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Abstract

In order to develop communities in a sustainable manner it is necessary to think about how
to provide basic and affordable services including sanitation and electricity. Wastewater has
energy embedded in the form biodegradable organic matter, but most of the conventional
systems use external energy to treat the wastewater instead of harvest its energy. Microbial fuel
cells (MFCs) are unique systems that are capable of converting chemical energy of
biodegradable substrates embedded in the waste materials into renewable electricity. Even
though the technology showed great progress, the direct electrical energy output from MFC
reactors is still very low and the electrical interface with microbial activities is not well
understood.

In this work, I investigated the development and deployment of energy management
systems to improve energy harvesting of microbial fuel cells during wastewater treatment. The
specific studies presented in this dissertation consist of the first AC power generation from
microbial fuel cells, the development of harvesting strategies to maximize microbial fuel cell
performance in different conditions, and the understanding of microbial community and
activities under different harvesting conditions. To enable the application of MFC technology for
treating actual wastewaters and providing net electricity output, I also investigated the
integration of AC-powered electrocoagulation with granular biochar to treat hydraulic fracturing

water, and I used the electricity generated by MFCs to directly power electrocoagulation for oily

iii



wastewater treatment, achieving energy positive wastewater treatment for distributed

applications. System scale up and integration will be next steps for technology development.
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CHAPTER 1

INTRODUCTION

1.1 Rational

In order to develop communities in a sustainable manner it is necessary to think about
how to provide basic services including sanitation and electricity. In Brazil, some communities
isolated from urban centers do not have access to those services or have them in precarious
conditions. In the Amazonas state, the isolated communities population live in poverty
conditions, which push them to move to the urban centers looking for better quality of life, which
as a result leading to more poverty in big urban centers, because the population is usually
without higher education and professional qualification that can assure them a job and stable
income'. In the Amazon region, the communities are dispersed over a large area usually along
the rivers, making it very difficult to access due to dense forests and large water bodies. The lack
of resources for construction, as well for operation and maintenance of systems makes it very
expensive to provide basic services such as sanitation and electricity, especially when using
conventional methods.

The conventional methods of electricity generation in these communities is burning fossil
fuels, which contributes to climate change with visible implications on the planet’. Climate
change can be particularly dangerous in developing countries because they often have limited
social safety nets, widespread poverty, fragile health care systems, and weak governmental
institutions, making it harder for them to adapt or respond to climate change’.

In addition, several environmental problems are associated to the lack of or precarious

sanitation, such as: pollution or contamination of water supplying rivers and lakes for instance,



as well as floods among other environmental problems. But, the lack of sanitation also leads to
health risks, mainly to the poor population in underdeveloped countries. Data show that 58% of
deaths caused by diarrhea are due to inadequate sanitation®. The high energy demand for
conventional wastewater treatment plays an important role in the lack of sanitation in
underdeveloped communities, since is already difficult to provide electricity for small houses
with low energy demand. Hence, in order to improve the quality of life in remote places for
developing communities it is necessary to create an integrated sustainable model for sanitation
and electricity.

Wastewater has energy embedded in the form biodegradable organic matter, but most of
the conventional systems use external energy to treat the wastewater instead of harvest its
energy. It is estimated that there is up to 9 times more energy embedded in the wastewater than
the energy used to for treatment. In this context, bioelectrochemical systems (BES) is a unique
process that offers a solution for environmental sustainability by simultaneously performing
pollutant removal and energy production’. These systems are capable of converting chemical
energy of biodegradable substrates, especially those from waste materials, into renewable
electricity (microbial fuel cells- MFC) or hydrogen/chemical products (microbial electrolysis
cells-MEC)°. The key parts of the BES are the anode and cathode that serve as electron acceptor
and donor, respectively, to promote oxidation and reduction reactions in one single system’,

MFC uses indigenous and self-sustaining microorganisms to oxidize organic and
inorganic biodegradable substrates and transfer electrons to the anode electrode, generating
electrical current. The current can be captured directly for electricity. The conversion of
chemical energy to electrical energy in the anode requires the respiration of the insoluble anode,

where a unique group of microbes called electroactive bacteria (EAB) have been used. Such



microorganisms are able to transfer electrons out of their cell membranes to the electrode either
directly through nanowires or cytochromes, or they can use self-produced or external mobile
electron shuttles’. Electrons then flow from the anode to the cathode through an external
electrical connection. Protons that are released from organic matter metabolism combine with the
electrons and oxygen at the cathode to form water® (Figure 1).

Even though great progress has been made on BES reactor architecture, material and
operation optimization® ', the direct electrical energy output from MFC reactors is still very low
and the electrical interface with microbial activities are not well understood'?. Until now, there is
no clear solution to efficiently convert the theoretical potential of microbial fuel cells and
practically utilize its power output in a controlled manner. In addition, almost all the studies have
been focusing on the design of the feasible circuits and the improvement of the energy harvesting
efficiency’> ", but the interactions of the bacteria on the anode and cathode of BESs during

energy harvesting process has not been investigated yet'”.

e’ e’
— Circuit gee=-1
CO,
H,O
Organic
Matter
microorganisms

Figure 1 MFC schematic



1.2 Formal Hypothesis

The following hypotheses were developed and challenged to investigate the electrical
control methods for microbial fuel cells in order to improve wastewater treatment and at the
same time efficiently harvest its energy. In addition, electrical control for electrocoagulation was
investigated in conjunction of MFC energy utilization, so efficient energy management can be

realized to achieve energy positive sanitation practice in remote areas.

Hypothesis 1. In addition to DC power, AC power can be generated from microbial fuel
cells (MFCs) with high efficiency.

Hypothesis I1. Pulse-shaped high frequency energy harvesting can be realized in MFC
systems using power electronics, and such approach can regulate microbial electrochemical
reactions and lead to higher performance as compared to traditional passive approach.

Hypothesis III. Active energy harvesting increases microbial fuel cell (MFC)
performance by creating a selective pressure on microbial community and activity, leading to
microbial community structure change toward higher electron transfer efficiency.

Hypothesis IV. The integration of AC-powered electrocoagulation with granular biochar
reduces energy and electrode passivation while achieving high treatment efficiency of hydraulic

fracturing wastewater.

1.3 Dissertation Guideline

This dissertation has been written in such that each chapter can be read independently while
also addressing the outlined hypotheses. Chapter 2 tested hypothesis I that AC power can be
generated from microbial fuel cells (MFCs) with high efficiency. The results from chapter 2

were published in Journal of Power Sources. Chapter 3 investigated hypothesis Il that high



frequency pulse-shaped power extraction leads to shifts in microbial electron transfer processes
and anode biofilm change, hence different energy harvesting scenarios influence on MFC
electrochemical performance and associated microbial activities. Findings from Chapter 3 were
published in Journal of Power Sources. Chapter 4 covered hypothesis III that active energy
harvesting increases MFC performance by creating a selective pressure on the electroactive
biofilm, which leads to a shift in microbial community structure toward higher efficiency. The
results from Chapter 4 are under review in Water Research. Chapter 5 evaluated hypothesis IV
that integration of AC-powered electrocoagulation with granular biochar reduces energy and
electrode passivation while achieving high treatment efficiency of hydraulic fracturing
wastewater. The results from Chapter 5 were published in Journal of Hazardous Materials.
Future research directions are covered in Chapter 6, where I evaluate the possibility of
integrating electrocoagulation and MFC systems for oily wastewater and domestic treatment

seeking energy neutrality for sanitation in remote areas.



CHAPTER 2

AC POWER GENERATION FROM MICROBIAL FUEL CELLS

2.1 Introduction

The microbial fuel cell (MFC) technology has been intensively researched due to its

unique capability of converting any biodegradable substrates, especially waste materials, into

5,6,16

renewable electricity . MFCs carry good potential to transform traditional energy intensive

wastewater treatment into energy-neutral or even energy-positive processes, but it requires a

9,11,17,18

quantum change in technological advances in scale, cost, and practicality . In addition to

retrofit existing large-scale wastewater treatment, in the near term, MFCs can be an ideal waste
treatment and renewable energy solution for decentralized or remote villages, because it provides
both energy and sanitation infrastructures for these communities.

The technology downside is the low power production at current stage. Despite great
progress made in reactor configuration, material and operation that improved power output from
ImW m™ to about 19W m™, the voltage provided by MFCs is still in the order of mV "°. This is
why energy harvesting using power electronics is crucial to make MFC application relevant. To

date all efforts in MFC energy harvesting have been focusing on direct current (DC) output using

20-22 23-26

DC-DC converters , capacitor charging and discharging and power management

13,27-29

systems . These systems have been developed to boost the voltage to power small

. . 27,28,30,31
electronic devices such as hydrophones or sensors "%

, and a recent study provides a
comprehensive review of the current status and future need of practical energy harvesting from

MFCs ".



While in many cases DC output is sufficient for MFC-powered sensor applications,
alternating current (AC) power generation is needed for community waste treatment and power
solutions, because general household electrical appliances require AC power to operate, and the
electrical grid distributes the electricity in the form of AC. Other renewable energy source such
as Solar also produces DC power, which is then converted to AC power using inverter or DC-AC
converter. The DC-AC converters are commercially sold but require an input voltage of at least
12 V *, far beyond MFC voltage output level.

Though AC power generation from MFCs has not been reported so far, it becomes an
imminent need for larger scale MFC development to meet real-world requirements. In this study,
AC power generation was realized from MFCs through the development of a DC-AC converter
system, and AC power in different frequencies with different MFC input voltages were also
investigated. In addition, the quality of energy and the efficiency of the converter were also
examined. Different frequency and quality investigations are important because unlike DC power,
AC power outputs vary among different regions in the world. For example, Europe adopts an AC

standard of 220-240 volts at 50 Hz, while North America uses 120 volts at 60 Hz.

2.2 Materials and Methods
2.2.1 MFC construction and operation

Single-chamber MFCs were built by one polycarbonate cube-shaped chamber with an empty
volume of 28 mL. A heat-treated graphite brush was used as the anode, and 30% water-proof
carbon cloth (7 cm?, Fuel Cell Earth) was as the air-cathode, which composed of one carbon base
layer, four polytetrafluoroethylene diffusion layers and one catalyst layer (0.5 mg Pt cm™) *.

MFCs were inoculated with anaerobic sludge obtained from the Boulder Water Recourse



Recovery Facility. The growth medium contains (per liter) 1.0 g CH3;COONa, 0.31 g NH4CI,
0.13 g KCl, 3.32 g NaH,P0,4.2H,0, 10.32 g Na,HPO,4.12H,0, 12.5 mL mineral solution, and 5
mL vitamin solution **. Fresh medium was refilled every 24 h. All MFCs were run in duplicate

in batch mode at room temperature.

2.2.2 DC to AC circuit design and control

The custom-designed DC-AC converter is able to transform MFC DC power output to
AC output (Figure 2). The DC-AC converter consists of MFCs (MFC1 and MFC2) as the DC
power sources, capacitors (Cl1 and C2, 1000 pF) as the intermediate energy storage, and
MOSFETs (M1 and M2, NTD4906N) as switches. The switches M1 and M2 were alternately
controlled ON/OFF in order to create positive and negative parts of the AC outputs. The control
signals to switch ON/OFF were programmed by an Arduino microcontroller (Uno, R2) which
was connected to a laptop. A binary value of 1 (5 V) assigned by the Arduino turns on the
MOSFET while a binary value of 0 (0V) turns off the MOSFET. Since the control signal is a

pulse with a period (T) that is equal to the sum of Ty and Tygr, and the period of a signal is the

inverse of the frequency (f) or T = 1 , it can be derived that Tpy = Topr = 1/, .. The DC-AC
f 2f

converter was tested in different conditions, including three different frequencies (1 Hz, 10Hz

and 60 Hz), absence or presence of energy storage layers (capacitors), and powered by 2 MFCs



or 4 MFCs paired in series. Serial MFC connection provides higher voltages and more power for

the DC-AC converter.
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Figure 2 (A) Circuit diagram of the DC-AC converter system for MFCs; (B) equivalent circuit
diagram when MOSFET M1 is ON and MOSFET M2 is OFF to output the positive part of AC;
(C) equivalent circuit diagram when MOSFET M1 is OFF and MOSFET M2 is ON to output the
negative part of AC.

2.2.3 Analyses
The control signals for M1 and M2, the voltages and electrode potentials of the MFCs,

the output voltage of the DC-AC converter, and the current in the circuit were all measured using
an Oscilloscope (Agilent Technologies, DS01024A). MFC polarization curves were measured by

varying external resistors from open circuit to 50 Q using a resistor box.



To evaluate the efficiency of the DC-AC converter, a 100 kQ resistor was used as the
output load to close the circuit but simulate open circuit condition. The efficiency of the DC-AC

converter was calculated by Equation (1):

2
p = Loutput L 100% (1)

Routput VmFcIMFc

where Voytpye 18 the root mean square (RMS) value of the AC output voltage that represents the
usable voltage in AC; R,y¢pyc 18 the output resistor which equals 100 k€Q; Vyypc and Iyp¢ are the

voltage and current from the MFC, respectively, and Iyr¢ is the same as the current passing
through the output resistor (100 kQ) (Figure 2B and 2C). Since the output voltage is a square

. . . 35
wave, its RMS value is the same as the maximum value .

2.3. Results and discussion
2.3.1 Operation of the DC-AC Converter under Different Frequencies

The DC-AC converter was operated by an Arduino microcontroller, which generates
control signals to turn ON or OFF the MOSFETs at desired frequencies (1 Hz, 10 Hz, or 60 Hz
in this study). Figure 2A shows the schematic diagram of the DC-AC converter. When M1 is ON
and M2 is OFF, the DC voltage from MFC1 passes through while the DC voltage from MFC2 is
cut off, so the MFC1 DC voltage is mirrored as the positive part of the AC voltage (Figure 2B);
In contrast, when M1 is OFF and M2 is on, DC voltage in opposite direction is generated from
M2 through the converter, which is mirrored as the negative part of the AC voltage (Figure 2C).
As a result, the output voltages of the DC-AC converter continuously alternate between positive

and negative voltages in periodic cycles, that is, AC voltages.

10



To test the feasibility of applying different frequencies, control signals for each MOSFET
(M1 and M2) were operated at frequencies of 1 Hz, 10 Hz and 60 Hz (Figure 3). The frequency
of 60 Hz (Figure 3C) is the primary goal because most electric loads are operated at 60 Hz AC.
The frequencies of 1 Hz (Figure 3A) and 10 Hz (Figure 3B) were chosen to demonstrate that the

DC-AC converter can work at various frequencies under different MFC performance. All the
control signals are periodic square waves with a period of T = 1/ 2 where half of the period

(Tpn) has a binary value of 1 (5V) and the other half of the period (Tyrr) has a binary value of 0

(0OV). Since the period of the control signal depends on the frequency, the period decreased from

1 Hz to 60 Hz, as shown in Figure 3A-C.
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Figure 3 Control signals at 1Hz (A), 10Hz (B) and 60Hz (C). The blue curve is the control signal
for MOSFET M1 and the magenta curve is the control signal for MOSFET M2.

2.3.2 AC Power Output without Using Energy Storage Layer (Capacitors)

Most MFC harvesting systems use energy storages, such as capacitors, due to the low

direct energy output from MFCs. For this experiment, the energy storage layer was avoided in

12



order to simplify the circuit and investigate if MFCs can power DC-AC converter directly and
effectively (Figure 4). Two MFCs or four MFCs (2 groups of 2 MFCs in series) were used as the
direct DC power inputs. Without using capacitors as the energy storage layer, DC power from
MFCs was successfully transformed to AC power. The AC voltage outputs kept square-shaped
waves at 1 Hz and 10 Hz and only slightly deformed at 60 Hz. The input DC voltages and the
output AC voltages both dropped gradually with increasing the frequency from 1 Hz to 60 Hz,
but the output AC voltages were always comparable to the input DC voltages. When the DC-AC
converter was powered by two MFCs, the positive AC outputs decreased along with the increase
of frequency. For example, the AC outputs decreased from 720 mV (1 Hz) to 680 mV (10 Hz)
and then to 480 mV (60 Hz), and the absolute values of the negative AC outputs decreased from
600 mV (1 Hz) to 560 mV (10 Hz) and then to 400 mV (60 Hz). Similar trend was observed
under 4-MFC conditions, with the positive AC outputs decreased from 1480 mV (1 Hz) to 1280
mV (10 Hz) and 1000 mV (60 Hz), and the absolute values of the negative AC outputs decreased
from 1320 mV (1 Hz) to 1160 mV (10 Hz) and 880 mV (60 Hz).

The slope of the linear section on the polarization curve has been widely used to
determine the internal resistance of the direct output of an MFC >°. Similar concepts can be
adopted in AC condition. Figure 5 shows that the polarization curves under different frequencies
can be considered as parallel lines without significant slope changes, which means that the
internal resistances of MFC1 and MFC2 kept consistent when energy-harvesting frequencies
changed. The internal resistances of MFC1 and MFC2 were estimated as 41.7 £1Q and 48 +£2Q

at the three frequencies, respectively.
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Figure 4 Input and output voltages without using energy storage layer (capacitors) in the circuit.
The DC-AC converter was powered by two MFCs at 1Hz (A), 10Hz (B) and 60 Hz (C) or four
MFCs (2 groups of 2 MFCs in series) at 1Hz (D), 10Hz (E) and 60 Hz (F). Blue waves: MFCI;
magenta waves: MFC2; green waves: AC output.
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Figure 5 Polarization curves of MFC1 and MFC2 without capacitors in the circuit
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MFC anode and cathode potentials were measured to investigate the influence of
frequencies on the MFC voltage. When the frequency increased from 1 Hz to 10 Hz then to 60
Hz, anode potentials were comparable while cathode potentials significantly dropped. The open
circuit cathode potentials of MFC1 and MFC2 decreased from 232 mV to 88 mV and from 216
mV to 48 mV, respectively, while the open circuit anode potentials remained at 464+20 mV for
all the three frequencies (Figure 6). The comparable anode potentials among different

frequencies suggested that enough electrons were available for current generation because of the

15



capacitive properties of the anodic biofilm *’*

. The decrease of cathode potentials is
hypothesized due to local pH increase, which were reported by previous studies that OH
accumulation on the Pt-based air cathode can cause a potential loss up to 0.3V *°. During higher
frequency energy-harvesting, the transport of OH™ to the bulk electrolyte is slower than lower
frequencies because of the smaller Ty and Tygp, which may cause potential drop due to limited
mass transfer. No pH change was observed in bulk solution due to the use of buffer solution, but

more studies are needed to further investigate the cathode potential drops at different energy-

harvesting frequencies with local pH measurements on the electrode surface.
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Figure 6 Electrode potential changes of MFC1 (A) and MFC2 (B) at frequencies of 1Hz, 10Hz
and 60Hz without using capacitors in the circuit.

2.3.3 AC Power Output with Energy Storage Layer (Capacitors)

To compare with the results without using energy storage layer, in following studies we
added capacitors in the circuit as temporary energy storage to transform DC power from MFCs

to AC power outputs from the converter. Similar MFC connections were used (2 MFCs or 4
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MFCs in 2x2 serial connection), but the results in terms of shape and magnitude are very
different between the two scenarios with or without capacitors (Figure 4 vs. Figure 7). Compared
with regular shaped AC square waves when no capacitors were used, the input and output waves
were distorted at even 1 Hz when capacitors were present and the waves became even
indistinguishable at 60 Hz. In addition, the input DC voltages and output AC voltages dropped
significantly with capacitors in the circuit from 1 Hz to 60 Hz. The positive AC outputs
decreased from 680 mV (1 Hz) to 120 mV (60 Hz) when powered by 2 MFCs and from 1160
mV (1 Hz) to -40 mV (60 Hz) when powered by 4 MFCs. The absolute values of the negative
AC outputs decreased from 600 mV (1 Hz) to 40 mV (60 Hz) when powered by 2 MFCs and
from 1040 mV (1 Hz) to 160 mV (60 Hz) when powered by 4 MFCs.

When comparing the output AC voltages at the same frequency, we found that the AC
outputs were much lower when capacitors were used, especially under the conditions of higher
frequencies. At 1 Hz, the output voltage decreased only 40 mV (from 720 mV to 680 mV) when
the DC-AC converter was powered by 2 MFCs (Figure 4A vs. 7A), and a higher drop was
observed (320 mV) when 4 MFCs were used (Figure 4D vs. 7D). At 10 Hz, such drops increased
to 320 mV (2 MFCs) and 1000 mV (4 MFCs), respectively (Figure 4B vs. 7B, Figure 4E vs. 7E).
Similarly, even bigger drops were observed under 60 Hz, with 360 mV and 1400 mV dropped
under the 2-MFC or 4-MFC condition, respectively. (Figure 4C vs. 7C, Figure 4F vs. 7F).

The big drop of output AC voltage when capacitors were added was believed due to the
impedance of capacitors at different frequencies. The impedance of a capacitor (Xc) changes

according to the frequency (f, Hz) and its capacitance (C, F), with the relationship expressed as

40

Xc=—— 2)
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When the frequency increases from 1 Hz to 10 Hz and 60 Hz, the impedance of the
capacitor decreases from Xc;p, = 160 Q to Xcqoy, = 16 L), and then to Xcgoy, = 2.6 (0, based
on Equation 2. The capacitor works as a low-pass filter as it cuts the voltage components for the
higher frequencies and let only the voltage components of the low frequency pass through *°. The
low-pass filter is a voltage divider between the resistance of the circuit and the impedance of the
capacitor. Therefore, the voltage across the capacitor, which is mirrored to the output voltage,
drops along the decreasing impedance and increasing frequencies. To avoid this performance
drop, the capacitor should be determined according to the desired frequency. For instance, if the
desired frequency is 60 Hz, a capacitor with a smaller capacitance of around 20 pF should be
chosen to create a greater impedance of around 160 Q. This study chose a capacitor of 1000 puF,
which is more compatible with 1 Hz, and that’s why less drop was found under 1 Hz while large

drop was found under 60 Hz.
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Figure 7 Input and output voltages when using energy storage layer (capacitors) in the circuit.
The DC-AC converter was powered by two MFCs at 1Hz (A), 10Hz (B) and 60 Hz (C) or four
MFCs (2 groups of 2 MFCs) in series at 1Hz (D), 10Hz (E) and 60 Hz (F). Blue waves: MFCl;
magenta waves: MFC2; green waves: AC output.
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2.3.4 AC Power Quality from MFCs

In conventional AC electric energy systems, the voltage generated is a sine wave form
with a frequency of 60 Hz (U.S.). During the transformation from renewable DC power to AC
power, like those from solar panels or MFCs in this study, the power quality, expressed as total
harmonic distortion (THD) at 60 Hz, depends on how the AC voltage generated via the DC-AC
converter differs from the conventional 60 Hz sine wave voltages. In other words, the power
quality is related to the quantity of harmonics in the AC voltage generated via the DC-AC
converter. A harmonic is a sinusoidal waveform with a frequency that is an integral multiple of
the fundamental frequency of 60 Hz *'. The THD measures the quantity of harmonics of a wave
by using Fourier analysis, via which any periodic waveforms can be described as an infinite sum
of sine waves in different frequencies (Supporting Information for more details). Since the output
voltage from the DC-AC converter is a periodic waveform with period 7, thus it can be described

35
as

V(t) = — [ V(@dr + Zht[ay cos(hwt) + bysin (hwt)] 3)
where 4 is the harmonic order, w is the fundamental frequency that is equal to 27T/ 1 and a;, and
by, are given by
a, = %fOT V(1) cos(hwt)dt 4)
2 (T in(hot)d
b, = ;fo V(1) sin(hwt)dr (5)

The harmonic order is the multiple of the fundamental frequency, for instance, the second
harmonic for a fundamental frequency of 60 Hz is at the frequency of 120 Hz.

The Fast Fourier Transform (FFT) is an algorithm that represents the Fourier analysis in
the frequency domain, which can easily provide the voltage in each harmonic. The THD is

35
measured by
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THD = v 100% (6)

1

where V; is the voltage in the fundamental frequency, V> is the voltage in the second harmonic,
V3 is the voltage in the third harmonic and so on.

The FFT of the output voltages were measured when the DC-AC converter was powered
by 2MFCs (Figure 8A) or 4 MFCs (Figure 8B) at 60 Hz, which is the standard frequency of AC
in the electric power grid in the U.S. When the DC-AC converter was powered by 2 MFCs, the
most relevant harmonic was the third harmonic, where the frequency (180 Hz) was three times as
the fundamental frequency. The corresponding THD of the output voltage was around 30%.
When 4 MFCs were used, the most relevant harmonics were the second (120 Hz) and third
harmonic (180 Hz), with a relevant THD around 30% as well. The THD standard for grid-tied
systems is 8% **, but for stand-alone renewable systems the square-wave DC-AC converter with

a THD of 30%, like the one developed here, can be used to power linear loads safely *°.
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Figure 8 Output voltages and the Fast Fourier Transform (FFT) of the output voltages at 60Hz
when the DC-AC converter was powered by two MFCs (A) and four MFCs (2 groups of 2 MFCs
in series) (B).
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2.3.5 The efficiency of the DC-AC converter

The efficiency of the DC-AC converter was calculated without using the capacitors in the
circuit (Figure 9). The custom-designed DC-AC converter was very efficient with the
efficiencies reached almost 100% in repeated tests. The efficiencies of the DC-AC converter
among various frequencies (I Hz, 10 Hz, and 60 Hz) were around 97+3%, with the limited
energy losses mainly due to the MOSFET conduction loss and the switching loss. When the
frequencies increased from 1 Hz to 60 Hz, the efficiencies decreased because more energy was
lost on the MOSFET switches at the high switching frequency, but the energy loss was still small.
When the DC-AC converter was powered by 4 MFCs instead of 2 MFCs, the average
efficiencies were slightly higher (99+1%) due to higher voltage and more power provided. This
result encourages the potential that if enough MFCs connected in series to provide a DC voltage
of 110 V, the energy loss can be manageable. Since the microcontroller was not the focus in this
study, the overall efficiency of the circuit including the extra power for Arduino was not

investigated.
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Figure 9 Efficiency of the DC-AC converter powered by two or four MFCs (2 groups of 2
MFCs in series) at 1 Hz, 10 Hz and 60 Hz.

2.3.6 Discussion

This study proves that AC power can be efficiently generated from microbial fuel cells,
and different frequencies can be varied depending on the needs of electronic loads. The first DC-
AC converter for MFCs has efficiency above 95%, which can assist the development of MFC
systems for power and sanitation solutions for decentralized communities. Although the low
voltage provided directly from MFCs is not enough to power an electric load, this study shows
that MFC stacks may be able to do so without significant energy loss. In addition, transformers
can be coupled at the output of the DC-AC converter to boost the voltage to a usable level.

However, many challenges remain before large-scale systems can be developed to power
electric loads, such as potential voltage reversal in MFC stacks and more efficiency energy
harvesting from MFC reactors. Maximum power point tracking (MPPT) algorithms and many

14,15,43-46

other approaches are being investigated to solve these problems . In addition, the voltage

output in this studied DC-AC converter topology is based on a mirror control of the input voltage
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provided by the MFC. By using a different control scheme like modified sine-wave Pulse Width
Modulation (PWM), the quality of energy output can be even higher. Also, because MFC DC
voltage output can vary constantly due to the change of environmental conditions, a closed loop

control in the converter may be applied to improve the output voltage stability.

The information presented in this chapter has been published in a scientific journal; Lobo, F. L.,
Wang, H., Forrestal, C. Ren, Z. J. “AC power generation from microbial fuel cells” Journal of

Power Sources, 2015, 297, 252-259.
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CHAPTER 3

ENERGY HARVESTING INFLUENCES ELECTROCHEMICAL PERFORMANCE OF
MICROBIAL FUEL CELLS

3.1 Introduction

Microbial fuel cells (MFCs) employ electroactive bacteria to produce direct electrical current

from biodegradable substrates and demonstrate great potentials for energy-positive wastewater

10,47-50

treatment, remote sensing, and environmental remediation . Despite great advancements

on reactor configurations, materials, and operations, the power density of a single MFC reactor
still ranges between mW m™ and W m™, which is not enough for real-world applications '
Higher power may be obtained by connecting multiple MFCs in series or parallel, but the

operation is challenging and performance is unstable due to voltage reversal and other problems

. . . . . 13,15,25,37,51
associated with the non-linear nature of biological systems '>*'>*>~7>!,

Maximum power point (MPP) tracking and power management systems (PMS) have been

used for MFC research and development, and reported methods include perturbation and

44,53

observation >, multiunit monolithic system , hysteresis controller, synchronous flyback

13-15,43

converter, and transformer . Many of these methods reported improved power production

especially when using pulsed active energy harvesting approach because they are able to provide
real-time energy tracking and capturing and therefore maximize power output. For example,
Wang et al. reported that hysteresis controller based MPP circuit was able to harvest 76 times

43

more energy than a charge pump and increase Coulombic Efficiency by 21 times ™. New

integrated circuits and chips significantly reduced volume and energy consumption of the
controller and therefore increased energy harvesting efficiency and enabled self-sustaining

44,50

operation . However, MPP may not be the best operating point for all applications. For fuel
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and chemical productions from microbial electrolysis cells or water desalination from microbial
desalination cells, maximum current point (MCP) is generally preferred because higher current
can drive faster chemical production or ion separation (Figure 10). '****> For MFCs used in
wastewater treatment, the primary goal may not be high power output either depending on
operation stages, because for efficient organic removal higher current is desired. Therefore, in
reality a balance in operation needs to be considered whether to operate the system at the MPP
for maximum power output or at the MCP for faster substrate oxidation.

To our best knowledge no study has investigated how active harvesting at different regions (high
power, high current, or high voltage) affects MFC electrochemical performance and substrate
conversion efficiency, and very limited information is available on comparing system
performance under active harvesting or traditional resister-based operation. Previous studies
showed that passive loads did impact the anode biofilm thickness and community structure by

influencing the anode potential ***’

, but the electrochemical performance such as power
production could maintain stable once biofilm reached to a level of electron transfer capability.
In contrast, the pulse-shaped power extraction uses power electronic converters with high
frequency therefore could lead to swifts in microbial electron transfer processes and anode
biofilm change '*. In this study, we investigated extensively how different energy harvesting
scenarios including both active harvesting and passive resistor loads affect MFC electrochemical
performance and associated microbial activities. System behavior at three operating points

including high power, high current, and high voltage were analyzed in different harvesting

conditions, and the implications of how harvesting affect MFC operation are discussed.
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3.2 Materials and Methods

3.2.1 MFC construction and operations in 2 stages

Cubic single-chamber MFCs were constructed using polycarbonate, and the empty volume of
the MFC chamber was 28 mL. Each MFC reactor contained a heat-treated graphite brush as the
anode and a carbon cloth air-cathode (7 cm®, Fuel Cell Earth) with manufacturing procedure

. . . . 58.59
described in previous studies

. Diluted brewery wastewater from Avery Brewery (Boulder,
CO) was used as the sole substrate during the experiment, and 50 mM phosphate buffer solution
(PBS, NaH,PO,-2H,0 3.32 g L™'; Na,HPO4-12H,0 10.32 g L™'; NH,C1 0.31 g L'; KC10.13 g L
") was used for the 1:10 dilution ®. The final substrate electrolyte used in the study contained
1,800 mgL'l COD, 938 mgL'l TKN, and 1,860 mgL'1 PO.>. All MECs were run in duplicate in
batch mode at room temperature, and fresh medium was refilled at the end of each batch cycle.
The experiment was divided in two stages. In stage I, all 10 reactors were operated under the
same condition with an external resistance of 1000 Q. This stage lasted for 2 months until similar
performance was obtained which indicate the establishment of a baseline for further research.
Using the power density curves derived from linear sweeping voltammetry (LSV) from each
MEFC reactor at the end of stage I, the key operating points of maximum current points (MCP),
maximum voltage points (MVP) and maximum power points (MPP) were identified for phase II
operation. In phase II, the reactors were divided in 5 groups. Each group has duplicate reactors
and was operated in one of the following scenarios: maximum power with active energy
harvesting (MPP-H), maximum current with active energy harvesting (MCP-H), maximum

power with passive resistor (MPP-R), maximum current with passive resistor (MCP-R), and

maximum voltage with passive resistor (MVP-R) (Figure 10).
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Figure 10 The power density curve obtained in an MFC operated under a 1000 Q external
resistance. This curve shows the typical Stage I operation and was used to determine different
operational points (MPP, MCP, MVP).

For the passive energy harvesting conditions, the operating resistors were determined by dividing
voltage with current at desired points on the power density curve. Specifically, the external
resistors used in MVP-R, MPP-R, and MCP-R scenarios were 2.2 kQ, 150 Q, and 33 Q,
respectively. For active harvesting scenarios, MPP-H and MCP-H circuits were controlled by
operating voltages that were determined during phase I operation (Figure 10).

The energy circuit used in this study was the bg25505 (Texas Instruments Inc.), which is an
integrated energy harvesting Nano-Power management circuit, specifically designed to
efficiently acquire and manage the microwatts (WW) to milliwatts (mW) of power generated from
a variety of high output impedance (Hi-Z) DC sources with a highly efficient, pulse-frequency
modulated (PFM) boost converter/charger. Embedded in the integrated circuit, a programmable
maximum power point tracking (MPPT) keeps sampling the open circuit input voltage every 16

seconds by disabling the boost converter for 256 ms and stores the programmed MPP ratio of the
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open circuit voltage on the external reference capacitor at VREF SAMP. In this study, we
adjusted the programmable MPPT to set VREF-SAMP to be at either Vypp = 300 mV (MPP-H)
or Vyep = 100 mV (MCP-H) showed in Figure 10, and this control was able to maintain a
constant MFC voltage. Since the maximum current would be given at 0 V, the approximation of
Vmcp = 100 mV was used to give highest current controlled possible by the energy harvester
circuit. The energy extracted from each MFC was stored in polymer lithium ion batteries

(840mAh, SparkFun Electronics®).

3.2.2 Analyses

The individual potential of each anode and cathode was measured each batch using Ag/AgCl
reference electrodes (RE-5B, +0.210V versus standard hydrogen electrode, 25 °C). Reactor
voltages were recorded using a data acquisition system (Keithley, OH). Cyclic voltammetry
(CV) was performed before and after batch operations in different stages. The potential range for
CV was determined as -0.7 to 0 V vs. Ag/AgCl according to previous results and the scan rate

-1 61
was 1 mVs

. First derivative CV (DCV) was derived from turnover CV to determine the
changes in each peak value. The main oxidation peak in DCV was fitted to Guassian function to
separate overlapped peaks. LSV tests were performed using the same potentiostat with a scan
rate of 1 mVs™ with either the anode or the cathode as the working electrode depending on
characterization purposes.

Chemical oxygen demand (COD) before and after each batch was measured using the

standard method with a spectrophotometer (DR 3900, Hach Co., Loveland, CO, USA).

Coulombic efficiency was determined using Equation (7), where M = 32 (molecular weight of
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oxygen), F' is faraday constant, b = 4 is the number of electrons exchanged per mole of oxygen,

Van 18 the liquid volume of anode compartment, and 4COD is the change in COD over time 36,62

_ M[jat
CE = FbvgnACOD (7)

3.3 Results e Discussion

3.3.1 Variations of MFC voltage, current, electrode potentials in different conditions

Figure 11A-E summarizes the profiles of MFCs operated in different stages and different
harvesting conditions. Similar profiles were observed across all MFCs in the first 60 days (Stage
I), in which all reactors were operated in the same condition of 1000 Q external resistor. The
reactors showed typical batch cycles of 3.5 days with the maximum MFC voltage of ~430 mV,
the maximum current of ~0.43 mA, the lowest anode potential of -460 mV and the maximum
cathode potential of 180 mV. The maximum power density achieved ranged from 598 mW m™ to

844 mW m™ (average 739 mW m™) among 10 reactors.
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Figure 12 The harvesting circuit controlled MFC voltages for (A) MPP-H and (B) MCP-H.

Starting from day 61, the reactors are divided into 5 groups as aforementioned (MPP-H, MPP-R,
MCP-H, MCP-R, and MVP-R), and different profiles in voltage, current, and electrode potentials

are shown in Figure 11A-E. For the reactors operated in the maximum power point, stable
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voltage, current, and anode and cathode potentials were generated under the MPP-H condition
(Figure 11A). This is due to the dynamic control of harvesting voltage around 300 mV by the
energy harvesting circuit through pulse frequency modulation. As shown in Figure 12A, under
the active control, the MFC voltage was regulated to increase until 312 mV and decrease until
256 mV in high frequency. This harvesting approach enables real time feedback of the MFC’s
MPP changes during operation and adjusts harvesting condition accordingly. Since the MFC
voltage was controlled to be constant, the MFC current was the one indicating the MFC batch
cycle, which varied between around 1.3 mA and 0.7 mA. The MPP-H batch cycles were 24
hours each in order to stay in the maximum power area of the power density curve. In contrast,
the outputs from MPP-R varied significantly within each batch, with voltage changed from 20 to
280 mV and current fluctuated from 0.1 mA to 1.8 mA. (Figure 11B). While such fluctuation is
commonly observed in fed-batch MFC studies, it does reduce energy output and system stability
compared with circuit harvesting (Figure 13).

For reactors operated at the maximum current point, similar trends were observed. Figure 11C
shows that the MCP-H circuit controlled MFC voltage to stable at around 100 mV, and stable
anode and cathode potentials were maintained throughout the operation. The MCP-H MFC
current varied between 3.0 mA and 2.0 mA in each 24-hour batch cycle. The difference in redox
potentials between the anode and the cathode (100 mV) was much smaller than the MPP-H (300
mV), which is understandable considering the MFC was operated at the highest current and low
voltage condition. Figure 12B shows the MFC voltage being controlled in high frequency and
varied between 132 mV and 24 mV, indicating a higher ripple than the MPP-H voltage. This is
due to the high difficulty in controlling the low voltage by the nanopower harvester circuit. The

MCP-R reactors started with a maximum voltage of ~30 mV but the performance dropped
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significantly in the following cycles in both reactors. While the anode potentials maintained
normal, the air-cathode potentials dropped significantly, led to reactor failure. Cleaning and
replacing the cathodes resumed current generation but the voltage output still showed high
fluctuation.

The MVP-R reactor was operated at the maximum voltage point (Figure 11E), which
serves as a control reactor because such operation is not desired in practical applications due to
its low current (slow organic removal) and low power output (low energy generation). The
reactor showed stable performance in longer batch cycles (72 hours) due to slow electron transfer.

The maximum voltage obtained was 525 mV and the maximum current was 0.25 mA.
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Figure 13 (A) COD removal, (B) Coulombic Efficiency, and (C) Power Production from
reactors operated in different conditions. Different durations of batch cycles were used and
indicated in the graph to reflect the conversion rate differences among reactors.

3.3.2 Variations in substrate utilization and energy recovery

Figure 13 summarizes the performance of different MFCs in terms of COD removal,
Coulombic efficiency, and power generation. Overall reactors with active harvesting showed
superior performance than those with resistors, but the differences vary depending on the
operation. As a baseline, in stage I the MFCs showed consistent COD removal of 95% + 1%,
protein removal of 90% + 10%, coulombic efficiency of 14% and an average power 108 mW m?,

and each batch cycle lasted for 3.5 days (80 hours).
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Because different harvesting scenarios led to various speeds of substrate conversion to
currents, different durations of batch tests were conducted to characterize the degradation and
energy recovery. The most efficient reactors for the conversion including MPP-H, MCP-H, and
MCP-R were tested in 24-hour batch operation, and MPP-H showed higher COD removal
(90 %), which was 8% and 32% higher than MCP-H and MCP-R, respectively (Figure 13A).
Operated at the high power point, the MPP-H also showed much higher power generation than
the other reactors (Figure 13C). On the other hand, the MCP-H showed higher CE than MPP-H
and MCP-R, which is consistent with the purpose of high current recovery in MCP operation
(Figure 13B). The performance of MCP-R fluctuated significantly as aforementioned, so the data
obtained may not reflect the true potential of those reactors.

In 48-h batch tests, the results from the reactors also supported the hypothesized performance.
For reactors operated at the maximum power points, both MPP-H and MPP-R showed good
COD removal (95 %) (Figure 13A), which was slightly higher than MCP-H. However, because
MPP-H extracted more electrons, it showed higher CE than MPP-R, which also resulted in much
higher power generation (Figure 13B, 13C). For MCP-H, similar as 24-hour batch test, it
recovered much more electrons from COD and therefore achieved the highest CE among the
reactors. While similar COD removals were observed in MPP-H and MCP-H reactors in 24-hour
and 48-hour batches, the CE obtained in 48-hour operation were approximately doubled
compared with the 24-hour batches. Also, compared with the performance obtained in Stage I,
MPP-H operation improved CE by 47-77% (average 62%), MCP-H increased CE by 67-88%
(average 78%), and MPP-R increased CE by 66%. The MVP-R also achieved 95 % removal but
it took much longer operation (72-hour cycle), and the CE and power generation was very low

compared with other operations.
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3.3.3 Redox potential shifts in cyclic voltammograms

Turnover cyclic voltammetry was performed in different stages of MFC operation to reveal
the potential changes in microbial electrochemical activities . Figure 14A-E shows the temporal
changes of cyclic voltammograms in each of the operation condition on day 60 (Stage I, all
operated under 1000 Q), day 90 (30 days after shifted to respective harvesting regimes in stage
II), and day 114 (54 days after shifted to respective harvesting regimes in stage II).

All curves in stage I are similar with midpoint potentials at 380 + 20 mV and currents at 3.5
+ 0.5 mA. The peaks mean the highest electron transfer rate. The duplicate reactors showed
similar profiles so only one profile is shown in Figure 13. Figures A1-5 (appendix) show the first
derivative of CVs (DCVs) for all the scenarios, which indicates more clearly the midpoint
potentials. The midpoint potential on the oxidation curve indicates the redox reaction and

electron transfer occurred at the anode at that potential.

When the reactors were switched to different harvesting regimes, the redox reaction profiles
changed very differently. The MPP-H reactors showed the highest power output among all
reactors, and its midpoint potential shifted negatively from -380 mV to -400 mV by day 90 and
further down to -450 mV by day 114. The corresponding peak current almost tripled from
increased 3.5 mA in stage I to 9.8 mA on day 90, and it further increased to 15 mA by day 114.
This trend indicates a clear increase in electron transfer rate which is supported by other results
as well.

Current increase was also observed in MPP-R reactors but to a lesser scale. The peak current
increased from 3.2 mA to 5.5 mA, which was accompanied by the shift of midpoint potential
from -380 mV to -400 mV. Interestingly, the CV profile at day 114 showed the limited current

never reached a plateau, indicating a midpoint potential could not be identified. This has been
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reported before and was hypothesized due to the mix of electroactive cytochromes with different
midpoint potentials involved in electron transfers especially in mixed culture biofilms. Other
studies also suggested if the dominant species is Shewanella, the electron transfer may happen at
the midpoint potential higher than the scan range **. However, it is unlikely that Shewanella was
the dominant species in this study, because even though microbial community was not analyzed,
the same inoculum was used in our recent study and Geobacter spp. was found to be the main

. . . 61
electroactive bacterial species ~ .

For MCP-H, higher anode midpoint oxidation potential was observed, which is consistent
with reference electrode measurement. The current in Stage II was higher than stage I but not
significant as compared with MPP-H. For MCP-R and MVP-R the midpoint potential shifted
negatively at the beginning of stage II (from -400 mV to -450 mV), but it kept stable since after.
However, the current decreased in both cases, indicating slower electron transfer by the biofilm.
For MCP- R the CV did show higher current (8.2 mA) at a similar midpoint potential, because
the resistor was changed from 1000 Q to 33 Q .Similar results were reported in DCVs by
previous studies © when reactors were acclimated with high resistance but switched to lower
resistance. For MVP-R, it was not clear why the initial current increased after the resistor
changed from 1000 Q to 2200 €, but after stabilization the end point current dropped to a similar
point as the one in Stage I. The narrower and more negative midpoint potentials presented in
MVP-R (2200 Q) DCVs were also observed in DVCs in our previous study when using high

external resistors (Figure A5B and A5C). ©

The MPP-H condition showed very high current peaks over a narrow anode potential range (-
500 mV to -400 mV). This is because the anode potential in MPP-H was maintained between -

400 mV and -380 mV by the harvesting circuit. Similarly, MCP-H peak was over broader and
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positive anode potential range (-473 mV to -330 mV) than MPP-H, with the circuit controlling
the anode potential between -220 mV to -340 mV. These voltammogram profiles are very similar
as the CV graphs shown by Commault, et al., °° when they fixed the anode potential at -0.25 V.
The control of MFC voltage via energy harvesting generates a mechanism to stabilize the redox
potentials closer to the set anode potentials and therefore resulted in narrower fluctuation as

compared with the self-regulated resister scenarios.

3.3.4 Active harvesting indeed boosted electron transfer and system performance

Table 1 summarizes the average performance data of different reactors operated in various
harvesting conditions. It is clear that active harvesting approach significantly increased system
output no matter which operational point was desired. For reactors operated at MPP, the MPP-H
showed the highest power of 0.38 mW, which was 81 % higher than MPP-R and up to 375 %
higher than other reactors. This is partially reflected by the lower anode potential obtained at
MPP reactors. All reactors showed higher than 94% organic removal as brewery wastewater is a
easily biodegradable substrate, but the removal rates ranged from 24 to 72 hours as shown in
Figure 13. The MCP-H reactor obtained the highest CE of 85 + 10% as hypothesized, because
higher conversion was gained from organics to current. The MCP-R didn’t show higher CE due
to the failure of the cathode. The MPP reactors showed lower CE than MCP due to their different
operational goal, but MPP-H showed higher CE than MPP-R presumably due to the higher
electron transfer rate regulated by the active harvesting circuit. The MVP reactor showed the
lowest CE due to the low current. The CV data also confirm that active harvesting increased the
biofilm electron transfer activities compared with passive resistors when operated at the same

polarization point.
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Table 1 Summary of key results obtained in this study.

. Power Anodg COD
Scenario (mW) Potential removal CE (%)
(mV) (%)
MPP-H 0.38 -390 94+1 60+10
MCP-H 0.19 =277 94+0.5 85 +10
MPP-R 0.21 -429 95+1 4142
MCP-R 0.09 -160 95+3 2745
MVP-R 0.08 -290 95+2 10=+1

This study demonstrates that the active harvesting approach is very effective in maximizing
the performance of MFCs at different operational points. This expands the knowledge from
focusing on MPP operation to broader applications of MFCs such as MCP operation for
accelerated organic removal, chemical production and desalination. More studies are needed to
reveal the potential community structure changes during different operations. Pure culture
studies will also be very helpful to elucidate the exact electron transfer mechanism shifts during
different harvesting scenarios. While active harvesting showed much higher performance in
MFCs, more work on system integration and scale up are needed to realize the potentials for

operating practical scale systems.

The information presented in this chapter has been published in a scientific journal; Lobo, F. L.,
Wang, X., Ren, Z. J. “Energy harvesting influences electrochemical performance of microbial

fuel cells” Journal of Power Sources, 2017, 356, 356-364.
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CHAPTER 4

ACTIVE HARVESTING LEADS TO DISTINCT MICROBIAL COMMUNITY
STRUCTURE IN MICROBIAL ELECTROCHEMICAL CELLS

4.1 Introduction

The economic, environmental and social impacts of fossil fuel exploration, production
and consumption are driving the development of renewable energy alternatives, but to replace
fossil fuels a variety of energy sources are needed to meet different needs. The microbial
electrochemical technology (MET) has been intensively researched in recent years as a clean,
distributed and renewable energy source, because it offers a simple and direct method for
converting the chemical energy of embedded in biomass (such as wastewater and sediments) into

6,67,68
6788 The core

electricity or fuels while at the same time achieving environmental cleanup goals
uniqueness of MET process comes from the electroactive bacteria used in these systems. Such
microbes are capable of catalyzing the conversion of chemical energy that is stored in

8,10,69

biodegradable substrates into direct current via anaerobic respiration of the anode . Despite

recent advancements on materials, reactor configurations and operations, the energy output of
MET systems is still low?”, which is not sufficient for real world applications'*™.

A microbial fuel cell (MFC) is a classic MET reactor, and it directly harvests electrons to
generate electricity from the substrate. An MFC’s power output is directly related to the electron
transfer rate catalyzed by electroactive bacteria on the MFC anode, but very limited information
is available on how energy harvesting influences microbial community structure and

metabolisms. Previous studies showed that proper enrichment of electroactive bacteria improved

MFC current generation, and energy harvesting systems using capacitors, charge pumps, and
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boost converters enabled energy storage and utilization'*. These passive loads showed impacts
on anode biofilm thickness and community structure by influencing the anode potential’®”", but
the electrochemical performance reached to a plateau once biofilm reached to a level of electron
transfer rate. However, because an MFC is a dynamic system that its internal resistance and
power density curve vary constantly with changes of microbial activities and operational
parameters, pulse-shaped harvesting using maximum power point tracking (MPPT) techniques
showed much higher efficacy by tracking the MPP and maintaining energy harvesting at the peak
level in real-time******. Compared with traditional circuits that passively receiving electrons
from the reactor, such process actively extracts energy from the MFC at any operating point,
especially at the peak power point to maximize energy production and therefore extracts higher
energy by an order magnitude'>%,

More importantly, though no study has proved it, such dynamic energy harvesting approach is
hypothesized to dramatically shape microbial ecology and metabolisms, because it creates a
selective pressure on the microbial community to regulate respiratory pathways for more
efficient electron transfer and ATP synthesis. The microbial electrogenic activities and
metabolisms may be significantly changed, as bacteria shift to more efficient extracellular
electron transfer pathways to accommodate the higher demand of electrons®. Mixed culture
community structure may evolve that those microbes with the most efficient extracellular
electron transfer mechanisms become dominant, and more efficient microbial consortiums

%72 15 the meantime, the feedbacks of

maybe formed for more efficient respiration of substrates
external energy harvesting on biocatalysts activity needs to be characterized and a balanced

approach needs to be conducted to maintain a stable reactor performance and sustainable power

production.
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In this study, we characterized for the first time how MFC electrochemical performance
was changed and microbial community structure was shifted under different energy harvesting
scenarios, even though the same substrate and microbial inoculum were used. Both active
harvesting and passive resistor loads were used to provide high power or high current conditions,
and comprehensive analysis on microbial ecology was performed to reveal the unique
distribution of microbial communities under active harvesting conditions compared with

traditional passive approaches.

4.2 Materials and Methods

4.2.1 Reactor construction and operation

Cubic single-chamber MFCs were constructed using polycarbonate, and the empty
volume of each MFC chamber was 28 mL. Each MFC reactor contained a heat-treated graphite
brush as the anode and a carbon cloth air-cathode (7 cm?, Fuel Cell Earth) with manufacturing

. . . . 13.58
procedure described in previous studies ™

. Diluted (1:10) brewery wastewater from a local
brewery (Boulder, CO) was used as the sole substrate during the experiment, and 50 mM
phosphate buffer solution (PBS, NaH,PO4-2H,0 3.32 g/L; Na,HPO4-12H,0 10.32 g/L; NH4Cl
0.31 g/L; KC10.13 g/L) was used to amend the pH®’. The final substrate electrolyte used in the
study contained 1,800 mg/L COD, 938 mgL"' TKN, and 1,860 mgL" PO,". All MFCs were
operated in duplicate in batch mode at room temperature, and fresh medium was refilled at the
end of each batch cycle.

All reactors were operated in the same condition at the beginning till repeatable voltage

profiles were obtained. After that, linear sweeping voltammetry (LSV) with a 1 mV/s scan rate

was performed on each reactor to determine the key operating points of maximum current points
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and maximum power points®’. The reactors were then divided into 4 groups, with each group
containing duplicate reactors operated in 1 of the 4 following scenarios: maximum power with
active energy harvesting (PH), maximum current with active energy harvesting (CH), maximum
power with passive resistor (PR), and maximum current with passive resistor (CR). The
scenarios can be further divided into 2 groups: active, where the MFC was connected to an
energy harvesting circuit being controlled to track maximum power (PH) or current (CH) and the
MFC energy was used to charge a battery, and passive, where resistor with values that would
achieve maximum power (PR) or current (CR) were connected in parallel with the MFC,
dissipating the MFC energy as heat.

For active harvesting scenarios, the circuits were controlled to track maximum power
(PH) or current (CH) by operating voltages that were determined using the LSV results shown in
Figure 15. The LSV results were used to identify the maximum power point and correlate this
point with a voltage, Vypp (maximum power point voltage). Hence, the MFCs running on PH
mode would be controlled to have a constant voltage at Vypp using an integrated energy
harvesting nano-power management circuit with pulse-frequency modulated (PFM) boost

converter/charger (bq25505, Texas Instruments Inc.)"”.
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Figure 15 Power density profiles obtained by linear sweep voltammetry on day 1, 10, 30, 40, 70,
80 and 90 of reactor running at (A) high current using resistor (CR); (B) high current using
energy harvesting circuit (CH); (C) the maximum power using resistor (PR); (D) the maximum
power using energy harvesting circuit (PH).

Since the maximum current would be given at 0 V, an approximation of Vycp (maximum current
point voltage) between 80 mV to 100 mV was used to give the highest possible controlled
current by the circuit, which was 85% of the short circuit current. A programmable maximum
power point tracking (MPPT) unit is embedded in the circuit and keeps sampling the open circuit
input voltage every 16 seconds and calculates Vypp as 50% or 80% of the open circuit voltage.
In this study, because on MFCs, the open circuit voltage takes more than a few seconds to reach

its real value, the programmable MPPT was set using a reference voltage at either Vypp or Vvcp

from LSV results, and this control was able to maintain a constant MFC voltage on the desired
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point of the power density curve. The energy extracted from each MFC was stored in polymer
lithium ion batteries (840mAh, SparkFun Electronics®).

For the passive energy harvesting conditions, the LSV results were used to identify the
maximum power point and correlate this point with a voltage (Vmpp) and current (Iypp), so the
resistor value could be calculated (Rmpp=Vmpp/IMpp). The maximum current point was
determined to be at 85% of the short circuit current to be comparable to CH scenario, and the

resistor value was calculated using the maximum current point voltage (Vmcp) and current (Incp).

4.2.2 Analyses

The individual potential of each anode and cathode was measured at each batch using
Ag/AgCl reference electrodes (RE-5B, +0.210V versus standard hydrogen electrode, 25 °C).
Reactor voltages were recorded using a data acquisition system (Keithley, OH). Cyclic
voltammetry (CV) was performed before and after batch operations in different stages. The
potential range for CV was determined as -0.7 to 0 V vs. Ag/AgCl with a scan rate 1 mV/s based
on previous results®'. First derivative CV (DCV) was derived from turnover CV to determine the
changes in each peak value. The main oxidation peak in DCV was fitted to Guassian function to
separate overlapped peaks. LSV tests were performed using the same potentiostat with a scan
rate of 1 mV/s with either the anode or the cathode as the working electrode, depending on
characterization purposes. Chemical oxygen demand (COD) before and after each batch was
measured using the standard method with a spectrophotometer (DR 3900, Hach Co., Loveland,
CO, USA). Coulombic efficiency (CE) was determined using Equation (7) (Chapter 3), where M

= 32 (molecular weight of oxygen), F is faraday constant, b = 4 is the number of electrons
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exchanged per mole of oxygen, v,, is the liquid volume of anode compartment, and 4COD is the

change in COD over time .

4.2.3 Bacterial Community Structure Analyses

The bacterial community structure was analyzed by using high-throughput 454 GS-FLX
pyrosequencing of the 16S rRNA. Biofilms of the anode and cathode as well as suspension
samples were collected from the reactors after 60 and 90 days of operation. Total genomic DNA
was extracted using a PowerSoil DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA)
according to the manufacturer’s instructions. The pyrosequencing and bioinformatics analysis

were carried out according to previously described methods™"°.

4.3 Results and Discussion

4.3.1 Energy harvesting significantly boosted MFC performance in current and power
production

Figure 15 shows the evolution of power density profiles overtime under 4 different operational
scenarios. Overall the reactors operated under active harvesting (CH and PH) showed much
higher current and power output as compared with those run under passive resistors (CR and PR).
When operated at high current mode, the maximum current density and power density obtained
at CH was 6.95 A/m” (day 40) and 1078 mW/m” (day 40), respectively. These numbers were 23%
and 47% higher than those obtained at CR reactors (Figure 15A, 15B). Similarly, the PH reactors
showed 32% higher maximum current density (7.48 A/m?, day 30) than PR reactors (5.68 A/m?).
Similar maximum power output (947 mW/m® vs 909 mW/m”) was observed in PH and PR

reactors during stable operation, which is understandable as the harvesting circuit controlling PH
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reactors tracks and operates the reactor at MPP in real time, so during stable conditions, similar
MPP were obtained in all reactors. However, because PH was operated constantly under active
MPP control, the overall electrons harvested in PH was much higher than PR (195 Coulombs vs
110 Coulombs), and the PH reactor showed more stable performance as well. (Figure A6-7).
Plus, no real energy was stored in PR or CR reactors as it was dissipated as heat on the resistor,
rather PH and CH reactors stored the electrical energy in rechargeable batteries. Time course
profiles show the reactors took different times to start but almost all reactors reached to the peak
performance at around 30-40 days (Figure A6-7). Performance declined after reaching to the
peak, primarily due to cathode fouling observed in most reactors. This phenomenon was reported
when real wastewater was used in air-cathode MFCs, and periodic physical cathode cleaning was
performed every 30 days’’. Microbial biofilm samples were taken by cutting a few carbon fibers
from anode after 60 days, which also caused reactor performance decline.

Figure 16 compares the average anode potential, maximum current, Coulombic efficiency,
and power outputs for reactors operated in 4 different conditions. While PR and CR showed
similar average anode potential (-164 + 1 mV and -161 £ 9 mV, respectively), reactors under
active energy harvesting showed much lower anode potential, with PH at -423 + 2mV and CH at
-238 £ 13 mV, respectively. These results indicate that active harvesting improved anode biofilm
electron transfer, which in turn decreased anode potential and therefore led to higher power
output (Figure 16A). Reactors operated under active harvesting conditions (CH and PH) showed
higher current output than those operated in external resistors mode, in which energy harvesting
improved current production by 50% (Figure 16B). Similarly, active harvesting mode led to
much higher Coulombic efficiency (CH and PH). The CH reactor obtained the highest

Coulombic efficiency 77 £ 29%, which is followed by PH (52 + 5%), while CR and PR only
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obtained efficiencies ranged from 26-32%. This is exciting as higher current means higher
conversion efficiency from organic substrate to electrical circuit as well as faster wastewater
treatment. In terms of power output, PH stands out by producing a highest power of 0.66 mW,
which is multiple times higher than other operational conditions. This is consistent with previous
findings that when MFC is operated in the maximum power mode by active harvesting, much

higher power was obtained compared with other passive approaches’®.
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Figure 16 (A) Average anode potential, (B) Maximum current output, (C) Coulombic Efficiency
and (D) Power output from CR, CH, PR and PH reactors during their peak performance period.

4.3.2 Electrochemical responses were different under various energy harvesting scenarios

Figure 17 shows the profiles of cyclic voltammetry of the reactors operated under four
scenarios on day 30, 40, 50, 70, 80, and 90. The CH reactors demonstrate the highest current or
electron transfer rate of 12.48 mA, which is nearly double the current obtained in PR reactors

(6.75 mA) (Figure 17B, 17C). This is expected as CH operation is designed to extract more
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electrons to the anode. The reactor midpoint potentials did not shift over the 90-day of operation,
but a current drop was observed after microbial sampling at day 60. Reactor midpoint potentials
in energy harvesting reactors (PH and CH) were similar and low (~ -414 mV vs. Ag/AgCl).
Because a mixed culture of microorganisms was used, the electroactive cytochromes involved in
extracellular electron transfer were mixed and difficult to be identified, but this low midpoint
potential was discussed in previous studies similar as multiple cytochromes OmcZ, OmcS and
OmcB”. The CR reactor showed a midpoint potential of -367 mV, which is close to the potential
of PpcA cytochromes™. In contrast, PR operation led to the highest midpoint potential of -281
mV, which was rather close to the potential of some known electron shuttles like ACQN
quinones (-281 mV) and pycyanine phenazines (-310 mV) *. Again, even though the results
show an interesting trend, it is difficult to directly connect the midpoint potentials and CV
profiles with specific microbial communities and electron transfer pathways as a mixed culture

was used.
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Figure 17 Cyclic voltammetry on day 30, 40, 50, 70, 80, and 90 of reactor running at (A) high
current using resistor (CR); (B) high current using energy harvesting circuit (CH); (C) the
maximum power using resistor (PR); (D) the maximum power using energy harvesting circuit
(PH).

4.3.3 Distinct microbial community structures under different conditions

The most interesting findings in this study involve the distinct microbial community
distribution found in reactors operated under different energy harvesting conditions. Using high-
throughput culture-independent 454 GS-FLX pyrosequencing, different bacterial communities
were identified on the anode, cathode and the in the solution of MFCs. From 48 generated
libraries, a total of 1,785,703 high-quality 16S rRNA gene sequences with an average length of
464 bp were obtained. These sequences were assigned into 619 OTUs. The Good’s Coverage

estimators indicate that the sizes of libraries were sufficient to cover 99.7-99.9% of the bacterial
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communities. Multiple samples were taken in each reactor in different stages of operation (60
days and 90 days). The samples taken from each duplicate reactor on day 60 were marked as
sample 1 and 2, and those taken on day 90 were marked as sample 3 and 4. Therefore for each
operation condition, the samples are marked as CH/PH/CR/PR 1-4.

Very interestingly, distinct clusters of anode bacterial communities were found under
different energy harvesting conditions by Weighted Fast UniFrac Principal Coordinates Analysis
(PCoA) (Figure 18A). The anode biofilm samples are distributed into four distinct and separated
clusters based on each harvesting scenario as shown in Figure 17A. The bacterial community
structure associated with CH (green) is very distant from the communities in other scenarios.
This is related to the results that CH operation showed the far highest current production and
Coulombic efficiency. PH (blue) and CR (red) are close to each other, and they also showed
comparable current outputs (2.7 £ 0.7 mA and 2.4 + 0.1 mA, respectively) (Figure 15B).
However, both scenarios showed great difference in the anode potential, which have been
reported before as criteria to select bacteria in microbial fuel cells®'. The community structure
associated with the PR (orange) is dispersed and distant from other scenarios, and
correspondingly the PR reactors had the lowest current production and Coulombic efficiency.
These findings demonstrate that even using the same substrate and microbial inoculum, the

bacterial community drastically diverged under different energy harvesting operations.
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Figure 18 Weighted Fast UniFrac, Principal Coordinates Analysis (PCoA) of the bacterial
communities in MFC reactors on (A) the anode biofilm samples (B) the cathode biofilm samples,
and (C) solution samples on the basis of phylogenetic lineages. The characters of “1” and “2” in
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duplicate samples collected on day 90.
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In contrast, less clear distribution is found in cathode and solution communities. Four clusters
could be identified based on each harvesting scenario a) CH1 and CH2; b) PH1 and PH2; ¢) CR1
and CR2; and d) PR3 and PR4, but because the cathodes were periodically cleaned to reduce air-
cathode fouling, the community was significantly affected by these manual operations. The
microbial community in solution samples are all mixed together without an identifiable trend
(Fig. 17C). This is expected as fermentative bacteria dominated in all reactors with a presumable
role of breaking down sugars into carboxylic acids and other fermentation products.

Nine bacterial phyla were observed from twelve libraries (Figure 19A). The most dominant
sequences on the anode belonged to Bacteroidetes (28-42%), Firmicutes (13-37%) and
Proteobacteria (13-54%). The cathode samples mainly consisted of Bacteroidetes (22-37%) and
Proteobacteria (39-73%). The solution samples contained relative abundance of 27-33% in
Bacteroidetes and 41-51% in Proteobacteria. This microbial distribution is similar as previous

MFC studies in treating brewery wastewater °>%

. Other minor bacterial phyla include
Actinobacteria, Elusimicrobia, Euryarchaeota, and Synergistetes. Compared with other
scenarios, the best performing CH reactors in terms of electrochemical activities showed higher
percentage of Firmicutes (37%) and lower percentage of Proteobacteria (13%). This is believed
to be related to the fermentative substrate used in this study, because the high current generated
in such reactors demanded faster conversion of sugars into commonly desired carboxylic acids

and alcohols by electroactive bacteria ***°,
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Figure 19 Taxonomic classification of bacterial DNA sequences at (A) phylum level and (B) the
most dominant class level distribution (class level less than 10% is classified as other) A-
indicates anode samples, C-indicates cathode samples and S- indicates solution samples.

At the class level (Figure 19B), the sample distribution includes Gamma-Proteobacteria (3-
85%), Alfa-Proteobacteria (3-11%), Beta-Proteobacteria (1-24%), Bacilli (0-14%), Clostridia
(0-13%), Bacteroidia (0-31%) and Flavobacteria (4-18%). On the anode samples, the best
performing scenario (CH) showed a class distribution of 23% Bacteroidia, 15% Flavobacteria,
13% Clostridia and 11% Bacilli, while the worst performing scenario (PR) showed much higher
distribution of Gamma-Proteobacteria (44%), Bacteroidia (21%), and Bacilli (9%). The
scenarios of CR and PH, which presented similar performance in terms of current and efficiency,

also showed similar class distribution which was dominated by Bacteroidia (31%), Gamma-
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Proteobacteria (11-14%), and Clostridia (10-11%). On the cathode, the scenarios CR and PH
were dominated by Gamma-Proteobacteria (66-85%) and Flavobacteria (9-18%), while CH
reactors contained well-distributed community among Gamma-Proteobacteria (15%),
Bacteroidia (19%) and Bacilli (14%). For solution samples, Gamma-Proteobacteria dominated
in the reactors designed for high current scenarios CR and CH (60-75%). This is hypothesized to
relate to the anoxic condition due to faster current flow and is discussed at the genus level shown
in Figure 20.

The genus level characterization further illustrates the differences and diversity of the
functional communities. Figure 20 presents a heat map that shows the relative abundance of
different bacteria genera found in different samples. Bacteroides and Dysgonomonas were found
abundant in all anode samples, which is understandable as it is an important fermenter known for
sugar catabolism with major products of hydrogen and lower fatty acids such as acetate and
succinate®. In addition, for reactors operated under active harvesting scenarios (CH, PH), the
abundance of Lactococcus and Clostridium were also higher on the anode than those operated
using resistors. This is consistent with class level findings and indicates that energy harvesting
circuits posed a selective pressure on the anode community as compared with passive resistors.
Plus, these reactors showed higher maximum current and Coulombic efficiency (Figure 16),
which supports the hypothesis that active harvesting facilitated electron transfer from substrates
to the electrode catalyzed by electroactive bacteria. Because almost all known electroactive
bacteria utilize simple volatile fatty acids or alcohols as their substrates, it is reasonable to
hypothesize the quick consumption of these fermentation products facilitated fermentation
process of brewery wastewater and therefore led to higher abundance of fermentative bacteria in

these reactors.
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Figure 20 Taxonomic classification of bacterial DNA sequences at the genus level. The genera
that are less than 1% of total composition in all libraries were ignored in heat map graph. A-
indicates anode samples, C-indicates cathode samples and S- indicates solution samples.

On the other hand, the harvesting reactors (CH, PH) showed relatively higher abundance of
Desulfovibrio while lower abundance of facultative bacteria Pseudomonas and Acinetobacter
(Figure 20). This correlates with the lower anode potentials of CH and PH reactors observed in
Figure 16 and Figure 17. Desulfovibrio spp. such as Desulfovibrio desulfuricans are anaerobes
that possess several low potential cytochrome ¢ proteins, all of which are membrane-bound and
have been reported involved in direct extracellular electron transfer to the anode **°. One study
even reported that the electron transfer via cytochrome ¢ of D. desulfuricans was more effective
than that of G. sulfurreducens™. In contrast, Pseudomonas are facultative and known of

8,90-92

performing extracellular electron transfer via excreted mediators such as phenazines at
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relatively higher redox potential, which supports well the higher midpoint potentials observed in
PR and CR reactors. The Acinetobacter species are also facultative and have been reported in
MFCs with the involvement in oxidation of organic compounds and electricity generation”. It is
also interesting that Geobacter spp. was not found dominant in any of the reactors, rather it only
showed a relative abundance less than 2% in all samples. Many studies found that Geobacter
was dominant in MFC reactors using non-fermentable substrates®*’, while some studies reported
the absence of Geobacter when using fermentative substrates’. This may be associated with the
lack of Geobacter in the inoculum and the fermentation nature of the substrate used in this study,
but it should not conclude that Geobacter didn’t play a role in these reactors, because the
numerical abundance of microorganism in biofilms cannot be necessarily assumed a priori to

correlate to their capacities of extracellular electron transfer”.

4.3.4 Statistical analysis shows the correlation matrix between electrochemical activities
and microbial community diversity

Table 2 shows a correlation matrix (coefficient and significance level) between the maximum
current, electroactive bacterial activity (anodic current showing on the CV), anode potential,
midpoint potential and anode biodiversity (Shannon index, H’). It can be seen that the
electroactive bacterial activity is positively correlated with the maximum current (P<0.01) but
negatively correlated with midpoint potential (P<0.001). On the other hand, midpoint potential
was negatively correlated to the maximum current and electrochemical activity (P<0.001). In
addition, anode samples diversity H’ index was negatively correlated with midpoint potential of
CV (P < 0.001) but showed no correlation with the anode potential, which is consistent with
previous findings®'. The Shannon diversity index (H') indicates the information of richness and

distribution of each microbial species. Overall, the diversity index shows the anode samples had
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the highest biodiversity (average H’=4.04 for CR, H’=3.71 for CH, H’=3.85 for PR and H’=3.83
for PH) compared with cathode and solution samples. Because raw brewery wastewater was used
as the sole substrate, fermentation was a major reaction during organic degradation, which
contributes to the diversity on the anodes and in the solution (average H’= 3.57 for CR, H’=3.07
for CH, H’=3.68 for PR and H’=3.52 for PH). Cathode samples showed lower diversity with

Acinetobacter the dominate species on most cathodes.

Table 2- Correlation Matrix (Coefficient and Significance Level) between the maximum current,
electroactive bacterial activity, anode potential, midpoint potential and anode sample biodiversity
(Shannon index H’) parameters “

Maximum Electroactive Anode Midpoint Anode
current bacterial potential potential diversity
Activity

Maximum 0.99 -0.07 -0.68 0.04
Current ) 0.006" 0.005" 0.000°¢ 0.145
Electrochemical -0.03 -0.61 -0.07
performance i i 0.004 0.000° 0.010
Anode 0.64 0.09
potential ) ) ) 0.128 0.004”
Midpoint -0.38
potential i i i i 0.000°

“Correlation: Strong (positive, 0.5 to 0.1 or negative, -1.0 to -0.5), Medium (positive, 0.3 to 0.5
or negative, -0.5 to -0.3), Small (positive, 0.1 to 0.3 or negative, -0.3 to -0.1, None (positive, 0.0
to 0.1 or negative, -0.1 to 0). Sample number = 48.” P < 0.01. P < 0.001.

This study reveals that active energy harvesting not only improved MFC performance in terms of
current production and Coulombic efficiency, it greatly shaped the anode microbial community
by creating a selective pressure to facilitate substrate conversation and electron transfer to the

anode. The anaerobic microbial consortia of fermentative bacteria and electroactive bacteria
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were found dominant in best performing reactors with energy harvesting circuit, and the
relatively low abundance of known electroactive bacteria compared with fermentative bacteria in
these reactors suggest that anode electron transfer may not be the rate limiting process, rather the
overall conversion rate involving both fermentation and respiration determines system
performance. This confirms the hypothesis that the cooperation of differential functional bacteria
is a key to convert complex organics in brewery wastewater into electrons on the anode, and
active harvesting helped shape the community distribution. While this study demonstrates the
critical role harvesting plays in improving MFC performance and influence microbial
community, the interactions among different functional species need to be further investigated.
Metagenomic tools and microbial physiology tools will help address some key questions such as
the mechanisms of interspecies electron transfer, the interactions between microbial cells and the
electrodes, as well as levels of gene expressions that are related to the syntrophy among the

different functional groups.
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CHAPTER 5

LOW-ENERGY HYDRAULIC FRACTURING WASTEWATER TREATMENT VIA AC
POWERED ELECTROCOAGULATION WITH BIOCHAR

5.1 Introduction

Produced and flowback waters are the largest byproducts associated with oil and gas
exploration and production. Approximately 21 billion barrels of produced water is generated
each year from about 900,000 wells in the United States alone °°, and more than 90% of the
water is currently deep-well injected. Technologies are being developed and implemented to
treat and reuse this type of wastewater onsite, so the negative effects of seismic activity, traffic
congestion, increased water demands, and potential contamination resulting from underground
injection can be alleviated, and operational cost can be reduced. Electrocoagulation (EC) is
among these technologies that are being used to remove suspended solids especially emulsified
oil particles from water so it can be reused for re-fracking. Compared with traditional chemical
coagulation, EC is more attractive due to the lack of chemical required, less sludge production,

and simpler operation needs °’ '

. However, traditional EC process consumes 0.5 to 6.25
kWh/m® of electricity depending on water conductivity and other factors, and the conversion
from AC to DC at high current condition is expensive '°'. For example, a pilot study showed a 1
m’/h EC reactor required 2.25 kWh/m’ to reduce oil concentration from 478 mg/L to 20 mg/L

from produced water with conductivity of 1000 mS/m '*

. In addition, the current EC process
suffers an electrode passivation problem, leading to short operation time and high cost '°'. Such

challenges are especially difficult when EC is used in produced water treatment, because the

availability of electricity is limited and system maintenance is expensive.
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This study presents a new method of EC operation to significantly reduce energy
consumption and electrode passivation by introducing alternating current (AC) and low-cost
granular biochar. Recent studies compared the energy consumption between DC and AC
powered EC for cadmium, copper, iron, fluoride and arsenate removal '’ and it was found
that AC powered EC used 10-66% less energy. Studies also found that AC delayed cathode

% The addition of adsorptive particles such as granular

passivation and anode deterioration
activated carbon (GAC) can scour the electrode surface to reduce electrode fouling, and the
adsorptive nature will improve the removal of particulate and dissolved contaminants '*''!. The
downside of using GAC is the high material cost, considering the price of GAC ranges from
800-2500 US$/ton. To maximize the energy saving while reducing cost, we integrated the AC-
EC process with granular biochar as adsorptive material. The recently developed biochar is
derived from local waste biomass from agricultural and forestry residues, and its pyrolysis
manufacturing process is much easier than GAC, so the cost is nearly ten times lower than GAC,
in the range of 51 to 381 US$/ton ''*. Biochar has been shown as an effective adsorption media
for heavy metal and organic carbon removal ''>''* but has not been widely used in produced
water treatment. The system efficacy and energy consumption for treating produced water were

compared in DC-EC and AC-EC systems, and the effects of granular biochar were characterized

under different doses at 0 g/L, 0.25 g/L. and 0.5 g/L.

5.2 Materials and Methods

The produced water samples were collected from a hydraulic fracturing site located in the
Denver-Julesburg basin. The characteristics of the water were: pH = 7.6, Turbidity = 400+44

NTU, Total suspended solids (TSS) = 514447 mg/L; COD = 3,631+69 mg/L, Conductivity =
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46.1 mS/cm. The biochar was made using lodgepole pine wood that was thermally converted in
a top-lit up-draft (TLUD) gasifier at a highest heat temperature of 1000 °C at a ramp rate of
17°C/min. Detailed biochar carbonization process was described in previous studies by Huggins,
et al ''">'"°. After carbonization the biochar material was crushed and sieved using a 12x40 sieve
without any chemical modification, and the sample was washed with distilled water and dried in
an oven for 2 hours at 100 °C before use. Based on Brunauer-Emmett-Teller (BET) tests, the
biochar has a surface area of 428.6 cm”/g, a total area of 0.52 m”, and an average pore diameter
of 37.6 A. The cost of biochar was estimated approximately 0.000504 US$/m”based on previous
studies. An electron scanning microscope image of the biochar is presented in the appendix
(Figure A8) '"2.

The electrocoagulation system has a working volume of 200 mL and used two 28.16 cm®
aluminum electrodes that are 3 mm apart. The experiment was carried out in six different
conditions: DC-EC with 0 g/L biochar, DC-EC with 0.25 g/L biochar, DC-EC with 0.5 g/L
biochar, AC-EC with 0 g/L biochar, AC-EC with 0.25 g/L biochar, and AC-EC with 0.5 g/L
biochar, respectively. Biochar adsorption control without current was performed under 0.25 g/L
and 0.5 g/L as well. The experiments were conducted under a fixed voltage of 1.2 V and variable
currents using a 3644A DC power supply 0-18V/0-5A. The frequency used in AC-EC process
was 3.33 mHz with polarity changed every 5 minutes. The duration of the electrocoagulation
operation varied from 30 to 50 minutes in order to achieve 99% turbidity removal, which was the
target for produced water treatment. Water samples were settled for 60 minutes before analyzed
for pH, conductivity, turbidity, TSS and COD. The pH was measured using a pH meter (Thermo
Scientific, Orion™ Star A216); conductivity was measured using a conductivity meter (Hach,

HQ440d); turbidity was measured using a turbidimeter (Hach, 2100N); and TSS and COD were
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measured using a standard photometric and colorimetric method (Hach Company, CO),
respectively. Each experiment was done in triplicate, and no statistical difference was found, so
the results were averaged. The residual Alum concentration was calculated according to the

Faraday’s Law,

_ItM

m=-_ (8)

where [ is the electrical current (A), ¢ is the electrolysis time (s), M is the molecular weight

(g/mol), Z is the number of electrons and F is the faraday constant (96485.3 C/mol).

5.3 Results and Discussion
5.3.1 Produced water treatment performance under different conditions

Figure 21 shows that the electrocoagulation system was able to remove around 99% of
the turbidity and TSS under all six operational conditions (DC or AC powered EC, with or
without biochar). This is consistent with previous findings that EC can be an effective process
for suspended solids removal. However, the addition of biochar significantly reduced the time it
took to achieve a 99% reduction in turbidity and TSS. That is the addition of 0.25 g/L of biochar
required only a 30 minute reaction time, while the same conditions without biochar took 50
minutes. For the EC systems with 0 gram biochar addition, the turbidity removal after 30
minutes was around 85%. The pH and conductivity measured at the end of the experiments in
each condition showed no significant changes compared to the feed water (Figure 22A, 22B). In
the six operational conditions pH ranged from 6.5 (DC-EC with 0.25 g/L biochar) to 7.5 (AC-EC
with 0 g/L biochar) and conductivity ranged from 42.8 mS/cm (DC-EC with 0 g/L biochar) to

45.6 mS/cm (DC-EC with 0.25 g/L biochar and AC-EC with 0 g/L biochar). The average COD
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removal ranged from 5-14% after 30 min (with biochar) and 50 min (without biochar),

respectively.
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Figure 21 Turbidity (A) and TSS (B) removal by the 6 different operational conditions after 30
minutes (with biochar addition) or 50 minutes (without biochar addition). Legends showing
process combination matrix, e.g. DC-EC-0 g/L Biochar means DC-powered EC process with 0
g/L biochar addition.
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Figure 22 Change of solution conductivity (A) and pH (B), as well as COD removal (C) after 30
minutes (with biochar addition) or 50 minutes (without biochar addition). Legends showing
process combination matrix, e.g. DC-EC-0 g/L Biochar means DC-powered EC process with 0
g/L biochar addition.

Due to the long settling time before chemical measurements and limited water volume,
we were not able to obtain time-course data similar to the AC/DC current profile (Figure 24),
instead 99% removal of turbidity or TSS was set as a treatment goal to be consistent with general

industry practice (personal communication). The 30 and 50 minutes reaction times for different
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conditions were examined during pre-testing to determine an approximate timeframe for 99%
turbidity removal. This was done so energy calculations could be performed from a uniform
baseline.

The removals of turbidity and TSS in biochar control without EC reactor are shown in Figure 23.
After 30-miniute adsorption, 5% of turbidity and 3% of TSS were removed when 0.25 g/L
biochar was added. The removal increased to 15% for turbidity and 9% for TSS when biochar
dosage increased to 0.5 g/L. These data show that a higher suspended solids removal was
observed when combining EC and biochar in one system (>99%) compared to the individual
contribution by each process, suggesting a synergy existed in the EC-biochar operation. It is
hypothesized that suspended solids coalesce with biochar into larger and lighter particles due to
the low density and porous structure of biochar. With electrolytic microbubbles rising during the
EC process, faster removal was accomplished for such particles as compared with regular flocs
102

While this study focused on feasibility and energy savings, further studies are needed to

understand these synergistic removal mechanisms.
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Figure 23 Turbidity and TSS removal after 30 minutes in biochar-only reactors with a dose of

0.25 g/L or 0.5 g/L biochar.
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5.3.2 Energy benefits of the AC-EC-Biochar combination
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Figure 24 Time-course current profile in DC-EC reactors (A) and AC-EC reactors (B) with
different doses of biochar addition.

Figure 24 shows the current profiles under different conditions. During DC-EC operation,
when no biochar was used, the average current was 62.1 mA, giving an average current density

of 22 A/m* (Figure 24A). Adding biochar significantly boosted the current during the first 4-5



minutes, but the current then dropped quickly and maintained at a comparable level to the DC-
EC condition without biochar. The average current was 70.9 mA (25.2 A/m?) for 0.25 g/L
biochar, and the current was 60.9 mA (21.5 A/m?) for 0.5 g/L biochar. The current fluctuation at
the beginning is hypothesized to relate to the highly conductive nature of biochar in the solution,
which was facilitated with the electron transfer. When the biochar settled with the flocs, the
current dropped to non-biochar levels, supporting the above hypothesis.

For the AC-EC system without biochar, the average positive current was 14.4 mA (5.12
A/m?), while the average negative current was 26.9 mA (9.6 A/m?) (Figure 24B). The addition of
biochar significantly shifted the current profile to the more positive region. When 0.25 g/L
biochar was added, the average positive current more than doubled to 31.9 mA (11.3 A/m?),
while the negative current decreased to 19 mA (6.7 A/m?). Higher shifts were observed when 0.5
g/L was added, with positive current increased to 46 mA (16.3 A/m”) and negative current
dropped to 6.55 mA (2.3 A/m®). The increase in the current is a result of the decrease of system
resistance based on Ohm’s law R=V/I, because the voltage is at a fixed 1.2 V for all experiments.
As shown in Figure 22, the conductivity of the solution remained stable, which indicates its
inverse, or solution resistance, was stable. Also, since the distance between the two electrodes
was kept the same, the change of electrode resistance due to scarification and passivation is
believed to be the main reason for the current shift.

The energy consumption of all EC systems is shown in Figure 25. It is clear that overall
the AC-powered EC consumed less energy than the DC-powered EC, and the amount of biochar
added positively correlates with energy savings. The energy consumption of the DC-EC systems
were of 0.263 kWh/m® (0 g/L biochar), 0.213 kWh/m® (0.25 g/L biochar), and 0.183 kWh/m’

(0.5 g/L), respectively. The energy consumption of the AC-EC systems were 0.103 kWh/m® (0
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g/L biochar), 0.081 kWh/m’ (0.25 g/L biochar), and 0.079 kWh/m’ (0.5 g/L biochar),
respectively. When comparing with the DC-EC without biochar, the AC-EC reduced energy
consumption by 61% yet achieved a similar turbidity and TSS removal, indicating switching DC
to AC as EC’s power source can lead to significant energy saving. The examination of electrode
surface showed an impermeable oxide film formed on the DC-EC cathode, which requires higher
current to maintain the reaction. The AC-EC system slowed such cathode passivation process
and anode deterioration by inverting the polarity of the electrodes and creating a self-cleaning
mechanism. Previous studies using scanning electron microscope (SEM) showed when AC-EC
was used, the electrode surface presented a smooth microstructure of aluminum, suggesting the
aluminum electrodes were dissolved uniformly during the electrolysis. When DC-EC was used
the electrode surface presented disordered pores formed with dents. '®. It is also known that AC
electric fields can induce dipole-dipole interactions in a system with no spherical charged

particles, therefore disrupting their stability '*°.
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Figure 25 Energy consumption comparison under different conditions.
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A similar energy saving benefit was shown in biochar enhanced EC process for identical
treatment goals. By adding 0.25 g/L biochar, the energy consumption in the DC-EC and AC-EC
was reduced by 19%, and 21%, respectively. This saving further increased to 33% and 23%,
respectively, when 0.5 g/L biochar was added. Overall, for achieving a similar 99% turbidity and
TSS removal, the combination of AC-EC and biochar saved up to 70% of energy (AC-EC plus
0.5 g/L biochar vs. DC-EC without biochar). This translates to an energy consumption of 0.15
kWh/kg TSS, among the lowest energy expenditure in EC studies. Table 1 shows that previous
studies reported 0.83-23.34 kWh of energy was used for every kg TSS removed in different EC
systems, and the AC-EC-Biochar combination showed 35-99% energy reduction compared with

previous studies using EC systems for wastewater treatment.

Table 3. Energy requirement for suspended solids (SS) removal

Reference kWh/kg SS Details
He 23.34 DC EC, artificial wastewater
17 20.62 DC EC, Automotive wastewater
e 18.04 DC EC, egg processing wastewater
1o 4.60 AC EC, superfund site remediation
120 3.91 DC EC, oily bilge water
121 0.83 DC EC, almond industry wastewater
122 0.23 DC EC, tannery wastewater
Our study 0.15 AC EC+biochar, produced water
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5.3.3 Future work is needed for optimization and integration

Despite the excellent energy savings and suspended solids removal capability, the EC
systems used in this study showed limited removal for COD and TDS (Figure 22). While this is
consistent with general findings that EC is not effective for COD or TDS removal, the
combination of EC with other technologies has been reported for more advanced produced water

124
. Membrane

treatment, including softening with EC '*, or EC combined with reverse osmosis
based organic removal and desalination processes have been reported as EC post-treatment
options, but they are energy intensive, consuming 10-600 kWh/m’, depending on the technology
used '*. In this context, new technologies such as microbial capacitive deionization (MCD)
could have a good synergistic relationship with an EC process '>°. This is the result of MCDs
ability to remove COD and TDS, while generating electricity that can be used to power EC
reactor, thus providing a pre-treatment step prior to MCD '*’. Though current MCDs have a low
power output, recent developments in system scale-up and DC-AC converter shows the
feasibility of system integration '**. Other systems such as forward osmosis and membrane

distillation may also be coupled with EC for the complete treatment and reuse of produced water,

and more studies are needed to characterize and optimize these possible system integrations.

The information presented in this chapter has been published in a scientific journal; Lobo, F. L.,
Wang, H., Huggins, T. M., Rosenblum, J., Linden, K. G., Ren, Z. J. “Low-energy hydraulic
wastewater treatment via AC powered electrocoagulation with biochar” Journal of Hazardous

Materials, 2016, 309, 180-184.
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CHAPTER 6

FUTURE RESEARCH

6.1 Energy Harvesting on a Pilot Scale MFC

In order to bring MFC into practical applications, MFC must be scaled up to a certain
extent to treat meaningful amount of wastewater in continuous basis. However, studies revealed
that as the dimension of an individual MFC enlarged, the power density declines due to increase
of volumetric ohmic resistance and inactive reactor volume, leading to low power generation of
scaled-up MFC. Combining multiple small MFC modules to form a larger stack may be a more
feasible and efficient strategy to scale up MFC '*. In addition, several energy harvesting systems
have been developed for MFC applications '>**'**| but most studies show energy harvesting and
power applications for small MFCs (28 mL cubic reactors) > as shown in chapters 2-4. Energy
harvesting on pilot scale MFCs can facilitate practical application of MFC power. In this study, I
investigated the possibility of using MFC generated power to support electrocoagulation process

so oily bilge water generated from Navy ships can be effectively treated.

6.2 Remote Bilge Water Treatment by Electrocoagulation

Bilge water is a complex and corrosive shipboard wastewater produced from machinery
leakage and fresh water wash downs. Bilge water contains lubricating oils, hydrocarbons, fuel,

0 Because of the high oil content in bilge water and its

hydraulic oils, and cleaning agents
harmful effects on sea ecology, the International Maritime Organization (IMO) prohibited the
direct bilge water discharge since 1973 to protect marine environments. To meet the IMO

regulations the bilge water is either treated en route, in an oil separation system before being

discharged to the sea or deposited at reception facilities on land. The treatment is difficult due to
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its mixed content of chemicals in the water *'. Electrocoagulation is a robust and economical
technology that has been popular in oily wastewater treatment over the last decade '**. The high
conductivity of bilge water makes it appropriate electrocoagulation treatment considering the
advantages of low energy consumption and less chemical usage '*>. A small power supply can be
used on a ship in order to power electrocoagulation to treat bilge water on-site. But in this study,
we take advantage of the wastewater generated on the ship by using MFCs to produce electricity,
which can be used directly for powering the electrocoagulation process and therefore facilitating

bilge water treatment.

6.3 Preliminary results on MFC energy harvesting and power supply to electrocoagulation
for bilge water treatment

Initially, four identical two-chamber MFCs were built and assembled together as stacked
system. For each MFC, granular activated carbon and carbon felt were used as electrode in both
anode and cathode, and the two chambers were separated by a cation exchange membrane.
Another two-chamber MFC was built with carbon felt as electrode in both anode and cathode,
and a cation exchange membrane was used to separate the two. The 5 MFCs were hydraulicaly
connected in parallel. The effective liquid volume of anode or cathode is about SL. Figure 26
shows MFCs setup. The MFC ran in batch mode, replacing solution after depletion of substrate
(3-4 days). The solution media contained 1.5 g/L. sodium acetate and S0mM Phosphate Buffer

Solution.
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Figure 26 5SL-MFC setup

An integrated energy harvesting nano-power management circuit with pulse-frequency
modulated (PFM) boost converter/charger (bq25505, Texas Instruments Inc.) was connected in
parallel with each MFC module in order to extract its energy. MFC 1-4 was set to 80% of the
open circuit voltage and MFC 5 was set 50% of the open circuit voltage (closest to maximum
power point voltage), then the energy extracted was stored in a polymer lithium ion battery
(2.7Wh, 850mAh, SparkFun Electronics ®). After charging the battery for one batch cycle, the

battery was connected to buck converter (MCP 1603, evaluation board, Microchip ®), set to 1.2
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V output voltage to power the electrocoagulation system. The electrical connections and

electronics configuration is shown in Figure 27.

BAT

—
—

Figure 27 Electrical connections of integrated MFC-EC system (EH= Energy Harvesting Circuit,
Buck = buck converter, BAT = battery).

During one batch cycle of the 5-L MFC the COD was depleted from 1170 to 27 mg/L
and coulombic efficiency was 47%. Figure 28 A shows the voltage profile of the 5-L MFC.
MFCs 1-4 are the 4 stack module and MFC 5 is the separate module. MFC 5 presents a much
lower voltage and current production than the 4 stacked module. The GAC in anode and cathode
of MFC 1-4 improves power production and helps to sustain it for a longer time due to the
adsorption of COD. Since MFC 5 anode and cathode do not posses this advantage of GAC,
current drops much faster as it can be seen in Figure 28B. Figure 28C shows the voltage and
current profile of the battery. The increase in voltage shows that the battery is being charged,

according with the datasheet, the battery voltage ranges between 2.8V when discharged and 4.2V
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when completely charged. Figure 28D shows the power produced by the 5-L. MFC and the power
delivered to the battery (output power from energy harvesting circuit). The efficiency of the
energy harvesting circuit was 71%, the maximum power produced by 5-L MFC was 0.07W
while the maximum power deliver to the battery was 0.05W. The energy stored in the battery

during one batch cycle was 1.6 Wh, which is 60% of its capacity.
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Figure 28 (A) MFC 1-5 voltage profile, (B) MFC 1-5 current profile, (C) Battery voltage and
current profile, (D) 5-L MFC power (Pmfc), power output from energy harvesting circuits (Pbat)
and energy stored in the battery in one batch cycle.

82



The bilge water samples were provided by The Carderock Division of the Naval Surface
Warfare Center in Maryland. The water had an oil content of 1824 ppm. A working volume of
500 mL was considered for the entire experiments. Six pairs of aluminum plates of thickness 0.4
cm were used as electrodes (both anode and cathode) and were placed vertically in the working
volume. The total electrode effective area was 84 cm”. All the reactor setup was kept above a
magnetic stirrer for giving proper agitation and a constant speed of 300 rpm that was kept during
the whole electrocoagulation process. An aliquot of 5 ml from the middle of the EC cell was
collected using pipette for every 5 min up to 120 min. Then the sample was allowed to settle for
60 min. After settling time the sample was analyzed for oil content using oil in water analyzer
(Model TD-3100, Turner Designs).

The battery was charged by the 5-L MFC then it was used as power supply for the
electrocoagulation system that lasted for 120 min. A buck converter was used to discharge the
battery and control the voltage output at 1.2 V for electrocoagulation. Figure 29A shows the
voltage and current profiles of the battery and the electrocoagulation system (buck converter
output). The decrease of battery voltage shows the battery discharging during the EC treatment
of bilge water. The discharge current was around 70-80 mA for the first hour, and then started to
increase as the battery voltage decrease. Maximum current on EC was 196 mA, which
corresponds to a current density (electrode area) of 23 A/m*, while the voltage was kept constant

at 1.2 V throughout the experiment. The buck converter showed an 80% efficiency.
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Figure 29 (A) Battery and electrocoagulation voltage and current profile, (B) oil content and
energy consumption during bilge water treatment by electrocoagulation.

After the first hour of EC treatment, the bilge water oil content reduced to 214 ppm,
which corresponds to 88% oil removal with an energy requirement of 0.26 Wh. After the second
hour of EC treatment, oil content was reduced to 150 ppm, which correspond to 92% oil removal

with an energy requirement of 0.54 Wh.
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Energy flow Sankey diagram (Figure 30) shows that the energy produced in one batch
cycle by the SL-MFC is more than enough to power EC to remove oil from 500 mL of bilge
water. Achieving 92% oil removal EC requires only 34% of the energy produced by the MFC.
We have energy losses in both DC-DC converters to charge and discharge the battery. Even
though there is an energy loss of 32%, the electronic circuit makes it possible to use the energy
harvested from the MFC for a practical application. The remaining energy can be used to
maintain the 5-L. MFC running with no external energy necessary. Using a SW air pump, oxygen
is bubbled for 30 seconds each day, creating an energy demand of 0.125 Wh per batch cycle.
After the batch cycle there still is 0.848 Wh of remaining energy that can be used in other

controls of the system or to increase the volume of bilge water to be treated.
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Figure 30 Energy Flow (Wh) Sankey Diagram of integrated MFC-EC system.
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Based on the results and analysis, the integration of MFC and EC is considered feasible
for concurrent bilge water and wastewater treatment. This brings a good synergy for shipboard
wastewater treatment, where EC can be used to treat the non-biodegradable oily bilge water
using the energy generated from MFCs, which MFCs can be used to treat the combined black
and gray water and provide electricity for EC and other devices. Even though the energy
production of MFC requires more time and wastewater volume to match EC energy
consumption, electrical control and energy storage can be a key solution to make this system
integration work, because EC doesn’t need to be operated continuously as the bilge water is
generally connected only once a week. The ratio of volumes of domestic wastewater and bilge
water treatment in the preliminary test was 10:1, but since the unused energy showed as ‘other’
in the energy flow Sankey diagram (Figure 30) is enough to power another EC, this ratio can be
changed to 5:1 at least. Further experiments are necessary to evaluate if real domestic wastewater
can achieve similar power production and COD removal similar as sodium acetate with buffer
solution. In addition, EC performance can be improved by AC power supply instead of DC,

. . . . 134
reducing electrode passivation and energy consumption

. Another improvement to the system
can be the use of biochar instead of GAC in the construction of the MFC, being a cheaper and

more sustainable alternative.
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Figure A1 First derivative over the potential of the voltammetric curve of MPP-H (A) 60 days
(stage I), (B), 90 days (30 days of stage II) and 114 days (54 days of stage II).
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Figure A2 First derivative over the potential of the voltammetric curve of MPP-R (A) 60 days
(stage I), (B), 90 days (30 days of stage II) and 114 days (54 days of stage II).
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Figure A3 First derivative over the potential of the voltammetric curve of MCP-EH (A) 60 days
(stage I), (B), 90 days (30 days of stage II) and 114 days (54 days of stage II).
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Figure A4 First derivative over the potential of the voltammetric curve of MCP-R (A) 60 days
(stage I), (B), 90 days (30 days of stage II) and 114 days (54 days of stage II).
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Figure A5 First derivative over the potential of the voltammetric curve of MVP-R (A) 60 days
(stage I), (B), 90 days (30 days of stage II) and 114 days (54 days of stage II).
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Figure A8 — Images of the biochar used in this study.
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