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Abstract

Objectives

The two main wastewaters produced at forward operating bases (FOBs) are graywater, which
contains organic matter at concentrations of 300-500 mg/L based on chemical oxygen demand
(COD), and black water, which has 7,000-10,000 mg COD/L. The purpose of this project was to
investigate methods to treat these wastewaters (individually, or combined) using an energy neutral
or energy positive process, in order to avoid the need to consume fuel for wastewater treatment. A
microbial fuel cell (MFC) was examined here to serve as a net energy-producing technology to
recover electrical energy from the organics in the wastewater. The specific goals of the project
were to: develop novel materials for the electrodes and other components; examine configurations
that could be used to scale up the system; and produce plans for a prototype reactor that could be
installed at a Department of Defense (DoD) facility or a FOB to treat the gray and black
wastewaters.

Technical Approach

Anode electrode materials are needed to be electrically conductive, inexpensive, and have high
surface areas for the exoelectrogenic bacteria. Different designs, numbers, sizes, and orientations
were investigated as a part of this task to understand how these properties influence the
performance of the MFCs (Task 1). The separator is an important component of the MFCs as it is
used to insulate the electrodes and prevent electrode short circuiting, it can mitigate contamination
of the cathode surface, and it reduces oxygen diffusion from the air-cathode into the anode
chamber. A new separator material, poly(vinyl alcohol) (PVA), was tested to see if it could work
well as existing materials, with the PVVA used as either a separate membrane or as a cathode coating
(Task 2). Spacers are needed to prevent the collapse of electrodes due to water pressure, but they
must also allow oxygen in air to reach the cathode surface. Various types of spacers (wired, plastic,
mesh frame) were tested to identify the material and configuration that enabled the highest power
densities. Selected spacers were then used in larger-scale MFC stacks that were operated with
domestic wastewater (Task 3). The cathode can be the most expensive component of the system,
especially if expensive precious metal catalysts such as Pt are used for oxygen reduction, and
expensive binders are used such as Nafion to hold the catalyst. Task 4 was aimed at developing
novel cathode electrode materials that could be effective alternatives to more expensive Pt
catalysts. The wastewater treatment in terms of COD removal by the MFCs which is developed
through this project was evaluated on the basis of achieving 80% COD removal (Task 5). In order
to maximize the efficiencies for power generation and wastewater treatment, MFCs need to be
operated under continuous flow conditions. All of the optimized materials developed in Tasks 1
through 4 were tested under various operational conditions using actual wastewaters under
continuous flow conditions (Task 6). For Task 7, we developed process flow diagrams and
conducted material and energy balances for various treatment scenarios at different FOB scales.
The scenarios included both disposal of treated water and treatment for non-potable reuse. The life
cycle assessment (LCA) focused on conventional metrics (e.g., fossil fuel depletion, climate
change, etc.) as well as potential reduction in casualties, which was of specific interest to the DoD.

Results
The importance of the brush anodes to fully cover the cathode was shown by reducing the number
of brushes (either by disconnecting or removing them) as this reduced power. Performance was



improved by using smaller brushes (0.8 cm) placed close to the cathode with acetate solutions, but
stable performance with wastewater required brushes that were more than a centimeter in diameter,
and so further tests were conducted using brushes 2.5 cm in diameter. PVA separators increased
the coulombic efficiency and produced minimal power losses due to little impact on the internal
resistance. PVA separators prepared using a simple spray-on application method produced more
power in a low conductivity solution, but power was eventually reduced due to PVA degradation.
It was concluded that cloth separators provided the best material properties for use in MFCs.
Several cathode spacers were examined, with the wire spacers producing the best performance as
they minimized blockage of the cathode surface and allowed good air flow to the cathode, resulting
in a reactor design that produced the highest power densities yet obtained in larger reactors using
domestic wastewater. Blending carbon black (CB) into the activated carbon (AC) when making
the cathode was found to be a simple and effective strategy to enhance AC cathode performance
in MFCs. Cathodes made using a phase inversion process with a polyvinylidene fluoride (PVDF)
binder, placed onto a stainless steel mesh current collector, produced a structure that did not require
a separate diffusion layer to prevent water leakage. However, adding an additional hydrophobic
PVDF membrane to the air side of the cathode further improved resistance to water leakage and
did not adversely affect performance. Under continuous flow conditions, MFCs with full brush
anodes (three total) and two cathodes produced more power than MFCs with a half-sized brush
anodes placed closer to a single cathode in tests using domestic wastewater. Slightly higher COD
removals were obtained using the single cathode system due to the slightly lower measured
hydraulic retention times (HRTs) anodes. Experiments with diluted swine wastewater, used to
simulate FOB black water, showed low rates of treatment, and thus it was concluded that black
water should be mixed with gray water for treatment rather than being treated separately in MFCs.

A modular MFC design that had multiple anodes in a module (two modules) (1.4 L, 29 m?/mq)
produced 250+20 mW/m? of maximum power density using domestic wastewater under
continuous flow conditions, with an average COD removal of 57+5% (HRT of 8 h). A larger (6.1
L) MFC stack made in the same scalable configuration (constructed with four alternating anode
and three two-sided cathode modules) produced the total volumetric power density of 4.8 W/m®,
Design plans and drawings were prepared based on these experimental data for a pilot-scale MFC
comprised of 44 removable cathode modules and 45 anode modules, set in a tank measuring 8.1 ft
long by 3.8 ft wide by 3 feet high. Power harvesting from the MFC was based on use of
commercially available off the shelf (COTS) boost converters. The LCA developed for MFCs as
a part of this project was conducted in collaboration with SERDP project ER-2239, and therefore
the LCA results were presented in the report for that project.

Benefits

Transport of water, wastewater, fuel, and treatment chemicals to and from FOBs are major security
risks. MFCs can minimize this risk by treating combined gray water and black water in a near
energy-neutral configuration. Wastewater aeration, which is the primary major energy consumer
for conventional wastewater treatment processes is avoided by using MFCs. While MFCs
eliminate the need for active aeration and produce net energy, an additional process, such as an
anaerobic fluidized membrane bioreactor or biofilters, which are being investigated as a part of the
ESTCP program, must be used to produce water suitable for reuse. The combined effluent can be
of sufficient quality for reuse applications that include vehicle coolants, aircraft washing, pest
control, laundry, centralized hygiene (field showers), personnel decontamination, retrograde cargo
washing, and heat casualty body cooling.
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1. OBJECTIVES

The Department of Defense’s Forward Operating Bases (FOBS) need innovative systems that can
provide energy sustainable wastewater treatment systems. These systems should be capable of on-
site treatment of graywater (including water with low levels of microbial contamination from
laundries, wash racks, and showers) and blackwater (from toilet facilities). The systems should be
scalable in size and able to handle flows from 500 to thousands of personnel. The delivery of fuel
to FOBs places many people at risk for injury or death, and therefore the operation of these systems
that produce energy or are nearly energy neutral will help to protect he welfare of all troops and
personnel involved in operation of FOBs. It is also desirable that these systems treat water to a
level suitable for reuse for some operations, such as use in vehicle coolants, aircraft washing, pest
control, laundry, centralized hygiene (field showers), personnel decontamination, retrograde cargo
washing, and heat casualty body cooling. The systems should need only minor maintenance when
used at these sites.

In order to meet these objectives we examined the use of microbial fuel cells (MFCs) to treat
gray and black water (separately or combined). An MFC is an innovative treatment method that
uses exoelectrogenic bacteria that can oxidize organic and inorganic matter in wastewater and
produce electricity, accomplishing at the same time both wastewater treatment and electrical power
generation. In this project, we tested several different materials and MFC reactor configurations in
order to develop a final design suitable for modular scale-up to sizes applicable to FOBs.
Specifically, the research objectives were to:

e Evaluate several materials in small-scale reactors in order to improve system performance
including: optimization of brush anode surface area and mass including fiber length
reduction; development of mesh cathodes that do not use precious metals and/or expensive
binders; and minimization of electrode spacing using innovative separator materials;

e Build continuous flow MFCs based on units containing multiple high surface area graphite
fiber brush anodes and high-performance cathodes;

e Characterize electrochemical performance of MFCs using various techniques such as
electrochemical impedance, polarization data, and linear sweep voltammetry;

e Evaluate operation schemes that could either maximize treatment rates or electricity
production; and

e Obtain operational data using actual wastewaters, including both gray water (domestic
wastewater from a local treatment plant) and blackwater (diluted swine wastewater).



2. BACKGROUND

The operation of FOBs can incur significant costs in terms of both the cost to setup, operate and
maintain these sites, as well protect as the health and lives of personnel at the site. FOBs can range
from smaller platoon-sized sites to larger division sized sites. Sufficient water and sanitation is
essential for the operation of these sites. By reducing water consumption, through water recycling
and reuse, and treatment, FOBs can become more self-sufficient. Potable water treatment and used
water treatment have unique challenges at these sites, as energy use must be minimized due to the
hazards associated with bringing fuel to the sites. Thus, they have a unique need for energy neutral
used water treatment compared to systems typically employed in the US. Therefore, the goal here

was to develop a deployable and easy - an-site wastewater treatment system that would
minimize or produce net energy to improve the security of personnel at FOBs, and reduce
associated costs by minimizing the need for fresh water and fuel from off -base sources.

MFCs are being developed as a method to both treat used water and produce electricity. In an
MFC, organic matter is directly converted to electricity by certain bacteria abundant in the
environment and in wastewater that are able to exogenously transfer electrons outside the cell,
called exoelectrogens [1]. These bacteria oxidize organic matter in wastewater (treating the
wastewater) and release electrons to an electrode (the anode) where they flow through a circuit to
the counter electrode (cathode), producing treated water. The electrons are released from the
cathode to the terminal electron acceptor oxygen. The energy produced by an MFC makes it is
possible to achieve energy-neutral wastewater treatment and even generate useful electricity [1-4].
Researchers have been working on methods to eliminate the use of precious metals [5, 6] and
expensive membranes and binders, and the development of materials that reduce costs and increase
power densities.

The design of an MFC is dependent on the use of high performance, and low cost materials
that can be packaged into a compact size reactor. For these reasons, MFCs must be designed to
use high surface area electrodes that can fit into compact compartments in order to maximize
electrode specific surface area (m? of electrode per volume of reactor; m?/m?). We review below
the background on the materials used for point in this project, and summarize operational
information needed to produce MFCs suitable for treatment of gray water and black water
(separately or combined) at FOBs.

2.1. Anodes

High surface area electrodes are needed for bacteria to grow on, and they must be electrically
conductive, low in cost, and able to function when placed close to the cathode which can leak
oxygen and reduce power. Many materials have been examined including carbon cloth, paper,
foam, felt, reticulated vitreous carbon, and others [7, 8]. The best performance (highest power
densities) has been obtained using graphite fiber brush anodes [9]. These electrodes are made by
winding thin graphite fibers into a metal core, using the same technology used to make bottle
brushes. Many of these anode brushes are currently hand made, but this process could easily be
automated using commercially off the shelf (COTS) equipment making manufacture of the brushes
relatively inexpensive. The brushes have very high surface areas and porosities, and are easily
cleaned using air-sparging in situ. Similar cleaning methods are used for full-scale ultrafiltration
membranes used for wastewater and drinking water treatment. Several papers have been published
on flat anodes, but flat anode configurations have so far proven to be less effective than the brush
anodes [10-13].



2.2. Cathodes

The cathode is the most complex part of the MFC: poor design can limit power production and
affect coulombic efficiencies (current generation from substrate). The cathode includes three major
components: a current collector, a catalyst, and a catalyst binder. The cathode can be the most
expensive component of the system if precious metal catalysts such as Pt are used for oxygen
reduction, and expensive binders such as Nafion are used to hold the catalyst against the current
collector. Larger cathodes needed for scaled up reactors will require current collectors based on
highly conductive thin metals wires and metal mesh instead of graphite. The most useful cathodes
have been developed by constructing an active carbon catalyst layer on top of a stainless steel mesh
current collector, with inexpensive diffusion layers of polymers such as poly(dimethylsiloxane)
(PDMS) to avoid water leakage [14, 15]. These activated carbon cathodes can perform as well as
those made from much more expensive carbon cloth [16]. The incorporated current collector
allows the size of the electrode to be increased without large increases in electrical resistance.
Thus, this stainless steel current collector-based cathode allows for high current densities and low
resistances. The stainless steel is protected from corrosion when used as a part of the cathode as
electrons from the circuit are released at a potential that does not result in metal corrosion (i.e.,
cathodic protection).

2.3. Separators

Membranes are often used between electrodes creating two-chamber systems, but a membrane that
accomplishes selective separation should be avoided as they result in large pH gradients in MFCs
[17-19]. A separator, rather than a membrane can be used to insulate the electrodes and prevent
short circuiting, and allow close spacing of the electrodes [20-22]. J-cloth (commonly used as a
kitchen wipe material for cleaning) has been shown to work the best to date, but glass fiber
separators work almost as well [21, 23]. Existing disadvantages of these separators is that J-cloth
is biologically degraded over time (due to cellulose degradation), while the glass fiber mat can
unravel [21]. New approaches to separators are needed, and these separators should be evaluated
in terms of electrochemical performance and longevity.

2.4. Using MFCs for Wastewater Treatment

It has been estimated that wastewater contains 9.3 times as much energy as is consumed for its
treatment using conventional technologies [24]. Recent studies also suggest there is more energy
in wastewater than previously thought due to the loss of volatiles during wastewater preparation
for testing in bomb calorimeters [25]. A treatment system based on MFCs therefore should be able
to recover more energy than needed to treat the wastewater, and at least can achieve treatment
without power input [8].

The power produced in an MFC varies with the strength and type of wastewater, and MFC
architecture is the most important factor affecting treatment efficiency for a given wastewater. The
highest power densities have been obtained using graphite fiber brush anodes and cathodes made
using an activated carbon catalyst [16]. Electrodes should be closely spaced to minimize internal
resistance, and insulated against short circuiting using a separator.

Another useful characteristic of the MFC process is low solids production compared to aerobic
processes. While an aerobic activated sludge process converts ~50% of the carbonaceous COD
into biosolids, the MFC processes have lower biosolids production due to anaerobic conditions. It
was shown using bench-scale MFCs in continuous flow studies that a two-stage MFC process
produced effluent with <13 mg/L particulate COD over a six-month period [26]. This result implies



that treated wastewater would meet National Secondary Effluent Standards for suspended solids
(<30 mg/L) without the need for a clarifier. This finding needs to be further investigated in MFCs
optimized for more complete COD removal than that achieved in this earlier study. MFCs have no
moving parts and have been operated for periods over one year. Thus these systems have the
potential to be robust wastewater treatment systems that are simple to operate and maintain.

MFCs can be used for gray water and also perhaps for black water treatment based on results
using domestic and animal wastewaters. Tests using semi-continuous (fed-batch) operation of
small, bench-scale MFCs has shown good COD removal from domestic wastewater, and thus
effective wastewater treatment. These results have shown that it is possible to achieve 84+2%
(range of 72 to 98%) COD removal with domestic wastewater (Penn State University Wastewater
Treatment Plant) [27]. However, continuous flow tests were not conducted for this type of
wastewater. For every gram per of COD removed, it is possible in theory to generate 125 moles of
electrons at approximately 0.2 to 0.5 VVolts. As wastewater treatment efficiency (e.g., BOD or COD
removal) is increased, power generation can decrease, making it necessary to balance energy
generation and treatment efficiency.

Research has shown much different results are obtained using optimized solutions such as
acetate or other so-called “synthetic” wastewaters compared to actual wastewaters. Similarly,
amending domestic wastewater with acetate to simple organics to increase COD does not
realistically predict possible performance with wastewater. Current and power densities are much
higher using well buffered solutions and synthetic substrates than with actual wastewaters [2, 28-
30]. It was therefore critical for this project to conduct tests with actual wastewaters to properly
evaluate final performance.



3. MATERIALS AND METHODS
3.1. Anode Testing (Task 1)

3.1.1. Examination of Brush Anode Sizes and Packing Densities (28 mL reactor)

Many materials have been tested as anodes, but for this project we determined that the graphite
fiber brush anodes were the optimal material because they have very high surface areas and
porosities, and produce the highest power densities compared to other materials that are cost
effective. However, the optimal design using brush anodes, in terms of brush sizes and packing
density or relative position to the cathode, were not known. Therefore we examined using brush
anodes in reactors containing different numbers, sizes, and orientations of the anodes in order to
identify how these properties influenced performance (power generation and COD removal). The
tests were initially conducted with acetate substrate to identify an optimized brush anode design,
and then tested with domestic wastewater.

Reactor construction. Single-chamber, air-cathode MFCs were made from a 4 cm cube of
Lexan (polycarbonate), and contained a cylindrical anode chamber of approximately 28 mL
(Figure 1) [31]. Anodes (manufactured by Mill-Rose) were made from carbon fibers (PANEX 35
50K, Zoltek) wound into two twisted titanium wires. The anodes were heat treated at 450 °C for
30 min before being placed horizontally in the cylindrical chamber. The electrode spacing was set
at 5 mm, measured from the front end of the brush anode to the inner face of the cathode. Four
different reactor configurations (C1-thick, C1, C3, and C6) were used for comparison of power
densities and overall performance with different anode conditions. The C1-thick configuration
(Figure 1A) was identical to previous studies, consisting of a single anode brush 25 mm in diameter
made using two thick titanium wires (length = 60 mm, diameter = 1.5 mm, 15 gauge, #2 grade;
carbon fiber coverage length = 25 mm). The other three anodes all used a thinner titanium wire
(~73% less metal in weight) with a diameter of 0.8 mm (20 gauge) (Figure 1), which was selected
based on availability by a commercial supplier (Titanium Industries). The C1 configuration (Figure
1B) was therefore identical to the Cl-thick anode except for the wire size. Multiple anode
configurations were also tested using three brush anodes, each with diameter of 12 mm (C3, Figure
1C), or six brushes each with diameter of 8 mm (C6, Figure 1D). The C3 and C6 anodes were
connected externally by a single copper wire [31].

The surface areas of brush anodes were calculated for all configurations using several different
approaches in order to allow assessment of brush geometry in the reactor. The cylindrical area was
calculated as 2zrn(r+h), where h is the length, r is the radius and n is the number of brushes. The
specific bristle area was estimated as the surface area of each carbon fiber multiplied by the total
number of fibers in a brush and by the number of brushes. Each of these areas was normalized by
dividing it by the cathode surface or the anolyte volume. The projected area of the brushes was
calculated as a coverage percentage: the circular side closer to the cathode (z?) multiplied by the
total number of brushes and divided by the cathode surface.

Air-cathodes (projected surface area of 7 cm?, cathode-specific surface area of 25 m2/m3) were
constructed in our laboratory from wet-proofed (30%) carbon cloth (Type B-1B, E-TEK), coated
with carbon black and platinum (0.5 mg Pt/cm?) using a Nafion binder on the electrolyte-facing
side, and a carbon black base layer and four PTFE diffusion layers on the air-facing side. Reactors
were equipped with an Ag/AgCl (+0.211 V vs. standard hydrogen electrode, SHE) reference
electrode (RE-5B, BASI) in contact with the electrolyte to obtain electrode potential
measurements.
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Figure 1. Four MFC configurations without air-cathode: (A) C1-thick, (B) C1, (C) C3, and (D)
C6 (left). Carbon fiber brushes used as cubic MFC anode electrodes in configurations.

Inoculation and operation. The electrolyte was prepared with sodium acetate as the carbon
source and electron donor (1.0 g/L) in a 50 mM phosphate buffer nutrient solution (PBS)
containing NazHPO4 (4.58 g/L), NaH2PO4 - H20 (2.45 g/L), NH4Cl (0.31 g/L), KCI (0.13 g/L),
trace minerals (12.5 mL/L), and vitamins (5 mL/L). The medium conductivity was 7.8 mS/cm with
a pH = 7. For the first seven days, eight MFCs (four configurations, tested in duplicate) were
inoculated with a 50% (v/v) effluent from reactors that had been operated for over a year, and 50%
PBS plus acetate. The MFCs were considered to have reached steady state and to be ready for
experiments once they achieved a repeatable peak potential difference for three consecutive batch
cycles (8 to 9 days for all configurations). Following acclimation, only PBS plus acetate was added
over subsequent fed-batch cycles. The medium was replaced when the potential decreased below
~20 mV. All MFCs were operated in a temperature-controlled room at 30 °C. The external resistor
was 1000 Q (except as otherwise noted for polarization tests and brush disconnection/removal
experiments), as it helps to shorten the development period of an exoelectrogenic biofilm relative
to lower resistances. The potential difference across the resistor was measured at 20 minutes
intervals using a multimeter (Keithley Instruments, model 2700) and recorded on a computer.

Two types of experiments were conducted following the initial polarization tests: brush anode
disconnection, and brush anode removal. All reactors were switched to 100 Q for these tests since
this resistance produced the highest maximum power in polarization tests. For the brush
disconnection experiment, anode brushes were successively disconnected (one by one), until only
one brush was connected through the external circuit. For the brush removal experiment, all the
brushes were connected together in parallel again and then brushes were disconnected and
removed from the reactor one at the time until the final test with only a single remaining brush
connected through the external circuit. Other changes that may have occurred to the reactor over
time were a concern in evaluating the outcome of brush removal. Also, there can be disturbances
to the anode biofilms when opening the reactor to remove a brush and exposing the anode to air.
To account for these factors, the first set-up (all brushes connected) was repeated after the reactors
were opened for five minutes (approximately the time that it took to open a reactor, remove one



brush, close it and seal the brush hole with epoxy) to establish a comparable point for the following
set of electrode removal experiments.
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Figure 2. Three vertical rectangular MFC configurations showing the different brushes used as
anodes: (A) R3 has three brush anodes, (B) R5 has five brush anodes, and (C) R8 has eight brush
anodes.

3.1.2. Examination of Brush Anode Sizes and Packing Densities in Larger MFCs

Reactor construction. A rectangular shape single chamber, air-cathode MFC was designed with
an anode chamber volume of 130 mL (Figure 2) [32]. The main reactor body of the MFC was
made of high density polyethylene, but no separator was used, and the anode sizes and placement
were varied (Figure 2). The brush anodes were designed to fully span the width of the anode
chamber, with the brushes placed parallel to the cathode, in the middle of the anode chamber (95
x 142 x 38 mm, 174 + 3 mL), except as noted. The anodes were connected externally in parallel
by a single copper wire. Three different sized anodes were made using carbon fibers (PANEX 35
50K, Zoltek) wound into two twisted titanium wires (length ¥2 95 mm, diameter ¥ 0.8 mm, gauge
20) (made by Mill-Rose). In order to examine if the anode size and the distance between electrodes
affected power generation. The anode sizes were: 3 brushes each 25 mm in diameter, with an
electrode space (between the brush edge and the cathode) of 4 mm (R3; Figure 2A); 5 brushes
each 12 mm in diameter with an electrode space of 10 mm (R5; Figure 2B); and 8 brushes each 8
mm in diameter, with an electrode space of 12 mm (R8; Fig. 2C). The R8 configuration was
modified in a subsequent experiment by moving the anodes closer to the cathode (R8C), so that
the gap between the anode edge and the cathode was the same as that of the R3 configuration (4
mm). All anodes were heat treated for 30 min at 450 °C before inoculation. Anode specific surface
areas varied due to the differences in geometries. Surface areas were calculated in several different
ways. The cylinder-equivalent projected area, that includes the ends and the main cylinder surface,
was calculated as (2772 + 2zrh)n. The percentage of the cathode covered by the projected area of
the brushes was calculated from the two dimensional area of the brush (rh) multiplied by the
number of brushes, and divided by the cathode surface area. A single air-cathode 35 cm? in
projected area (5 x 7 cm) was used, producing a cathode-specific surface area of 20 m?/m3. Air-
cathodes were made from wet-proofed (30%) carbon cloth (Type B-1B, E-TEK), coated with



carbon black, platinum (0.5 mg Pt/cm?) and Nafion binder on the electrolyte-facing side, and
carbon black base layer and four PTFE diffusion layers on the air-facing side. A titanium shim
pressed against the cathode was used as cathode current collector. An Ag/AgCl reference electrode
(RE-5B, BASI) was placed laterally in each reactor in contact with the electrolyte to measure
electrode potentials. There was no separator as the distance between the brushes and the cathode
prevented electrical contact.

Inoculation and operation. The electrolyte was prepared with sodium acetate as the carbon
source and electron donor (1.0 g/L) in a 50 mM PBS. For continuous flow tests, the hydraulic
retention time (HRT) was set at 8 h, with flow (0.36 mL/min) from the bottom to the top of the
reactor set using a peristaltic pump (Masterflex, Cole-Parmer). For tests with domestic wastewater,
the wastewater was collected from the primary clarifier of the Penn State University Wastewater
Treatment plant.

Analytical methods. Polarization and power density curves were obtained using the multi-
cycle method by changing the external resistance (from 1000 Q to 10 ), and operating the reactors
for at least three fed-batch cycles at each resistance to allow the biofilm to adapt and ensure
reproducible power output. At each cycle, the voltages were measured for 2 h after the MFC
produced the peak voltage and were averaged for the final reported value. Current (I, mA) was
calculated according to Ohm’s Law, | = U/Rex, where U is the voltage (mV), and Rex: the applied
external resistance. Current was normalized by the projected cathode surface area to obtain current
density (mA/cm?). Power, (P, mW), was calculated as P = 1U, and power density was reported
based on the projected cathode surface area or the total electrolyte volume.

COD (mg/L) was measured using standard methods (Standard Method 5220, APHA 1995,
high range 20 - 1,500 mg/L, low range 3 - 150 mg/L; HACH COD System, HACH Company).
COD removal (%) was calculated based on influent and effluent COD of a single batch cycle. The
coulombic efficiency (CE, %) was calculated using CE = (Cex/Cth) x 100, where Cex is the actual
charge (C) transferred to the anode during one fed batch cycle (obtained integrating the current
over time) and C is the theoretical amount of coulombs available from the substrate, and it is
calculated as Ci = (F b CODin v)/M, where F is the Faraday’s constant (96,485 C/mol €7), b the
number of moles of electrons exchanged per mole of oxygen (4 mol e7/mol O2), CODin is the
influent COD (g/L), v is the volume of liquid in the anode chamber (0.028 L), and M is the
molecular weight of oxygen (32 g/mol).

3.1.3. Nutrient Removal Test Using Larger Scale MFCs (130 mL)

Batch mode test. For nutrient removal tests, the larger-scale 130 mL MFC was used (Figure 2)
with the R8C configuration. Changes in nutrient concentrations in domestic wastewater were
monitored using MFCs using a poly(vinyl alcohol) (PVA) separator and platinum catalyst cathode
(external resistance of 50 Q). PVA was prepared in water (8% w/w) with a porogen (5.6% of
tetrabutylammonium chloride by weight) [33].

Continuous mode test. Two types of reactors were tested: N1C MFCs (3 half-cut brush anodes
near the 1 cathode, 100 mL each) and S2C MFCs (3 full-size brush anodes between 2 cathodes,
140 mL each). Four MFCs (2 N1C and 2 S2C MFCs) were arranged in two separate flow lines,
with two of the same types of reactors hydraulically connected in series. Effluent from the MFCs
was collected together as total MFC effluent. Domestic wastewater was continuously provided to
the MFC reactors by peristaltic pumps, with a set theoretical HRT of 8.8 h [34].



Analytical methods. Nutrient concentrations were determined using ion chromatography (1C),
except for ammonia, which were measured using HACH ammonia test kits (Method 10031, HACH
Company, Loveland, CO).

3.2. Separator Testing (Task 2)

3.2.1. PVA Separator Tests with Acetate Buffer Solution

A separator is used in MFCs to insulate the electrodes and prevent short circuiting, to minimize
fouling of the cathode surface, and to reduce oxygen cross over from the air-cathode to the anode.
In this task, we examined the use of PVA as a separator material, both as a separate membrane
(cast separator) and applied directly to the cathode (sprayed on separators), using different types
of cathodes.

Reactor construction and operation. MFCs were single-chamber, cubic-shaped reactors (2
cm long cylindrical chamber, 12 mL liquid volume). Anodes were heat-treated (450° C, 30 min),
graphite fiber brushes twisted between two titanium wires. Cathodes with a Pt catalyst layer (5
mg/cm? 10% Pt on Vulcan XC-72 with 33.3 uL/cm? of 5 wt % Nafion as binder) were constructed
with a stainless steel mesh support and a PDMS diffusion layer, with the Pt catalyst layer facing
the solution. AC cathodes were made using a nickel mesh (VITO, Belgium), with the AC between
the mesh and a polytetrafluoroethylene (PTFE) diffusion layer, and used in the MFCs with the
nickel mesh facing the solution. Electrodes were used in a spaced electrode configuration (SPA,
1.25 cm spacing), with the anode on the opposite side of the MFC chamber than the cathode, or in
the separator electrode assembly (SEA) configuration (0.75 cm spacing) (Figure 3A) [33], with
the anode and cathode on the same side of the MFC chamber, with a separator placed in between.

MFCs were inoculated with the effluent from MFCs operated for over one year. Solutions used
for all tests contained 1 g/L sodium acetate and trace vitamins (5 mL/L) and minerals (12.5 mL/L).
The concentration of the PBS was varied from a conductivity typical of wastewater, of 1 mS/cm
(5 mM PBS; 458 mg Na:HPOa4, 245 mg NaH2PO4-H20, 31 mg NH4Cl, 13 mg KCI), to higher
conductivities typical of laboratory tests: 7 mS/cm (50 mM PBS; 4.58 g Na2HPOs, 2.45 g
NaH2PO4-H20, 0.31 g NH4Cl, 0.13 mg KCI) and 13 mS/cm (100 mM PBS; 9.16 g Na2zHPO4, 4.90
g NaH2PO4-H20, 0.62 g NH4Cl, 0.26 g KCI). Reactors were fed in batch mode and operated at
room temperature (19-27° C). MFCs were tested in duplicate for all testing, with the exception of
the 50 mM testing on Pt, which occurred in 8 MFCs to ensure that all reactors were running in
parallel.

PVA separator preparation. PVA was prepared in water (8% w/w) with a porogen (5.6% of
tetrabutylammonium chloride by weight) (Figure 3B) [33]. Spray-on PV A separators were applied
with an air brush in multiple layers (8-15 layers, depending on cathode type). Pt cathodes were
made with a PVA loading of 10.0 + 1.4 mg/cm?, as determined by a gravimetric analysis before
and after applying the PVA, with the PVA applied directly on top of the catalyst layer. AC cathodes
were made with a higher loading of 19.5 + 0.1 mg/cm? due to a different cathode structure which
resulted in the nickel mesh current collector facing the solution in the MFC. A larger amount of
PV A was needed to both fill the space between the nickel mesh pores, and produce a separator that
was thick enough to provide insulation against short-circuiting of the electrodes.

Spray separators were compared to cast PVA separators (10.8 + 0.4 mg PVA/cm?) made using
PTFE molds. Cast separators were dried for a minimum of 48 h at room temperature (19-27 °C)
rather than the 36 hours drying at 50 °C used previously, to simplify the cast preparation.
Preliminary experiments test results indicated that these two drying conditions yielded similar



power densities (data not shown). The dried separators were placed in the medium used in MFCs
to allow the membranes to swell prior to insertion into the MFCs. All loadings reported here
include water trapped in the PVA matrix, as the measurements were taken at ambient, non-
desiccated conditions. All references to PVA separators are of the cast variety, unless otherwise
noted. Cathodes containing PVA separators were also compared to cloth separators (Dupont
Sontara, style 8864). These cloth separators are referred to as wipe separators as the material is
sold as a wipe or cleaning cloth. All separators or plain cathodes were covered with a
polypropylene mesh support (N0.145872, Spectrum Medical Industries Inc., CA.). The mesh was
needed to press the cloth and membrane separator onto the cathodes, and therefore it was used in
other tests to maintain similar test conditions.

Analytical methods. Voltage was measured across an external resistor (1000 Q) at 20 min
intervals with a data acquisition system (34792A, Agilent LXI Data Acquisition/Switch Unit;
Santa Clara, CA) connected to a personal computer, with current and power density normalized to
the projected surface area of the cathode (7 cm?). CE was calculated as the ratio of coulombs from
the measured current compared to change in substrate based on COD. In tests using AC cathodes
and spray-on or cast separators, MFCs were acclimated at 1000 Q, and polarization data were
obtained by varying external resistance from 1000 € to 25 Q in decreasing order over separate
cycles at each resistance (multiple cycle method). For tests of PVA in different salinity solutions,
reactors were acclimated to 25 Q, prior to polarization tests, to avoid power overshoot. Polarization
curves were then obtained using a single-cycle method where the external resistance was decreased
every 20 minutes at the beginning of a single cycle. Cycle times were defined as time from start
of the fed batch cycle until the voltage was reduced to <50 mV (AC and spray-on/cast testing) or
<20 mV (salinity testing). Components of the internal resistance were analyzed using
electrochemical impedance spectroscopy (EIS) technique and a potentiostat (PC 4/750, Gamry
Instruments Inc.; Warminster, PA). Ohmic and charge transfer resistances were obtained by EIS
analysis with a set potential of —100 mV versus an Ag/AgCl reference electrode (+209 mV versus
a standard hydrogen electrode, SHE) (RE-5B, Bioanalytical Systems, Inc., West Lafayette, IN)
with the separator pressed against the working electrode. Working and counter electrodes were
made of carbon cloth with a Pt catalyst (water side) and 4 PTFE diffusion layers (air side).

Ref Air Cathode

eference

A Electrode Separator B
(SPA) (SEA) 4

A

Anode

1.25 em 0.75 cm

Figure 3. (A) Configuration for spaced electrode (SPA) and separator electrode assembly (SEA)
testing. (B) Photos of PVA separator (up) and PVA separator on the cathode electrode (down).
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3.3. Spacer Testing (Task 3)

3.3.1. Spacer Tests with Acetate

Spacers are used to prevent the collapse of the electrode chambers due to water pressure, but in
the cathode chamber they must also allow oxygen in air to reach the cathode surface. Various types
of spacers (wired, plastic, mesh frame) were tested to identify the material and configuration that
enabled the highest power densities. Selected spacers were then used in larger-scale MFC stacks
that were operated with domestic wastewater.

Reactor construction. The MFC tank was made of polycarbonate with a total empty bed
volume (no electrodes or spacers) of 2 L (22 cm long, 7 cm wide, 13 cm high), with 1 cm of the
width used for the spacer. Each cathode module had two cathodes joined by a single spacer, and it
was placed between two anode modules (Figure 4) [35]. The two anode modules were individually
connected to one of the cathodes, with designations A or B used to identify the two sides of the
module. The anode module had an empty bed volume of 0.86 L and a working liquid volume of
0.7 L due to the space occupied by the anode brushes and cover plate. The working area of a single
cathode was 200 cm? (10 cm x 20 cm), producing a total cathode specific surface area of 29 m?/m3
based on the total liquid volume (1.4 L), or 20 m?/m? based on total reactor volume (2 L). Neither
of these cathode surface areas included thickness of the container walls. The anodes were graphite
fiber brushes (2.5 cm diameter, 12 cm long; Mill-Rose, USA) made from carbon fibers (PANEX
35 50K, Zoltek) held between two twisted titanium wires. Anodes were heat treated at 450°C for
30 min prior to use. The air cathodes were made from an activated carbon catalyst on a stainless
steel mesh (60 mesh type 304) manufactured using a rolling machine.

Preparation of spacers. Three different spacers were examined: a flexible plastic mesh spacer
(MS) (Figure 4d); a rigid polycarbonate column spacer (CS) (Figure 4e); and a painted (corrosion-
resistant) steel wire spacer (WS) (Figure 4f) [35]. A single plastic mesh spacer was previously
reported to be suitable for maintaining power generation between two MFCs, but the cathode size
was only 3 cm in diameter. Six flexible plastic mesh layers were used, each with a thickness of 1.5
mm (S1.5, 30PTFE5S0-625P, Dexmet Corp.), to provide a wide, porous spacer that filled the spacer
compartment. Mesh spacers were equipped with six U-type gaskets, each with the same thickness,
on three sides of the cathode to prevent leakage into the cathode compartment. The column spacer,
which did not have a gasket, was constructed from five rigid polycarbonate columns to physically
separate the cathodes. Ten holes (3 mm diameter) were drilled through the top of the polycarbonate
bar that connected the columns as air diffusion holes to allow air flow into the spacer. Each column
had another five lateral diffusion holes to allow air passage across the cathode compartment. The
wire spacer was made from a tube rack wire (VWR, SCIENCEWARE, Poxygrid, 96-Place). The
rigid wires supported the space between the cathodes using only one single open layer to support
each cathode. The wire spacer was embedded into a rectangle frame with a thickness of ~ 4 mm.
One layer of U-type gaskets (1.5 mm thick, in the middle of two rectangle frame) (Figure 4f) were
used to seal the cathode compartment and allow open air circulation through the top. Two cover
plates were fixed from the outside of the cathodes using nylon screws to hold together the
assembled cathode module (Figure 4c). Cathodes were verified not to leak prior to their use. For
each of these designs, a part of the cathode is covered by the air-impermeable spacer. The
percentage of the cathode that was covered, called the “shadow effect” of the spacer, was estimated
by the impression of the spacer on the cathode when it was assembled.

Inoculation and operation. Domestic wastewater, collected from the primary clarifier of the
Pennsylvania State University Wastewater Treatment Plant, was used as the inoculum. In initial
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comparisons of the three spacers, the wastewater was amended (90:10 mixture of domestic
wastewater: medium) with additional sodium acetate (final concentration of 1.0 g/L) to produce a
more consistent feed, a higher COD, and a biofilm that would be acclimated to wastewater in
subsequent tests. The medium was a 500 mM phosphate buffer containing: Na2HPOa, 45.8 g/L;
NaH2PHO4-H20, 24.5 g/L; NH4Cl, 3.1 g/L; and KCI, 1.3 g/L. The final pH was ~7, the
conductivity of the amended wastewater varied from 8.7 to 9.2 mS/cm, and the final total COD
ranged from 1200~1300 mg/L. Two reference electrodes (Ag/AgCl, BASI, RE-5B, 210 mV versus
a standard hydrogen electrode, SHE) were inserted through the top of the reactor into the anode
compartments in order to measure anode potentials directly (cathode potential by difference from
the whole cell potential), with all potentials reported here versus Ag/AgCl. The MFC was started
up in batch mode using the acetate-amended wastewater and a mesh spacer, with the external
resistance in the circuit gradually decreased for each cycle by using a different resistor (1000, 500,
200,100, 50, 20, 10, 8, 7, 6 and 5 Q), in order to acclimate the reactor to higher current densities
and to identify the point of maximum power.

Measurements and calculations. The voltage (U) was recorded using a data acquisition
system (model 2700, Keithley Instruments) at 20 minute time intervals. The current (I = U/R) was
calculated from the set external resistance (R), and power (P = IU) was normalized by the exposed
projected area of the cathode (200 cm?) or the liquid volume of the anode compartment (0.7 L).
Polarization and power density curves were obtained by varying the external resistance over a
single cycle in fed batch mode at 45 minute intervals, or for 2 HRTs (16 hours) in continuous flow
mode. COD was measured using a standard method (HACH Co., Loveland, CO) in the high range
(20 to 1500 mg/L). CE was as the ratio of the total coulombs transferred in the circuit divided by
the theoretical amount of coulombs for the measured change in COD as previously described. The
resistances of the anode and whole cell were obtained using EIS under working conditions of the
maximum power output point. The impedance measurements were taken using a potentiostat
(BioLogic, VMP3) by applying a sinusoidal voltage to the electrodes with signal amplitude of 10
mV around a potential of -450 mV for anode tests with acetate-amended wastewater, and —420
mV for raw (non-amended) domestic wastewater condition. The whole cell EIS tests were
performed around a cell voltage of 300 mV for spacer comparison test. The frequency was varied
from 100 kHz to 0.01 Hz. The ohmic resistance was determined by the intercept value on the real
axis at the high-frequency; non-ohmic resistance, including the charge transfer and diffusion
resistances, were determined by fitting the EIS spectra to a circuit. The cathode resistance was
calculated as the difference between the whole cell and anode resistances.
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Cover Plate

Figure 4. The photograph (a), the schematic diagram of the air cathode modular MFC (b) and the
isometric view (c) of a dual-side cathode cassette, and the mesh spacer (d), column spacer (e) and
wire spacer (f) for the cathode cassette.

3.3.2. MFC Module Design

MFC module construction and operation. The MFC module was made of clear polycarbonate
with inner dimensions of 19.5 cm x 25 cm x 13 cm (width x length x height) (Figure 6) [36]. The
influent flowed through porous diffusers made from four layers of soft mesh spacers, each with a
thickness of 1.50 mm (S1.5, 30PTFE50-625P, Dexmet Corp.), and height of 3 cm, that were used
to produce a more uniform cross-sectional flow into the inlet and outlet channels. The inlet/outlet
channels had a width of 1.5 cm. The MFC contained four anode arrays each containing eight
graphite fiber brushes (2.5 cm diameter, 12 cm long; Mill-Rose), and three dual-sided air cathode
modules (22 cm x 13 cm x 2.5 cm) constructed with a gap of 1 cm between the cathodes that was
maintained using rigid wire spacers (Figure 5) [36]. Each cathode (22 cm x 15 cm,; effective area
of 200 cm?) was made using an activated carbon catalyst and stainless steel current collector using
a rolling press method as previously described [37]. Two cloth separators (46% cellulose and 54%
polyester, 0.3 mm thickness, Amplitude Prozorb, Contec Inc., Spartanburg, SC) covered the water
side of the AC cathodes to prevent short-circuiting and reduce cathode fouling [37]. The first and
last anode modules (1 and 4) were connected to only a single cathode, while the inner anode
modules (2 and 3) were each connected to two adjacent cathodes (Figure 6). The fully assembled
multi-module MFC reactor was filled with wastewater in batch mode for pre—inoculation of anode
community. The wastewater was refilled every day. After about one week, the reactor was installed
in wastewater treatment plant with external circuit and voltage acquisition system. After another
12 days, the reactor was started up by progressively reducing the external resistances from open
circuit voltage (OCV) to 2 Q and fed with domestic wastewater in HRT of 4 h.

13



Cathode
cassette

Reactor
< side wall

Porous
diffuser

Cassette
slot

> Flow mode
regulation
baffle

Figure 5. The schematic of multi-module plug-in MFC reactor (left: the isometric view of the
MFC stack; right: the isometric view of the inter configuration).
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3.4. Cathode Testing (Task 4)

3.4.1. Enhanced AC cathode by Blending Carbon Black
Preparation of AC cathodes with carbon black. AC (Norit SX plus, Norit Americas Inc., USA)
was selected based on its better performance compared to other types of readily available carbons,
and applied at a constant optimal loading of 0.43 kg/m? (300 mg for each 7 cm? cathode,). Carbon
black (CB) powder (Vulcan XC-72, Cabot Corporation, USA) was added into AC and the content
varied at weight ratios of CB:AC = 0% (pure AC control), 2%, 5%, 10% and 15%. Cathodes were
fabricated using a batch, cold-press process. The AC (300 mg) and CB (0 to 45 mg) powders were
added into a vial and mixed by vortexing for 0.5 min. The binder solution was prepared by adding
37.8 pL of 60% PTFE and 700 pL of DI water into a beaker, followed by ultrasonication for 1 min.
Then the AC and CB powders were transferred into the beaker with the binder and mixed in a
blender for 0.5 min to form a paste. The paste was then ultrasonicated for 1 min and spread using
a spoon onto one side of a stainless steel mesh (50 x 50, type 304, McMaster-Carr, USA) that
served as the support material and current collector. Diffusion layers were prepared by applying
two layers of PDMS solution onto a textile material (Amplitude Prozorb, Contec Inc., USA), with
the textile placed onto the cathode side facing the AC. Then, the cathode and the textile were
pressed together at 40 MPa for 20 min (Model 4386, Carver Inc., USA) and dried at 80 °C in an
oven overnight before use. Pt cathodes were also prepared to benchmark performance compared
to the AC cathodes by applying a Pt catalyst layer (5 mg/cm? 10% Pt on Vulcan XC-72 and Nafion
binder) on one side of a stainless steel mesh, and two diffusion layers of PDMS on the other side
of the mesh

MFC experiments. Cubic-shape single-chamber MFCs were constructed using a 4-cm length
Lexan block with a 3-cm diameter inner cylindrical chamber. The anode was a graphite fiber brush
(2.5 cm in both diameter and length) with a core of two twisted titanium wires that functioned as
a current collector. The cathode was placed at the other side of the reactor, with the diffusion layers
facing the air. All MFCs were inoculated with the effluent of MFCs which were operated for over
one year. The medium was 1 g/L sodium acetate in 50 mM PBS. All the MFCs were operated in
batch mode with a 1000 Q external resistor (except as noted) in 30 £ 1 °C room. Initially, a standard
Pt/C carbon cloth cathode was used for all the MFCs during start-up to ensure that the anodes
achieved the same performance during acclimation. After 1 week, a repeatable cycle of voltage
was produced by the MFCs. To ensure all the anode biofilms were fully acclimated, the MFCs
were operated for 1 month, and then the Pt/C cathodes were removed and replaced with the new
AC based cathodes or new Pt/C stainless steel cathodes.

Analytical methods. Polarization tests were conducted after the MFCs had been operated after
1 week, 3.5 months and 5 months, by varying the external resistances from 1000 Q to 20 Q.
Electrochemical tests were conducted using a potentiostat (VMP3 Multichannel Workstation,
BioLogic Science Instruments, USA). Cathodes were examined in an abiotic and electrochemical
reactor which was cubic shaped, with two 2-cm cylindrical chambers bolted together with an anion
exchange membrane (AEM; AMI-7001, Membrane International Inc., USA) in the middle. A high
purity platinum plate (99.99%, 1 cm?) was placed in the middle of one chamber as a counter
electrode, a cathode was placed on one side of the other chamber facing the air as a working
electrode, and a Ag/AgCl reference electrode (3 M KCI, +0.21 V versus a standard hydrogen
electrode; RE-5B; BASI, West Lafayette, USA) was placed close to the cathode. A 50 mM PBS
was used as medium, and Chronoamperometry tests were carried out by setting a potential in a
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stepwise manner after the reactor operated in open circuit condition for 3 h. Each potential (0.2 V,
0.1V,0V,-0.1V and—0.2 V versus Ag/AgCl) was applied for 2 h.

3.4.2. Long-term Operation of AC based Cathodes

Cathode preparation. The AC material used for all tests was a peat-based powder (Norit SX plus,
Norit Americas Inc., USA) that was previously shown to have performance superior to several
other types of AC. Three methods were used to modify the carbon: Fe, heat treatment, and blending
CB. AC was combined with Fe at a weight ratio of FeEEDTA:AC = 0.2:1 and pyrolyzed using argon
gas at 800 °C for 1.5 h (AC-Fe). Heat treatment consisted of heating at 800 °C under argon gas for
1.5 h (AC-Heat). AC was blended with a previously-determined optimum weight of 10 wt % CB
(AC-CB). These different treatment processes were compared to the original, unmodified (plain)
AC for a baseline comparison. All AC based catalyst powders were applied at a constant loading
of 0.5 kg/m?, rather than keeping the loading of AC itself constant. AC cathodes were
manufactured by a proprietary method (VITO CORE™ electrodes) based on pressing at 150 bar
using the mixtures of the different AC powders and a PTFE binder onto stainless steel mesh current
collector (SS316, #53 mesh, 330 um opening, 150 um wire diameter). An additional PTFE layer
(30% porosity, 0.13 kg/m?) was added onto the catalyst layer on the air-facing side as a diffusion
layer to avoid water leakage, and to help control oxygen transfer into the liquid solution. These
cathodes were further benchmarked against a Pt cathode prepared in a similar manner. Briefly, the
Pt catalyst layer (5 mg/cm? 10% Pt on Vulcan XC-72 and 5 wt% Nafion binder) was applied to
one side of a stainless steel mesh current collector (50 x 50, type 304, McMaster-Carr, USA), and
two diffusion layers of PDMS and carbon black were added on the air-side of the mesh.

MFC experiments. MFCs were cube-shaped single-chamber reactors (4-cm length Lexan
blocks with an inner cylindrical chamber of 3 cm in diameter) constructed. The anode was a
graphite fiber brush (2.5 cm in both diameter and length) with a titanium wire core, and was placed
horizontally in the middle of the chamber. The cathode was placed on the other side of the reactor,
and the distance between the edges of the anode and the cathode was ~1 cm. All anodes were
inoculated with the effluent of MFCs that were operated for over one year. The medium was 1 g/L
sodium acetate amended with 12.5 mL/L minerals and 5 mL/L vitamins in 50 mM PBS. All the
MFCs were operated in fed-batch mode with a 1000 Q external resistor (except as noted) at 30 °C.

Analytical methods. Polarization tests were conducted by using a multi-cycle method, by
varying the external resistances from 1000 € to 30 Q or 20 Q, with each resistance applied for one
complete cycle. Polarization tests were carried out after the MFCs had been operated for 1, 3.5,
5.5, 12, 16 and 17 months. Before the polarization tests after 5.5 months, biofilms on the cathodes
were removed, and the diffusion layers were gently rinsed with distilled water to remove the
precipitated salt. This was used to try to reduce electrode fouling, but it is known to not be
completely effective with plain AC, but modified AC powders have not been previously tested.
After 16-months operation and the polarization tests, the cathodes were soaked in a weak
hydrochloric acid solution (60 mM) for 2 h. The salt was dissolved in the solution. After this 2-h
weak acid treatment, the biofilm was gently removed and the cathodes were soaked in distilled
water for 3 h. Then the cathodes were rinsed by distilled water for 3 times and placed back in the
MFCs. Total resistances of the cathodes were calculated by Ohm’s law using data from
polarization tests with the Data Analysis Tools in Microsoft Excel (Professional Plus 2010).
Chronoamperometry tests were conducted using a potentiostat (VMP3 Workstation, BioLogic
Science Instruments, USA). The reactor was operated at open circuit condition for 3 h, and then
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the cathode potential was set in a stepwise manner with each potential (0.2, 0.1, 0, —0.1 and —0.2
V versus Ag/AgCl) applied for 2 h.

3.4.3. Cathode Preparation using a PVDF Phase Inversion Method

Preparation of AC cathode using phase inversion method. PVDF solutions with different
concentrations of 5%, 7.5% and 10% (w/v) were prepared by dissolving PVDF powder (~534,000
Da; Sigma Aldrich) in N, N-dimethylacetamide (DMACc), with vigorous stirring using a stir bar at
room temperature (23 + 1 °C) for over 8 h to completely dissolve the polymer. AC powder (Norit
SX plus, Norit Americas Inc., TX) was applied at an optimum AC loading of 26.5 mg/cm?, based
on previous experiments. Catalyst mixtures were prepared with different PVDF loadings (all mass
ratios) of: (1) 8.8 mg/cm?, AC:CB (Vulcan XC-72, Cabot Corporation, USA):PVDF (10% as
prepared) = 30:3:10; (2) 6.6 mg/cm?, AC:CB:PVDF (7.5 %) = 30:3:7.5; (3) 4.4mg/cm?,
AC:CB:PVDF (7.5%) = 30:3:5. The mixtures were spread directly onto an 11.3 cm? circular
section of stainless steel mesh (50 x 50, type 304, McMaster-Carr, USA) with a spatula (except as
noted). The cathodes were then immersed into deionized (DI) water for 15 min at room temperature
to induce phase inversion (Figure 7) [38]. Cathodes were then air dried in a fume hood for >6 h,
and stored in DI water prior to testing. The performance of the PVDF cathodes was compared to
controls made with an AC (26.5 mg/cm?), CB, and a PTFE (60%) emulsion at a AC:CB:PTFE
ratio of 9:1:0.9 (w/w) with a PDMS (12.1 mg/cm?) wipe diffusion layer.

Water bath

N

PVDF skin layer

AC/CB/PVDF mixture

Hindered Free
diffusion diffusion

Figure 7. Fabrication procedures for AC cathode by phase inversion method.

MFC experiments. Cubic single-chamber MFCs were used in all tests (except as noted). They
were constructed from a Lexan block 4 cm in length, with an inside diameter of 3 cm. The anodes
were graphite fiber brushes (2.5 cm in both diameter and length, heat treated at 450 °C in air for
30 min) then placed horizontally in the middle of MFC chambers. Anodes were fully acclimated
by operation for over one year at a constant temperature (30 °C) and fixed external resistance (1000
Q). The medium contained 1 g/L sodium acetate dissolved in 50 mM PBS (except as noted). In
larger-scale MFC tests, PVDF cathodes (7 cm x 10 cm, with 5 cm x 7 cm exposed to the air) were
constructed and tested in a multi-brush anode reactor (130 mL) fed with domestic wastewater as
previously described [39]. Carbon cloth-based cathodes with a platinum catalyst (ETEK C1-10 10%
Pt on Vulcan XC-72) and a PTFE diffusion layer was prepared and used as a Pt catalyst control.
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Analytical methods. MFC power curves were obtained by decreasing the external resistance
from 1000 through 500, 200, 100, 75, 50 to 20 Q at 20 min intervals. Coulombic efficiencies were
calculated at a resistance of 1000 Q based on changes in COD concentration, as previously
described. Cathode polarization measurements were conducted with new cathodes in a two
chamber electrochemical cell (2 cm length, 3 cm diameter, with a Nafion® membrane and Pt
counter electrode) using a step current method, with a series of different set currents after the cell
was acclimated under open circuit conditions for 1 h. The lower currents (1 mA, 2 mA, 3 mA and
4 mA) were applied for 1 h and the higher currents (5 mA, 6 mA, 7 mA, 8 mA, 9 mA and 10 mA)
were applied for 30 min to obtain steady-state conditions. A fully assembled reactor was used to
determine the maximum water pressure (in cm of static head) that would produce water leakage
through the cathodes. A rubber ring covered with at least three layers of Teflon tape was used to
seal the edge during the pressure test.

3.4.4. New Cathode Preparation Method: Carbon free diffusion layer AC cathode.

Cathode fabrication. The AC catalyst layer (CL) was prepared by mixing AC powder (Norit SX
plus, Norit Americas Inc., TX) with PVDF (5% w/v) PVDF and carbon black (CB; Vulcan XC-
72, Cabot Corporation, USA) powder at a mass ratio of AC:CB:PVDF = 30:3:5, with an AC
catalyst loading of 26.5 mg/cm? as previously described.® The mixture was spread directly onto an
11.3 cm2 circular section of stainless steel mesh (50 x 50, type 304, McMaster-Carr, USA) with a
spatula (except as noted). The mesh with the catalyst was then immersed into deionized (DI) water
for 15 min at room temperature to leach out DMAc solvent, and air dried in a fume hood overnight
prior to use. The final cathode was produced by attaching the diffusion layer (DL) onto the CL
(fixed by rubber O ring) with the dense skin layer facing the CL. The cathode was positioned in
the reactor with the DL facing the air side and CL towards the solution (Figure 8) side [40]. A
PDMS/CB wipe DL [cloth coated with PDMS/CB mixture] was used as a control, and prepared
as previously described [41].

Membrane fabrication. Membrane casting solutions of 15%, 20% and 25% (w/v) PVDF were
prepared by dissolving PVDF powder (~534,000 Da; Sigma Aldrich) in DMAc (anhydrous, 99.8%,
Sigma Aldrich) and vigorously stirring using a stir bar at 60 °C for over 6 h, until the solution
became homogeneous and transparent. A slow stirring process was continued for another 2 h to
remove bubbles in the solution. The solution was then cast onto a clean glass plate with a doctor
blade (Microm 11, Gardco, USA) set at a height of 200 um, and exposed to air for 30 s. The glass
plate was then immersed in a distilled water bath, in which the phase inversion process took place.
After 10 min, the membrane was transferred to an ethanol/water (1:1, v/v) bath for 6 h and then to
a pure ethanol bath for another 24 h (Figure 8). This solvent exchange procedure was adopted to
prevent the shrinkage of the P\VDF membranes. The P\VDF membrane was then air dried in a fume
hood for 10 min to restore hydrophobicity, and stored in sealed plastic bag at room temperature
prior to use.
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Figure 8. Synthesis of PVDF membrane via phase inversion method and solvent exchange process.

3.4.5. Impaired Cathode Performance by Adsorption of Humic Acids.

Humic acid adsorption test. Humic acid (HA) solutions with 100 and 1000 mg/L were prepared
by dissolving a commercial humic acid sodium salt (Sigma-Aldrich) in DI water. The solutions
were then filtered through 1.2 and 0.22 pm membrane filters (PVDF, 47 mm diameter, Millipore)
to remove any solids, and stored at 4 °C prior to tests. The resulting 100 and 1000 mg/L HA
solutions contained 33 + 2 and 330 + 20 mg-C/L of total organic carbon (TOC). The as prepared
100 and 1000 mg/L HA solutions had substantially higher concentrations of HA than ~2 mg/L of
HA in typical wastewater effluent but were in a reasonable range compared to the TOC
concentration in wastewater (~120 mg-C/L). The high concentrations of HA were needed to
rapidly accumulate HA onto the cathode, before other factors would also contribute to the cathode
fouling (such as biofouling) and preclude study of just the impact of the HA alone. HA adsorption
onto the carbon was examined by dispersing 1 g of AC powder into 100 mL containing 0, 100,
and 1000 mg/L HA solutions in sealed flasks, with continuous stirring for 24 h at 30 °C. The
AC/HA slurries were then filtered through a 1.2 pm PVDF membrane and the filtered solutions
were collected for analysis. The AC powders were further dried in a vacuum oven at 100 °C for
24 h. HA was adsorbed onto the cathodes by filtering solutions containing 0, 100, and 1000 mg/L
of HAs directly through the AC cathodes to shorten the time of HA adsorption into AC cathodes.
Prior to the filtration process, AC cathodes were sequentially wetted by ethanol and DI water each
for 10 min. HA solutions (30 mL) were then pressure filtered through the cathodes and the filtrates
were collected for analysis. The cathodes were dried in the fume hood for 12 h prior to testing.
The control cathodes were also treated using this same ethanol and ethanol wetted process, but
only DI water was filtered through these cathodes. The extent of HA desorption from the AC was
examined by filtering 30 mL of DI water through AC cathodes (~5 min) following the previous
procedures, and collecting the effluent for further analysis.

Analytical methods. A rotating disc electrode (RDE) was used to examine the catalytic
activity of the AC in the absence of appreciable external mass transfer limitations. All RDE tests
were conducted in 50 mM PBS (without nutrient addition) sparged with nitrogen and then air.
Solutions were sparged with a gas for 30 min before conducting linear sweep voltammetry (LSV)
tests and the gas was constantly streamed into the headspace during LSV runs. The potential of
the disk electrode was scanned from 0.2 V to —1 V (vs Ag/AgCl) at 10 mV/s, at rotation rates of
100 to 2100 rpm. The current generated under nitrogen sparging was subtracted from that obtained
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under air sparging to evaluate current generation due only to oxygen reduction. The
electrochemical performance of AC cathodes were evaluated by LSV in an electrochemical cell (2
cm length, 3 cm diameter) containing two chambers separated by an anion exchange membrane
(AEM; AMI-7001, Membrane International Inc.). The electrolyte was 50 mM PBS prepared
without nutrient addition. A potentiostat (VMP3 Multichannel Workstation, Biologic Science
Instruments) was used for all measurements in a constant temperature room (30 °C). The potentials
on the cathodes were scanned from +0.509 V to —0.209 V versus SHE at a scan rate of 0.1 mV/s
for 7 times to reach steady state. Impedance measurements of AC cathodes were conducted at 0.1
V vs SHE over a frequency range of 100 kHz to 0.02 Hz with a sinusoidal perturbation of 14.2
mV amplitude. The spectra were then fitted into an equivalent circuit to identify the solution
resistance (Rs), charge transfer resistance (Rct) and diffusion resistance (Rq).

3.5. Continuous Flow Tests (Task 6)

3.5.1. Test with Different Anode Configurations and Cathode Surface Area

Reactor construction and operation. We conducted continuous flow tests using domestic
wastewater with two different types of MFC reactors, with two of each reactor types operated
hydraulically in series. Anodes were graphite fiber brushes (Mill-Rose, Mentor, OH) with a
titanium core (25 mm diameter by 35 mm length) heat treated at 450 °C for 30 min before use.
Cathodes (40 cm?, projected surface area) were made by a phase inversion technique using a PVDF
binder and a mixture of AC (8.8 mg/cm?) and CB (Vulcan XC-72, Cabot Corporation, USA) as
previously described [38]. Four single-chamber, air-cathode MFCs were constructed using three
graphite fiber brush anodes per reactor. Two of these reactors had the anodes placed directly next
to a single cathode (N1C, Figure 9) [34]. The other two MFCs had the anodes placed in the middle
of the anode chamber with a space between the edge of the anodes and two cathodes on either side
of the brushes (S2C). The spaced electrode reactor design is different from previous spaced
electrode designs as two cathodes each containing separators were used per anode array. Brushes
used in the N1C reactor (100 mL empty bed volume) were trimmed along their length to form a
half cylinder, with the flat side placed on the separator that was positioned against the air-cathode
(0.5 cm distance from the cathode). Full brushes were used in the S2C reactors (140 mL empty
bed volume) with an edge-cathode distance of 0.8 cm (Figure 9). The four MFC reactors (2 N1Cs,
2 S2Cs) were arranged with two flow paths, with the two similar types of MFCs hydraulically
connected in series (Figure 9). The first MFC was the labeled the upstream (U) reactor, and the
second one the downstream (D) reactor. The MFCs were inoculated and fed domestic wastewater
from the primary clarifier of the Pennsylvania State University Wastewater Treatment Plant. The
theoretical HRT was calculated from the set flow rate (Q, mL/h) and reactor volume (V, mL) as
HRT = V/Q. Flow rates were chosen to obtain the same theoretical HRTs for the two reactors of:
8.8 h (31.8 mL/h, S2C; 22.8 mL/h, N1C); 4.4 h (63.6 mL/h, S2C; 45.6 mL/h, N1C); 2.2 h (127.2
mL/h, S2C; 91.2 mL/h, N1C). A salt tracer test was conducted to measure the actual residence time
of solutes in the two pairs of MFCs during continuous mode operation. A NaCl solution (1 M) was
injected into the flow line of the upstream flow line of the MFC for 36 min (8.8 h HRT), 18 min
(4.4 h HRT), or 9 min (2.2 h HRT), with the effluent conductivity monitored using a meter
(SB90M5, VWR International, USA). Measured HRTs were defined as the time to the peak of the
tracer input. The HRT measured using this approach includes the entrance and exit volumes (not
working area) of the reactors. Thus, the measured HRTs were adjusted by multiplying a ratio of
working volume to total reactor volume.

20



N1C-U N1C-D
(CYE N1C s2C (B) l
I Flow out I Flow out =
AV N

Separator

=~ Peristaltic
pump

Effluent
Cathode

Anode

Influent
(domestic
wastewater)

Effluent

F“W in i Flow in T_

Figure 9. (A) Full brush anodes spaced evenly between two cathodes (S2C) and trimmed brush
anodes near a single cathode (N1C), not drawn to scale. (B) Experimental set-up used in this study.
Pairs of S2Cs and N1Cs were arranged in a series, and domestic wastewater was continuously
provided through the inlet channel to each of the paired reactors.

3.5.2. Test with a Larger, multiple-module MFC (5.7 L)

Reactor construction and operation. A larger MFC, which contained four cathode modules and
three anode modules each containing eight anode brushes, was assembled and operated using
domestic wastewater (total reactor volume of 5.7 L) (Figure 5). (Reactor details are in Section
3.3.1. Materials and Methods.) The cathodes contained two sides, each made using a rolling AC
process (22 x 15 ¢cm) with an effective cathode area of 200 cm?. This multi-modules MFC was
examined for power production under either serial or parallel flow conditions, with the flow path
controlled using baffles (Figure 10A, 10B) [36]. Serial and parallel flow modes were set by either
inserting or removing the baffles, with the same net flow applied to the reactor so as to maintain
the overall loading rate to the system. The reactor was installed at a municipal wastewater
treatment plant and continuously fed domestic wastewater (effluent from a primary clarifier). The
MFC was initially inoculated without cathode modules for 7 days, and refilled daily with fresh
wastewater. The MFC stack was then operated in continuous parallel flow mode (Figure 10A) for
12 days (Phase 2, Startup period, Table 1) [36], with the direction of flow alternated in the opposite
direction every day to avoid extended exposure of the anodes at the effluent side of the reactor to
the lowest COD concentrations. During this period, the external resistance was progressively
reduced from OCV to 2 Q (OCV, 2000, 1000, 500, 200,100, 50, 20, 10, 5 and 2 Q) to gradually
acclimate the biofilms to continuous flow conditions and a low external resistance. After this
Startup period, the flow direction was periodically alternated every 2 d (days 20-39, Phase 3, Table
1). Days without flow operation (for cathode maintenance, power tests or electrochemical
measurements) were not included in this summation of operational days. The reactor was then
operated with serial flow (Figure 10B) through the reactor, with alternating flow directions every
2 d (days 40-58, Phase 4). In the last two phases of testing, the flow was set in a fixed direction in
parallel (days 59 to 100, Phase 5) or series (days 101-119, Phase 6) flow through the modules.
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Flow during Phase 5 was separated into two phases (days 59-79, Phase 5 a; and days 80-100, Phase
5b) due to a significant (based on the Student's t-test) change in COD concentration (Table 1).
Electrochemical tests (polarization, cyclic voltammetry and electrochemical impedance
spectroscopy measurements) were only performed when COD concentrations were over 400 mg/L
to ensure comparable results between tests (avoid differences due to changes in COD concentration
during tests). After a series of electrochemical tests the reactor was operated under steady flow
conditions for several days to ensure steady conditions for the next flow mode tests. The cathode
was periodically cleaned to avoid changes in performance over time due to cathode fouling. The
cathode modules were removed from the reactor and sprayed with a commercial bleaching liquid
to disinfect the cathode biofilm. After 5 minutes, the cathodes were sprayed with dilute
hydrochloric acid (0.01M HCI solution) to dissolve any salts that may have formed on the cathode,
and then after 10 min the cathodes were rinsed with tap water before being re-inserted back into
the MFC stack. Due to poor performance of the cathodes even with this cleaning procedure, new
cathodes were installed for Phase 5 b and 6 starting at day 80.
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Figure 10. (A) Flow mode regulation controlled by baffles in the parallel flow path with alternating
direction, and (B) flow in the serial flow path with alternating direction.
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Table 1. Operational Conditions

Phase  Days* Opera_t|_onal Flow direction Hydraulic flow COD (mg/L)
conditions
1 1-7 Inoculation No flow Fed-batch 450 + 30
2 8-19 Startup  Alternating (1 d) Parallel 490 + 70
3 20-39 A-P Alternating (2 d) Parallel 480+ 70
4 40-58 A-S Alternating (2 d) Serial 540 £ 85
5a 59-79 F-P Fixed Parallel 550 £ 100
5b 80-100 F-P Fixed Parallel 350 £ 95
6 101-119 F-S Fixed Serial 240 + 80

* Days for cathode maintenance, power tests and electrochemical measurements were not
included.

3.5.3. Black Water Tests using MFCs

A set of experiments were conducted to simulate COD removal with black water in an MFC, by
using swine wastewater, as a high strength wastewater from a FOB was not readily available for
transport to Penn State. Swine wastewater was collected from the Penn State Swine Center (total
COD of 21,500 mg/L), a level similar to that of black water. The swine wastewater was initially
screened through a stainless steel mesh (50 x 50 mesh, 0.23 mm wire) to remove large particles.
The screened swine wastewater had 19 + 2 g/L COD with conductivity of 17.8 = 0.5 mS/cm.
Without further modification or treatment, the screened swine wastewater was used as inoculum
for bacteria acclimation of in MFCs. For the MFC operation in continuous flow mode, the COD
of the screened swine wastewater was adjusted to a range of 7—8 g/L by settling and dilution. Each
new wastewater sample was first stored in a plastic container (at 4°C) for at least one day without
shaking, and solids that settled to the bottom of the container were discarded. If the COD after this
step exceeded 8 g/L, the wastewater was diluted using deionized water to keep the COD in the
desired range of 7—8 g/L, and then stored at 4°C.

Reactor construction and operation. Two identical air-cathode MFC reactors (working
volume of 100 mL) were constructed as previously described in Section 3.5.1. The two swine
wastewater fed MFCs (SMFCs) were initially filled with screened swine wastewater as both fuel
and inoculum, and the anode and cathode were connected with a 1000 Q resistor for each MFC.
After 30 d of acclimation, two MFCs were hydraulically connected in series, and the swine
wastewater adjusted to a COD of 7-8 g/L was pumped into the first MFC reactor using peristaltic
pump (Model no. 7523-90, Masterflex, Vernon Hills, IL). The first MFC was labeled the upstream
(V) reactor and the second one the downstream (D) reactor. The MFCs were initially operated in
continuous flow mode for ~3 months at a flowrate of 0.05 mL/min (theoretical HRT of 2.8 d), and
an external resistance Rex=50 Q. After 74 days of operation, the separators were replaced, the
cathode surfaces (solution side) were cleaned using DI water. The flowrate was then increased
after 74 d to 0.2 mL/min, for a total HRT of 16.7 h.

Analytical methods. Cell voltages (at each external resistance) were monitored using a
multimeter (Model 2700, Keithley Instruments, USA) at 10 min intervals, with the current
calculated using Ohm’s law (I = U/R), where U is the measured voltage (V), and R the external
resistance (). The current was normalized by cathode surface area of MFCs (40 cm?) to obtain
the current density. Polarization and power curves were obtained by varying the external resistance
from open circuit to 5 Q. MFCs were first operated under open circuit conditions at least 4 h prior
to each polarization test. Total COD was measured using a standard method (method 5220, HACH
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Company, Loveland, CO). The student’s t-test (Microsoft® Office Excel 2010) was used to
evaluate whether effluent CODs were significantly different. Total suspended solids (TSS) were
measured using standard methods (APHA, 1998). The removal rate (g/L-d) was calculated as R =
(CODi—CODy)/t, where CODi: is the influent COD, and COD: is the effluent COD at time t (the
HRT of the reactor). For comparisons of these rates to previous studies, where the COD removal
was found to be first order, a first order rate constant k (h™*) was calculated based on the overall
COD removal as k = —In (COD¢/COQOD:)/t. CE was calculated as CE (%) = C/Cinx100, where Ct
was the total coulombs calculated by integrating the current over time (C=) IAt, where At is the
time interval of one HRT), and Ci was the theoretical amount of coulombs available based on the
COD removed in the MFC, calculated as Cin=[Fb(CODi - COD:)QAt]/M, where F is Faraday’s
constant, b=4 the number of electrons exchanged per mole of oxygen, Q the flow rate, and M=32
the molecular weight of oxygen.
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4. RESULTS AND DISCUSSION

4.1. Anode Testing (Task 1)

4.1.1. Power Generation Using Different Anode Sizes in Smaller MFCs (28 mL)

Power generation. The maximum power densities were: 1150 + 40 mW/m? (0.40 mA/cm?), C1-
thick; 1220 + 50 mW/m? (0.42 mA/cm?), C1; 1250 mW/m? + 70 (0.42 mA/cm?), C3; and 1190 +
50 mW/m? (0.41 mA/cm?), C6 (Figure 11) [31]. The lack of differences in power densities (based
on similar values within a standard deviation) showed that all configurations, despite large
differences in total brush anode areas, were able to produce the same power. The nearly flat slope
of all anode potentials suggested that all configurations offer abundant surface area for the
development of an exoelectrogenic biofilm and that the anode was not limiting power production
under these conditions. This lack of an effect of anode type indicated that anode surface area could
be reduced without affecting performance. The similar power production obtained using MFCs
with a single anode but different wire gauges (C1-thick and C1) indicated that the current collector
on the anode brush was not a limiting factor for current production, and reducing the wire had no
effect on power generation.
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Figure 11. (A) Power density (solid symbols) and polarization curves (white symbols) for the four
configurations, obtained through multi-cycle method. (B) Electrode potential curves (A = anode;
and C = cathode) measured against a reference electrode (Ag/AgCl) for the four configurations.

COD removal. COD removals over an individual cycle were over 90% for all configurations
and resistances. CEs ranged from 21 to 64% depending on the current density (Figure 12) [31]. As
external resistance decreases, current density and CE increase due in part to reduced oxygen
crossover as a result of shorter cycles. The highest CE (64%) was obtained with C1 at a current
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density of 0.82 mA/m? (external resistance 10 Q). At this same external load, CE was 50% for C1-
thick and 56% for C3 and C6. Single brush anodes exhibited higher CEs than multi-brush systems,
with the sole exception of the maximum external resistance (1000 Q), although in this case the
difference was quite small.
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Figure 12. (A) COD removal, and (B) CE percentages vs. external resistance.

Brush disconnection or removal test. The effect of total anode surface area reduction on
power production was evaluated in two ways: brush disconnection; and brush removal. For the
brush disconnection experiment the power densities decreased by 21% (C3) and 40% (C6) as the
brushes were disconnected (from 1330 to 1050 mW/m? for C3, and from 1170 to 700 mW/m? for
C6) (Figure 13A) [31]. Peak power output is an important criterion to assess MFCs performance,
but total charge recovery also provides relevant information on energy recovery. The total charge
extracted remained stable at 155 + 2 C for C3 and 152 = 7 C for C6 even though the duration of
the cycle increased from 18 h (all brushes connected) to 22 h (one brush connected) for C3, and
from 18 h (all brushes connected) to 25 h (one brush connected) for C6 (Figure 13A). For the brush
removal experiment, there were decreases of 21% (C3) and 32% (C6) in the power densities as the
brushes were removed (from 1190 to 940 mwW/m? for C3, and from 1000 to 680 mW/m? for C6)
(Figure 13B). Thus, the change in power densities were larger for the C6 case than the C3 case,
with the percent change equal to (C3) or slightly less (C6) with brush removal compared to
disconnection of the brushes. Charge again remained constant for C3 (165 = 1 C), but for C6 it
fluctuated between 144 and 174 C. When brushes were disconnected, the decrease in power
appeared to be associated with the limited capacity of fewer anodes to sustain the maximum current
compared to that produced with all brushes connected. The use of the multi-brushes was likely a
more important factor relative to power production than just the specific surface area of the
brushes.
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Figure 13. Average power density and charge of the successive brush disconnection and removal
for (A) C3, and (B) C6. Values for C1-thick and C1 are included in (A) for comparison purposes.

4.1.2. Examination of Brush Anode Sizes and Packing Densities in Larger MFCs

Power generation. All anodes were initially tested in the same relative position, with the brush
core set at the same distance from the cathode (17 mm). In fed-batch mode, the maximum power
density was highest for the R3 configuration with 1240 mW/m?. The maximum power produced
decreased when more brushes were used, to 910 mW/m? for R5, and 600 mW/m? for R8 (Figure
14) [32]. When reactors were operated in continuous flow mode, the maximum power densities
were all lower, with slightly different results in terms of which anode configuration was optimal.
The R3 and R5 configurations produced about the same maximum power densities, with 560
mW/m? for R3 and 600 mW/m? for R5. The lowest power density of 280 mW/m? was again
obtained by the R8 configuration. These power densities are lower than those obtained in fed-batch
mode.
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Figure 14. (A and C) Power density (solid symbols) and polarization curves (white symbols) for
MFCs obtained using the single-cycle method with three configurations. The curves were obtained
in fed-batch (A, B) and continuous flow (C, D) operation.

COD removal. COD removal was decreased in continuous mode (it was >85 % in batch mode
compared to 14-45 % in continuous flow mode) due to the much longer cycle lengths in fed-batch
mode (3 days) compared to a shorter HRT (8 h) in continuous flow. CEs ranged from 11 to 77 %
in fed-batch mode, and from 4 to 82 % in continuous flow operation, depending on resistance used
as this affected the current density (Figure 15) [32]. There was a general decrease in CE in
continuous mode compared to fed-batch mode, likely due to oxygen diffusion in the anodic
chamber. During continuous operation mode there was also a change in the leading CE
performance. At the lowest external resistances R3 and R8 had the highest CE during fed-batch
mode, whereas R5 was the best performer in continuous mode for this parameter.
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Figure 15. COD removal (A,C) and Coulombic efficiency (B,D) in fed-batch (A,B) and
continuous flow (C, D).

Power generation with different electrode spacing. To demonstrate that the change in
distances between the anodes and cathodes affected the power densities produced by the smaller
and larger brushes (and not just the brush size), the brush anodes for R8 were moved closer to the
cathode (from 12 to 4 mm) to produce the same spacing between the brush edges and the cathodes
as R3. Power density substantially increased in both fed-batch and continuous mode, making this
new smaller brushes configuration with closer spaced electrodes (R8C) the best performer. The
maximum power in batch mode was 1030 mW/m? (R8C) compared to 600 mW/m? (R8) (Figure
16A) [32]. In continuous flow, the maximum power was 1020 mW/m? (R8C) compared to 280
mW/m? (R8) (Figure 16B). Electrode potential curves showed that cathode potentials were more
stable in configuration R8C than R8. EIS and LSV analyses were consistent with this trend in
increased power with the closer electrode spacing. There was a substantial decrease in all
impedance components for R8C compared to R8, with the solution resistance (directly related to
electrode spacing) having the largest decrease by 84%, followed by a large reduction in diffusion
resistance (51%).
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Figure 16. (A and C) Power density (solid symbols) and polarization curves (white symbols)
obtained through the single-cycle method for the two configurations: R8 and R8C. The curves
were obtained in fed-batch (A, B) and continuous flow (C, D) operation.

Conclusions relative to anode sizes with acetate solutions. The conclusion from these tests
was that using a larger number of smaller anodes to cover the cathode surface provided superior
performance. However, this conclusion was only validated using relatively high concentrations of
acetate in well-buffered solutions. Thus, the next task was to examine performance of these small
electrodes when using domestic wastewater, which is much lower in the initial concentration of
organic matter, and it is not as well buffered against pH changes at the electrode surfaces.

4.1.3. Performance of Larger Scale MFCs (130 mL) with Domestic Wastewater

For wastewater tests, the larger-scale 130 mL MFC was used (Figure 2) [32] with the R8C
configuration, with all experimental conditions the same except the solution (previously acetate
buffer solution was used) and the separator.

Power generation. Three polarization tests were run to determine the maximum power density
of the reactors. The first two tests used unfiltered primary clarifier effluent and resulted in power
overshoot (a doubling back of the power curve). The maximum power density achieved in the first
test was 315 + 17 mW/m? at the current density of 0.9 A/m?, and the second test achieved a
maximum power density of 220 + 7 mW/m? at 1.1 A/m? (Figure 17). To correct for power
overshoot, sodium chloride (NaCl) was added to the wastewater to increase conductivity. Once
acclimated, a third polarization test was conducted. The maximum power density achieved was
320 + 9 mW/m? at the current density of 1.0 A/m? with less power overshoot than previous tests.
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Figure 17. Polarization and power curves obtained from the larger scale MFC fed with a domestic
wastewater.

COD removal. COD removal rates were characterized for wastewater under 100 Q in fed-
batch mode. Mid-cycle COD and soluble COD (SCOD readings were taken at various intervals to
see COD removals over the course of the cycle (a batch cycle lasts 72 h). COD and sCOD removal
follows first order kinetics, with a removal rate constant of 0.047 h™* (COD) and 0.048 h™* (SCOD)
(Figure 18). Overall COD and SCOD removal during a fed batch cycle was 82% and 72%,
respectively.
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Figure 18. COD monitoring during current generation in the larger scale MFC fed with domestic
wastewater (left). First-order fitting data for COD removal (right).

4.1.4. Nutrient Removal Test Using Larger Scale MFCs (130 mL)

Since the domestic wastewater contains nutrients as well organic matter that need to be removed,

nutrient concentrations in the influent and effluent of the larger scale MFCs were examined.
Batch mode operation. Samples were collected at two points in a cycle where current started

to drop from the maximum point (after about 9 h), and when current and nearly completely ceased

(about 24 h). The ammonia concentrations decreased over the course of a fed batch cycle, from an

initial concentration of 43.4 mg/L, to 35.4 mg/L after 9 h, and 23.9 mg/L after 24 h, for a total
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overall reduction of 45% (Table 2). Chloride concentrations remained constant. Nitrate and
phosphate concentrations increased slightly. Effluent sulfate concentrations decreased from, an
initial 30.2 mg/L to 10.0 mg/L at the end, a 67% decrease. These results showed that there was
ammonia removal and nitrification, and likely that there was organics removal using nitrate and
sulfate.

Table 2. Monitoring of nutrients concentrations in the larger scale MFC during operation.
sampling point Chloride | Nitrite Nitrate Phosphate Sulfate | Ammonia
PUNIPOI | (mg/L) | (mg/L) | (mgi) |  (mgi) | (mg/) | (mg/L)
Initial
concentration 164.0 48.6 1.8 2.5 30.2 43.4
(O h)
After 9 h 151.7 41.8 2.2 3.7 4.64 35.4
After 24 h 170.0 48.7 2.3 4.2 9.96 23.9

Continuous flow mode. In tests with under continuous flow mode operation, the NHs-N
concentration in the effluent was 37.1 = 1.3 mg/L, which indicated there was no significant change
in NHs-N concentrations due to similar concentrations in the MFC influent (37.4 + 0.8 mg/L).
Although ammonia removal was not observed for MFCs in continuous flow here, this does not
preclude use of MFCs for wastewater treatment at FOBs. Additional processes could be used to
remove nutrients, and ESTCP is funding research on downstream removal of nutrients that can be
used at military installations and FOBs. Thus, it may be possible to use the MFC for removal of
biodegradable organic removal and energy recovery, with residual nutrients being removed by
other downstream processes such as ammonia volatilization or adsorption, or nitrification and
denitrification, using established technologies. However, nutrient removal may not be needed as
many water reuse applications do not require nutrient removal, such as dust suppression, vehicle
washing, toilet flushing, and other applications. Nutrient removal is only required if the water will
be discharged to a navigable water in the US, although other countries have different discharge
requirements.

4.2. Separator Testing (Task 2)

4.2.1. PVA Separator Tests with Acetate Buffer Solution

Comparison of power densities with different separators. Moving from a spaced to an SEA
configuration produced a 27% increase in power (740 + 58 mW/m? vs. 942 + 43 mW/m?) in tests
with stainless steel cathodes and Pt catalyst. PVA was compared against wipe separators
(cellulose/polyester blend) and no separator (NS) in the spaced configuration, and against wipe
separators and glass fiber (GF) separators in the SEA configuration. In the spaced configuration,
PVA performed better than wipe separators (518 + 6 mW/m? vs. 487 + 6 mW/m?), but not as well
as the reactor without a separator (702 + 29 mW/m?). In the SEA configuration, wipe separators
(700 + 57 mW/m?) performed better than PVA (635 + 64 mW/m?) or GF (610 + 24 mW/m?)
separators. The SEA results were unexpected due to the PVA performing better in the spaced
configuration. Coulombic efficiencies for all testing involving separators reached a maximum of
65-75% while the test with no separator produced 60%. Based on EIS measurements, ohmic
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resistance 2.3+ 0.1 Q for PVA separators, and 10.1 + 0.1 Q for the wipe separators. Charge transfer
resistance was measured in a single chamber cell at a set potential of —0.1V. Charge transfer
resistance was 31.2 + 16.6 Q for PVA separators, and 12.4 + 0.8 Q for wipe separators.

Power generation using solutions with different conductivities. Tests of PVA in both SPA
and SEA configurations was conducted using solutions with different PBS concentrations (5 mM,
50 mM and 100 mM) (Figure 19) [33]. With 5 mM PBS, there was no loss in power when the PVA
separator was added to the reactor in the SPA format (336 + 3 m\W/m? for no separator, NS; 339
+ 29 mW/m? with PVA separator), but power was increased by 32% in the SEA format (444 + 8
mW/m?). With 50 mM PBS, there was a 28% loss in power with the addition of PVA into SPA
format (1228 + 55 mW/m?, NS; 889 + 0 mW/m? with PVA). Part of this loss was recovered by
using the SEA configuration, as there was an increase in power of 8% vs SPA to 956 + 51 mW/m?,
but this was still 22% lower than the NS tests. For the 100 mM PBS tests, there was a 50% decrease
in power density with the addition of PVA into the SPA reactors (1848 + 18 mW/m? for NS; 932
+ 76 mW/m? with PVA separator). Part of this loss was recovered when the electrodes were
switched to operation with a separator (SEA mode) as there was an increase in power of 30% vs
SPA to 1207 + 110 mW/m?, but this was still 35% lower than the NS tests.
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Figure 19. Comparison of SEA (closed symbols) and SPA (open symbols) power density curves
in (A) 5 mM, (B) 50 mM and (C) 100 mM PBS.

Spray-on vs. cast PVA separators. With cast separators, power densities of 942 + 43 mW/m?
with Pt cathode catalysts were 7% higher than with spray-on separators (873 + 33 mW/m?) (Figure
20) [33]. Similarly, the power densities of 718 + 74 mW/m? with cast separators were 8% higher
than spray-on separators (664 + 67 mW/m?) on AC cathodes (19.5 + 0.1 mg PVA/cm?) was roughly
twice as much as the loading on the Pt cathodes (10.0 + 1.4 mg/cm?) due to the cathode
configuration that required the PVA to completely cover the metal mesh. The additional PVA
loading had only a small impact on power production. PVA thickness was not compared between
cast and spray-on separators, but the general trend was that a thicker separator yielded a higher
CE, but resulted in a lower maximum power density. It is likely that the spray-on separators were
thicker than the cast separators due to the inclusion of air bubbles in the application process but
this only had a minimal effect on performance due to the greater porosity created by those air
bubbles.
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Figure 20. Test data for cast (closed symbols) and spray-on (open symbols) PVA separators in
SEA on Pt and AC cathodes showing: (A) power density curves, (B) cell voltages, and (C)
electrode potentials (cathodes: solid lines; anodes; dashed lines).

4.2.2. Separator Tests with Domestic Wastewater

Domestic wastewater (collected from Penn State Wastewater Treatment Plant) was used for tests
to evaluate PVA separators in 28 mL reactors. Tests with cast PVA separators with domestic
wastewater in the SPA configuration showed that power density was reduced by 12% with the
addition of the separator versus the NS control (292 + 5 mW/m? for NS vs 255 + 7 mW/m? with
PVA). This power loss was not that large, but a decrease was unexpected based on previous tests
in a solution with similar conductivity (5 mM PBS) that showed no power loss with the addition
of the PVA separator (337 + 3 mW/m? for NS vs 339 + 29 mW/m?2 with PVA separator). Maximum
coulombic efficiencies were unchanged in the SPA testing with the addition of a PVA separator
(26% with NS, 25% with PVA). Overall, it was found that cloth (wipe) separators had similar
performance to PVA separators.

4.3. Spacer Testing (Task 3)

4.3.1. Spacer Tests with Acetate

Power generation with different types of spacers. The best performance was observed with the
WS. The maximum power densities achieved with the WS were 1100 + 10 mW/m? based the one
effective cathode area, and 32 + 0.2 W/m? based on the liquid volume of one anode compartment,
using an eternal resistance of 2.5 Q. The maximum power densities observed with CS were 1010
+ 10 mW/m? and 29 + 0.2 W/m®, which were slightly less than those obtained with the WS. The
performance of MS was much lower than WS and CS, with power densities of 650 + 20 mW/m?
and 20 + 0.2 W/m® (Figure 21a) [35]. The anode potentials with the different spacers were very
similar to each other (Figure 21b). Thus, the cathode potential should have limited power
production and determined the general shape of the whole cell potential curves. In the current
density range from 0 to 1.2 + 0.04 A/m?, the cathode potential with MS was similar with that of
CS and WS. At greater current densities, the cathode with MS had a more negative potential. The
cathode potentials with CS were mostly similar to those with the WS. When the current density
increased up to 4.0 + 0.1 A/m?, the cathode potential started to show a slight drop relative to the
other tests.
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Figure 21. The polarization curve (a) and electrode potential (b) of the mesh, column and wire
spacers. The error bars = SD were calculation based on averages data from the chamber A and B
of the MFC stack.

Internal resistance distributions with different types of spacers. In order to prove the
differences in performance of the MFCs with the different spacers was due to the oxygen transfer
limitations at the cathode, EIS tests were performed to analysis the internal resistance distribution
in each condition. The EIS tests for each spacer were performance at conditions similar to that
maximum power output point on the polarization curve. The anode resistances with MS (0.35 +
0.08 Q), CS (0.55 + 0.08 Q) and WS (0.40 = 0.05 Q) were similar and accounted for a small
fraction in the total internal resistance (Figure 22) [35]. In the distribution of the cathode
resistances, the ohmic resistance part of three spacers was similar. However, the non-ohmic
resistance of the MFC with the MS spacer (1.40 + 0.15 Q) was more than two times larger than
those with CS (0.63 + 0.10 Q) or WS (0.69 + 0.08 Q) spacers (Figure 22). The non-ohmic
resistance refers to the sum of the charge transfer resistance and diffusion resistance.
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Figure 22. Internal resistance distribution for the anodes (An) and cathodes (Ca) using mesh (MS),
column (CS), or wire (WS) spacers. The error bars are £SD based on averages from the A and B
sides of the MFC.



4.3.2. Spacer Tests with Domestic Wastewater

Additional tests were conducted with the same reactors in the above tests, but using domestic
wastewater or wastewater amended with acetate. The wastewaters collected had a total COD in
the range of 400-550 mg/L, and a soluble COD (SCOD) in the range of 200-300 mg/L. Polarization
tests showed that there were similar maximum power densities of the two anode compartments of
400 + 8 mW/m? (A side) and 400 + 3 mW/m? (B side), with an average maximum empty bed
volume power density of 7.9 + 0.1 W/m?® (11.2 + 0.1 W/m3 based on liquid volume) (Figure 23)
[35]. After operation of the MFCs for 3 months, polarization data were again obtained to evaluate
electrode performance. The maximum power densities had decreased to 300 + 10 mW/m?
(compartment A) and 275 + 7 mW/m? (compartment B) (Figure 23). The anode potentials were
the same in the original (1 month) and final (3 month) polarization tests, indicating that changes
were due to cathode performance rather than changes in wastewater quality or composition. A
decline in cathode performance was expected given previous long-term studies of MFCs with
acetate that have shown reduced cathode performance over time.
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Figure 23. (a) Polarization curves and (b) anode (An) and cathode (Ca) potentials of the MFC
operated in fed-batch mode using raw domestic wastewater: solid lines, results after one month
(1M); dashed lines, results after 3 months (3M); P=potential, VV=voltage. Average and error bars
(= SD) based on individual measurements for 6 brush anodes in compartments A or B.

Impact of influent COD on current density. The current and power produced in an MFC can
depend on the strength of the wastewater. To examine how the change in COD affected MFC
performance here, current and COD concentrations were measured over the course of ~8 h during
a fed-batch cycle, with measurements taken 6 times during this period. Thus, the six time intervals
(T1-T6) were obtained with six sampling times separated by 80 min each. Current production was
relatively stable at 2.0 + 0.1 A/m? while the COD concentration decreased from 450 + 10 mg/L to
288 + 15 mg/L (T1 - T4) (Figure 24) [35]. However, current production sharply decreased to 1.3
+ 0.2 A/m? at 275 + 15 mg-COD/L (T5) and 0.9 + 0.1 A/m? at 250 + 5 mg/L (T6). This decrease
in performance was consistent with a previous study that showed that current production sharply
decreased at COD concentrations lower than ~250 mg/L, using wastewater from the same
treatment plant.

The changes in anode resistances during multiple fed batch cycles were monitored by briefly
setting the anode potential at a set potential of —420 mV for 50 min, followed by an EIS test with
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the same anode potential for another ~30 min (Figure 24). The non-ohmic resistance of the anodes
paralleled observations of rapid decreases in current density as the COD was reduced. In the two
last time intervals, with the COD of 275 mg/L or less, the non-ohmic anode resistance rose from
0.56 + 0.09 Q, to 0.77 £ 0.18 Q (T5) and 1.62 + 0.33 Q (T6). The low current production by the
MFC at these COD concentrations is a further example of the need for a secondary treatment
process, such as an AFMBR, to reduce COD to levels suitable for wastewater discharge [42].
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Figure 24. Anode resistances analyzed in terms of ohmic and non-ohmic resistances, using raw
wastewater in fed-batch tests. The error bars are +SD based on averages from the A and B sides
of the MFC. T1 - T6: Time intervals, obtained by dividing one complete cycle of MFC operation
(8 h) into six equal parts (80 min each).

4.3.3. MFC Module Design

Performance of MFC module (Batch mode). During the start-up period, the total COD and
SCOD removal rate was 45 + 4 % and 33 = 3 % for each anode circuit. The maximum volume
power density was 8.5 W/m?, while in single cycle power test, the maximum volume power density
after startup period reduced to 6.6 W/m®. The reducing of power densities was due to the
performance drop of the AC cathodes after initially immersed in wastewater. In the comparison
between electrode configurations, based on the voltage output with various resistances, the power
density based on cathode area for anode 1 and 4, which combined with one layer of cathode, was
370 + 4 mW/m?, while that of anode 2 and 3 was 290 + 30 m\W/m?. After startup period, in single
cycle power test, the anodes 2 and 3 generated an average power density of 225 + 8 mW/m?, while
that of anodes 1 and 4 was 290 + 8 mW/m?. By doubling the cathode area matched for each anode
array, about 78 £ 2 % of the maximum power densities was obtained based on cathode area,
compared with 1An1Ca configuration.

4.4. Cathode Testing (Task 4)
4.4.1. Enhanced AC cathode by Blending Carbon Black
Power generation with different carbon black loading and durability. Power generation was

enhanced in MFCs by adding CB into the AC, with the same optimum ratio of 10% as that obtained
in abiotic tests. After one week of operation, the MFCs with cathodes prepared with a 10% ratio
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produced the highest power density of 1560 + 40 mW/m?, followed by 5% (1510 + 10 mW/m?),
15% (1510 = 10 mW/m?), and 2% ratio cathodes (1460 + 10 mW/m?) (Figure 25A) [43]. The
power density of the MFCs with the 10% ratio cathode was 16% higher than those with the plain
AC cathodes (1340 + 120 mW/m?), and 7% higher than MFCs with a Pt cathode (1460 + 10
mW/m?). Anode potentials were essentially the same at the same current densities in all the MFCs,
indicating that the cathode potentials were responsible for the differences in power generation.
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Figure 25. (A) (B) (C) Power densities and (D) (E) (F) electrode potentials as a function of current
density in MFCs using different cathodes after 1-week, 3.5-month and 5-month operation.

After 3.5-months of operation, the MFCs with 10% CB still produced the highest maximum
power density of 1500 + 210 mW/m?, which was 29% higher than the plain AC cathodes (1160 +
120 mwW/m?) (Figure 25B) [43]. The cathodes with the 5% and 15% ratios still produced similar
maximum power densities of 1340 + 40 mW/m? (5% ratio) and 1330 + 40 mW/m? (15% ratio).
The MFCs with the Pt cathodes had greatly reduced power production, with a 55% reduction in
maximum power to 650 + 10 mW/m?. The AC with a 10% CB:AC ratio had the lowest decrease
in performance of 4% in the maximum power densities, compared to a 13% decrease for plain AC.

After 5 months, the MFCs with the 10% ratio continued to produce the highest power density
of 1450 + 10 mW/m?, which was now 150% higher than Pt (570 + 30 mW/m?) and 14% higher
than plain AC (1270 + 80 mW/m?) (Figure 25C) [43]. The maximum power densities for this 10%
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ratio cathode were decreased by only 7% compared to the first week, demonstrating that AC based
cathodes sustained high power generation. The slight decrease of AC cathode performance over
time might be due to the clogging of micro pores in the AC.

Electrochemical performance with different CB loading. Chronoamperometry tests were
conducted to examine the electrochemical activity of the AC cathodes blended with 0%, 2%, 5%,
10% and 15% CB powder (Figure 26) [43]. CB and AC ratio of 10% was optimal and it had an
open circuit potential (OCP) of 0.25 V (vs Ag/AgCl, same as below), higher than the one without
CB (0.20 V) and those with the other ratios (2%, 0.22 V; 5%, 0.23 V, 15%, 0.23 V). The cathode
with the 10 % CB ratio generated current density of 8.7 A/m? in the chronoamperometry test,
higher than the one without CB (7.1 A/m?) and the other ratios (8.0-8.5 A/m?), and even Pt (7.8
A/m?). The plain AC cathode had a lower internal resistance (78 Q) than that of Pt (112 Q). The
internal resistance of AC cathode was further reduced by adding CB (65-70 Q). The cathode with
CB and AC ratio of 10% obtained lowest internal resistance of 65 Q. The chronoamperometry test
results were consistent with the power generation results (the cathode with CB and AC ratio of
10% produced the highest power density).
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Figure 26. Current-potential curves of different cathodes in electrochemical cells.

4.4.2. Long-term Operation of AC based Cathodes

MFC performance and durability of AC based cathodes. Long-term tests (over 16 months)
were performed to compare the longevity of Pt/C catalyst cathode and different AC-based cathodes
made by our industrial partner. After 5.5-month operation, FeEEDTA modified AC and heat treated
AC cathodes still generated the highest maximum power densities of 1244 + 60 and 1262 + 2
mW/m?, 14% higher than that of pure AC (1092 + 15 mW/m?). AC with CB produced maximum
power density of 1199 + 30 mW/m?. Generally, AC-based cathode maintained high power
generation after 5.5 months, with 1% to 12% reduction compared to those after 1 month operation.
The maximum power density of Pt/C cathode was only 388 + 63 mW/m?, a decrease of 69%
compared to that after 1 month (1266 + 46 mW/m?). After 12 and 16 months of operation, heat
treated AC cathodes generated the highest maximum power densities of 1000 + 20 mW/m?,
followed by AC with CB (970 + 10 mW/m?) and FeEDTA modified AC (960 + 40 mW/m?) (Figure
27) [44]. The maximum power densities of these modified AC cathodes were 8 to 12% higher than
that with plain AC (890 + 20 mW/m?), and greater than twice than that with Pt (290 + 50 mW/m?).
Therefore, these modified AC cathodes sustained higher performance for one year, much better
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than the Pt cathodes. AC and 10% CB was concluded to be the most cost-effective catalyst material
for air cathode MFCs.

After 17 months, biofilm and salt precipitation on the cathodes were removed by a weak acid
(hydrochloric) cleaning procedure. The power densities were improved by 14% to 29% compared
to the results after 16 months, and restored to >85% of the original (at 1 month) levels (Figure 27)
[44]. All AC based cathodes had significantly improved power densities compared to Pt cathodes
during long-term operation, which produced only 270 m\W/m? after 17 months even after cleaning.
Based on considerations of the performance, cost, and simplicity of cathode preparation, it is
suggested that blending 10% CB into the AC material is the most useful and cost effective method
to enhance AC catalytic performance.
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Figure 27. Current-potential curves of different cathodes in electrochemical cells.

4.4.3. Testing PVDF Phase Inversion AC Cathode

Cathode performance with acetate. A maximum power density of 1470 + 50 mW/m? was
produced by PVDF cathode with 8.8 mg/cm? loading. This power density was similar to that
obtained using a wipe diffusion layer and AC/PTFE (1450 + 10 mW/m?) (Figure 28), but the new
procedure was easier and the materials cost were reduced [38]. A high water pressure tolerance of
1.22 + 0.04 m was achieved, which was six times higher compared to wipe-based AC/PTFE
cathode. The porous PVDF structure formed via phase inversion process helped retain most
surface area of AC catalyst and minimize the charge transfer resistance. Tests were also made
using a larger 7. cm x 10 cm PVDF cathode. These results showed that the performance was similar
to the more expensive PTFE cathodes made with Pt, in terms of the maximum power density (231
+ 10 mW/m?). This AC cathode was made without separate fabrication of the diffusion layer. A
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material and cost analysis was conducted to demonstrate that these PVDF cathodes can be made
using materials that cost ~$13 /m?, where the stainless steel mesh accounts for $10 /m?.
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Figure 28. (A) Power density curves for a PVDF cathode, reversed-side PVDF cathode, and a
PTFE cathode; (B) electrode potentials (solid symbols, and potentials; open symbols, cathode
potentials).

Water pressure resistance. Different activated carbon loadings were tested relative to
performance and water height (Figure 29). A vertical distribution of activated carbon loading (17.7,
26.5, 35.4, 44.2 mg/cm? from top to bottom) in PVDF cathodes had a better electrochemical
performance under elevated water pressure compared to the reverse distribution (highest loading
on top). With this new design of the PVDF cathode, dual goals could be achieved in both stronger
water pressure resistance and higher catalytic efficiency [38]. This new cathode design
demonstrated the existence of different cathode water profiles when cathodes were exposed to
different water pressures.
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and 4.4 mg/cm?) with the polymer layer facing the air, compared to the reversed orientation of a
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Performance with larger cathodes and domestic wastewater. Larger PVDF cathodes (35
cm?) were prepared and installed in MFC reactors which were operated with domestic wastewater.
After 1 month operation, a maximum power density of 104 + 6 m\W/m? was produced by the MFC
with the PVDF cathode (current density 0.38 A/m? at Rext = 200 Q). The power density with the
larger reactor was comparable with the previous test with Pt/C based cathode (89 + 6 mW/m?) [38].

Membrane stability test. The water pressure resistance of cathodes, examined at PVDF
loadings of the DL of 29 + 2 g/m? (15 % wi/v), 36 + 2 g/m? (20%) and 40 + 2 g/m? (25%), increased
with PVDF loading (Figure 30) [40]. The 25% PVDF membrane reached the maximum water
pressure possible in our tests of 2.1 m, indicating good mechanical strength and water containment.
Slightly lower water pressure resistances of 1.9 m were obtained with the 20 % PVDF membrane
DL and 1.8 £ 0.1 m for the 15% PVDF membrane (Figure 30). The maximum water pressure of
the PDMS wipe DL was 0.2 + 0.05 m. There was noticeable deformation of the membranes at the
higher water pressures. Using a plastic mesh support to minimize membrane deformation, all the
PVDF membrane DLs reached the maximum testing water pressure of 2.1 m while the PDMS
wipe DL still leaked at the same water pressure.
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4.4.4. Testing Carbon Free Diffusion Layer AC Cathode

Power generation of MFCs with membrane DLs. The power produced using AC cathodes with
the different DLs in MFCs was evaluated based on single cycle polarization data. A maximum
power density of 1400 + 7 mW/m? was obtained with the 20% PVDF membrane DL, which was
similar to 1450 + 7 mW/m? achieved by the PDMS wipe DL (Figure 31) [40]. The 25% PVDF
membrane DL produced a lower maximum power density of 1260 + 80 mW/m?, likely due to a
denser polymer network in the DL which would reduce oxygen transport to the catalyst. The lowest
power density of 1180 + 120 mW/m? was obtained with the 15% PVDF membrane, with a large
standard deviation among tests suggesting uneven PVDF content in the DL. The PDMS wipe DL
and 20% PVDF membrane had similar cathode potentials (Figure 31), further supporting the
similar electrochemical performance of these two types of DLs. Cathodes with 15% and 25%
PVDF membrane DLs had the lowest potentials in the current density range of 3 to 7 A/m?.
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Figure 31. (A) Power density curve for AC cathodes with PDMS wipe, 15%, 20% and 25% (w/v)
PVDF membrane diffusion layers (B) Electrode potentials (solid symbols for anode potentials and
open symbols for cathode potentials).

4.4.5. Impaired Cathode Performance by Adsorption of Humic Acids

Effect of humic acid concentration on cathode performance. This test performed using same
MFC reactors used in previous section. To test the role of humics (organics naturally present in
water) on potential cathode fouling, water containing very high concentrations of humic acids were
filtered through activated carbon air cathode (100 and 1000 mg/L and compared to a control (0
mg/L added). However, the maximum power density decreased from 1310 + 60 mW/m? to 1130
+ 30 mW/m? by filtrating a very high concentration of 1000 mg/L humic solution, which is a 14 %
power drop (Figure 32A,B) [45]. The impedance spectra showed that AC cathodes filtered with
1000 mg/L HA solution had a higher resistance of 74 € compared to 57 Q for AC cathodes filtered
with 0 mg/L HA solution and 59 Q for AC cathodes filtered with 100 mg/L HA solution. The
increased resistance mainly came from a larger diffusion resistance of 50 Q for cathodes filtered
with 1000 mg/L HA solution compared to just 32 and 34 Q for cathodes filtered with 0 and 100
mg/L HA solutions (Figure 32C,D) [45].
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Figure 32. (A) Power density curves for AC cathodes filtrated with 0, 100 and 1000 mg/L HA
solutions. (B) Electrode potentials (solid symbols, anode potentials; open symbols, cathode
potentials). (C) Nyquist plots of EIS spectra of AC cathodes filtrated with 0, 100 and 1000 mg/L
HA solutions at polarized conditions of 0.1 V vs. SHE. (D) Component analysis of internal

resistance of the AC cathodes.

Recovery of cathode performance after backwashing. We tested whether cathode
performance could be restored by backwashing using distilled water. The power density using the
AC cathode filtered with 1000 mg/L HA solution was not improved even after backwashing using
deionized water (Figure 33) [45]. This result suggested that an irreversible power decrease could
occur by HA adsorption and that chemical cleaning (using acid or base) might be needed to recover
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4.5. Tests Demonstrating 80 % COD Removal with Wastewater

By adding 1 g/L sodium acetate and 50 mM PBS into domestic wastewater (COD concentration
of 1100 to 1200 mg/L, conductivity 8.3 ~ 8.7 mS/cm), artificial wastewater was made that had a
higher COD and more consistent composition than normal domestic wastewater. This solution was
fed into the scalable MFC reactor with modular design (having a multiple anode electrode array
and cathode cassettes) for startup and testing of performance. During this process, the COD
removal rate was 91 £ 1% in a complete cycle under all external resistances from 1K Q to 5 Q.
After being changed to non-amended wastewater (COD concentration of 500 to 550 mg/L,
conductivity 1.4 ~ 1.7 mS/cm), and operated in fed-batch mode, the MFC had a COD removal of
81 = 1% over a 20 h cycle, with an external resistance of 5 Q. Near the end of the cycle, as the
COD was very low, the anode potential became more positive and the current production was very
low. These tests demonstrated a project goal of >80% COD removal with wastewater.
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4.6. Continuous Flow Tests (Task 6)

4.6.1. Test with Different Anode Configurations and Cathode Surface Area

Power generation as a function of theoretical HRT. When the MFCs (S2C and N1C MFCs,
Figure 9) were started up at the longest HRT of 8.8 h (200 Q external resistance), there was
inconsistent power produced for the similar reactor configurations (Figure 34) [34]. For example,
the S2C upstream MFC produced the most power, but the downstream S2C produced the least
power. When operation was switched to shorter HRTs of 4.4 and 2.2 h, there was more consistent
power production, with the S2C MFCs consistently producing more power (1.36 m\W at 4.4 h, and
1.30 mW at 2.2 h) than the N1C MFCs (1.01 mW at 4.4 h, and 1.22 mW at 2.2 h). The upstream
MFCs generally produced greater power than the downstream MFCs, likely due to the higher COD
concentrations in the upstream MFCs. After these tests at the two shortest HRTS, the reactors were
switched back to the longer 8.8 h HRT, and a fresh wastewater sample was used. This time at this
longer HRT, the MFCs produced more consistent power densities based on reactor configuration,
with power by the two-cathode MFCs (1.14 mW, S2C) larger than that produced by the single-
cathode MFCs (0.85 mW, N1C).
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Figure 34. Power generation (external resistor of 200 Q for each MFC) produced by S2Cs and

N1Cs (U = upstream, D = downstream) during continuous operation under different theoretical
HRTs (8.8, 4.4 and 2.2 h).

COD removals as a function of HRTs. COD removals with the two-cathode S2C MFCs
decreased in proportion to HRTSs, with removals of 64.8 £ 1.7 % at an HRT of 8.8 h, decreasing to
483 +1.0% at 4.4 h, and 32.8 + 1.9 % at 2.2 h (Figure 35) [34]. It was expected that the S2C
MFC would have greater COD removal than the N1C MFC due to higher current densities [46]
and greater cathode surface area per volume of reactor (which would allow more leakage of oxygen
into the reactor) at the same set HRT. However, the COD removals with the single-cathode N1C
MFC were higher than those of the S2C MFCs, with removals of 69.0 £ 0.4 % at 8.8 h, 54.2 + 2.3
% at 4.4 h, and 40.7 = 2.7% at 2.2 h. This is 6.4 to 24.4 % greater COD removal for the single
cathode MFCs than the two-cathode MFCs at each of these set HRTs.
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Effect of reactor configuration on HRTSs in continuous flow mode MFCs. The unexpected
results showing better COD removals for single cathode MFCs compared to the two-cathode
suggested that configuration of the MFCs may have produced HRTs different than the theoretical
ones (calculated from reactor empty bed volume and flow rate). Therefore, salt tracer tests were
conducted to measure the actual residence time of solutes through the two types (S2C and N1C)
of reactors. The results showed that the actual HRTs of S2C reactors were less than or equal to the
theoretical HRTs, with actual:theoretical HRTs of 7.4:8.8 h, 3.8:4.4 h, and 2.2:2.2 h. A slight
reduction in HRT due to short circuiting in these MFCs was likely a result of the reactor volume
occupied by the brushes as there may not have been advective flow through the brushes. However,
the HRTSs of the two N1C reactors were longer than those measured for the S2C reactors by 39 %
(7.4:10.3 h for S2C:N1C), 37 % (3.8:5.2 h), and 32 % (2.2:2.9 h) [34]. Thus, the greater removal
by the N1C reactors was likely due to the much longer HRTs produced using this configuration
compared to that obtained with the S2C configuration.

A comparison of the COD removals on the basis of the measured HRTs shows that there was
generally good agreement with the observed COD removals and measured HRTs despite
differences in the two reactor configurations (Figure 36) [34]. The COD removals for both types
of reactors show good agreement with measured HRTs based on a non-linear regression. However,
there was little agreement between the two configurations in terms of COD removal on the basis
of the theoretical HRTSs, with slightly better COD removals indicated to occur for the N1C MFC
than the S2C MFC. These results suggest that the COD removal was more a function of the HRTSs,
and thus how the HRT was altered by the use of the two different brush configurations, rather other
factors such as cathode surface area.
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4.6.2. Test with Stacked MFC Reactor (1.5 L)

Power generation. After 1 month of operation in fed-batch mode, and continuous mode with
various HRTs and external resistances, the MFC (Figure 4) was switched to continuous flow mode
and acclimated at a single HRT of 8 h. Each brush in the anode array was connected to the cathode
with a separate wire and resistor (30 Q) to allow measurement of the voltage produced by each
anode. A maximum power density of 250 + 20 mW/m? was obtained using 60 Q external resistors
for each anode (Figure 37) [35]. Polarization data for the individual anodes showed a trend of
increased power overshoot for the anodes near the reactor effluent (anodes 4, 5 and 6), where the
COD concentration would be low and approaching the effluent concentration, compared to the
anodes near the influent (anodes 1, 2 and 3), which would have been exposed to higher COD
concentrations. Power overshoot can be seen in the polarization curves by first, a rapid decrease
in voltage with increasing current, followed by a doubling back of the power curve at the highest
currents as the external resistance is further reduced. VVoltage overshoot was more apparent for the
B compartment, which had a lower power density, than the A compartment. These results show
the spacers are working well in the stacked module.
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Figure 37. The polarization curve of the anode brushes of the MFC stack in continuous mode
(HRT = 8 h) by using original domestic wastewater. The current data are the current generated
from each anode; the power density were calculated based on the total cathode surface area (200
cm?) divided by the number of anodes (6).

COD removal under different current densities. There were no obvious trends in the
influent total or soluble COD concentrations over time, despite the use of two separate wastewater
samples for these tests (one wastewater sample for days 1-4, and another sample for day 5-7) and
sample storage over this period of time (Figure 38a and 38b) [35]. The average influent CODs
were 480 * 25 mg/L for total COD and 225 + 12 mg/L for SCOD, with the same overall removals
in the two anode compartments of 57 £ 5 % for total COD and 48 = 7 % for SCOD (Figure 38c).

A reduction in the circuit resistance increased current density and also increased the rate of
COD removal under continuous flow conditions (Figure 38d) [35]. The COD removal rate under
open circuit conditions, supported primarily by oxygen leakage through the cathode [46], was 0.42
+0.01 kg-COD/d m®. With separate external resistances ranging from 2000 Q (0.08 + 0.002 A/m?)
to 120 Q (0.75 + 0.03 A/m?), the COD removal rate increased by 67 % to 0.70 + 0.04 kg-COD/d
me,
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Figure 38. (a) Influent and effluent total COD and (b) SCOD for MFCs operated under continuous
flow conditions using raw wastewater. Arrows above the x axis indicate data taken under different
conditions: during reactor acclimation; operation at a fixed resistance (30 Q); during polarization
tests (Test*); or under open circuit conditions (OCV). (c) Average removals (error bars £ SD) of
the two sides (A or B) in terms of COD or sCOD. (d) COD removal rate and current density
measured with under OCV (no current) conditions, or with larger (OCV; 2000, 1000, 500, 200 and
120 Q) or smaller (90, 60, 30, or 20 Q) resistances. Two different wastewater samples were used,
as shown by the solid or dashed lines.

4.6.3. Test with a Larger, multiple-module MFC (5.7 L)

COD removal. The MFC reactor shown in Figure 5 was tested in this section. During startup
(Phase 2), total COD removal with parallel flow operation was 45 + 4%, with 33 = 3% SCOD
removal (Figure 39) [36]. In the first series of tests following startup (Phase 3), with the flow still
parallel through the modules, but the direction of the flow alternated daily (A-P), COD removals
were 52 + 5% for total COD and 46 + 5% for SCOD. When the flow was switched to an alternating
direction with a serial flow path (A-S), there was no significant change in total COD or SCOD
removal (p>0.05, Student's t-test), with 52 + 6% COD and 40 + 9% SCOD removals. As the
wastewater was treated at the same rate (i.e. the flow into four modules in parallel operation was
the same as the total flow applied to the entry module for serial flow), this showed that there was
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no impact in these tests on the percent of COD removal by parallel or serial flow operation, when
the flow was alternately switched between exit and entrance points.

The flow was then fixed to always enter the same module. In these fixed direction tests, with
parallel flow through the modules (F-P), the percent of COD removal was slightly higher (57
15%), with a similar SCOD removal (43 + 21%) compared to the previous tests. During the final
series of tests using a fixed flow direction, with serial flow through all four anode modules (F-S),
COD removal was only slightly reduced to 51 + 15%, with a lower SCOD removal of 35 + 10%.

These results for the different operational test conditions showed that there was no significant
difference in total COD removal for the different flow directions or serial or parallel flow
directions (p>0.05, Student's t-test). For SCOD, the only significant difference among these
operational conditions was for the case of parallel and alternating flow conditions (A-P), compared
to serial and fixed (F-S) operational conditions (p=0.0024). However, the lack of changes for all
other comparisons on COD or SCOD suggested that this difference may have been due more to
changes in wastewater characteristics than operational conditions. The wastewater COD
concentrations were not significantly different for the two tests with alternating flow (A-P and A-
S), but the influent CODs in the last series of tests with fixed flow (F-P and F-S) were significantly
different from the first series of tests and from each other. For example, for the COD of Phase 3
was 480 £ 70 mg/L but the averaged COD of Phase 6 was only 240 + 80 mg/L (Table 2). These
results show that although the COD concentrations changed, the percentage removals of MFC
reactor were relatively constant for all four operational modes.

80
@CoD

BSCOoD

e —
e

iy |
Srrgay
R n T g

(Rl yel
SR

40 |

R
[
I

[
o

SEOERELEETER
e
[y

o
T

i
T
L

L
A

20

COD &. SCOD removal (%)

o
I

[y

I I
"

ot e e
[y
I

[y

I e o e e T Tt
I

I
AL

[y

ety

I

"
Iy
Iy
I

Fres
'-l '-:.'-l'-l'-l'-l'-l'- Y

Startup A-P A-S F-P

Operational condition
Figure 39. The COD and SCOD removal with different flow mode. (In-COD/SCOD: the influent
COD/SCOD; Eff-COD/SCOD: the effluent COD/SCOD. Start: startup period; S-P: flow direction
switch parallel flow mode; S-S: flow direction switch serial flow mode, N-P: parallel flow mode
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Alternating flow, parallel direction (A-P), Phase 3. While COD removals were not
appreciably affected by reactor operational mode, power production was substantially influenced
by reactor operational conditions and wastewater strength. The impact of the operational mode
was observed by obtaining polarization data following acclimation of the reactor to the different
set conditions. Following the startup period, the MFC was operated in parallel flow mode with an
alternating flow direction (A-P, Phase 3, Table 1) every 2 days. For these tests and all subsequent
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tests, the MFCs were operated at fixed external resistance of 20 Q for maximum power output,
which was the resistance that produced the maximum power density in the fed-batch polarization
tests following Phase 2. At the end of Phase 3 (A-P), anodes 2 and 3 with two cathodes produced
an average power density of 236 + 11 mW/m?, while anodes 1 and 4 (single cathode) produced
255 + 14 mW/m?. Based on volumetric power, the anode modules connected to two cathodes
(anode 2 and 3) produced 6.2 + 0.2 W/m?, which was 1.9 times that produced by the anodes
connected to a single cathode (3.3 + 0.2 W/m®, anodes 1 and 4). In this period, the total volumetric
power density for whole reactor in fed-batch tests was 4.8 W/m? (Figure 40) [36], which was very
similar to that obtained during the startup period. The average volumetric power density under
continuous flow was 4.2 + 0.5 W/m?,

Alternating flow, serial direction (A-S), Phase 4. The MFC flow direction was next changed
to serial flow mode. The power densities following serial flow operation in Phase 4 were only
slightly lower than those obtained in parallel flow operation (Phase 3), suggesting comparable
overall performance under parallel or serial flow with alternating flow direction. The average
power densities for the anodes with two cathodes were 216 + 22 mW/m?, compared to 235 + 50
mW/m? for anodes with single cathodes. On a volumetric power basis, anodes 2 and 3 produced
5.7 + 0.5 W/m?3, compared to 3.1 + 0.7 W/m?® for anodes 1 and 4, with an overall fed-batch
volumetric power density of 4.2 W/m? (Figure 40). Under continuous flow conditions, the average
volumetric power density was 3.9 + 0.5 W/m®. The key reason for the slightly lower power
densities in Phase 4, compared to Phase 3, was likely reduced performance of the cathodes over
time, and not serial versus parallel flow direction. The COD concentration was not thought to be
a factor as the influent CODs during these tests were not significantly different for the two
operational periods (Table 2).
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Figure 40. Power density curves for the power generation of multi-module MFC following
operation under various continuous flow modes: (a) alternating direction, parallel flow, A-P, Phase
3; (b) alternating direction, serial flow, A-S, Phase 4; (c) fixed direction, parallel flow, F-P, Phase
5b; (d) fixed direction, serial flow, F-S, Phase 6 (All tests under fed-batch conditions).

Fixed flow, parallel direction (F-P), Phase 5. The reactor was next operated in a fixed,
parallel flow direction. The performance of the reactor in this operational mode was divided into
two periods due to a significant decrease in average COD concentration from 550 £ 100 mg/L
(Phase 5a) to 350 £+ 95 mg/L (Phase 5b), with an average of 430 £ 140 mg/L over the complete
Phase 5 compared to 540 + 85 mg/L in the previous tests (Table 2). From Phase 5a, the power
output gradually declined, with an overall average power density under continuous flow for this
period of only 1.1 + 0.6 W/m®. Possible reasons for this lower power density compared to previous
tests include: cathode degradation; a lower influent COD which would reduce power production;
or the operational flow direction (fixed versus alternating flow). Of these, cathode degradation was
suspected to be the main reason for the decline in power, as the COD concentration was similar
Phase 5a compared to the previous days of operation. Therefore, new cathodes were installed for
data collected in Phase 5b. However, after cathode replacement the COD concentrations in the
wastewater sharply decreased, as did the power production, making it difficult to separate the
impact of these different factors on reactor performance (data not shown).
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To try to account for the impact of the change in COD, polarization tests were conducted
following Phase 5b using a wastewater sample with a COD above 400 mg/L, which was thought
to be sufficiently high to avoid differences in power generation due to low COD concentration of
the wastewater. In these fed-batch polarization tests, the overall volumetric power density was
only 2.0 W/m®. The anodes combined with two cathodes generated an average power density of
105 + 25 mW/m? (2.8 + 0.2 W/m?), while the anodes connected to only one cathode produced 97
+ 10 mW/m? (1.3 + 0.1 W/m®) (Figure 40) [36]. Therefore, the use of a higher COD concentration
could not immediately restore performance to its previous normal level (4.8 W/m?in A-P; 4.2
W/m2in A-S). The poorer performance could have been due to fixed flow operation compared to
that under alternating flow conditions, or a combination of the fixed flow direction and parallel
flow operation. In Phase 5b, the low strength influent wastewater was distributed to four parallel
anode modules. Therefore, all the modules were acclimated with low COD. The sustained
operation of the reactor under low COD conditions has impaired the performance of the anodes in
these short-term tests with the higher COD concentration wastewater.

Fixed flow, serial direction (F-S), Phase 6. For the final period of operation (Phase 6), the
MFC was operated with a fixed flow direction, but with flow through the modules in series. The
average influent COD concentration during this period was only 240 + 80 mg/L, which was likely
the reason for the low overall power output under continuous flow conditions of 0.45 + 0.10 W/m?
(Figure 40) [36]. Polarization tests following this F-S mode operation were conducted using
wastewater that had a COD above 400 mg/L, in order to better compare reactor performance to
previous tests. With this higher COD concentration, the power output in continuous flow mode
(20 Q) reached 3.3 + 0.4 W/m?, which was close to maximum power densities obtained in previous
tests in Phases 3 (4.2 + 0.5 W/m®) and 4 (3.9 + 0.5 W/m?®). This confirmed that the low power
density during the F-S operational period was primarily due to the low COD concentration.

In Phase 6, the influent COD concentration was very low, and only slightly higher than the
~150-200 mg/L previously shown to greatly reduce current generation with a filtered domestic
wastewater fed single anode reactor in batch mode tests [46], and ~250 mg/L that reduced current
production and increase internal resistance by a brush anodes multi-electrode MFCs [47]. The
upstream modules were acclimated to fresh influent wastewater with a higher COD, but the
downstream anodes were exposed to much lower CODs. As a result of these different conditions,
the first two anode modules 1 and 2 produced power densities comparable to that obtained in Phase
2-4. However, the two downstream anode modules 3 and 4 had much lower maximum power
densities in Phase 6. This degradation of downstream anode performance was also observed under
continuous flow conditions.

Overall assessment of operational conditions on power generation. Power generation by
MFCs has usually been considered to be limited by the cathode, based on tests using high
concentrations of acetate, industrial wastewaters or domestic wastewater [48, 49]. However, the
results obtained in this study demonstrate that the anode can be the main factor in MFC
performance at low COD concentrations. When the anodes were connected to two cathodes, and
the COD concentration of the wastewater entering the MFCs was relatively high (~500 mg/L),
power production was higher (6.0 = 0.5 W/m? for anode 2, and 5.8 + 0.5 W/m? for anode 3) than
power densities obtained with anodes connected to single cathodes (3.6 + 0.2 W/m? for anode 1
and 3.2 + 0.5 W/m? for anode 4). These results are consistent with previous findings that increasing
the cathode area per volume of reactor can increase power per area of anode and volumetric power
density [21, 34, 48, 50, 51]. However, when the influent COD concentrations became much lower,
as they did in the later fixed flow tests (average influent CODs of 350 and 240 mg/L), anodes with
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two cathodes did not consistently produce more power than anodes connected to a single cathode.
This signaled a shift from cathode-limited performance to anode-limited performance. To avoid
anode-limited performance, and to maintain higher power densities, the MFC should be operated
with higher influent and effluent CODs so that the electrode is not operated for extended periods
with wastewater at a low COD. Water quality needed for discharge in terms of a much lower COD
can be obtained using a secondary process, such as an anaerobic fluidized bed membrane
bioreactor, as previously demonstrated [42].

Low COD concentrations in MFCs did not impact the percentage of COD removed in the
reactor, but they did affect reactor stability and performance in terms of power production. The
percentage of COD removed was relatively unaffected by the different operational conditions
(serial or parallel, alternating or fixed flow) with no clear pattern associated with these conditions.
With alternating flow, either in serial or parallel flow conditions, power production was very stable
with the high influent COD concentrations, suggesting little difference due to serial or parallel
flow conditions. The impact of fixed flow operation compared to alternating flow, however, was
inconclusive due to the low COD concentrations in the fixed flow tests. Initial tests with fixed flow
at high COD concentrations showed a decrease in performance even with high COD, due to
deterioration of cathode performance. However, a change in the COD from high to low
concentrations did not permit direct comparisons of alternating and fixed flow conditions based
only on power. Electrochemical tests using EIS showed an increase in internal resistance during
operation in fixed flow conditions with serial flow, but CV results showed the opposite trend.
Continued operation of the MFC under low COD concentrations therefore precluded determination
of the impact of the operational condition on performance.

For the practical operation of pilot multi-module MFC stack, parallel flow with alternating
flow direction may be the best choice to avoid the lower power output in some unit resulted from
the imbalance regional COD distribution between modules. Matching with one anode array with
an additional cathode layer will also be useful for improving anode performance and increasing
overall power generation. The outer anode banks (first and last) could likely be constrained to
always having a single cathode, but as additional anode banks are added, for example having 100
anode arrays as opposed to 4 here, the impact of these outer anode arrays on overall power
production would be relatively limited.

4.6.4. Black Water Test using MFCs

Current generation under different external resistances. After operation for 15 days
without reactor and electrode cleaning (Figure 41) [52], both MFCs (SMFC-U and SMFC-D)
produced similar current (SMFC-U: 2.4 £ 0.2 mA; SMFC-D: 2.1 £ 0.1 mA) with Rext= 50 Q until
day 7. After switching the external resistance to 5 Q, the current increased to 7.6 mA for SMFC-
U and 6.8 mA for SMFC-D then decreased to 5.0 mA (SMFC-U) and 4.9 mA (SMFC-D) over the
next 14 days of operation. The two MFCs were then switched back to the lower resistance. Lower
current generation was observed for both MFCs after switching back to Rext= 50 Q, suggesting
fouling of the cathode. Energy production (kWh/m3) was similar using the different external
resistances, with 0.04 + 0.01 kWh/m3 produced until day 8, and 0.03 kwWh/m3 produced between
day 22 and 27.
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Figure 41. Current (mA) and energy production (kWh/m®) of swine wastewater-fed MFCs
(SMFECs) under different external resistances during 27 days operation.

COD removal under different external resistances. Effluent COD of the SMFC-D was 6020
+ 150 mg/L (19 + 6 % overall removal) at Rext = 50 Q, with a significantly lower effluent COD
(p<0.05, Student t-test) was at Rext =5 Q (576 + 170 mg/L, 22 + 6% removal). This result indicated
that a lower external resistance could significantly impact COD removal of the MFCs. A higher
COD removal of the SMFCs at Rext = 5 Q also improved the CE, with 17 + 7 % for the SMFC-U
reactor and 23 £ 7 % for SMFC-D reactor (Figure 42) [52].
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Figure 42. Influent and effluent COD (left side), COD removal and Coulombic efficiencies (right
side) of swine wastewater-fed MFCs (SMFCs) under different external resistances (U: upstream;
D: downstream).

COD removal rates. Assuming a first-order reaction with respect to COD removal by reaction
time, COD removal rate for the black wastewater treatment using MFC was quite low (0.3-0.4 d-
1y compared with the removal rate constant obtained for gray wastewater treatment (4.0 d=2). It was
therefore concluded that for MFC operation, combining black and gray water will provide better
MFC performance on the basis of overall COD removal rate and short HRTs for wastewater
treatment The highly concentrated black water might would likely result in higher maintenance
demands due to the high solids concentration and the high wastewater COD, with only a small
percentage of the COD be converted to electrical current under these conditions.

4.7. Engineering and Economic Analysis (Task 7)

The original scope of Task 7 included engineering design and economic analysis of the MFC.
The scope was expanded to include a life cycle assessment (LCA) which was conducted in
collaboration with SERDP project ER-2239. Section 4.7.1 presents results of the engineering
design specifically focused on a pilot-scale system that can be demonstrated under ESTCP. Section
4.7.2 presents the LCA approach for MFC systems at different FOB scales (company, battalion,
brigade, and division) as well as comparisons to conventional systems. A complete report on the
LCA will be included in the final report for ER-2239.

4.7.1. Engineering Design of a Pilot-Scale MFC

Objectives. The main objective of this task was to develop an engineering design for a pilot-
scale MFC that can be demonstrated under ESTCP. Additional objectives included evaluation of
capital and operating cost drivers for the process. Finally, comparison of the MFC process to
conventional wastewater treatment processes using the LCA methodology was an objective.

To achieve these objectives, the following subtasks were conducted and are described in the
following sections:

e Develop the design concept for the MFC.
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Develop a design basis for the MFC concept.

Prepare engineering drawings and specifications suitable for pilot-scale system fabrication
by a design-build contractor.

Identify cost drivers for the MFC.

Compare conventional and MFC wastewater treatment platforms for different scale FOBs
using LCA methodology.

Engineering design concept. The conceptual design for the pilot-scale MFC was based on
modular reactor concepts described in Sections 3 and 6 and is illustrated in Figure 43. This
conceptual design has several attributes that are intended to promote efficient COD removal,
power recovery, operational flexibility, and ease of operations and maintenance. Specific
mechanical attributes include:

Plug flow to take advantage of first-order kinetics and minimize required hydraulic
residence time.

Baffled flow path to promote plug flow and minimize short circuiting.

Modular construction to promote scalability.

Brush anodes that are easily and cost-effectively mass produced.

Air cathode design that facilitate free air convection and diffusion in the spacer.

Closely spaced and removable cathode and anode modules to maximize cathode area per
unit volume and simultaneously facilitate maintenance and management of accumulated
solids.

Anode

Top View

2-Sided Cathode Module

Spacer —
for Air Cathode

[ with
Separator

Figure 43. Conceptual design of the pilot-scale MFC. The number of anodes and cathode modules
are for concept illustration only and do not reflect the actual pilot-scale MFC design.

The MFC is capable of reducing COD to about 100 to 200 mg/L while producing power as
described previously. Therefore, the MFC is not considered to be a standalone wastewater
treatment process and requires downstream polishing. In addition, upstream processes are required
to prevent large solids and grit from entering the MFC. An overall process flow diagram (PFD) is
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shown in Figure 44. This PFD illustrates one of several possible treatment trains for wastewater
treatment and reuse. In this example, wastewater is pumped through a screen to remove solids
larger 6.4 mm (0.25 in). Variations in screened wastewater composition and shock loads are
attenuated in an equalization tank with a hydraulic residence time of about 4 to 8 hours. The
screened and equalized wastewater then flows to the MFC where COD is partially reduced and
power is generated. The effluent is then treated using a granular activated carbon biofilter (GAC-
BF). This system (Figure 45), developed by Construction Engineering Research Laboratory
(CERL) at the US Army Engineer Research and Development Center (ERDC). The GAC-BF
process removes addition COD and employs intermittent operation, whereby water is passed
through the GAC media in an up-flow manner for about 6 h, followed by a 6-h bio-regeneration
phase in which the filter is drained. The adsorption capacity of the media is recovered during the
bio-regeneration phase as microbes consume the adsorbed organic contaminants in the presence
of oxygen that flows into the filter bed during liquid draining. This approach promotes aerobic
treatment of residual COD along with removal of suspended solids without the high energy
requirements of conventional aeration. Thus, it is a good complementary technology to be used in
conjunction with MFC where the MFC potentially generates enough power to operate the GAC-
BAF. Other technologies such as the anaerobic fluidized membrane biofilm reactor (AFMBR) can
also be considered. Downstream of the GAC-BF process additional filtration (e.g., multimedia or
ultrafiltration) can be conducted as well as disinfection. The treated water will contain nutrients
such as ammonia and phosphorus, and can be used for a variety of purposes including dust
suppression, irrigation and fertilization, vehicle washing, etc. Additional unit processes for nutrient
removal could optionally be added if warranted.

GAC-BF

PUMP EQ. WATER

—+SCREEN —— MEFC > DISINFECTION —~

STATION TANK | FILTRATION RE-USE
GAC-BF

Figure 44. Process flow diagram concept of a process train for wastewater treatment and reuse
based on the MFC. Eq. tank: equalization tank. GAC-BF: granular activated carbon biological
filtration.
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!

Figure 45. GAC-BAF system developed by ERDC-CERL that can be used to polish MFC effluent.
A) isometric design illustrating two GAC vessels. B) pilot-scale system.

Engineering design basis. The design basis was developed for a system capable of treating
domestic wastewater. Development of the design basis involved evaluation of expected
wastewater composition and flow rates; anticipated treatment requirements including applicable
regulations; reaction rates and removal efficiencies; electrical power production and associated
voltage and currents; and production rates of residuals (e.g., sludge).

Anticipated wastewater flow rates and composition. Anticipated wastewater flow rates for a
variety of FOB scales has previously been estimated [53]. These estimates were used to specify
the wastewater flow design basis and results are summarized in Table 3.

Table 3. Wastewater flow rates for different scale FOBs.

Number of personnel Flow rate (gal/day)
FOB
s | A | S | o
Company 70 to 250 150 4,463 788 5,250
Battalion 300 to 1,000 600 17,850 3,150 21,000
Brigade 2,000 to 5,000 6,000 178,500 | 31,500 210,000
Division 10,000 to 20,000 20,000 595,000 | 105,000 700,000

*Assumes 15% of combined wastewater is black water and average wastewater production rate is
35 gal/person/day [53].

Development of estimates for wastewater composition is challenging and varies widely.
Anticipated wastewater composition with respect to COD, BODs, and TSS was evaluated using a
variety of data sources. These sources included engineering handbooks, USEPA publications,
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journal articles, theses, and engineering reports. The results are summarized in Table 4 and design
basis is presented in Table 5. This basis was used for scale-up and the economic evaluations. In
comparison, wastewater composition for Ft. Riley in Kansas are presented in Figure 46. The
wastewater composition at Ft. Riley is more dilute than the wastewater composition presented in
Table 5. The MFC design presented in this report will be demonstrated under ESTCP at an
installation in the US. Therefore, the Ft. Riley wastewater composition with a BODs of 320 mg/L
and a calculated COD of 640 mg/L (i.e., twice the BODs) was used as the design basis.

62



Table 4. Gray water and black water composition documented in a selection of the literature.

Waimater Source COD (mg/L) BODs (mg/L) | TSS (mg/L)
Black water European \[ISaZiJ um toilets 9,500 to 19,000 NA NA
1,108.6+581.1
. 1,675.9+£709.1* to ’ 721.5+£158.5 to
Black water Nature park toilets [55] ; to
2,718.8+1,009.3 1.480.2+604.4 1,676.7+682.3
. 9,966+8,920 to
Black water Vacuum toilets [56] 38 835420 347 NA NA
Black water Vacuum toilets [57] 7,700 to 9,800 NA NA
Black water Vacuum toilets [58] 8,700+3,980 NA NA
Black water Naval shipboard [59] NA 780 to 1,700 2,100 to 3,500
310 to0 93,378
1,500 to 703,000 440 to 78,600 ’
Black water U.S. Septage [60] (average 31,900) | (average 6.480) (average
12,862)
Black water Lodging house [61] 1,218 406 560
Black water Housing area [62] 806 to 3,138 410 to 1,400** | 920 to 4,320**
Black water Cruise ship [63] NA 1,950 1,510
Gray water Lodging house [61] 245 90 48
Gray water Bath and shower [61] 100 to 200 50 to 100 NA
Gray water Hand basin [61] 263 109 NA
Gray water Shower [61] 109 59 NA
Gray water Housing area [62] 495 to 682 350 to 500*** | 570 to 700**
Gray water Cruise ship [63] NA 153 to 270 8510170
Combined
black and Naval shipboard [59] NA 530 to 1,300 700 to 2,400
gray water
Combined .
black and Untreated domestic strong 1000 400 350
wastewater [64]
gray water

*+ Reported standard deviation.

**Total solids
***BOD7
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Table 5. Wastewater composition basis.

BODs* TSS
Wastewater type COD (mg/L) (mg/L) (mg/L)
Gray water 285 142.5 215
Black water 8,350 4,175 4,600
Combined
wastewater 1,500 750 875

*Assumed to be half the COD.
**Assumes 15% of combined wastewater is black water.[53]

317
I i
BOD TKN

Figure 46. Ft. Riley Camp Funston wastewater composition for data reported from June 1, 2012

through May 31, 2013.
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Treatment requirements. Treatment requirements depend on ultimate end use and disposition.
Treated water that is discharged to surface water will need to meet requirements of the USEPA
National Discharge Pollution Elimination System. These requirements are based on statutory
regulations and characteristics of the receiving water body. Certain receiving waters will require
more stringent treatment requirements. This is especially the case with respect to nutrients. In
general, the minimum treatment requirements (USEPA Secondary Standards) for BODs and TSS
are 30 mg/L each (monthly averages). Treated water that is being considered for either indirect or
direct potable reuse will likely have more stringent treatment requirements. For example, Virginia
requires COD to be less than 10 mg/L and California requires TOC to be less than 3 mg/L.
Additional treatment requirements also apply. Non-potable reuse applications have varying
treatment requirements if they are established at all. Reuse of treated wastewater for irrigation and
fertilization would typically not require treatment for nitrogen and phosphorus nutrients.
Additional information on water reuse has been compiled in the USEPA Guidelines for Water
Reuse.[65]

The focus of this research has been on organics removal. Therefore, the design basis includes
treatment requirement of 30 mg/L BODs or 60 mg/L COD (assuming COD in the effluent equals
twice the BODs). Additional treatment requirements included in the design basis are 30 mg/L TSS
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and 100 cfu/100 mL for fecal coliforms. These treatment requirements are suitable for restricted
reuse.

Estimation of design parameters from laboratory experiments. Laboratory data from this
research were reviewed to establish the design basis for COD removal in the MFC. Specifically,
the kinetics of COD removal and the relationship to treatment effectiveness and power generation
were considered. COD removal rates were characterized for wastewater under 100 Q in fed-batch
mode (Figure 47). COD removal followed apparent first-order kinetics, with a removal rate
constant of 0.047 hr-t. Overall COD removal during a fed batch cycle was 82%. Further evaluation
of COD removal was conducted using acetate and wastewater.

Two sets of preliminary experiments were conducted with acetate. The first set involved
acetate and varied the MFC size (2 cm and 4 cm). The model was calibrated to the 4-cm MFC and
used to predict the performance of the 2-cm MFC. In general, the prediction improved with
decreasing resistance (i.e., increasing current). The model under-predicted the first-order rate
constant for open-cell voltage (OCV - infinite resistance), 1000 Q, and 100 Q conditions by 43%,
24%, and 3%. A second set of experiments was conducted with acetate and wastewater to evaluate
the relationship between resistance and COD removal. The rate constant increased with decreasing
resistance as expected when using acetate. Additionally, the coulombic efficiency decreased
significantly as the resistance increased. To explain these results we developed two hypotheses.
First, we hypothesized that wastewater fermentation to acetate was rate limiting. Second, we
hypothesized that oxygen diffusion through the cathode (and potentially presence of other electron
acceptors), led to competition for COD. This competition was relatively greater when MFC
resistance was high. Initial calculations indicate that COD removal facilitated by oxygen diffusion
through the cathode was significant: recalculation of coulombic efficiency after accounting for
aerobic biodegradation resulted in an increase from about 40% to about 80%.

Comparative experiments were then conducted with acetate and wastewater to understand the
relationship between current and COD removal. The results of these experiments (Figure 47)
demonstrated first-order decline of COD concentration.[46] The current was initially stable with
both acetate and wastewater but then suddenly decreased. The rapid decrease in current was
associated with a COD concentration of about 100 to 200 mg/L and is consistent with results for
a larger scale MFC presented in Figure 11. Figure 48 illustrates that, regardless of cell resistance,
current density in the smaller scale MFC was high and stable at COD concentrations greater than
~100 mg/L for both acetate and wastewater. The reason for the rapid decrease in current appears
to be associated with a balance between COD removal by exoelectrogenic and aerobic bacterial
processes. Current density is high when COD concentrations are high and COD removal is
dominated by exoelectrogenic bacterial activity. Under these conditions, oxygen is consumed in
the cathode and oxygen diffusion into the MFC is relatively reduced compared to the same period
of time under open-circuit conditions. Current density is low when COD concentrations are low
(< ~100 mg/L) and therefore COD removal becomes dominated by oxygen diffusion through the
cathode and aerobic bacterial activity in the MFC. The lower COD removal rates at COD
concentrations < ~100mg/L support the need for a downstream polishing process.
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Figure 48. Current density relationship to COD concentration at high (A) and low (B) cell
resistance.[46]

The COD removal process with raw domestic wastewater (without filtration) was more
complex than that observed using filtered domestic wastewater (only sCOD) (Figure 49). COD
removal with the raw wastewater appeared to have two different stages: one with high current
production from 0 to 4 h, followed by one with little current production from 4 to 24 h. COD
removal fit a first-order reaction for each stage but with much different rates. The rate constants
of the first stage were 0.23 + 0.03 h' for sSCOD and 0.21 + 0.01 h* for tCOD, and these were much
higher than those of the second stage with little current production (0.04 + 0.01 h' for sCOD and
0.06 + 0.01 h'! for tCOD) (Figure 49). These two different rates were probably due to the different
characteristics of the readily- and slowly-degradable COD. The CE of raw wastewater was 21%
(100 ©2), which was essentially the same as that with filtered wastewater (22%) under the same
operation conditions. The peak current density of 1.7 A/m? was sustained for 4 h, followed by a
rapid decreased in current density when the tCOD was below ~200 mg/L, and the SCOD was below
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~100 mg/L (Figure 49). The final CODs after 24 h were 53 + 6 mg/L (sCOD) and 72 + 2 mg/L
(tCOD) based on four parallel MFC reactors.
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Figure 49. (A) Current density, soluble (sCOD) and total COD (tCOD) changes with time in the
MFCs fed with raw domestic wastewater; (B) first-order model fits for the two phases.

The biphasic COD removal pattern and the rapid decline in current density (Figure 49) was
also used to determine how the two stage MFC/GAC-BAF should be operated. If power generation
and COD removal by the MFC is the goal, then the MFC is best suited for reducing total COD and
soluble COD to ~200 mg/L and ~100 mg/L, respectively. The GAC-BAF would then be used to
reduce the remaining COD to effluent requirements. Alternatively, the MFC could be used alone
to reduce COD to the treatment goal (60 mg/L). This approach is not considered the most efficient
use of the MFC considering that COD reduction in the second phase (after ~ 4h in Figure 49) is
associated with low current density and thus low potential for power generation. Therefore, the
treatment goal for the MFC was selected to be 150 mg/L total COD with the intention of the using
the GAC-BF to reduce the remaining COD to the overall treatment goal of 60 mg/L.
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Continuous flow tests demonstrated a clear relationship between COD removal efficiency and
HRT (Figures 35 and 36). A comparison of these experimental results to modeled COD removal
based on a first-order model with plug flow and no dispersion was made (Figure 50). The data do
not fit to the model as expected because first-order kinetics were previously shown to be biphasic.
On the other hand, model runs with overall first-order rate constant between 0.12 and 0.20 h!
bracket the data which is consistent with the previously determined rate constant of 0.21 + 0.01 h-
! for tCOD (Figure 49). The 0.20 h*! first-order rate constant model result is similar to results at an
HRT of 2 hours whereas the 0.012 h! first-order rate constant model result is similar to results at
an HRT of 10 hours. This is expected — at lower HRTs the COD removal is low and the COD in
the MFC is greater than 200 mg/L leading to higher rate constants driven by exoelectrogenic COD
removal. At higher HRTs the COD removal is high and the COD in the MFC is less than 200 mg/L
and COD removal is driven more by aerobic processes via oxygen mass transfer across the cathode.
A first-order rate constant of 0.16 h'* (4 d'*) was used for the design basis.

80%
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O% | | | | |
0 2 4 6 8 10 12

Measured HRT (h)

COD Removal

Figure 50. Comparison of COD removal in continuous-flow MFCs to theoretical COD removals
based on first-order kinetics. Solids lines: model. Symbols: data based on measured HRTSs taken
from Figure 36.

Process Engineering Calculations. Engineering calculations were conducted to finalize the
design basis and estimate reactor size and performance. These calculations are included in
Appendix A and results are summarized in Table 6.
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Table 6. MFC design basis summary

Parameter Units Value Notes

BOD:s influent mg/L 320 Historical data from Ft. Riley

COD influent mg/L 640 Assumed to be twice BODs

COD effluent mg/L 150 No power generated at lower COD. Further treatment
needed using a downstream polishing process.

COD removal % 77 Calculated

First-order rate constant for COD day? 4 Based on laboratory experiments

Hydraulic residence time day 8.7 Calculated assuming first-order kinetics, plug flow,
and no dispersion

Flow rate gal/min 0.5 Assumed

Required reactor water volume L 989 Calculated

Organic loading rate kgm3h' | 0.07 Calculated based on reactor liquid volume

Maximum water depth and cathode ft 2 Water depth is limited by the ability of the cathode

height material to sustain water pressure.

Cathode specific area cm?mL 0.57 Laboratory MFC design

Total cathode area m? 56 Calculated

Cathode module width ft 35 Assumed

Cathode module depth in 1 Estimated including spacer for passive air flow

Number of cathodes - 88 Calculated

Number of cathodes per module - 2 Basis for 2-sided cathode module with air spacer

Number of cathode modules - 44 Calculated

Anode specific projected area cm?/mL 0.19 Laboratory MFC design

Total projected anode area m? 19 Calculated

Anode diameter in 1 Based on laboratory MFC experiments

Anode length ft 1.83 Based on maximum liquid depth

Number of anodes - 1323 Calculated

Number of anode modules - 45 Number of cathode module plus 1

Number of anodes per anode module | - 29 Calculated

Reactor length ft 8.1 Includes space occupied by cathode modules

Reactor width ft 3.8 Includes space for flow around cathodes which also
serve as baffles

Reactor height ft 3.0 Includes freeboard above water

Overall coulombic efficiency % 1.7 to 30% Range of values measured in laboratory

Total current A 11 to 190 Calculated

Avreal current density Alm? 0.11t0o 1.9 Calculated. Laboratory experiments demonstrated
0.04 A/m?,

Voltage \Y 0.2 Assumed

Total power W 2.1t0 37 Calculated

Areal power density mwW/m? 73 to 1300 Calculated. Laboratory experiments demonstrated
240 mW/m?.

Energy generated per unit volume kWh/m? 0.019 to Calculated

water treated 0.33

Energy generated per unit COD kJ/g 0.14t0 24 Calculated

destroyed
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Power harvesting. The overall electrical scope of this task can be broken down into two
challenges: (1) how to harvest the energy produced by the microbial fuel cell reactor with systems
currently in the market, and (2) how to convert the given voltage potential into a more usable
voltage potential.

Energy harvesting from fuel cells, typically the hydrogen fuel cell (HFC), has been around
since the 1800’s. Fuel cells provide DC electricity by means of a constant chemical reaction which
normally requires a constant source of fuel. In the case of HFCs, the fuel sources are hydrogen and
oxygen. Maintaining a constant flow of these fuels will provide a constant chemical reaction which
will in turn provide a constant flow of electricity, usually at voltages ranging between 0.5 VDC
and 0.8 VDC for HFCs.[66] Typically, fuel cells are stacked in series and/or parallel combinations,
increasing the voltage and/or current produced, and connected to a battery charge controller. From
the batteries, the electricity may flow directly to a load or be converted into a different form
(AC/DC), as determined by the load requirements.

However, when MFCs are stacked in a similar fashion to traditional fuel cells, a phenomenon
known as voltage reversal occurs, resulting in a low or nearly 0 VDC stack potential.[67] Voltage
reversal occurs due to a lack of chemical reaction at any given cell, causing each cell to turn into
an electrolytic cell. These electrolytic cells become parasitic, drawing current from the
series/parallel connected cells, forcing chemical reactions which drain current from the system
instead of generating electricity.

To mitigate the voltage reversal problem, each MFC needs to be electrically isolated from the
next cell. A circuit we previously proposed[67] — the capacitor-based system — proved to be an
effective, yet inefficient, method to accomplish this isolation. The approach is a two-step process:
(1) Charge four capacitors by using a relay to connect each capacitor to each MFC in parallel, (2)
after the capacitors have become adequately charged, switch the relay contacts, thereby
disconnecting the capacitors from the MFCs and connecting the capacitors in a series connected
loop to discharge to a load. During each cycle, while one set of four capacitors is charging, a
separate set of four capacitors will be discharging (see Figure 51). Unfortunately, the
microcontroller and control relays necessary to control the process require significant power,
greatly reducing the efficiency of the circuit.
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Figure 51: Energy harvesting from arrays of MFCs at boosted voltages without voltage reversal:
(A) whole electric circuit diagram, (B) simplified diagram without unnecessary lines which are
used in the alternating charging and discharging time period. While 4 MFCs and 8 capacitors are
shown in this figure, various numbers of MFCs and capacitors can be used. (C: capacitor; R:
external resistance; +: MFC cathode; —: MFC anode).[67]
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Different energy harvesting circuits have been previously summarized.[68] The techniques are
organized into three categories: (1) capacitor-based systems, (2) charge pump-based systems, and
(3) boost converter-based systems. These are summarized in Figure 52 and Table 7.
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Figure 52. Power harvesting systems.

Table 7. Voltage boosting options for MFCs

Voltage Boost Option
Attribute Capacitor Charge Pump
Based System Based System Boost Converter
Main
Charging Capacitor Capacitor, diodes Inductor, Capacitors
Component

Disadvantages

External Power needed
control circuit needed
switching circuit needed

Low efficiency due to high
number of components.
Requires a control circuit
Long Startup Time (~2+
hrs)

Requires a control
circuit

Series of capacitors
Switching Design

Passive switching

Relatively small amount
of components

Advantages Complete Source-Load Integrated circuit Integrated Circuit
Isolation Form of Isolation
Efficiency ~70% ~80% ~90%

Capacitor-based systems require a control circuit to charge and discharge capacitors
accounting for the control circuit’s energy consumption reduces the system’s efficiency to 74%.
In theory, replacing the switching relays with semiconductor-based switching could increase the
system efficiency dramatically; however, the complexity of the control circuit would also increase.

Charge pumps have low operating voltages, but can also have long startup times, depending
on the current output of the MFC. Startup of an MFC to be 22 hours before reaching an output
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voltage of 3.3VDC.[68] This “pre-charge” time can be a detrimental to critical applications when
a quick startup is required.

Boost converters typically have efficiencies of 90% or greater, but are designed to operate at
1VDC and higher. Using boost converters at such low voltages would require a voltage input to
kick start the circuitry as well as external power to run the control circuit, lowering the overall
efficiency of energy harvesting.

Finding a converter designed for low voltage application is crucial for MFC energy harvesting.
TXL Group (El Paso, Texas) specializes in thermoelectric generation. They design and produce a
readily available inventory of boost convertors that operate at low voltage and power ranges. Their
ultra-low voltage bootstrap converter (product number W0422-1, see attached data sheet in
Appendix B) operates at 0.1VVDC to 0.6VVDC and can boost the voltage to 10VDC.

Based on the relatively high efficiencies of boost converters and the availability of
commercially available off the shelf low voltage devices, boost converters were selected for the
MFC design. The system will use boost converters designed for thermoelectric generation to
isolate the MFCs from each other and boost each cell’s potential to a usable voltage. The system
design will be broken into two boosting stages. The first stage will use TXL’s ultra-low voltage
bootstrap converter to step up the voltage from 0.2VDC - 0.3VDC to 10VDC. The second stage
will take the first stage output and step it up to a 24VDC (Figure 53). If desired, an inverter can be
used to further boost and transform 24 VVDC to 120 VAC. The overall efficiency for the boost
converter system is reasonable (Table 8).

First Stage “Boosting”
(Proposed Earlier- Boost Second Stage “Boosting” Inverter
from 0.3V of the MFC to
5VDC)

p. Iee. 2033

1.8Vpe — 5Vpe NVpe — 24Vpe 120V — 220V,c

Figure 53. Two-stage voltage boost converter system with optional third-stage inverter.

Table 8. Estimated boost converter efficiencies

Device Voltage Efficiency Overall Efficiency
MFC <0.7 VDC - -
1% Stage Boost Converter 1.8-5.0VDC 70 — 90% 70 —90%
2"l Stage Boost Converter 9-24VDC 90 - 95% 63 — 86%
DC-AC Inverter 120 VAC 85 -90% 54 - T77%
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Because of the low voltages generated with MFCs, it is important to ensure that excessive
voltage loss does not occur in system wiring and electrical connections. The power loss was
estimated for each cathode module at the range of estimated coulombic efficiencies (1.7 to 30%).
Table 9 illustrates the power loss is substantial (100%) at the higher efficiency but acceptable (6%)
at the higher efficiency. There are several aspects of this design that contribute to loss of power,
but the main culprit is the ohmic loss of the transmission system. Ohmic loss is power (in the form
of heat) that is lost in the transmission system. The more resistance there is between the MFC and
the boosters, the more power is lost. A 16 gauge wire has a DC resistance of 5.25 ohms/1000 ft
while 14 gauge wire has a DC resistance of 3.26 ohms/1000 ft. The 14 gauge wire size was used
in the design. Use of a larger diameter (i.e., smaller gauge) wire would be necessary to offset the
loss at the higher coulombic efficiency. Transition resistance also contributes to the total resistance
in this transmission system. This resistance occurs when the surface area of the contact point of
one conductor does not match the surface area of the contact point of the second conductor. The
best method to get around transition resistance is to minimize the number of transitions and/or
maximize their surface area contact (usually through soldering/brazing or welding). Our power
loss calculations do not take into account these transition resistances.

Table 9. Power loss calculation for current transmission

Parameter MFC Designs Units

MFC Efficiency 1.7 30 %

Power per MFC anode module (Pwirc) 47 830 mw
Maximum current per anode module (Imec) 0.24 4.16 A

Wire Resistance (#14 AWG) 3.26 3.26 Q/1000FT
Distance Between MFC & Control Panel 15 15 Ft
Resistance of 1 Wire (Qw) 0.049 0.049 Q

Power Loss across Wire (P1w) 2.8 846 mw

Power @ Booster (Pin) (Pmec-Pw) 44,183 | 0.000 mwW

% Power Loss 6% 100.0% | %

Engineering design drawings and specifications.

Mechanical engineering design. The main components of the microbial fuel cell are reactor
tank, the cathode modules, and the anode modules. The general approach to mechanical design
was to have a modular system that is easily maintainable with removable anode and cathode
modules. The design builds upon the concept presented above in Figure 43. Figure 54 is a plan
view of the reactor tank showing the 45 anode modules and 44 cathode modules along with tank
inlet and outlet valving that will be discussed later. The serpentine flow is shown whereby the
wastewater flows past the anodes in each anode module and around each cathode module.
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Figure 54: Reactor plan view showing serpentine flow through the anodes in the 45 anode modules
and around the 44 cathode modules.

Figure 55 shows several reactor details reactor attributes including:

¢ Removable anode and cathode modules supported by epoxy-coated angle iron brackets that
are welded to the epoxy-coated tank walls. A tank cut-away illustrating the angle iron
brackets and their function is shown in Figure 56.

e The tank width is four inches greater than the cathode module width. Cathode modules are
four inches that can be placed in the tank either next to the tank wall or offset from the tank
wall thus allowing the modules to act as baffles and promote serpentine flow.

e Quick disconnect cabling to the anode and cathode modules to facilitate easy removal and
replacement during maintenance.
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Figure 55. Reactor detail showing individual anode and cathode modules.
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Figure 56. Tank cutaway showing angle iron brackets used to support both anode and cathode
modules.

Figure 57 shows a section view of the reactor. In addition to the previously mentioned
attributes, a box channel is shown at the bottom. The anodes are secured into the anode module by
this epoxy-coated metal box channel at the bottom and by a flat plate at the top (see Figure 55).
The box channel ensures the anodes are separated from the cathode and also provide a means for
periodically air scouring the anodes. Compressed air (or nitrogen) can be directed to the box
channels which then exits via evenly-spaced holes in the channel. The gas then flows upwards past
the anodes and disengages loose biomass or particulates by souring. Figure 58 further illustrates
this concept.
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Figure 57. Section view of the reactor showing liquid distributor piping, anode and cathode
modules, angle iron supports, and rectangular box channel supports.

Figure 58. Anode module and air scour system. Note holes in rectangular channel adjacent to
anodes.
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Each cathode module (Figures 59 and 60) consists of a multicomponent plastic frame, a spacer
for passive air flow, two cathode sheets with current collector bars (shown in red in Figure 59) to
which wiring is connected, and two separators. The spacer is comprised of commercially available
welded and perforated plastic tubes that provide structural support for the cathode and high
porosity for air transport (Figure 61). Assembly of the cathode module generally follows the
sequence illustrated in Figure 62. Details on the reactor tank and associated piping and valving are
show in Figure 63. Additional design drawings, calculations, and a bill of materials are included
in Appendix A.

WIRE EXTENTION
TO ELECTRICAL PANEL

MODULE FRAME WITH GASKET SEAL

I\
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QUICK CONNECT
FITTING
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' MODULE BRACKET
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CONNECTION
CATHODE 4
SEPARATOR
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Figure 59. Cathode module detailé (yeIIoW module bracket on left remo-ved for clarity).
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Figure 62. Cathode module assembly. A) Plastic module frame with rubber seal on sides and
bottom. B) Spacer inserted into frame. C) Cathodes with current collector rod (top in red) mounted
on both sides of spacer. D) Separators laid on top of cathode sheets and held in place with
securement brackets that are bolted to the plastic module frame.
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Figure 63. Reactor tank dimensional drawings showing plan view (a), inlet section (b), and outlet
section (c).




Electrical engineering design. Each MFC anode-cathode module pair will be wired to one first
stage booster, therefore the first stage boost will consist of 44 first stage boosters. The output of
all 44 first stage boosters will be connected to super capacitor to serve as an interim energy storage
(see Figure 64). The booster system will be enclosed in a NEMA 4X enclosure located outside
within 10 feet of the MFC reactor. Within the NEMA 4X enclosure, there will be a human-machine
interface/programmable logic controller (HMI/PLC) unit which will act as the control system. An
office trailer will be furnished and installed with the power distribution detailed on drawings E-1
and E-2 (Appendix B).

Such critical loads include process feed pump, air compressors, 1.5 kVA universal power
supply (UPS), the operator workstation and the data acquisition system. Between the MFC reactor
and local control panel, there will be a junction box for ease of access to the wiring. Since the
anodes and cathode assemblies will be exposed to raw sewage, there will be some maintenance
(cleaning of probes and/or cathodes) will be required, thus cathode and anode modules will need
to be disassembled periodically. The junction box will be installed on the side of the MFC reactor
to minimize wire length (and ohmic losses) and provide easy operator access.

MFC 1 4’[ BOOSTER 1 ]7

L ] L]
SUPER
s . cap BOOSTER
45
. .

MFC 44 4’[ BOOSTER 44 ]

Figure 64. System for harvesting energy from the MFC anode/cathode modules.

Instrumentation engineering design. Figure 65 is a process and instrumentation diagram
(P&ID) for the MFC system and Figure 66 is a control architecture drawing. The purpose of the
P&ID is to provide a diagram of the physical process, show the instruments with associated loop
numbers, and show how the information flows around the system. The reactor is shown near the
center of the image with the cathode / anode array contained and all inputs and outputs connected.
The destination / source of all signals is represented at the top of the drawing. The purpose of the
Control Architecture Drawing is to provide a conceptual visualization of how the components of
the system are connected on the network. The boundaries of the physical locations are shown in
dashed lines.

The following parameters will be monitored:

e Influent wastewater flowrate into the bioreactor
Temperature of wastewater in the bioreactor
Fluid level in the bioreactor
Voltage and current from each anode/cathode module pair
Current and voltage output from the stage 2 boost converters, which represents the final
power output of the bioreactor
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A Keithley 2750 digital multimeter will be used as the data acquisition tool and will be
connected to the operator workstation for data storage and analysis. The 2750 is designed to sense
low voltages; leads from the fuel cells are connected directly to expansion cards which plug in to
the back of the 2750. Three 7708 multiplexer module expansion cards will be used to bring the
total available channels to 120. For current measurement, a shunt with known resistance will be
installed in the anode lead and the voltage drop across it measured. The current channels will be
programmed in the Keithley to divide the measured voltage by the known resistance to calculate
current.

KickStart control software from Keithley will be installed on the Operator Workstation to
view, process, and export the recorded data. The software can be configured to record data at
specified intervals to collect “snapshots” of the process over time. It can also be automated to
export data to the hard drive of the operator workstation at specified times.

The Vision 1040 PLC/HMI with 1/0 expansion card VV200-18-E3XB from Unitronics will
collect the influent wastewater flowrate, temperature, and liquid level data from the process
sensors and output them to the Keithley 2750. The main purpose of the PLC is to communicate
with the influent pump VFD over ethernet: sending start/stop and speed commands and receiving
fault, running, and speed feedback commands. A low flow alarm will be configured in the PLC to
shut down the pump should the flowrate remain below a configurable set point for a configurable
time.

The Vision HMI graphics will display the influent flowrate, temperature of the wastewater,
and reactor liquid level, and will have an alarm screen where the low flow alarm will be configured
and acknowledged.

Additional details including a bill of materials and instrument cut sheets are provided in
Appendix C.
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BILL OF MATERIALS:

DATA ACQUISITION:
KEITHLEY 2750 DIGITAL MULTIMETER
3 F708 MULTIPLEXER MODULE EXPANSION CARDS

USB—GPIB INTERFACE ADAPTER MODEL KUSB-488B

DESKTOF COMPUTER:
REUSE AN EXISTING CDM SMITH MACHINE

PLE/HMI:
VISION V1040-T208
/0 EXPANSION CARD: V200—18—E3XB
MAGNETIC FLOWMETER:
SIEMENS SITRANS F M MAG 1100 SENSOR
SIEMENS SITRANS F M MAG 5000 TRANSMITTER

TEWPERATURE INDICATING TRANSMITTER:
MCRE INDUSTRIES TDY

LEVZL INDICATING TRANSMITTER:
SIEMENS LC300 CAPACITANCE LEVEL PROBE 3/4"

UPs:
APC BACK—UPS PRC 865 WATTS / 1500 VA

INTERNET MCDEM:

VERIZON WIRELESS PANTECH 4G LTE USB MODEM AIRCARD UMLZS5 4G

PRESSURE GAUGE;

ASHCROFT TYPE 1278 DURAGAUGE
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Figure 66. Process and instrumentation diagram for the MFC system.
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Economic evaluation. Cost drivers for the process include those associated with capital
equipment, operations and maintenance (O&M)), and downstream processing to meet discharge
requirements. Capital equipment costs are difficult to estimate at this stage but the primary cost
drivers are discussed below. O&M include labor, chemicals, power, and residuals management.

Cathode materials and fabrication. The cathode materials and associated fabrication costs are
likely to be the greatest component of the capital cost until the day when they can be mass produced
in quantity. Currently, no full-scale manufacturing process is available for manufacturing the
cathodes. However, various such processes are being evaluated separately as part of ESTCP
Project ER-201635: Hybrid Microbial Fuel Cell-Biofiltration System for Energy-Neutral
Wastewater Treatment. In addition to the cathode material itself, several other components of the
cathode module are required (e.g., spacer, separator, frame) and these need to be assembled. These
other components are not necessarily expensive, but manufacturing can be expensive until molds
have been made and the cathode modules are fabricated in bulk.

Anode materials and fabrication. The anodes are much simpler than the cathodes and
essentially require carbon fiber and titanium wire. Standard brush manufacturing equipment is
used to make the anodes.

Tankage, piping, and appurtenances. Tankage, piping, and appurtenances such as valves and
fittings are standard materials and are not expected to be costly. Use of inexpensive epoxy coating
technology on carbon steel avoids the use of more expensive materials such as stainless steel. As
the technology matures fiberglass reinforced plastic (FRP) tanks can be design and manufactured
at lower cost yet and also with lower weight.

Electrical, instrumentation, and controls

Electrical system for power recovery use inexpensive voltage booster devices that are
commercially available. Instrumentation and controls are used to monitor voltage and current.
Relatively expensive instrumentation is required to accurately monitor the lower voltages that are
generated by MFCs. Additionally, wiring and associated electrical fittings need to be designed to
minimize ohmic losses. These designs require use of larger wire diameters which add to the cost.

Labor. Labor is initially anticipated to be greater for any innovative systems because certified
wastewater treatment plant operators are not familiar with the technology. However, as the
technology becomes standard then the labor costs are anticipated to be similar to those for
traditional processes. In the mean-time certain aspects are unknown such as the frequency of
anode/cathode cleaning and maintenance. These activities will affect labor effort and cost.

Chemicals. Chemical use is anticipated to be a minor component. Acids may be required to
regenerate the cathodes but the amount and cost of acid is expected to be small. Waste disposal
will also be a cost but the volume is again expected to be small.

Power. One major advantage of the MFC is the power is generated rather than consumed. Thus
electrical power is not an O&M cost.

Residuals management. Residuals include waste sludge that must be removed from the MFC
and disposed. The characteristics (e.g., concentration, settleability) of this sludge are unknown.
But standard technologies (coagulation, flocculation, settling, dewatering, drying) are available for
use. The solids would then need to be landfilled or land applied in accordance with applicable
regulations. Depending on the quality of the biosolids the residual disposal may be a cost or a
revenue.

Additional capital and O&M costs will be associated with downstream treatment. A variety
approaches are and ideally the process would be one that can cost-effectively meet treatment




objectives and operate on the power generated by the MFC. Options include the granular activated
carbon biofilter (GAC-BF) and the anaerobic fluidized membrane biofilm reactor (AFMBR).[42]

4.7.2. Life Cycle Assessment

Life cycle assessments (LCASs) are conducted to quantify the environmental impacts over the
useful life of different products, services and activities. In the case of this research, performing a
LCA on these innovative technologies and comparing them to the status quo provides insight into
whether or not replacing an existing technology with a new technology actually has a benefit with
regard to the environment, on a life cycle basis. In this comparative LCA, each of the different life
cycle categories are broken out into five distinct groups including, chemical use, capital goods,
energy use, sludge disposal, and transportation. Additionally, four scales of typical FOBs were
assessed, which included appropriate treatment technologies. The four scales ranging from
smallest to largest included, company, battalion, brigade and division. By breaking out the LCA
into categories and by size, the environmental differences of the innovative approaches to
wastewater treatment at FOBs can be seen in direct comparison to what’s currently being used.
The results of the LCA, when coupled with financial and social impacts provides a tiered approach
to decision making. The LCA introduced herein couples SERDP projects ER-2216 led by PSU
and ER-2239 led by Arizona State University. As such the LCA is not complete; complete results
will be reported in the SERDP report for ER-2239.

The basis of flow for each scale was developed using the information from SERDP Sustainable
Forward Operating Bases,[53] where ranges of typical military group quantities are provided. The
averages of these ranges were assumed for Company and Battalion size bases and the higher of
the provided range of values is assumed for Brigade and Division groups, in order to be
conservative. The same report also presents that 35 gal/day/person is an acceptable estimation of
per capita wastewater production at military bases. Furthermore, it is assumed that an average of
15 percent of all wastewater could be classified as blackwater (BW) while rest would be gray water
(GW).[53] These flows were applied to nominally sized Company, Battalion, Brigade, and
Division nominally having 150, 600, 6000, and 20000 soldiers, respectively.

Typical wastewater compositions for BW and GW were obtained from various technical
literature that related to similar scenarios as our chosen configurations. Using these values, average
influent concentrations are calculated for chemical oxygen demand (COD), biochemical oxygen
demand (BOD) and total suspended solids (TSS). In order to simplify the mass balance
calculations, it was assumed that influent BODs concentration is equal to half of the assumed
influent COD value. The wastewater composition used in the basis of design for the treatment
alternatives is summarized in Table 10.

Table 10. Assumed wastewater composition used for the LCA

Parameter Blackwater Graywater Combined
Wastewater

COD (mg/L) 8350 285 1500

TSS (mg/L) 4600 215 875

Once the scales of treatment and wastewater composition were established, it was important
to identify primary treatment scenarios to be further developed. The scenarios were developed and
revised over several iterations as part of finalizing the project objectives. The scenarios selected
for evaluation are summarized as follows. For each of the four FOB scales, three scenarios were
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evaluated corresponding to: conventional treatment, MFC with electricity production, and
microbial electrolysis cell (MEC) with H202 production. For each of these scenarios, an additional
evaluation was included to account for water re-use options, for a total of six alternative design
scenarios as tabulated in Table 11.

Table 11. Scenarios evaluated in the LCA

Scenario Process Water Reuse
1 Conventional No
2 MFC with electricity generation No
3 MEC with H,O; production No
4 Conventional Yes
5 MFC with electricity generation Yes
6 MEC with H20- production Yes

The methodology follows four stages of an LCA as defined in 1SO 14040 standards: (1)
definition of goals and scope; (2) life cycle inventory (LCI) analysis using various databases
available in SimaPro 7.3.3, a LCA software which serves as the tool to collect and analyze the
relative sustainability of a product or process; (3) life cycle impact assessment (LCIA) using
ReCiPe v1.08 method using a hierarchist model typically applied to scientific LCAs; and (4)
interpretation of results. The life cycle inventory (LCI), which is the raw data that will be entered
into the LCA software, and LCIA were completed in SimaPro 7.3.3 using Ecoinvent 2.0 database,
a vast compilation of pre-established life cycle inventory data for complete processes or materials
and average world datasets when available. Average world datasets are used when location specific
information is not available in the Ecoinvent 2.0 database.

The goal of this work is to compare the environmental impacts of the three main wastewater
treatment processes at a FOB located 10-250 km from the source of potable drinking water. The
functional unit, which is the definition of what is being studied and all subsequent LCI data is
relative to this unit, chosen is one cubic meter of effluent wastewater produced during the two
years the FOB is operational, which is the maximum operational time frame specified by the U.S.
Army. The time frame encompasses wastewater treatment process construction and FOB operation
and neglects decommissioning and warfare losses (excluding casualties). The system boundary
(Figure 67) is a cradle-to-grave analysis of capital and supplies distribution to the FOB through
treatment for a distribution center through wastewater treatment. The impacts from final disposal
of the wastewater treatment plant at the FOB is not included in the scope of this research, however,
the impact from disposal of sludge produced during the useful life of the FOB is assessed. The
upstream processes include the distribution of capital, supplies and water to the FOB, water
consumption, and wastewater treatment processes. Background processes include the materials,
energy, transport and waste from capital goods manufacturing (including truck, water tank, and
chemicals manufacturing) and transportation to and from the FOB.
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Figure 67. System boundary for the LCA.

The LCA includes an assessment of the environmental impacts of the six scenarios discussed
above in SimaPro 7.3.3 using ReCiPe v1.08. We will show the results for the midpoint categories.
Midpoint category values are determined by applying scientifically established characterization
factors to relevant materials and processes from life cycle assessment to equate all materials and
processes against a common reference substance. For example, all materials and processes
included in the global warming potential midpoint category are expressed in terms of kg CO2
equivalents. To equate methane as CO2 equivalents, the scientific community has determined that
methane is 25 times more potent a greenhouse gas than COz2; thus the global warming potential
characterization factor for methane is 24. For this analysis, we have chosen six midpoint categories
to represent human health and environmental impacts: climate change, ozone depletion, human
toxicity, particulate matter formation, climate change to ecosystems, terrestrial ecotoxicity,
freshwater ecotoxicity, and fossil depletion.

In addition to the environmental impacts, we are estimating the impact on soldier causalities
based on the number of truck trips required to supply the FOB. We will determine casualty factors
based on data obtained from both wars in Irag and Afghanistan during the year 2007.[69] We will
create casualty factors for both water and fuel resupply convoys. We will allocate the total number
of casualties in the reference year to the movement of a commodity using the following
percentages: 50% for fuel and 20% for drinking water. To estimate the total number of casualties
for fuel resupply, the total number of gallons transported by a Theater will be divided by the
average capacity of a 16 Supply Truck Convoy. The same methodology will be employed for
calculating the total number of casualties for water resupply convoys in the reference year, but
also assuming that 80% of the treated water is available for reuse in the reuse scenarios. The total
number of casualties by convoy type, using the percentages referenced above, will then divided by
the total number of convoys in 2007 to determine the casualty factor for water and fuel resupply
convoys respectively.[69] The number of convoys for both water and fuel resupply over the entire
two year operating period will be multiplied by the average casualty factor calculated from each
war to obtain the total number of casualties over the useful life of the FOB.
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5. Conclusions and Implications for Future Research/Implementation

These results clearly showed that it was necessary to keep the anode brushes fully covering the
cathode, and that brush mass (total amount of carbon fiber in the brush) was less important that
full cathode coverage. Thus, brushes should be placed to fully cover the cathode in order to obtain
the maximum performance of the reactors. Brush diameter was a more complex issue as small
brushes (<1 cm diameter) that fully covered the cathode projected area worked better than larger
brushes when acetate was used at high concentrations, in a well buffered system. However, when
these were used with wastewater, performance was erratic. Therefore, we concluded that the
optimum cathode sizes are the larger brushes that have diameters of 2-2.5 cm. These brushes will
therefore be used in all future tests with the wastewater.

All tests with PVA separators were completed in fed-batch tests with acetate or wastewater.
The PVA can be used as a separator in MFCs with comparable results to wipe separators in both
AC and Pt cathode MFCs. In a low conductivity solution, where solution resistance is a main
component of total resistance, addition of a PVA separator had no effect on power densities. In
higher conductivity solutions, where solution resistance is a smaller part of total resistance, the
impact of PVA on power production became larger with solution conductivity. A spray-on
separator can be used in place of a cast separator to achieve similar power densities and CEs, but
with increased cycle times. We concluded the performance with PVA separators was about the
same as the cloth separators, but the cloth performance was more stable over time and therefore
that cloth separators should be used.

Of the different spacers examined, the wire spacers produced the best performance as they
minimized blockage of the cathode surface and allowed good air flow to the cathode, resulting in
a reactor design that produced the highest power densities obtained to date in larger reactors using
domestic wastewater. This new design provides an easy method to construct and install electrodes,
and at the same time it produced relatively high power densities with domestic wastewater. It was
concluded that wire spacers provided the best operation relative to COD removal and current
densities.

Cathode performance is important for good power generation. Of the different cathode
materials and preparation methods, the best results were obtained by blending 10% CB into AC,
resulting in improved performance with the maximum power densities increased by 16% in the
first week, and by 29% after 3.5 months, compared to MFCs with plain AC. MFCs with Fe-
modified and heat-treated AC produced maximum power densities that were approximately 35%
higher than plain AC. During long-term operation, all AC-based cathodes had significantly
improved power densities compared with Pt cathodes. The PVDF binder with activated carbon
using a phase inversion process provided an excellent best cathode binder as it is inexpensive, and
easy to apply by immersion in water. Cathode fouling is a challenge, and to explore possible
reasons for fouling we examined the impact of high concentration of humic acids on cathodes.
Substantial adsorption of humic acids reduced power, but only by <14%. This suggests that there
are other more critical reasons for a reduction in power over long periods of time, such as
microbially produced biopolymers or precipitated salts.

COD was effectively removed using modular MFCs containing arrays of brush anodes and
dual cathodes modules. Experiments conducted with domestic wastewater, similar gray water at
an FOB, and diluted swine wastewater to simulate black water, indicated that treating combined
gray and black water will be more efficient than individual treatment, as black water COD was
difficult to treat. Combining the two wastewaters produces a COD suitable for effective treatment.
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For MFC operation, careful consideration will need to be given in the future to whether they
are operated to maximize power or to produce high current densities. Increasing current density,
by using reduced electrical loads (lower external resistors), will increase the rate of COD removal
and thus could lead to shorter HRTs. However, higher current densities will lower the voltage,
reducing recoverable power. The tradeoffs in HRT and COD removal rate with power production
should be further examined in future pilot scale tests. Thus the MFC may be operated under
energy-positive, energy-neutral, or energy-negative conditions depending on the overall objectives
for wastewater treatment.

The startup time for a larger, pilot scale reactor is anticipated to be on the order of 2-6 weeks.
In the laboratory, small reactors (0.1 L size) required startup times of ~2-4 weeks. Larger reactors
(2-6 L) required slightly longer times, of ~4 weeks. We estimate that a field reactor, if fed with
effluent from smaller reactors and wastewater, could start within this time frame. However, as
such a large scale reactor has never been started up in the field, this remains a research question.

Long-term reliability is difficult to assess based on the short-term experiments conducted in
this study. Planned ESTCP demonstration work will address this data gap.

Implications for future research

The results of this work produced design parameters that enabled the development of a
prototype design with specifications for anode area, cathode area, catalysts, HRTs, electrical
resistance specifications for the load, spacer requirements, and overall MFC architecture. The next
step in the development of MFCs for FOBs is construction and testing of this reactor under the
ESTCP program, as this would allow performance of a larger MFC to be examined at a DOD site.
ESTCP project Number ER-201635, Hybrid Microbial Fuel Cell-Biofiltration System for Energy-
Neutral Wastewater Treatment, is currently underway which will fulfill this next step. The
objectives of this ESTCP project are to:

e Integrate the MFC and BF technologies in an operator friendly configuration.

e Demonstrate the production of high-quality re-usable water that meets U.S. Environmental

Protection Agency (USEPA) Guidelines for Water Reuse.

e Demonstrate a reduction in energy consumption relative to conventional aerobic

wastewater treatment technology.

e Demonstrate a reduction in residuals (sludge) compared to aerobic bioreactors.

e Compare the cost and performance of the MFC-BF system to conventional treatment

systems used for water reuse such as ultrafiltration/reverse osmosis.

e Generate life cycle cost data to confirm a payback period of less than 10 years.

These objectives will address specific questions regarding: 1) the energy footprint of the
overall process considering that downstream polishing is required to reduce the MFC effluent
COD to less than 100-200 mg/L; and 2) relative benefits of the MFC-BF system compared to
conventional treatment processes. The demonstration will involve final design, manufacture and
testing of a pilot-scale MFC-BF system capable of treating about 2 L/min (0.5 gpm). Several
scale-up parameters should be monitored that will facilitate FOB implementation. These include:

e BOD and COD removal
Organic loading rate
Hydraulic residence time
Solids production
Power consumption or generation
Voltage and current
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e Cathode cleaning frequency and requirements
e Other maintenance requirements
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Process-Mechanical Engineering Calculations and Details



MFC Process Engineering Calculations

MEC Pilot System Design

1.0 Purpose/Objective

These calculations are to support the design of a microbial fuel cell
(MFC) for an ESTCP demonstration. The objective of the calculation is
to determine the number of anode and cathode modules required to
treat wastewater from Ft. Riley

2.0 Procedure

2.1 State assumptions and constants. These include water quality and flow assumptions,
material related constants, and anode and cathode dimensions.

2.2 Sizing calculations

2.21 Calculate required liquid volume of reactor based on design COD removal.

2.22 Calculate required number of anode and cathode modules.

2.23 Calculate required tank volume based on required liquid volume and volume of electrode
modules.

2.24 Calculate required tank length based on electrode module dimensions.

2.25 Calculate required tank length based required volume (water and electrodes), cathode
width, and max water depth. This length must be less than or equal to length based on
electrode dimensions.

2.3 Electrical calculations

2.31 State assumptions and constants. These include the Coulombic efficiency, the molecular
weight of COD, and the Faraday constant.

2.32 Calculate the volumetric and areal current density.

2.32 Calculate the maximum current derived from the first module based on it's volume (used
volume based on 3-D model)

2.33 Calculate the power for one anode module based on the voltage and the max current.
2.34 Caculate the total power generated in the MFC by mulitplying the power for one anode
module by the total number of modules.

2.35 Calculate the power generated per gram of COD based on the total power of the MFC, the
flow rate, and the change in COD through the MFC.

2.36 Calculate the power generated per volume of water treated based on the total power and
the flow rate.

3.0 References/Data Sources

3.1 PSU data from SERDP project - Section 5
3.2 Ft. Riley wastewater data
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MFC Process Engineering Calculations

4.0 Assumptions

Water Quality and Flow]|
BOD = 320 % [Based on historical data from Ft. Riley. |

. B Mg [Based on laboratory observations from Penn State and general
CODinfluent = 2 ¢ BOD =640 understanding of relationship between BOD and COD.

coD _ 15019 At COD concentrations less than 150ppm, no power is generated.
Effluent - There will be a biologically active carbon filter downstream to remove
remaining COD.
COD\nfiuent — CODEffuent Will be-used in }<inetic equaifion to
CODremoval = =0.77 determine required hydraulic
CODinfiuent residence time.

gal Wastewater flow rate - these are arbitrary and may change

Qwater := 0.5 i based on the cost of the reactor.

Material Related Constants|

Water depth is limited by the ability of the cathode material to
Depthmax water := 2ft sustain water pressure. This may change based on cathode material.

2

- cm is i i i
Specific_ Areacathode = 0.57 This is the cathode area required per unit volume of

mL wastewater, based on experiments at Penn State.

em? [This is the anode projected area required per unit
Specific_Projected_Areapangde := 0.19 e volume of wastewater, based on experiments at Penn
State.
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MFC Process Engineering Calculations

[Anode Related Material Dimensions|

Diameteranoge = 1in  [This is the diameter of anodes that are available for use. |

Lengthanode = 1ft + 10in = 1.83 e ft  [Based on the maximum water depth defined above. |

This is the spacing between the edge of the anode brush and
the angle iron This is the minimum amount of space that is
required to remove the anode module from the reactor
without contacting the cathode module. Penn State research
indicated 0.8mm, but they did not use the angle irons.

1
Anode_Cathode_Spacing := Ein

Widthanode module := Diameteranoge + 2 « Anode_Cathode_Spacing = 2 e in

[Cathode Related Material Dimensions|

13 1 1

15
Widthcathode. module == 1in + 1_6in = 1.94 « in[From model |

The frame width comprises the spacer width (see Calc # XX, 20 mm or about 13/16"), the width
of two cathode (2mm each) meshes plus separators (Imm each), the width of two cathode
fasteners (1/8" each), the width of two sets of fastener bolts heads (1.7mm each), and the width of
P plastic pieces that rest on the angle irons.

5.0 Calculations

Required Reactor Volume|

First-order rate constant for COD removal, determined through
experiments at Penn State.

)

4
Kcop = ——
COD = oy

1
In
1- CODremoval

Hydralic residence time based on first order decay. |

=87ehr

tHRT =
Kcop

Vwater = Qwater ® tHrRT = 989 ¢ L

Required liquid volume at each flow rate defined above. |

MathCAD V14
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MFC Process Engineering Calculations

Required Number of Cathode Assemblies |

AreaCathode_tota| = Speclf'C_AreaCathode o Vwater = 5635 m2 IReqUII'ed Cathode area.

Heightcathode.sheet := 2ft Widthcathode.sheet := 3.5ft

. . 2
Areacathode.sheet := Heightcathode.sheet ® Widthcathode.sheet = 0.65 e m

) 1 :
W'dthFastener = Eln = 05 L J |n

. . 2
Areagastener.1 = 2 ® (W'dthFastener ° He'thCathode.sheet) =0.17 « ft

. . . 2
Areapastener.2 = (W|dthCathode.sheet —2e W'dthFastener) * Widthpastener = 0.14 o ft

2
Areapastener := Ar€arastener.1 + Ar€apastener.2 = 0.03 e m

. 2
EffectiveAreacathode.sheet := Ar€acathode.sheet — Ar€arastener = 6.69 o ft

Areacathode._total =
Numbercathodes := round — - 87 Numbercathodes_per module == 2
Areacathode.sheet
Numbercathodes
Numbercathode. modules := Round b ,1|=44
Numbercathodes_per_ module

Required Number of Anode Assemblies |

Areapnode_total := Specific_Projected_Areaanode ® Vwater = 18.78 m? Required anode
roejcted area.

Diameteranoge = 1 ¢ in
Area_Projectedanode_single := Diameteranode ® Lengthangde = 0.01 m?

Areaanode_total

Numberanodes = Round( ,1] = 1323

Area_Projectedanode_single

This accounts for the one extra anode

Numberanoge.modules = NUMbercathode.modules + 1 = 45 module at the end of the reactor.

=29

Numberanodes per module = Round[

Numberanodes
,1
Numberanode.modules
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MFC Process Engineering Calculations

Required Tank Volume|

Vwater = 98856 L

Vanode .= 0 [Anode volume is mostly water |

13 These are the elements on
W'dthSpacer = _ln W'dthMesh = 2mm W'dthSeparator = 1mm the Caﬂlode assembly that are
16 under water.

Widthcathodeunderwater := Widthgpacer + 2 @ (WidthMesh + WidthSeparator) =1.05¢in

3 From 3-D model based on cathode assembly
Vcathode.assembly == 1018.49in™ = 16.69L lcomponents described above. Model is more
accurate because it includes frame.

Vcathode.assembly.check := Ar€acathode.sheet ® Widthcathodeunderwater = 17.32L

Vnonwater := Vcathode.assembly ® NUMbercathode. modules = 734.36 L

Viotal = Vwater + Vinonwater = 1722.92L

Required Tank Length Based on Required Number of Anodes and Cathodes |

Widthcathode.module = 1.94 ¢ in

Lengthy := Numbercathode.modules ® Widthcathode. module = 7.1 @ ft
_ 35 .

W'dthAnodelplate = E'ﬂ = 219 e N

Length; := Numberanode. modules ® Widthanode plate = 8.2 @ ft

Length between anode reactors

Lengthgqge = 8in at ends of tank and tank edge.

Min_Lengthreactor := Lengthy + Lengthy + 2 e Lengthggge = 5.07 e m
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MFC Process Engineering Calculations

Required Tank Length Based on Required Volume of Water Plus Electrode Dimensions

1
Lengthgpacer := 3ft + 5in = 1.04m Lengthgrgme = 1in + Ein =0.03m
Lengthcathode.module == Lengthgpacer + 2 ® Lengthgrgme = 3.59 o ft

Widthreactor == Lengthcathode. module + 2 © 1in = 3.76 o ft

Viotal — 809 ft than or equal to the length

Lengthreactor = (

number of electrodes.

Design is OK if this length is less

Depthmax.water ® WidthReactor) required based soley on required

dollars ;= @

70dollars
(20cm e 20cm)

U nlt_COStcathode =

Costcathode = AreaCathode_total ° Unlt_COStcathode = 98609 ° dO”aI’S

[Electrical Calculations|

Assumptions - to match 3-D "model"

CE — ( 1.7 j% Coulombic efficiency based on Penn State experiments. |
- 30

m
d Maximum COD removal rate. |

RCOD_max := kcop ® CODjnfiyent = 2560 o L

m mol Aehr
FWeop = 32— N4 - 26.801ﬁ

mol

CE ¢ Rcop eFen 6.07 )\ A oE
Volumetric_Current_Density := Sl = Spea.ﬁc current
FWcop 107.2 density

m3

The value at the lower
Volumetric_Current_Density [0.11] A kfficiency is slightly

Specific_Areacathode 1.88 2

Areal_current_density := 5
m
estimate of 0.04 mA /cm?2

greater than Kyoug-Yeol's

MathCAD V14 Saved 4/26/20163:32 PM
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MFC Process Engineering Calculations

[Calculate current delivered from first anode module. First calculate volume of one anode module. |

Vwater.e
Vanode_module = =21.97L

Numberanode.modules.e

[Assume module volume is equal to space taken up in model. |

Vanode.module.modeled := DePthmax water ® WidthAnode.pIate * Widthreactor = 38.82L

Calculate current for one anode module |

0.24
Currentanode.module := Volumetric_Current_Density ® Vanode.module.modeled = (4 16) 8

[Calculate power density for one anode module |

47.17
Voltage := 0.2V Power := Currentgnode.module ® Voltage = [ j e mW

832.37
Power_Density Power (1'21 j w
— olumetric = = °
vomet Vanode.module.modeled 21.44 m3
. Power 72.53 mw
Power_Densitygreq) == = o
Areacathode.sheet 1279.94 m2

[The PSU estimate of 280 mW/m2 is in between these two values. |

Calculate power for total MFC

2.12
Power := Power ¢ Number = W
MFC Anode.modules.e [37.46]

Total current

Poweryrc ( 10.61 jA

Current = =
MFe Voltage 187.28

Calculate energy per unit COD removed from the reactor

kJ := 1000J
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MFC Process Engineering Calculations

242) dgm

Powerpec (O.l4j kJ
= [ ]
COD\nfluent — CODEfﬂuent) * Qe

Energycop := (

This is low compared to Kyoung-Yeol's number of 14.7 k] / g which is from Shizas and Bagley, 2004.
See 7/2/15 email from Bruce Logan.

Now calculate the energy generated per unit volume water treated.

Poweryrc (0_019j KW e hr This is 0.02 kWh/m3 which is similar to
[ ]

Energyvolume = Q— = 3 Logan data presented in our proposal
e 0.33 m supporting information (0.0197)

Calculate organic loading rate (OLR)

CODynfluent kg
OLR:=Qge——— =0.07
water.e m~hr

MathCAD V14 Saved 4/26/20163:32 PM Page 8
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Determination of Optimal Spacer Thickness

1.0 Purpose/Objective

Determine the optimal thickness of the spacer to allow passive oxygen transfer and not limit reaction
rate at the cathode

2.0 Procedure

Calculate stoichiometry for oxygen consumption, rate of oxygen consumption, and rate of oxygen
transfer via equimolar counter diffusion for different space thicknesses.

3.0 References/Data Sources

Logan Lab data

Fick's law

Diffusivity for oxygen in air
Faraday's law

4.0 Assumptions

Wire frame support in spacer does not hinder mass transfer
Equimolar counterdiffusion drives oxygen transfer in spacer

MathCAD V14 Saved 4/27/20162:19 PM Page 1
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5.0 Calculations

Logan data for cathode performance

mA
lcathode := 0.04 —
cm

Assumed spacer dimensions.
Spacefihickness == (10mm 20mm)

Spacerheight := 2ft = 0.6096 m

Spaceryigin = 2m

Calculate area for a cathode on both sides of a single spacer
Cathodegrea = 2Spacerheight - Spaceryigih = 2.4384 m?
Calculate current for the cathodes on a single spacer
| := Cathodegrea - lcathode = 0.9754 A

Reaction of oxygen with electrons to form water at cathode

O, +2H,0 +4e” > 40H"
Calculate oxygen consumption rate

Faraday's law

C A-sS
F = 96485—— = 96485 ——
mol mol
z=4
Rate oni= —— = 02184. 1
oxygen.consumption -— F.z - V. day

Ideal gas law standard volume

L
V,=224—
mol

L
Flowoxygen.consumption := Rat€oxygen.consumption - V = 4.8911 - ?w
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Flow, = Flowoxygg”'chnsumpm” —23.291- —dL
. ay

Spaceryglume = SPaCerhegight - SPaceryidth - SPaCErthickness = (12.192 24.384 ) L

Calculate average residence time for air in spacer

Spaceryg
taip = ————° _(0.5235 1.0469) - day
FIOWa“'

Fick's Law for equimolar counterdiffusion

Diffusivity of oxygen (A) in nitrogen (B) (from Perry)

2

cm
DAB =0.181 T

Ideal gas constant

R = 0.082 L atm
T " mol K

Partial pressures (p) of oxygen at top (1) and bottom (2) of spacer. Assume the following:
pa1 := 0.21atm

Calculate pA2 as different fractions of pAl. This represents having the range of 10% t0 90% oxygen
depletion at the bottom of the spacer.

O-Ipar| 0021
0.3pa1 0.063
pa2 :=| 0.5pa1 | =| 0.105 |- atm
0.7pa; | | 0.147
0.9pa1 0.189

Zq = Oom
Zp := Spacerpgjght = 0.6096 m

T.:= 298K

Calculate flux J , for oxygen from bottom to top of spacer for different pA2
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19.8417
15.4324
3. =D (pAl— IOAz) _| 11,0032 mol
A = UAB R'T‘(ZZ_Zl) B 66139 mZday
2.2046

2
Areagx := SpacCerihickness - SPaceryigih = (0.02 0.04) m

Calculate diffusive oxygen flow for different pA2 (rows) and different spacer thickness (columns)

Rateoxygen.diffusion = JA - Aréagux =

0.3968 0.7937
0.3086 0.6173
0.2205 0.4409
0.1323 0.2646
0.0441 0.0882

8.8891
6.9137

Flowoxygen.diffusion := Rat€oxygen.diffusion - V = | 4.9384

2.963
0.9877

mol
day

17.7782
13.8275

9.8768 |- —

5.9261
1.9754

Compare flow via oxygen diffusion to flow via oxygen consumption
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Spacer thickness

10 mm 20 mm pA2/pAl
181.7398 363.4797 10%
141.3532 282.7064 30%
Flowoxygen.diffusion
EXCeSSoxygen = T L -|100.9666 201.9332 |-%  50%
oxygen.consumption 1 g4 5299 121.1599 70%
20.1933  40.3866 90%

Graphical relationship of excess oxygen to oxygen concentration at bottom of spacer. Top curve
is for a 20-mm spacer and bottom curve is for a 10-mm spacer.

4
3.635

EXcess oxygen 2

0.202

6.0 Conclusions/Results

A 20-mm spacer is recommended to minimize oxygen limitations at the bottom of the spacer
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CDM

Smith Job # Calc By: J. Goldman
Client: SERDP Checked By: Chris Stillwell Date: 11/2/15
Project: MFC Design Date: 11/5/15 Calc.No.
Detail: Water Distribution Manifold Reviewed By: Revision # 1
Design Date: Date:

1.0 | PURPOSE/ OBJECTIVE

11 Determine the number of distribution holes and the hole diameter required to distribute flow equally
"~ through the holes.

2.0 | PROCEDURE / APPROACH
2.1 Define assumptions
2.11 Total flow is equal fo 0.5 gpm (1.114 x 10 t3/s)
2.12 Diffuser pipe ID is 1.5 in (0.125 ft)
2.13 K (flow coefficient) at the first port is 0.675

oV Vorafice
Eenga = 5 + 5
g L
K

2.14a Velocity head is equal to 0 at the end of the pipe.
2.14b Assume equal flow through all orafices. Start with orafice diameter of 0.5 in.

2.14 Energy at the end of the pipe 2 s }

2.15 Constants: g = 32.2 ft/s2, y = 62.4 Ib/ft3, v = 1.47 x 10™ ft2/s, Ks (PVC roughness) = 9.84 x 10° ft

2.2 Define equations

Qna
o Vg =
Velocity in pipe before hole n n Astrucer
- - Vo1
Flow coefficient at holen X, = 0675 -
“Z-Ln

Flow through holen @0 =Kn-aq-,/2g-En

AV, =
Change in pipe velocity after hole n 2
4

D
Reynold's number atholen ~ Rea™= Va-—

Friction factor at hole n fn = — ﬂg

Head loss at hole n by =1 - [

Total head in pipe after holen ~ En+1 = En + by




2.3 Set up spreadsheet to solve these equations in order, starting at the terminal end of the distribution pipe.
2.4 Sum total discharge from all the holes (sum of gn for each hole) and define as a percentage of total flow in pipe. (E3t
2.5 Calculate percent difference in flow between first and last hole. (E37)

2.6 Iterate on number of holes and hole diameter to achieve maximum percent flow discharge and minimum percent

difference between first and last hole.

3.0 DATA & REFERENCES |[see also references on calcs attached

3.1 Roberson, J. A., Cassidy, J. J., & Chaudhry, M. H. (1998). Hydraulic engineering . New York: Wiley.

4.0 JASSUMPTIONS/ LIMITATIONS

4.1 Total flow is equal fo 0.5 gpm (1.114 x 107 ft3/s)

4.2 Diffuser pipe ID is 1.5 in (0.125 ft)

4.3 K (flow coefficient) at the first port is 0.675

4.4 Total length of distribution pipe is 1.75 ft (from 3-D model)

4.5 Constants: g = 32.2 ft/s2, y = 62.4 Ib/ft3, v = 1.47 x 10” ft2/s, Ks (PVC roughness) = 9.84 x 10° ft

5.0 | CALCULATIONS

Total Q ft3/s 1.114E-03 L (spacing) ft 0.317
Diffuser Pipe ID ft 0.125 L (distribution pipe) ft 1.375
a, diffuser pipe ft2 0.0123 # holes #
V, diffuser pipe ft/s 0.0908 Kend 0.675
Port D ft 0.0417 Eend ft
Port a ft2 0.0014 Required Head

V.oriface ft/s 0.1634

g ft/s2 32.2

\Y Ib/ft3 62.4

\ ft2/s 1.47E-05

Ks ft 9.84E-06

1 0.000| 0.675 2.23E-04| 0.01816 0.018155 154 0.170562698 2.21157E-06| 0.000912

2 0.018 0.673 2.22E-04| 0.01813 0.036282 309 0.11395558 5.9009E-06| 0.000918

3 0.036 0.667 2.21E-04] 0.01803 0.054314 462 0.093093897 1.08031E-05| 0.000929

2 4 0.054 0.658 2.19E-04[ 0.01789 0.072199 614 0.081643987 1.67413E-05[ 0.000946

1 5 0.072 0.645 2.17E-04[ 0.01770 0.089897 764 0.07420812 2.35909E-05[ 0.000969
3
i)
w
o
o
=

Tot 1.103E-03 0.005

% Discharge

% Diff in g between first and last port -2.59




6.0

CONCLUSIONS/ RESULTS

Percent discharge through the distribution holes is maximized at 99% of the
"~ total flow.

6.2 Percent difference in flow between the first and last holes is equal to 2.59%

6.3 The hole diameter is 0.5 in, and there are 5 holes in the pipe. They are
"~ spaced 0.32 ft apart.




CDM

Smith Job # Calc By: J. Goldman
Client: SERDP Checked By: P. Evans | Date: 11/2/15
Project: MFC Design Date: Calc.No.
Detail: Air Distribution Manifold Design Reviewed By: Revision # 1
Date: Date:

1.0 | PURPOSE/ OBJECTIVE |

Determine the number of distribution holes and the hole diameter required to distribute air flow
equally through the holes.

2.0 | PROCEDURE / APPROACH |

2.1 Define assumptions

2.11 Relationship between flow and pressure is defined by standard air compressor curve (shown in References tab)
2.12 Diffuser pipe ID is 1.25 in (0.104 ft)
2.13 K (flow coefficient) at the first port is 0.675

2.14 Energy at the end of the pipe \.-—7  Vogaies ) 1
Eend = oo + 2 o
2g K2 )2
2.14a Velocity head is equal to 0 at the end of the pipe.
2.14b Assume equal flow through all orafices. Start with orafice diameter of 0.5 in.

2.15 Constants: g = 32.2 fi/s2,, Ks (PVC roughness) = 9.84 x 10 ft
vy=.2902 1b/ft3,v=152x 10™ fi2/s (See References tab)

2.2 Define equations

Qa1
o Vo=
Velocity in pipe before hole n o Adituser
. 1-Va1
Flow coefficientat holen K, = 0675 | — =
“E-Ln

Flow through hole n On = Kq-aq-,/28 -y

AV, =
2
Change in pipe velocity after hole n =2
4

.. r D

Reynold's number at hole n Rey = Va- n

) 0.25
Friction factor at hole n b= B

Fo2
’ L v\:ﬂ_
Head loss at hole n by =1y LBJ{E]
Total head in pipe after hole n Epe1 = En+hy

2.3 Set up spreadsheet to solve these equations in order, starting at the terminal end of the distribution pipe.

2.4 Sum total discharge from all the holes (sum of qn for each hole) and define as a percentage of total flow in pipe. (E35)

2.5 Calculate percent difference in flow between first and last hole. (E37)

2.6 Iterate on air pressure, number of holes, and hole diameter to achieve maximum percent flow discharge and minimum percent

difference between first and last hole.




3.0 | DATA & REFERENCES |See also references on calcs attached

3.1 Roberson, J. A., Cassidy, J. J., & Chaudhry, M. H. (1998). Hydraulic engineering. New York: Wiley.

4.0 |ASSUMPTIONS/ LIMITATIONS |

4.1 Relationship between flow and pressure is defined by standard air compressor curve (shown in References tab)
4.2 Diffuser pipe ID is 1.25 in (0.104 ft)

4.3 K (flow coefficient) at the first port is 0.675
4.4 Total length of distribution pipe is 44.12 ft (from 3-D model)

4.5 Constants: g = 32.2 ft/s2,, Ks (PVC roughness) = 9.84 x 10 ft
v=.2902 1b/ft3,v=1.52 x 107 f2/s (See References tab)

5.0 | CALCULATIONS |

Air Pressure
Total Q
Diffuser Pipe ID
a, diffuser pipe
V, diffuser pipe
Port D

Port a

V.oriface

ITemperature
4

\3
v

Ks

psi 30
ft3/s 0.055333333
ft 0.104166667
ft2 0.0109
ft/s 5.0995
ft 0.0208
ft2 0.0003
ft/s 6.4929
F 60
ft/s2 32.2
Ib/ft3 0.2372
ft2/s 1.52E-04
ft 9.84E-06

L (spacing) ft
L (distribution pipe) ft
# holes #
Kend

Eend ft

Air Flow »>->->

1 0.000 0.675 2.21E-03[ 0.20398 0.203981 140 0.182052102| 0.000142765| 1.436907
2 0.204 0.675 2.21E-03[ 0.20395 0.407926 280 0.120129( 0.000376754| 1.437283
3 0.408 0.674 2.21E-03| 0.20383 0.611760 419 0.097550727| 0.000688081| 1.437972
4 0.612 0.674 2.21E-03| 0.20365 0.815414 559 0.085192037| 0.001067584| 1.439039
5 0.815 0.673 2.21E-03| 0.20341 1.018822 698 0.077162799| 0.001509565| 1.440549
6 1.019 0.671 2.20E-03| 0.20310 1.221926 837, 0.07142309| 0.002009904| 1.442559
7 1.222 0.670 2.20E-03[ 0.20274 1.424668 976 0.067061646| 0.002565363| 1.445124
8 1.425 0.668 2.20E-03| 0.20233 1.626999 1115 0.063604007| 0.003173261| 1.448297
9 1.627 0.665 2.19E-03| 0.20187 1.828869 1253 0.060776233|  0.0038313| 1.452129
10 1.829 0.663 2.18E-03| 0.20137 2.030237 1391 0.058407873| 0.004537451| 1.456666
11 2.030] 0.660 2.18E-03| 0.20083 2.231063 1529 0.056386668| 0.005289896| 1.461956
12 2.231 0.657 2.17E-03| 0.20025 2.431311 1666 0.054635316| 0.006086976| 1.468043
13 2.431 0.654 2.17E-03[ 0.19964 2.630951 1803 0.053098627| 0.006927166| 1.474970
14 2.631 0.650 2.16E-03[ 0.19900 2.829953 1939 0.051736018| 0.007809053| 1.482779
15 2.830] 0.646 2.15E-03| 0.19834 3.028294 2075 0.050516888| 0.008731317| 1.491510
16 3.028 0.642 2.14E-03| 0.19766 3.225955 2211 0.049417669| 0.009692724| 1.501203
17 3.226 0.638 2.14E-03| 0.19696 3.422918 2346 0.048419878| 0.010692118| 1.511895
18 3.423 0.633 2.13E-03| 0.19625 3.619172 2480 0.047508783| 0.011728412| 1.523624
19 3.619 0.628 2.12E-03| 0.19553 3.814705 2614 0.04667248| 0.012800585| 1.536424
20 3.815 0.623 2.11E-03| 0.19481 4.009514 2748 0.045901228| 0.013907683| 1.550332
21 4.010 0.618 2.11E-03| 0.19408 4.203596 2881 0.045186967| 0.015048809| 1.565381
22 4.204 0.613 2.10E-03| 0.19336 4.396953 3013 0.044522964| 0.016223131| 1.581604
23 4.397 0.608 2.09E-03| 0.19264 4.589590 3145 0.043903539| 0.017429872| 1.599034
24 4.590 0.602 2.08E-03| 0.19192 4.781514 3277, 0.043323867| 0.018668315| 1.617702
25 4.782 0.596 2.07E-03| 0.19122 4.972739 3408| 0.042779814| 0.019937801| 1.637640
Tot 5.396E-02 10.079

% Discharge

% Diff in q between first and last port




6.0 | CONCLUSIONS/ RESULTS |

6.1 Percent discharge through the distribution holes is maximized at 98% of the total flow.

6.2 Percent difference in flow between the first and last holes is equal to -6.67%

6.3 The hole diameter is 0.25 in, and there are 25 holes in the pipe. They are spaced 0.126 ft apart.
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MFC Bioreactor Design

Bioreactor Mechanical Parts List

General Information

Notes

Cathode modules are two-faced frames constructed of milled
PVC stock; the frames hold carbon-coated stainless steel mesh
on each face; the stainless steel mesh is covered with a textile
separator. The mesh and textile are attached to the cathode
frame using strips of PVC bar stock secured by multiple small
bolts. A circular core-stock gasket is set between the perimeter
of the mesh/textile layer and the frame to prevent water

Cathode Modules 44 leakage . L
An anode module consists of 29 anodes (which resemble test v
tube cleaning brushes) aligned in a row, suspended vertically. .
The individual anodes are secured to a top plate, and wired in Er
a daisy chain above the top plate. The bottom tips of the 29
anodes are secured in a plastic strip to ensure that the anodes
remain aligned vertically. This bottom plastic strip is also
perforated with holes through which air or nitrogen can be
introduced to remove settled solids and clear solids that may
Anode Modules 45 have deposited on the anodes
Anodes per Module 29
Part # Part L/Diameter Width Height |Description Quantity Unit Notes
Bioreactor Tank and Piping Connections
A-36 Carbon Steel with white
blast, one coat primer and two If cost effective, other materials besides carbon steel are
coats chemical resistant epoxy acceptable; design criteria are for a chemically resistant, non-
T-1 Carbon Steel Tank 3/16" Wall Thickness 16' 81/8" 3' 89/16"| 2'6" |paint 1 tank conductive shell
Angle "iron" lengths span from side to side of reactor to
A-36 Carbon Steel, welded to support the anode and cathode modules. The 29 anode
tank wall; with white blast, one modules are secured to a polycarbonate plate that sits on the
coat primer and two coats horizontal legs of adjacent angle pieces. The cathode modules
T-2 Angle Brackets for supporting cathode and anode modules 3' 83/16" 1/2" 1" chemical resistant epoxy paint 90 pieces drop in between adjacent vertical legs of the angle pieces
1-in ID female McMaster Carr 1145K47 316 Threaded, weld-on fittings to which to attach the 1-in diameter
T-3 Weld on Fittings for Tank pipe thread stainless steel or equal 6 pieces threaded pipe; hole size to be drilled in tank is larger
P-1 Straight Pipe to distributor pipe 1-in diameter 73/4" |PVC Sch 80 6 pieces
P-2 Tee 1-in diameter PVC Sch 80 1 piece
PVC Sch 80 with 1/8-in diam
holes 2 inches on-center Stock PVC pipe with 1/8-in diameter holes 2-in on-center
P-3 Perforated Distributor Pipe 1-in diameter 1'6"  |vertically 1 piece drilled in shop
P-4 Pipe Cap at bottom of distributor pipe and other locations 1-in diameter PVC Sch 80 4 pieces
PVC; McMaster Carr 4876K13 or
P-5 Ball Valves 1-in diameter equal 6 pieces
Cathode Modul
Mill adjacent corners of PVC square stock to create rabbet on
1-in square PVC square stock. each corner. Rabbet cut serves as inset for mesh and textile
McMaster Carr 8740K16 or layers. Also create 1/8-in diameter, half-circle groove along
C-1 Cathode Frame (Vertical members - 2 per module) 2'2"  |equal 88 pieces rabbeted edge for gasket placement
Mill adjacent corners of PVC square stock to create rabbet on
1-in square PVC square stock. each corner. Rabbet cut serves as inset for mesh and textile
McMaster Carr 8740K16 or layers. Also create 1/8-in diameter, half-circle groove along
C-2 Cathode Frame (Horizontal members - 1 per module) 3'5" 13/16" 3/8" |equal 44 pieces rabbeted edge for gasket placement
0-ring, circular cross section
cord stock; silicone; 1/8-in
round; McMaster Carr
C-3 Cathode Gasket (Vertical) 1/8-in diameter 22" |96505K23 approx 400 | linear feet
PVC strip stock; McMaster Carr Consider ripping from 1-in wide stock if 1/2 width is not
C-4 Cathode Fastener (Vertical) 2'2" 1/8" 1/2"  |8740K11 176 pieces available
PVC strip stock; McMaster Carr
C-5 Cathode Fastener (Horizontal) 3'6" 1/8" 1/2"  |8740K11 88 pieces




Stainless steel threaded tapered

C-6 Cathode Fastener Bolts 1/8" 1/2"  |-head with philips or star head 7920 pieces Consider nylon bolts as alternative if stripping is a concern
PVC strip stock; McMaster Carr
c7 Cathode Support for Angle Bracket 3'7 3/16" 1/8" 1" 8740K11 88 pieces
Textile separator cloth; 46%
cellulose/54% polyester; 0.3 mm These are what we might call "lab towels." May require
0.3 mm |thick. Amplitude Prozorb by contacting manufacturer to obtain larger sizes than commonly
C-8 Separator Cloth 2' 3'6" thick |Contec Inc or equal 88 sheets sold.
estm  [Stainless steel mesh with
1/16" |"carbon" coating; custom
Cc-9 Cathode (top inch is uncoated) 3'6" 2'1" thick |fabrication 88 sheets Specialty item supplied by other
Electrically conductive material
Approx [suitable for soldering or welding
approx 1/16" |to stainless steel mesh and
C-10 Cathode Bus Approx3'4" 1/2" thick |corrosion resistant 88 pieces Solder or MIG weld to stainless steel mesh
approx
11/16" |Raschig Kompakt polyethylene, Custom fabrication by Raschig. Contact is Chris Harden,
C-11 Cathode Spacer 3'5" 2'2" thick |custom plates 44 sheets Raschig USA Corp 540-862-8426; charden@raschig-usa.com
Anode Moduls
Anode channel secures anode tips and is also perforated;
perforations must be drilled. Perforations are for periodic
injection of pressurized air or nitrogen for cleaning purposes.
Chemical resistant PVC square Walls are 0.12" with 28 1/4-inch diameter circular holes on
tube; McMaster Carr 85095K74 top. Each anode channel to be fitted with compressed air
A-1 Anode Bottom Channel 3' 83/16" 1" 1" or equal 45 pieces fitting and about 2 feet of flexible, nylon compressed air hose.
approx 1-
in
A-2 Anode Brushes with Titanium Wire 1'10" diameter |Custom fabrication 1305 pieces Specialty item supplied by other
Flexible PVC snap-in grommets;
A-3 Rubber Discs to Hold Anode Brushes to Plate (1/8" cutouts) 3/8" diameter McMaster Carr 63595K31 2610 pieces Size may change slightly to fit anode shaft diameter
Polycarbonate stock drilled in shop to secure 29 anode
Polycarbonate rectangular bar, modules per 45 top plates; hole diameter to be determined,
A-4 Anode Top Plate 3' 83/16" 2" 3/8" [McMaster Carr 1749K339 45 pieces but approximately 1/4-inch 3/8-in thick
Compressed Air Piping to Anode Bottom Channel
Retractable "yellow" nylon hose;|
3/8-in inside McMaster Carr 9150K39 as an
CA-1 Air Piping (Hose) diameter example approx 150 | linear feet |Air tubing sizes may be adjusted to fit reactor dimensions
Quick disconnects for connection to 2-gallon compressor
CA-2 Air Piping (quick disconnect fittings) 3/8-in diameter 5 pairs (compressor by others)
CA-3 Compressed air fittings 3/8-in diameter 45 pieces 1 connected to each anode bottom channel




Overview

The pupose of this project is to construct a pilot scale bioreactor under development as a microbial fuel cell. The
bioreactor treats domestic wastewater with high BOD content and is able to generate small amounts of electrical
current. It is envisioned that the pilot scale reactor will be tested at a military facility and may, in the future, be a
model for use in military field applications.

CDM Smith is seeking the services of a specialty fabricator to construct the bioreactor in consultation with our
engineers and scientists.

The system consists of a bioreactor tank, appurtanances, and fittings; 44 cathode modules; 45 anode assemblies; and
electrical wiring/meters/devices.

While many details are provided in the attached drawings, figures, parts lists, part descriptions, CDM Smith welcomes
alternative concepts that meet the intent and design criteria of this design

System Description

The bioreactor is sized to treat a wastewater flow rate of 0.5 gpm and has a hydraulic retention time of about 8 hours.
The reactor is configured for a serpentine flow through numerous rectangular plate-type modules. These plates are
"cathode modules" and resemble double-sided window screens. In between adacent cathode modules are rows of
anodes, which resemble bottle brushes. Above the operating liquid level of the tank, the anode assemblies and
cathode modules are electrically wired to measure electrical output.

Because of the goal to generate electrical current and because the process will be anaerobic, certain materials of
construction are prescribed, such as PVC, stainless steel, and other non-corrosive materials. Plastics are use for other
significant features, such as the top plates that suspend the anodes and the frames for the cathode modules.

Bioreactor

The bioreactor is a simple box, but must retain its basic shape when filled with water. We believe that 3/16-in thick
steel will provide sufficient strength.

The bioreactor will be moved, so lifting eyes at the 4 corners and base pieces suitable to allow a forklift to lift the
reactor are to be added per the fabricators design. The bioreactor is not intended to be moved when full of water.

The reactor is designed as a rectangular tank, with the general flow path down the long axis of the reactor, currently
about 16 feet in length. Inlet, outlet, overflow, and drain ports are at the front and end of the reactor.

A signficant feature of the reactor is the system for holding the anode assemblies and cathode modules. Multiple rows
of "angle iron" run the width of the reactor. When seen from the side, the angle pieces will appear as an "L" the
adjacent angle as a reverse "L", then an "L", then a reverse "L", and so on. Adjacent lengths of angle pieces hold the top
plate of the anode assemblies on the horizontal leg. The cathode modules have horizontal strips on each side, at the
top. These strips are intended to rest atop adjacent vertical legs of the angle pieces, such that the cathode modules are
set in (and removable) as one might set a slice of bread in a toaster. Because the bioreactor is fairly precisely designed,
tolerances for the angle pieces and other features is 1/32 of an inch.

One option under consideration is to mount the angle pieces to a separate top frame that would be about 4 inches in
height and match the roughly 3 ft, 9-in wide, 16-ft, 8-in long reactor plan. The main reactor tank and the top frame
could be bolted together by fabricating a roughly 2-inch wide flange on each.

Anode Assemblies and suggested assembly steps

Each anode assembly holds 29 anodes vertically, suspended from a polycarbonate (plexliglass or lucite) top plate. The
anodes will be produced by others and shipped to the fabricator. To keep the lower tips of the anodes from moving,
the tips will be set into a "bottom channel" that will rest in the bottomn of the reactor. The current design calls for
square PVC tube as the bottom channel.

The top plate is to be drilled by the fabricator to the diameter of the anode shaft, about 1/4-inch. Rubber, flexible PVC,
or similar grommets are to be placed to secure the anode shaft.



The bottom channel serves a second purpose. It is designed to also be a source of compressed air (less than 50 psi) to
provide a purge flow of air or nitrogen that will clean solids that may collect on the anodes. Fabricator is to drill holes
in the bottom channel to provide the purge air flow. Fabricator is also to attach compressed air fittings and flexible air
tubing to the bottom channel. The bottom channel will need to be sealed with end plates to provide an eclosed
chamber. CDM Smith envisions PVC plate plate glued to the end of the PVC square tube, but fabricator may elect to
use a different method.

The anode assembly is to be removable as an entire assembly (all 29 anodes, top plate and bottom channel together).
As such, it will need to have a fair amount of rigidity. Fabricator may elect to affix additional vertical members to hold
togther the top plate and bottom channel.

The air or nitrogen supply for purging will be periodic, not continuous, so CDM Smith envisions quick disconnects at the
top of the anode plate, such that the air supply can be disconnected when not in use.

Cathode modules and suggested assembly steps
Each of the 44 cathode modules resembles a double-pane glass window, except that the panes of glass are stainless
steel mesh coated with an electrically conductive "carbon" coating. The window frame is to be built of PVC shapes,
milled and assembled (welded or glued using PVC glue) to provide a rigid frame. In the "air space" between the two
sheets of stainless steel screen there will be a flexible plastic layer (spacer) measuring the size of the open pane. This
spacer will be about 20 mm thick. A celluose/polyester (cloth) layer will cover the carbon-coated stainless steel mesh.
This cloth layer is intended to be removable.
The carbon-coated stainless steel screens will be supplied by others.
The plastic spacers will be supplied by others.
The cathode module assembly method is suggested below, but fabricator is welcome to consider other methods. Note
that there will be 44 two-faced modules, so a custom jig is recommended.
Procure and mill the square PVC stock to produce a rabbet on adjacent edges. The two vertical members and the
bottom horizontal member shall be similarly milled and are also to include a half-circle groove into which a solicone
gasket will be placed. The frame may be glued or welded together. Fabricator is welcome to use other mortise/tenon
1 or similar jointing methods at the corners to better secure the frame.
2 Procure and cut to size the cathode mounting strip from PVC stock.
3 Secure the mounting strip to the U-shaped frame by welding or gluing
Procure and, if necessary, cut to width, the PVC mounting strip. There will be mounting strips to match the U-shaped
4 frame ( two vertical and one horizontal).
Set the mounting strip inside the U-shaped frame. Drill into both to match the mounting holes. Using a drill tap, tap the
5 holes to match the stainless steel bolt thread size.
6 Place the silicone gasket material in the half circle groove.
Precut 88 stainless steel mesh pieces to fit the inset frame created by the rabbeted edge. Do not cut them too small or
7 you are doomed!
8 Precut 88 cloth layers to this same size.
Set one layer of the stainless steel mesh, carbon-layer facing "out" (with respect to the "air space" of the frame).
9 Ensure the mesh fits exactly within the frame. Note that there will be an upper, exposed edge of the stainless steel
10 Place the cloth layer on top of the mesh layer.
Secure double layer using the PVC strip and multiple stainless steel bolts. Set your DC-drill on low torque to prevent
11 stripping the threads.
12 Flip the module over.
13 Repeat the process of drilling and tapping the mounting strip and frame
14 Set the plastic spacer sheet against the inside of the first sheet of stainless steel mesh.
15 Set the gasket on this face
16 Set the stainless steel mesh layer.
17 Set the cloth layer
18 Set the PVC mounting strips and secure with stainless steel bolts. Yes, there are a lot of these little bolts.
19 Repeat to produce 44 cathode modules



Appendix B

Electrical Design Details
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19. ALUMINUM BACK PLATE
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BILL OF MATERIALS:

Item Description Manufacturer Part Number Qty Unit Measure Notes

1 16 AWG WIRE, XHHW - RED - - 2 spools approximate
2 16 AWG WIRE, XHHW - BLACK - - 2 spools approximate
3 18 AWG WIRE, THHW - RED - - 1 spools approximate
4 18 AWG WIRE, THHW - WHITE - - 1 spools approximate
5 12 AWG WIRE, XHHW - - 1 spool approximate
6 12 AWG WIRE, XHHW - GREEN - - 50 ft approximate
7 2 CONDUCTOR 14 AWG TWISTED SHIELDED WIRE - - 50 ft approximate
8 CAT 6 CABLE - - 25 ft approximate
9 NEMA 4X JUNCTION BOX Hoffman - 1 each

10 DIN RAIL - - as needed

11 QUICK CONNECTS TERMINAL BLOCK - - as needed 267 (approx)

12 TERMINAL BLOCK LABELS - - as needed 267 (approx)

13 STANDARD TERMINAL BLOCK - GROUND - - as needed

14 STANDARD TERMINAL BLOCK - GREY - - as needed

15 BOOST CONVERTER (.2V TO 10V) TXL Group W0422-1 44 each

16 BOOST CONVERTER (10V TO 24Vout) TXL Group Y0701 1 each

17 DIN RAIL HOUSINGS FOR PCBS - - 45 each

18 NEMA 4X NON-METALLIC PANEL Hoffman - 1 each

19 ALUMINUM BACK PLATE Hoffman - 1 each

20 2" LIQUID TIGHT CONDUIT - - as needed

21 2" LIQUID TIGHT FITTINGS - - as needed

22 CORROSION RESISTANT COATING (ZRC 221) ZRC ZRC 221 as needed or equivalent

23 3" FLEXIBLE METAL CONDUIT - - as needed

24 3" FLEXIBLE METAL CONDUIT FITTINGS - - as needed

25 3/4" RIGID METAL CONDUIT - - as needed

26 3/4" RIGID METAL CONDUIT FITTINGS - - as needed

27 90 MILLIFARAD SUPER CAPACITOR, 12V - - 1 each



The following discussion details the necessary preparation work required to make solid electrical
connections to the anode assembly in order to mitigate transition resistance between the anode
assemblies and the homeruns to the boost converters. As part of anode preparation, the ends of
each titanium current collector should be nickel plated to facilitate the soldering junction between
the copper wire and the titanium rod (it should be noted that alternatives to nickel plating do exist
for this specific application, i.e., SBond 220). Each anode module contains 29 titanium rods, which
will be daisy-chained together using a copper cable. Cutting a piece of black wire, stripping both
ends and wrapping each end to two adjacent rods (see Detail B on Drawing E-02). If the titanium
rods are nickel plated, using standard rosin-less solder and a hot soldering iron can solder the
wrapped copper wire to the titanium rod. If the titanium rods were not nickel plated, use the
recommended “SBond 220 and hot soldering iron to solder the copper wire to the titanium rod.
Itis crucial not to overheat the copper wire, as it may damage the wire’s insulation which is crucial
to protect the copper strands from corrosion. Inspection for fractures of each solder joint will be
required after installing each anode assembly to the MFC reactor. (NOTE: corrosion coating will
need to be applied after all the system has been commissioned and each solder joint has been
cleaned with rubbing alcohol and ready for long-term operation.)

The following preparation work is needed to make solid electrical connections to the cathode
modules to mitigate transition resistance between the cathode assemblies to the homeruns back to
the boost converters. The top edge of the cathode stainless steel mesh current collector (the
“exposed” edge, see mechanical details) should be nickel plated as well as welded to a 1/4-in x
1/16-in stainless steel bar (it should be noted that alternatives to nickel plating do exists for this
specific application, i.e., Silvaloy 505). Each cathode module will have two SS mesh and two SS
rods and the installation of the SS rods to the SS mesh should be done prior to the full assembly
of the cathode assembly. The SS rod will be lined up to the “exposed” edge of the SS mesh, as
detailed by the mechanical plans (see Figure 60). If the SS mesh and rods were nickel plated,
using standard rosin-less solder and a blow torch can be used to bond the two metals together. If
no nickel plating was done, use the recommended “Silvaloy 505” & recommend flux with a blow
torch to bond the two metals together. Be sure to use plenty of flux to ensure proper bonding and
wicking has been achieved between the mesh and rod. Inspection for fractures of each SS mesh
and rod bond will be required after installing each cathode assembly to the MFC reactor. (NOTE:
corrosion coating can be applied after both metals have cooled down to a safe handling temperature
and have been thoroughly cleaned with rubbing alcohol.)

The following discussion is provided to help understand the system topology and wiring scheme.
Drawing E-01 shows the high level wiring of the MFC system. Included on Drawing E-01 is the
electrical connection required to have the electrical infrastructure to power the trailer office.
Drawing E-02 contains a riser diagram detailing the instrumentation connections required by
process control.

After completing all the sub-assemblies, the full system can be built. Each anode assembly and
cathode assembly will be paired and counted as one cell (See attached Detail A on Drawing E-02).
Each paired cell will be wired to a quick connect terminal block found inside the NEMA 4X



junction box. From the junction box, the paired cells will be wired to a second terminal block
located inside the local control panel via a liquid tight conduit fastened to the junction box and
connects the local control panel. This terminal block will be the junction point where the
supervisory control and data acquisition (SCADA, Keithley Model 2750) system will tap each
MFC connected to each boost converter, measuring each low voltage and current from each MFC.
A shunt resistor will need to be provided to help measure current of each MFC. The shunt resistor
will be installed between terminal block 2 and each boost converter. The Keithley will also tap
each output of the first stage converters to measure each boost converter’s current output.

A super capacitor will be used to connect all 44 low voltage boost converters as an interim storage
device provided by TXL Group Inc. The super capacitor (see Figure 65) will feed its stored energy
to a second stage boost converter (TXL Group Inc.’s product number Y0701) to step the voltage
to the desired voltage level of 24VDC. One boost converter will be used, therefore all the low
voltage boost converters’ outputs will be parallel connected to the super capacitor. There will be
two channels from the Keithley measuring device used to measure the total voltage and total
current feeding the second stage converter. A second pair of channels and connections will be
made at the output of the second stage converter to measure both voltage and current. The final
piece to the system is connecting a 24VDC load to the output of the final stage boost converter.



INTRODUCTION

The W0422 line of bootstrap converters are self-oscillating
DC/DC converters that convert DC power at very low
voltages into power at higher, more usable voltages. These
converters are specifically designed for thermoelectric
generation, where temperature gradients that are harvested
for power may be only a few degrees, causing generated
voltages that are too low for direct use.

THERMOELECTRIC GENERATION

Thermoelectric (TE) phenomena arise from the intercoupled
electrical and thermal currents in a material. A thermoelectric
generator is constructed by connecting multiple n-type and p-
type thermoelements in electrical series with all elements in
thermal parallel between a heat source and a heat sink. A
scaffolding is often used on the top and the bottom of a
device to lend mechanical support to the thermoelements.
Figure 1 depicts a commercially available device with the top
scaffolding removed.

Figure 1 — A 254 Element TE Module
(model TXL-127-03L)

Any thermoelectric device can be used for either generation
or for heat pumping. In a heat pumping application, the TE
device is often referred to as a Peltier module or cell. When
an electrical current is applied, heat is moved from one side
to the other side of the device. The WO0422 bootstrap
converters can work with TE devices that have been
designed for either generation or heat pumping.

TE-GENERATED VOLTAGE

The open circuit voltage that is generated from a temperature
differential across a thermoelectric module is a function of
the temperature gradient, AT, the number of series
connected elements, j, and a material constant called the
Seebeck coefficient, S. If it is assumed that the n-type and
p-type thermoelements have the same magnitude of
thermoelectric properties, then the open circuit voltage may
be written as

Voe = JXSXAT (1)

© 2015 TXL Group, Inc.

ULTRA-LOW VOLTAGE
BOOTSTRAP CONVERTER

tel: (915) 533-7800

DATASHEET
W0422-1,2

The AT in eq. (1) will always be less than the difference
between heat source and heat sink temperatures due to
thermal resistances between source/sink and the actual
thermoelements. These “parasitic” thermal resistances should
be minimized to the greatest extent possible.

OBTAINING MAXIMUM POWER
Every generator has an internal electrical impedance, often
referred to as the source resistance, Rs. When a
thermoelectric module is used for generation, this source
resistance is primarily due to the electrical resistance of the
individual thermoelectric elements. If we assume that there
is a constant resistance, Reement, for both n-type and p-type
thermoelements, then for a generator having a total of j
elements, the source resistance is

R = jXR

(2)

The source resistance serves to reduce the power that can
be delivered to an electrical load. A well-known result from
electric circuit theory is that the maximum power that can be
delivered by a source to an electrical load is obtained when
the load impedance is designed to be the same as the source
impedance. This is called impedance matching. The W0422
line of bootstrap generators are designed for operation over
the range of Rs= 1Q to Rs= 10Q with an optimal efficiency for
Rs = 30.

element

UNIPOLAR AND BIPOLAR CONVERSION

The W0422-1 is a unipolar DC/DC converter that steps up an
input voltage of fixed polarity. The W0422-2 is a bipolar
DC/DC converter that can accept voltages of either polarity.
Both converters measure 0.45 inches by 1.05 inches (11 mm
X 26.7 mm).

Figure 2 — On left, W04022-1 with optional LED Load;
On right, W04022-2

The amount of output power that can be obtained from any

www.txlgroup.com




thermoelectric device depends upon the open circuit voltage
Ve, the internal resistance of the module, Rs, and the nature
of the load. In most applications for harvesting energy from
environmental heat, fluctuations in AT may cause intermittent
charging, so it is desirable to intermittently charge an
electrochemical cell (the load) which then furnishes power as
needed for sensing or wireless transmission duties. Figure
3 depicts the power delivered by the W0422 converter to a 3
volt Lithium-lon rechargeable cell as a function of the open
circuit (unloaded) voltage, Voc. The curves in Figure 3
correspond to three cases of TE cell internal resistance. The
actual performance that is obtained will depend upon the

particular internal resistance, Rs, of the chosen
thermoelectric module.
20
16 L
O
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Figure 3 — Output Power vs Voc When Charging a 3V Cell

Figure 4 depicts the input voltage to the W0422-1 module as
a function of Voc, when charging a 3 volt cell. The output
current delivered to the cell (load) is calculated by dividing
the output power by 3. The input current to the W0422-1 is
obtained by taking the difference between Voc and Vi, and
dividing by Rs. The input power to the W0422-1 is the
product of input current and input voltage.
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Figure 4 — Input Voltage vs Voc When Charging a 3V Cell

A DESIGN EXAMPLE

Eq. (1) and Figures 3 and 4 may be used to estimate power
and charge current for a given thermoelectric module and a
given AT. Consider the TXL Group model TXL-127-03L, 254
element module depicted in Figure 1 with Rs=6 Q. The
elements are made of n-type and p-type bismuth telluride
alloys with an approximate Seebeck coefficient of S = 180

© 2015 TXL Group, Inc.

tel: (915) 533-7800

MVIC. For AT = 6°C, by equation (1), the open circuit voltage
is Voc = 274 mV. From Figures 3 and 4, the output power
and input voltage (corresponding to Voc=0.274 V and
interpolating for Rs =6 Q) are determined to be, respectively,
2 mW and 100 mV. The charging current delivered to the Li-
lon cell is 2mW/3V = 666 pA. The input power is the product
of input current and Vi,, so

0.274 — 0.100
Pmpm = 6 X0.100 = 2.9mW  (3)
and the electronic conversion efficiency may be calculated as:
Paut 2 mW
= = = 69% 4
"= P 2.9 mW ’ @)

input

RESTRICTIONS ON THE LOAD

Other rechargeable cells can be used with this circuit,
including series connected NiCad cells with nominal battery
voltage of up to six volts. Or, instead of an electrochemical
cell, a high capacitance, low leakage, “super cap” can serve
as the load'. The WO0422 bootstrap converter yields an
unregulated output, so care should be taken not to
overcharge a cell or to exceed a capacitor voltage rating.

USING THE ENABLE PIN

For applications in which the WO0422-1 or W0422-2
converters will be interfaced to a microcontroller, an enable
port is provided that can be used to hold the microcontroller in
a reset mode until the power supply has stabilized to a
sufficiently high value. In Figure 2, this is seen as the port
that is between the words “Patent” and “Pending”.  When
the output voltage is under 1.1 volts, the resistance between
the enable pin and the minus side of V.. is less than 2 kQ.
When the output voltage is greater than 1.4 volts, the
resistance between the enable pin and V.. is greater than 1
MQ. In a microcontroller application, the W0422 furnishes
power at Voir.  An active low reset line of the microcontroller
can be tied to the enable port and use a 10 kQ pull-up from
reset to Vou'. So, when the microcontroller has an applied
voltage of under 1.1 volts, it is held in a reset condition by the
enable line. When the W0422 output voltage goes above
about 1.2 volts, the reset line goes high and the
microcontroller is enabled.

ABOUT TXL

TXL Group, Inc. is an El Paso, Texas company developing
industrial Waste Heat Harvest® solutions®. Part of this effort
entails developing electronic devices for efficient energy
power conversion from the low voltages typical of
thermoelectric generation devices. This has led the Company
to investigate a range of solutions for scalable thermoelectric
power generation. TXL offers a range of thermoelectric
devices and electronic conversion solutions from microwatts
and up. Since thermoelectric generation solutions are
scalable, the potential is huge. It's an endless harvest!

1 A series resistance of >100 Q should be used with a super cap.
2 Waste Heat Harvest® is a U.S. Registered Trademark of TXL
Group, Inc.

www.txlgroup.com



PROGRAMMABLE BOOST DATASHEET
CONVERTER

Y0701

INTRODUCTION

The Y0701 programmable boost converter is a self-
oscillating DC/DC converter that can be hardware
programmed to convert an input voltage as low as 2.8 volts
into a selectable, regulated DC output voltage. On-board
resistors are provided to allow jumper selectable voltages of
+9, +12, +14 or +24 volts. By adding a single 0805 style
resistor, an arbitrary output voltage of between 6 to 36 volts
may be selected. These converters are specifically
designed for use with thermoelectric generators, where
thermoelectrically generated voltages may be either variable
or too low for direct use.

THERMOELECTRIC GENERATION

Thermoelectric (TE) phenomena arise from the intercoupled
electrical and thermal currents in a material. A
thermoelectric generator is constructed by connecting
multiple n-type and p-type thermoelements in electrical
series with all elements in thermal parallel between a heat
source and a heat sink. A white alumina scaffold is often
used on the top and the bottom of a device to lend
mechanical support to the thermoelements.

Any thermoelectric device can be used for either generation
or for heat pumping. In a heat pumping application, the TE
device is often referred to as a Peltier module or cell.
When an electrical current is applied, heat is moved from
one side to the other side of the device. The Y0701
Programmable Boost Converter can work with TE devices
that have been designed for either generation or heat

pumping.

TE-GENERATED VOLTAGE

The open circuit voltage that is generated from a
temperature differential across a thermoelectric module is a
function of the temperature gradient, AT, the number of
series connected elements, j, and a material constant called
the Seebeck coefficient, S. If it is assumed that the n-type
and p-type thermoelements have the same magnitude of
thermoelectric properties, then the open circuit voltage may
be written as

Voe = jxSxdAT (1)

The AT in eq. (1) will always be less than the difference
between heat source and heat sink temperatures due to
thermal resistances between source/sink and the actual
thermoelements. These “parasitic’ thermal resistances
should be minimized to the greatest extent possible.

OBTAINING MAXIMUM POWER

Every generator has an internal electrical impedance,

© 2013 TXL Group, Inc.
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often referred to as the source resistance, Rs. When a
thermoelectric module is used for generation, this source
resistance is primarily due to the electrical resistance of
the individual thermoelectric elements. Assuming a
constant resistance, Reement, fOr both n-type and p-type
thermoelements, then for a generator having a total of j
elements, the source resistance is

Rs = jXReIement (2)

The source resistance serves to reduce the power that can
be delivered to an electrical load.

THEORY OF OPERATION

The Y0701 is a unipolar DC/DC up-converter that takes a
DC voltage and converts it to a higher, preselected,
regulated voltage. The approach is based upon a pulse
width modulation (PWM) control scheme whereby input
power is stored within a magnetic field in an inductor and
then released into an output capacitor to supply load current
and maintain a selected output voltage.

(C) TXL Group, Inc, 2013

PcbFabEx FXAS4981

a

Y0701-JB1

Figure 1 — The Y0701 Programmable Boost Converter

Figure 1 depicts the YO0701. There are five external
connections. The input voltage is applied at the nodes
labeled VIN and GND. The nodes labeled VOUT and GND
are the output. Pads above and below these four nodes
allow easy clip lead and solder attachment. The GND nodes
for the input and output are electrically connected. In a
correct application, VIN and VOUT will have a positive
polarity with respect to ground. The node labeled ENABLE
in the lower left represents a means to turn on and off the
converter. This has an internal pull-up. When the enable
input is pulled to ground, the device is disabled and no
power will be supplied at VOUT.

www.txlgroup.com



PROGRAMMING THE OUTPUT VOLTAGE

The Y0701 has a preprogrammed jumper selectable output
voltage. By placing 0 Q, size 0604 shorting resistors in
positions R6, R8 and/or R10, it is possible to program an
output voltage of +24, +14, +12 or +9 VDC. Equivalently,
R6, R8 and R10 may be shorted with a wire or solder blob
to select the output voltage. All units are shipped from the
factory with R6 and R8 open and R10 shorted to provide a
default voltage of +24V. Table 1 lists the different setpoint
voltages that can be obtained by opening (0) or shorting (s).

R6 R8 R10 Vout
0 o) S + 24 V (default)
0 S O |+297V

0 S S +14V

S o) O |+215V

S o) S +12V

S S O |+131V

S S S +9V

Table 1 — Jumper Configurations to Select Vout

DO NOT OPERATE WITH ALL OPEN! It is possible to
program other output voltages over the range of +6 to +36
volts by keeping R6 and R8 open, R10 short, and changing
the value of R9 according to the equation

R9 = 10,000 (X2 — 1) )

So, for example, to select an output of +36 V, use the
default configuration with R9 changed to a value of 283 kQ.

ELECTRICAL SPECIFICATIONS
VIN: +2.8 VDC to +18 VDC
VouTt: + 6 VDC to +36 VDC
Pmax: 8 Watts

Vout vs Vin (No Load)

30 Vset=24V
‘5 1
g 20 Vset=14V
5 le
3 10 =—/
:
0
0 5 10 15 20
Vin (volts)

Figure 2 — Vout vs Vin Under No-Load Conditions

It is important to note that the Y0701 converter module can
only step up a voltage. When the input voltage exceeds the
setpoint voltage, then the output voltage will exceed the
setpoint voltage and will track the input voltage. This is seen
in Figure 2.

© 2013 TXL Group, Inc.
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CONVERSION EFFICIENCY AND RIPPLE
Conversion efficiency is highly dependent upon source
impedance, input voltage, output voltage and the power
drawn by the load. The maximum power at all programmed
voltages is 8 watts, corresponding to 333 mA at 24 volts,
667 mA at 12 volts, etc. For light loading of under 4 watts,
the efficiency will typically exceed 90%.

Conversion efficiency and output regulation, particularly at
relatively heavy loads, are dependent upon the source
resistance and the load characteristics. In particular, for
heavy loads, a ripple voltage may be observed at the
output. This can be reduced by adding output capacitance
in parallel with the load.

TYPICAL APPLICATIONS

When the input power is thermoelectrically generated, the
voltage will vary with the temperature gradient. In these
cases, if the desired voltage is higher than the
thermoelectrically generated voltage, the Y0701 converter
can serve to deliver power at a known regulated voltage.
This is well suited for rechargeable battery applications
either with or without a dropping resistor. The enable pin on
the Y0701 may be a useful feature for controlling power to
the load.

The starting point for any design is to determine if the input
can source enough power to boost and furnish to the load.
From circuit theory, the maximum power that can be drawn
from a source is obtained when the load impedance
matches the source impedance. So, for example, if the
open circuit (no load) voltage from a thermoelectric module
is + 4 volts and that module has an input resistance of 1 Q,
the maximum power that can be delivered by that source
occurs for a load of 1 Q, in which case the load would have
2 volts and the power delivered to that load would be 4
watts. So the maximum power that can be delivered by the
source in this example is 4 watts, irrespective of the output
voltage setpoint. Of course, the power delivered to a load at
any given voltage setpoint will be somewhat less than the
maximum possible input power due to efficiency losses.

Each application will present its own challenges and should
be tested for extreme cases of anticipated input voltage and
loading. In particular, the input voltage must be clamped to
a not-to-exceed voltage of +18 V.

ABOUT TXL

TXL Group, Inc. is an El Paso, Texas company developing
industrial Waste Heat Harvest® solutions™. In many
applications, thermoelectric generation alone does not
directly provide the desired voltage level. As such, high
efficiency conversion is an important part of any design as
an arbitrary X% improvement in conversion efficiency has
the same overall impact on systems efficiency as an X%
improvement in thermoelectric generation. This has led TXL
Group to investigate a range of solutions for scalable
thermoelectric power generation from microwatts and up.

1 Waste Heat Harvest® is a U.S. Registered Trademark of TXL
Group, Inc.

www.txlgroup.com



Appendix C

Instrumentation Design Details
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Item
Keithley 2750
Keithley 7708 Multiplexer module
USB-GPIB Interface Adapter
Vision V1040 -T20B
V200-18-E3XB

Siemens Sitrans F M Mag 5000 transmitter
Siemens Sitrans F M Mag 1100 sensor

Siemens LC300 Capacitance Level Probe
CDM machine

APC Back-UPS Pro, 865 Watts /1500 VA,
Input 120V /Output 120V, Interface Port USB

More Industries TDY

Verizon Wireless Pantech 4G LTE USB Modem
Aircard UML295 4G (w/out contract)

Verizon Internet Prepaid Jetback Plan 3GB /
month

Ashcroft Type 1279 Duragause

description
multimeter
input card
cable adapter
PLC/HMI
Snap-in I/O

flowmeter transmitter
flowmeter sensor

level probe
computer

UPS
temperature sensor /
transmitter

cell modem

cell plan
pressure guage

price / unit ($)
2460
951
539
1240
349

1338
15

200
1000
169

60/ mo
100

quantity total price

1 2460
3 2853
1 539
1 1240
1 349
1 3400
1 1338
1 15
1 200
1 1000
1 169
1 100
total price 13663

URL
http://www.keithley.com/products/data/datalogger/?mn=2750
http://www.keithley.com/products/switch/rfmicrowave/?mn=7708
http://www.keithley.com/products/accessories/ieee/usb/?mn=KUSB-488B
http://www.unitronics.com/plc-hmi/plc-vision-enhanced/v1040-
http://www.unitronics.com/docs/technical-library/v200-18-e3xb.pdf?sfvrsn=0
http://w3.siemens.com/mcms/sensor-systems/en/process-instrumentation/flow-
measurement/electromagnetic/pulsed-dc-meters/transmitters/Pages/sitrans-f-m-mag-5000.aspx
http://w3.siemens.com/mcms/sensor-systems/en/process-instrumentation/flow-
measurement/electromagnetic/pulsed-dc-meters/sensors/pages/sitrans-f-m-mag-1100.aspx
http://w3.siemens.com/mcms/sensor-systems/en/process-instrumentation/level-measurement-with-level-
measuring-instruments/continuous/capacitance/pages/sitrans-1c300.aspx
(15 for shipping)

http://www.apc.com/products/resource/include/techspec_index.cfm?base_sku=BX1500G&total_watts=200
http://www.miinet.com/Portals/0/DataSheets/TDY_Datasheet_Moore_Industries.pdf

http://www.amazon.com/Verizon-Wireless-Pantech-Aircard-Contract/dp/BO0GOAAIMU

http://www.ashcroft.com/products/pressure_gauges/process_gauges/1279-duragauge.cfm
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Trust the shield™

Type 1279 Duragauge® Pressure Gauge
Available With PLUST Performance Option

us!

performance

BULLETIN DU-1 1279

e Solid front case design, field
convertible to hermetically sealed
or liquid filled style

¢ Pressure ranges from vacuum —
30,000 psi

e Select from various socket and
Bourdon tube materials

e Micrometer adjustable pointer

© 400 Series stainless steel movement
wears better for longer life

e Teflon-coated pinion for longer life

e Patented Duratube™ with as-welded
tube construction controls stresses
for longer life

e PLUST™ Performance Option:
- Liquid-filled performance in a dry gauge
- Fights vibration and pulsations without
liquid-filled headaches
- Order as option XLL

The Ashcroft® Duragauge® pressure
gauge is the finest production gauge on
the market for industrial use where pre-
cise indications are required. The product
line offers a wide variety of case styles,
Bourdon tubes and pressure ranges to
meet your application needs.

With the component combinations avail-
able in the Duragauge gauge line, over
ten million variations are possible to serve
the needs of all types of industries, includ-
ing process, power, nuclear, aerospace
and cryogenics.

TEMPERATURE LIMITS

Ambient Process Storage
Dr —20/200°F" | —20/250°F" | -40/250°F
y (-29/93°C) | (-29/121°C) | (-40/121°C)
LF 20/150°F 20/150°F 0/150°F
(glycerin) (7/66°C) (7/93°C) | (-18/66°C)
(silicone) —40/150°F —40/200°F | —40/150°F
(-40/66°C) | (-40/93°C) | (-40/66°C)
(halocarbon) —40/150°F —40/200°F | —40/150°F
(-40/66°C) | (-40/93°C) | (-40/66°C)

Note: Other than discoloration of the dial and hardening of the
gasketing that may occur as ambient or process temperatures
exceeds 150°F, non-liquid-filled gauges with standard glass win-
dows, can withstand continuous operating temperatures up to
250°F (121°C). Liquid-filled gauges can withstand 200°F (93°C)
but glycerin fill and acrylic window will tend to yellow. Accuracy
at temperatures above or below the reference ambient tempera-
ture of 68°F (20°C) will be affected by approximately .4% per
25°F. Gauges with welded joints will withstand 750°F (450°F
(232°C) with silver brazed joints) for short times without rup-
ture, although other parts of the gauge will be destroyed and
calibration will be lost. For continuous use and for process or
ambient temperatures above 250°F (121°C), a diaphragm seal
or capillary or siphon is recommended.

(1) Available for temperatures below —20°F, see
Product Information page ASH/PI-21B for details.

All specifications are subject to change without notice.
All sales subject to standard terms and conditions.
© Ashcroft Inc. 2014 Rev. 5/15

PRODUCT SPECIFICATIONS
Model Number: 1279

Accuracy: % full scale (Grade 2A,
ASME B40.100)

Ranges: Vac., compound to 30,000 psi

Dial Size: 4'%" diameter

Case Material: Black phenolic, solid front

Weather

Protection: Dry Case: IP54
Liquid filled or hermetically
sealed case: IP 66

Ring: Threaded reinforced black
polypropylene

Window: Glass

Dial: Aluminum, white background,

black figures and intervals
Pointer: Micrometer adjustable
Movement: Rotary, 400 SS, Teflon® coated

pinion gear and segment

Bourdon Tube C510 Phos. bronze/brass (A)™

and Socket: 316L SS/steel (R)@
316L SS/316L SS (S)@
K Monel/ Monel (P)@
Conn. Size: Yi', V2" NPT

Conn. Location: Lower or back

OPTIONAL FEATURES

Fill: L-Glycerin-Standard
XGV-Silicone-Optional
XGX-Halocarbon-Optional

PLUST™

Performance:  XLL

Hermetically

Sealed, IP65: H

Flush Mounting

Ring:

Receiver Gauge: XPR

Shatter Proof

Glass Window: XSG

Acrylic Window: XPD

Red Set Hand: XSH

Maximum

Pointer: XEP

™ Joints silver brazed
@ Joints welded

STANDARD RANGE TABLE*

Figure Minor
Range interval Graduation
0/15 1 0.1
0/30 5 0.2
0/60 5 0.5
0/100 10 1
0/160 20 2
0/200 20 2
0/300 50 2
0/400 50 5
0/600 50 5
0/800 100 10
0/1000 100 10
0/1500 200 20
0/2000 200 20
0/3000 500 20
0/5000 500 50
0/6000 500 50
0/10,000 1000 100
0/20,000 2000 200
0/30,000 5000 200

* Full standard and metric equivalent range table
available on our web site.

Ashcroft Inc., 250 East Main Street, Stratford, CT 06614 USA
Tel: 203-378-8281 o Fax: 203-385-0408
email: info@ashcroft.com ¢ www.ashcroft.com



WASHCROFT

Type 1279 Duragauge® Pressure Gauge
Available With PLUST Performance Option

Dimensions
Range Figure Interval Minor Grads Mounting hardware
0 in Hg psi in Hg psi B )%(LLi suppliedgby Ashcroft
307 Hg/15 psi 5 3 0.5 0.2 Fsm =Ny
30" Hg/30 psi 10 5 1 05 f cc
307 Hg/60 psi 10 10 1 1 How i
30”Hg/100 psi 10 10 2 1 panel |
307 Hg/150 psi 10 20 5 2
307 Hg/200 psi 30 20 5 2 A-1
307 Hg/300 psi 30 50 5 2 — ? M@—
| Vacurn | P
Ralnge Figure Ilnterval Minor Qrads 3L dia. holes /)
30/0 in. Hg 5in 0.2in onEdia.B.C."= ) - )
34/0 ft H,0 5 ft 0.5 ft 1 NPT o‘r > :/z 'l;y;:;nzzg v:lnh
ype us|
Y2 NPT 4'%" Lower Connection 4% Back Connection mounting ring
TYPE 1278M SERIES FLUSH MOUNTING RING
Used to flush mount gauge case Type 1279(%)S. Dial
Standard finish is black; optional polished stainless Size Weight
steel finish is available. Inches (D)
PANEL a% 5.81 336 | 5.07 1.06 | 5375 | 162 | 408 | .73 2.62 22 62 | 2625 | 25 (Dry)
\& WASHER '8’ (3 REQD) (147.6) | (85.3) |(128.7) | (40.6) | (137) | (41.2) |(103.7) |(18.4) | (66.6) | (5.5) | (15.7) | (67) | 3.5(LF)
MOUNTING SPACER POST
RING \ (3REQD)
——u N —
e [ g
38z
g3z T~
£ a2
z<
£
_H ﬂ _F
“B” Size of “C” Size of
3 Screws Washers
% ‘(51%%? (152/;) #10-24 X 155 | Tho x ot x %
Order Coding Example
[ 4 | 1279 | s | s 04 L XEPNH 100 #
SIZE TYPE SYSTEM CASE DESIGN PROCESS CONNECTION OPTIONS RANGE ENGINEERING
(TUBE & SOCKET) SOLID FRONT CONNECTION SIZE LOCATION (X VARIATIONS)™" UNITS™
(45) 1279 | (A) Bronze tube, Brass (S) Dry(IP54) (02) 14 NPT male' (B) Back (GV) Silicone case fill See website (#) PSI
4% socket (SH) Dry, Hermetically | (04) 12 NPT male® (D) Side (3:00) (GX) Halocarbon case fill for most (BR)) Bar
(P) K-Monel 500 tube, Sealed, Field Fillable{ (g) 9/16-18 UNF-2B (E) Side (9:00) (NH) St. St. Wired Tag common ranges | ) kilograms/CM2
Monel 400 socket® (1P65) Aminco (standard (L) Lower (TS) Throttle screw® offered (KP) Kilopascal
(R) 316L st st tube, steel socket | (SL) Liquid filled for high pressure i ;
(S) 316L® (glycerin standard) >20,000psi) (M) Top (12:00) (6B) Oxyg?n s_emce@ M) {;ﬂfjﬁf Mercury
(IP65) ) Max pressure 20,000psi (PD) Acrylic window

() Max pressure 1000psi
@ Max pressure 30,000psi

(SG) Safety glass

(EP) Maximum pointer,
adjustable

(SH) Red set hand,
stationary

(LL) PLUS! Performance

(56) Flush mounting ring

(C4) Individual calibration chart
() Others on request

@ Standard with hermetically
sealed or liquid filled gauge

1 See website for more
units of measure

BULLETIN DU-1 1279

All specifications are subject to change without notice.

All sales subject to standard terms and conditions.
© Ashcroft Inc. 2014 Rev.5/15

Ashcroft Inc., 250 East Main Street, Stratford, CT 06614 USA
Tel: 203-378-8281 o Fax: 203-385-0408
email: info@ashcroft.com ¢ www.ashcroft.com
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Integra Series Multimeter/Switch Systems

Introduction

The Integra Series of 6%-digit Multimeter/Switch systems blends Keithley’s high performance DMM tech-
nology, switching expertise, and data acquisition knowledge into compact, affordable, easy-to-use pack-
ages. This technical data booklet provides a comprehensive overview of the systems and includes detailed
specifications.

There are three Integra systems: the Model 2700, 2701, and 2750. Each consists of a mainframe and a
growing line of plug-in switch/control modules. The Model 2700 and 2701 each include two slots for the
plug-in modules; the Model 2750 has five slots. Each slot can support a series of multiplexer, matrix, or
control modules, and all the modules in a system operate simultaneously. Input modules can be mixed or
matched to provide a broad range of measurement, acquisition, and control capabilities.

While the core functionality and programming of all Integra Series systems are identical, each mainframe
has unique capabilities. For example, the Model 2701 is the only system to provide a 10/100BaseTX
Ethernet interface, and the Model 2750 provides extended low ohms measurement capability.

Setting up an Integra system is simple and straightforward. When a plug-in module is inserted into a slot,
it is ready to be used immediately. Settings can be configured from the front panel of the system or via
the computer controller (over GPIB, RS-232, or Ethernet). Also, each channel can be configured
independently.

If you have any questions after reviewing this information, please contact your local Keithley representa-
tive or call one of our Application Engineers at 1-800-552-1115 (U.S. only). Check Keithley’s website,
www.keithley.com, for the names and numbers of our representatives around the world.

Technical Data

Figure 1. Typical Integra Series System Diagram MEASURE
DCV
Ohms
Switch/Control / Temperature
Modules ACV
. Frequency
Integra Series System - / DG & AC Current
N Totalizer
T —
3 22 80 00 94 . =r
. CONTROL
Analog Output
Digital 1/0
Multiplex Switching
Independent Switching
Matrix Switching
RF Switching
Quick Comparison of Integra Systems
Maximum
Max. No. of Measurement Speed Maximum
Communication No. of Channels or Battery-Backed (readings/second Scanning Rate
Bus Slots Crosspoints Memory Buffer on one channel) (channels/second) Other
Model 2701 Ethernet, RS-232 2 80 channels or 450,000 readings 3500 500 Hardwired Ethernet interface good to
96 crosspoints 100m from computer or network hub.
Wireless Ethernet good for miles.
Model 2700 GPIB, RS-232 2 80 channels or 55,000 readings 2000 180
96 crosspoints
Model 2750 GPIB, RS-232 5 200 channels or 110,000 readings 2500 230 Low ohms capabilities,
240 crosspoints 1Q sensitivity

1.888.KEITHLEY us.ony KEITH LEY
www-keithley.com A GREATER MEASURE OF CONFIDENCE
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Integra Series
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Integra Series

Multimeter/Switch Systems

Model 2700
Use mX+b or % Measure the ratio  View a channel of Built-in Front panel input jacks simplify
scaling to convert  or average of two interest without linearization for manual probing, troubleshooting,
sensor/transducer input channels. interrupting a thermocouples, and calibration. Built-in signal
outputs directly scan by using the RTDs, and conditioning with 1000V isolation

into engineering
units.

Channel Monitor
feature.

thermistors.

simplifies system configuration and
ensures good measurements.

KEITHLEY

INTEGRA SERIES

MATH  OUTPUT

RATIO M CHAVG  CONT\ OCOMP PERIOD SENSOR

) STORE HI’:Q\LD ‘nL‘rEnl NEL) ‘ -« Lt )
3 T TEST  LS) . Rsam

(oren I) (ster ] sc.m) .(mc-ﬂsl MTE) (Exw [Emﬁ)
\ AN

Overview

Initialize the system
with one of four fully
programmable set-up

Non-volatile
memory allows
time-stamped

Manually step
through channels
or scan

Set the number
of digits to be

displayed as well

Familiar DMM-like front panel
scheme makes it easier to use on
bench or rack. Select or change

conditions. System storage of 55k automatically. as the reading functions with the simple push
configuration is readings. Configure each rate. of a button.
stored in non-volatile channel
memory. independently.
Built-in digital 1/0 lines provide for Trigger Link enables tightly GPIB and RS-232

interfaces are
standard.

control, external triggering, and
HI/LO alarm/limit outputs.

synchronized triggering with other
instruments in large ATE systems

e
). S\
TRIG. LINK AS-232 MADE IN
USA

A variety of measurement and control modules let you
mix, match, and change input signals or control lines
any time you like. Install up to two modules at a time

to create up to an 80-channel “mini-ATE” system.

Rugged 50-pin D-sub
connectors ensure dependability
and quick setup/teardown in
production test racks.

Built-in noise rejection circuitry
ensures stable, predictable
measurements.

1.888.KEITHLEY us.ony

KEITHLEY
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Integra Series

Model 2701

Open lead detection
protects against false
readings due to lead
disconnections.

If there’s a power failure, valuable

data is protected with the
battery-backed non-volatile
memory and scans can
automatically be resumed right
where they stopped when
power returns.

Built-in signal conditioning
and statistical analysis is
configurable per channel
for maximum flexibility.

Multimeter/Switch Systems

Front panel input jacks
simplify manual probing,
troubleshooting, and
calibration. Includes
1000V protection in case
of accidental overload.

Its familiar DMM-like front
panel scheme makes the
Model 2701 easy to use on

Large memory buffer (450,000
readings) for storing data
without tying up the network.

Fast and convenient
10/100BaseTX Ethernet
with TCP/IP protocol.

Immediate alarm
notification independent
of the PC provided by
built-in open-collector
digital 1/0 lines for control,
external triggering, and
HI/LO alarm/limit outputs.

Built-in relay cycle counters on each
module for ease of maintenance.

1.888.KEITHLEY us.ony

KEITHLEY

A GREATER MEASURE OF

the bench or in the rack.
Select or change functions
with the press of a button.

A variety of measurement
and control modules makes
it simple to mix, match, and
change input signals or
control lines as needed.
Get up to 80 differential
channels and up to 500
channels per second
scanning