) for an autotrophic denitrifying microorganism using thiosulfate as a
reducing agent for the reduction of nitrate was used (Chung et al., 2014). A theoretical ratio of 4
mg of sulfur per 1 mg nitrogen is needed for autotrophic denitrification with thiosulfate as a
reducing agent. When supplying the inoculated seed vial with sodium thiosulfate, the theoretical
ratio was multiplied by a factor of four to provide excess reducing agent.
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𝑁𝑂3 + 0.887𝑆2 𝑂3−2 + 0.456𝐶𝑂2 + 0.709𝐻2 𝑂 → 0.454𝑁2 + 1.733𝑆𝑂4−2 + 0.733𝐻 + + 0.0915𝐶5 𝐻7 𝑂2 𝑁

Equation 7
Using the theoretical ratio calculated, an equivalent concentration of electrons can be
calculated (Equation 8). A theoretical value of 15.8 mM of electrons is needed to reduce 25 mg
of nitrate (measured as nitrogen).
𝑆2 𝑂3−2 + 5𝐻2 𝑂 → 2𝑆𝑂4−2 + 10𝐻 + + 10𝑒 −

Equation 8

Figure 19: Seed batch setup
Prior to seeding DB-SC, the lake sediment was inoculated into a 1-liter vial, displayed in
Figure 19 and enriched with sodium thiosulfate. Post-collection of the lake sediment, 100 mL
was placed in an Erlenmeyer flask and fed excess sodium thiosulfate pentahydrate (Na2S2O347

5H2O) at 3.1 g/L, the cathode media listed in Table 4, and deionized water (DI) for a total
volume of 1 L. Additionally, 1 mL of each solution listed in Tables 5 and 6 were added to
provide the necessary vitamins and trace minerals for the creation of enzymes needed for
denitrification. The seed was cultivated in an Erlenmeyer flask that was placed on a shaker table
rotating at 200 revolutions per minute (RPM).
The purpose of the trials was to 1) to observe if the nitrate removal performance would be
similar to the bench-scale biocathodes; 2) empirically determine the sulfur to nitrogen ratio and
compare it to the theoretically determined ratio. Three trials were conducted for a total of 54
days. Two media changes took place on the 18th and 36th day where 500 mL of the seed was
decanted and replaced with fresh media. The purpose of the decanting was to concentrate the
desired microorganisms for seeding DB-SC.

Figure 20: Time Series Nitrogen Distribution for DB-SC seed
The final seed vial analysis displayed in Figure 20 was the first instance of significant
and consistent nitrate removal for the DB-SC seed. The empirically calculated and tested ratio of
sulfur to nitrogen was found to be 24 mg/mg, six times the amount of sulfur calculated in theory.
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Figure 21: Nitrogen distribution during DB-SC seeding
A 1:12 ratio of the inoculum from the seed vial and media was fed to the reactor which
was sampled and monitored for 18 days. In Figure 21 it was observed that the same amount of
TN and nitrate removal was achieved in the seeding DB-SC and the vial. Both tests concluded
that the microorganisms within DB-SC reduced nitrate with a sulfur to nitrogen ratio of
approximately 24 mg/mg. Using the same method, the equivalent concentration of electrons
calculated is 93.8 mM to reduce 25 mg of nitrate (measure as nitrogen).
Before applying a voltage, a polarization curve (Figure 22) was created to determine the
internal resistance of the cell with the denitrifying bacteria attached to the felts. Starting from
open circuit, the resistance was increased from 10 to 4000 Ω until the change in voltage became
more linear. The slope of the linear portion of the curve was calculated and from that the internal
resistance was found. Based on the polarization curve the internal resistance of the cell was
found to be approximately 122 Ω.
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Figure 22: DB-SC polarization curve
From the theoretical calculations (Equations 9, 10, 11, and 12), an applied voltage of 2.2
V for an HRT of 1 day is needed to remove 25 mg of nitrate. Since DB-SC is to be operated in
continuous flow, the applied voltage was calculated using this method. If DB-SC had been
operated in batch, the applied voltage would use the length of the batch experiment in place of
the HRT.
𝑚𝑔
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𝑚𝑔 𝑆
𝑚𝑔 𝑁 112 𝑚𝑚𝑜𝑙 𝑆2 𝑂3
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𝐿
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Equation 9

1.58 𝑚𝑀 𝑆2 𝑂2−
3 ∗

10 𝑚𝑚𝑜𝑙 𝑒 −
1 𝑚𝑚𝑜𝑙

𝑆2 𝑂2−
3

∗ 96.485

𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠
𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠
(𝐹𝑎𝑟𝑎𝑑𝑎𝑦 ′ 𝑠 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡) = 1524
𝑚𝑚𝑜𝑙
𝐿

Equation 10
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𝐶𝑢𝑟𝑟𝑒𝑛𝑡 =

𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠
1524
𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠
𝐴𝑚𝑝𝑠
𝐿
=
= 0.018
𝑆𝑒𝑐𝑜𝑛𝑑𝑠
84,000 𝑠 (𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑅𝑇)
𝐿

Equation 11

𝑃𝑜𝑖𝑠𝑒𝑑 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 ∗ 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 122 𝛺 ∗ 0.018 𝐴 = 2.2

𝑉𝑜𝑙𝑡𝑠
𝐿

Equation 12
Using the same method to calculate the necessary applied voltage for a sulfur to nitrogen
ratio of 24 mg/mg, the voltage required is 13.1 V. The empirically calculated voltage was
designated as excessive for initial testing as the microorganisms may not be able to transition to
such a high sustained load immediately. The theoretically calculated voltage of 2.2 V would be
used in the beginning to acclimate the microorganisms to the new electron source. A factor of 2
would be multiplied to the theoretical voltage as a means of providing excess electrons.

Figure 23: DB-SC and Control Setup
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When determining the baseline pH change per day before DB-SC an average of 0.248 to
and from the cathode was obtained. The applied voltage of 4.4 V to both DB-SC and the control,
displayed in Figure 23, was added after seeding. All chambers were switched to operation in
continuous flow and testing was begun. 21 days had passed before steady-state conditions were
observed over multiple points. For the repurposed chamber, the exact same phosphate buffer
used in Table 4 was added to tap water and fed into the chamber to limit the influx of hydronium
protons to the biocathode. A baseline was needed to determine the effectiveness of DB-SC prior
to any increase in the influx of hydronium protons.

Figure 24: DB-SC Total Nitrogen Distribution

Figure 25: Control Total Nitrogen Distribution
52

Influent TN for both DB-SC and the control reactor averaged nearly identical
concentrations of 24.5 and 24.3, respectively. Figures 24 and 25 display the influent and effluent
nitrate, nitrite, and ammonium for DB-SC and the control reactor, respectively. Influent values
for nitrate and nitrite are nearly identical, however, distribution of nitrogen for the effluent of
each reactor differs. Concentrations for both nitrite and ammonium in the control reactor were
below the detection limit and were quantified as being zero. DB-SC successfully reduced nitrate
to nitrite however only partial denitrification was observed. Nearly identical removal of TN
occurs in both reactors, but the buildup of nitrite within DB-SC indicates that enzymatic
reactions are taking place to transform nitrate. The nitrite created is equal to the nitrate
transformed in DB-SC indicative of biological denitrification.
Table 11: DB-SC and Control reactor conditions
Reactor

Influent
pH

Effluent
pH

MEC Cathode
MEC pH Chamber
Control Cathode
Control pH Chamber

7.96 ± 0.19
7.14 ± 0.10
8.05 ± 0.26
7.08 ± 0.05

7.63 ± 0.08
7.12 ± 0.05
7.76 ± 0.23
7.12 ± 0.04

Influent
Conductivity
(μS/cm)
14150 ± 220
5290 ± 240
14220 ± 350
5050 ± 130

Effluent
Conductivity
(μS/cm)
14010 ± 210
5700± 150
13830 ± 490
5410 ± 240

Additionally, pH and conductivity for DB-SC and the control, listed in Table 11, were
measured and compared to observe if similar conditions were being maintained. Both parameters
are within error of each other, meaning that any changes in conductivity and pH that may have
affected the nitrogen distribution do not apply. Influent pH for this experiment is measured to be
higher than the recommended pH of 7.2 for attached growth denitrification conditions
(Clauwaert et al., 2009). The 16 mM phosphate buffer solution was made to ensure that the pH
would remain at the recommended 7.2. The difference in the theoretical and measured pH may
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be due to a number of factors such as sample storage or the excess carbonate in the influent
media raising the pH with time. When measured immediately before feeding the reactor, the
influent pH was found to be approximately 7.4. Degradation of the media may be taking place
over time or the excess carbonate in the system is becoming the dominant buffer over time.

Figure 26: DB-SC and Control average cathode potential (vs. SHE)
Both DB-SC and the control had approximately the same cathode potential during the
testing period, as expected. Both reactors exhibited a cathode potential well below the ideal
minimum of -1.1 V SHE. Since the applied voltage is provided by a simple DC power supply,
adjustment of the cathode potential is not possible. However, even with the excess potential,
microbial transformations were still observed in DB-SC.
5.4

Conclusions
DB-MFC was unable to consistently remove TN and nitrate during the 7 months of

operation. The major reason was determined to be the low CE of the anode. As MFCs scale up,
power and current densities decrease with the increased size of the reactor (Ieropoulos et al.,
2010). This is due to the increase in the internal resistance of the anodic, cathodic, membrane
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and media (Gajda et al., 2018). Increasing the anode surface area does not greatly affect reactor
performance (Liu et al., 2008). Another factor inhibiting the transfer of electrons to the cathode
could be the use of a mixed culture. A portion of the microorganisms colonizing the electrode
might not be electrochemically active and inhibit current density. This could be the case for DBMFC’s poor anode performance however, the same mixed culture was used on the bench-scale
and the anode was able to assist with denitrification at the cathode (Sharma et al., 2014).
When comparing the biofilm for both the anode and cathode chambers of DB-MFC, the
biofilms were thinner than on the bench-scale. The same biofilm spread over a thinner area can
reduce current production. However, biofilms of this type have less mass-transfer resistances and
can have a larger percentage of the biofilm contributing to current production and mass removal
(Jayasinghe et al., 2014). DB-MFC was able to remove up to 90% of COD. The bench-scale
bioanodes saw removal of COD at a maximum of 75%. The higher COD removal but lower CE
can be attributed to the thinness of the anodic biofilm.
Another factor inhibiting consistent removal was due to poor mixing in the cathode and
anode. The square shape of the reactor and lack of any mixing mechanism contributed to this.
Additionally, the microbial growth within the influent tubing was preventing a constant
concentration of COD to the anode and steady-state conditions. While microbial growth in the
tubing was also observed in the Bench-Scale MFCs, the larger tubing diameter used for the DBMFC provided more surface area for microorganisms to grow. Whenever the tubing was
removed for cleaning, microcosms could be observed inside using the naked eye.
When operating an MFC biocathode for nitrogen removal, optimization of the bioanode
is necessary for a successful system. For on-site wastewater treatment, especially in the context
of the developing world, attempting to optimize two separate microbial communities that rely on
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each other would prove to be difficult. Systems designed for this context should have minimal
operation and maintenance (O&M), low footprint, and consistent performance. While MFCs can
provide a low footprint and consistent performance, the O&M required does not make sense for
the context of the developing world. Electrochemically assisting the biocathode, as was done
with DB-SC, can help to reduce the O&M required for BESs with multiple chambers.
The trials conducted on the seed vials, prior to seeding DB-SC, were to calculate a rough
estimate on the quantity of electrons needed to denitrify the incoming nitrate in DB-SC. For the
seed used in DB-SC, a mass ratio of 24 mg/mg sulfur to nitrogen was calculated as the needed
quantity of electrons for complete denitrification in DB-SC. By contrast, the theoretical 4 mg/mg
calculated was 6 times smaller than what was empirically determined. Comparing both TN and
nitrate removal over the 18-day period for both the vial and seed test showed that the rate of
removal was similar to R3 on the bench-scale. Additionally, no change was observed in the rate
of denitrification when switching between the glass vial and plastic reactor. This indicated that
oxygen permeation through the plastic was negligible and could be ignored.
For DB-SC, steady-state partial denitrification was observed in the biocathode, but not
the control biocathode. The biofilm was possibly limited by the lack of hydronium supply or the
small HRT. Data was collected until the influent and effluent were unchanged for a period of 10
days. At that point steady-state operation was assumed and the experiment halted.
The control reactor was identical to DB-SC in every aspect but had no microorganisms
colonizing the electrodes. The TN removed in both DB-SC and the control was nearly identical
and may have been caused by free ions adhering to the electrodes. The microorganisms in DBSC performed the necessary reactions to denitrify the incoming nitrate, but three possibilities
exist as to why the nitrate is not being fully removed: 1) the specified HRT of 1 day is too short
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for the microorganisms to accomplish complete denitrification; 2) The lack of any input of
hydronium protons to the cathode is preventing the nitrate from being transformed to ammonium
or similar products; 3) the microorganisms are receiving excess potential at the cathode
inhibiting complete denitrification. Only around 6% of TN, much lower than what ISO 30500
requires is removed.
It was observed that post-experimentation, the volume of the reactor was not taken into
consideration when applying the voltage. The applied voltage should have been multiplied by a
factor of 2.9 to account for the volume. The current flowing through the system, when
accounting for the volume, should have been 52.6 mA or 312 mA for the theoretical and
empirically determined ratios, respectively. For testing, 36.3 mA would only be able to affect
approximately 17.3 mg/L of nitrate (measured as nitrogen). Taking this into consideration, DBSC was able to partially denitrify 36% of the 17.3 mg/L nitrate to nitrite based on the theoretical
requirement.
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Chapter 6: Conclusions and Future Research
6.1

Overall Conclusions

6.1.1 Bench-scale Biocathode Reactors
From the ammonium tests conducted on the bench-scale, it was observed that the ratio of
ammonium to nitrate played a role in the performance of the biocathode. While the tested ratios
were too high for the microorganisms to effectively remove both ammonium and nitrate, the
analyses from both the baseline and control tests indicate that a lower concentration of
ammonium in the biocathode is more ideal for denitrification. Originally, the goal of testing
different ratios of ammonium and nitrate was to determine an ideal ratio to enhance operation of
denitrifying biocathodes. If an ideal ratio would have been determined, then operators could add
either ammonium or nitrate to increase the rate of denitrification. The studies indicate that the
ideal ratio of ammonium to nitrate would be too small to be of practical use.
6.1.2 Prototype Denitrifying Biocathodes
The analysis of DB-MFC showed that as the bioanode and biocathode scaled up, the
performance of the system decreased since the CE did not significantly increase. The increase in
size correlated with an increase with internal resistance, which hindered electron transfer to the
cathode. Furthermore, the shape of the reactor discouraged mixing and prevented the system
from having a stable power output. Additionally, managing two separate microcosms with
different inputs and outputs could prove to be more difficult outside of the lab setting. Another
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factor inhibiting consistent removal was due to poor mixing in the cathode and anode. The
square shape of the reactor and lack of any mixing mechanism contributed to this.
DB-SC proved to be partially successful in removing nitrate from the influent.
Considering the current applied, 36% of the influent nitrate was still transformed to nitrite each
day. For reference, Salar-Garcia (2017) developed an MFC designed to treat urine and was
successfully able to remove 26% of the influent COD. The system was constructed on the order
of centimeters and had an HRT of 5.55 hours (Salar-García et al., 2017). DB-SC did not suffer
from the same problems as DB-MFC when scaled up. Nitrogen was still transformed, albeit not
completely, even though the system was 14 times larger than the bench-scale bioreactors and
three times larger than similar systems in the literature. If full denitrification can be changed by
affecting the HRT or the hydronium flux into the biocathode, then it is possible that DB-SC
could be applied for decentralized nitrate removal.
6.2

Future Research

6.2.1 Bench-Scale Biocathodes
Continued research on the bench-scale biocathodes should include observing how nitrate
removal is affected with ammonium to nitrate ratios lower than 0.0103. The baseline and control
studies all had ratios lower than 0.0103 and were able to proceed with denitrification. From the
baseline and control studies an ideal ratio may be somewhere between 0.0103 and close to
0.00327. Testing should continue to determine whether an ideal ratio is possible. If an ideal ratio
is found, then simultaneous treatment of ammonium and nitrate may be possible on a larger-scale
such as in DB-SC
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6.2.2 DB-MFC
For the DB-MFC, the future research included the ammonium testing at the bench-scale
and the design of DB-SC. The anode chamber was repurposed to provide protons with a
chemical solution. The electron donation no longer comes from the oxidation of substrate but
instead from a DC power supply providing a constant potential. These changes were made in an
effort to keep conditions and performance constant. While DB-SC only achieved partial
denitrification, conversion to dinitrogen gas performance was consistent.
6.2.3 DB-SC
Wan et. al., (2009) tested a bio-electrochemical autotrophic denitrification system
assisted with sulfur and a DC power supply, testing currents between 30 and 1000 mA (Wan et
al., 2009). Meaning, both the theoretical and empirically determined currents of 52.6 and 312
mA are within an established range for electrochemically assisted autotrophic denitrification.
Continued tests with DB-SC should involve observing denitrification between 52.6 and 312 mA
of current to account for the volume.
Research for DB-SC should examine how nitrate removal changes with an increase in
HRT and an increase in proton flux. The relatively low HRT tested could be a limiting factor
preventing complete denitrification. Additionally, increasing the HRT will lower the applied
voltage and cathode potential of the system as the applied voltage was calculated using an HRT
of 1 day. The applied voltage and HRT are inversely proportional, increasing one will decrease
the other. If the applied voltage were to decrease the cathode potential would become more
positive and closer to ideal range of cathode potentials of -0.5 SHE and -1.1 SHE for
denitrification (Zhang et al., 2014).
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Use of the second chamber to provide higher proton flux could help increase the rate of
denitrification. The lack of available hydronium protons may be limiting the further reduction of
nitrite to ammonium and similar products. However, testing of higher proton gradients should be
post testing of HRT to ensure whether HRT is the limiting factor. Ranges of pH below 7 should
be tested in the second chamber to observe if any change in nitrate removal rate occurs Proton
fluxes should be calculated at each pH with and without the applied voltage. During testing, the
DC power supply increased proton flux in DB-SC as seen in the influent and effluent of the
second chamber. A low pH may not be necessary for a high proton flux to DB-SC which is why
testing of proton flux should come after testing HRT.
The next phase of testing should examine how DB-SC would operate in a less controlled
environment. Firstly, media should be mixed with municipal water/wastewater to observe how
the biocathode reacts to an influx of the different microcosms that may be present within the
media. Additionally, common household products could be tested in both the biocathode and
second chamber. The inorganic carbon source and acidic solution could be substituted for
products such as baking soda and vinegar to observe the performance of DB-SC at a reduced
operating cost. The baking soda would replace the lab-grade sodium bicarbonate used in the
biocathode media and the acidic vinegar would provide the proton gradient from the second
chamber.
Additionally, multiple DB-SC reactors could be tested in series with the 1-day HRT
tested. Each preceding reactor starting with the first would act as the influent to the next.
Sampling would be taken at all influent and effluent points. Testing would measure which steps
of denitrification, if any, were taking place in each separate reactor. Tests would also help
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determine the number of reactors needed to achieve complete denitrification and plug-flow
characteristics.
If DB-SC is able to fully denitrify the influent nitrate, a more suitable niche application
may be the treatment of shallow groundwater sources. Native nitrate is known to contaminate
shallow groundwater at concentrations up to 30 mg/L (Pastén-Zapata et al., 2014). Groundwater
also contains native carbonate used by the denitrifying bacteria within DB-SC as a carbon source
for biomass assimilation. DB-SC could be operated as a low flow groundwater treatment system
for affected sources. The necessary energy inputs are minimal and could be provided through
renewable sources such as on-site solar power.
If conditions within the reactor do not change or at best all the nitrate is transformed to
nitrite, Annamox might be an applicable use for DB-SC. The BES could act as a pre-treatment
step for a system treating ammonium by providing nitrite to create annamox conditions. For
annamox, nitrite and ammonium can be utilized by specific microorganisms in a shortcut to
dinitrogen gas.
Simultaneous treatment of nitrate, nitrite, and ammonium could be possible within two
steps. This would require a second reactor, or a duplicate of DB-SC. Tests could be conducted to
determine how the reactors would behave in series. Agricultural waste could be the influent of
the first reactor and could transform any nitrate to nitrite and act as the influent for the second
reactor. Ammonium from a different source, such as urine, would also be fed into the second
reactor. Testing would observe whether the two different waste streams could be treated
simultaneously through annamox conditions.
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