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~ ABSTRACT

ELECTRICITY PRODUCTION FROM THE MANAGEMENT OF MUNICIPLE -

- SOLID WASTE LEACHATE WITH MICROBIAL FUEL CELLS

Lisa L. Damiano

University of New Hampshire, May, 2009 '

Microbial fuel c/,ells are a new technology that can be used for treéting :
landfill leachate and simultanebusly,produéihg electricity. 'i'hree designs were
tested in bafch cycles using landfill leachate (968?3260 mg/L COD): é Sqﬁare
(995 mL), Circle (934 mL) and a Large Scale MFC (18.’3 L). A total of seven:
cyclves were completed for eaéh the Square MFC énd Circle MFC and two cyclés
for the Larger Scale MFC. Maxiniﬁm power densitiéé’ bf 24;3‘1 :"rnW/m2 (653
mW/m3-824,mW/m3) were achieved using the Circle MFC and a maximum
voltage of 635 mV was prdduced ljsing the ’Largér Scale MFC. BbD, TOC, and -
Amh’rdhia were removed at 50-72%, 17-53 %, and 7-69%, respectiVely. ,Thve
| Larger Scale MFC achieved 47-86% BOD rembval, 51% TOC removal and 60% |
ammonia r'e’duct}ion while operating;Over 52 days. These results d'emoristrate'v

~ MFCs can be used to treat landfill leachate with the benefit of powér generation.

Xii



" CHAPTER1
B INTRODUCTION

1 1 Background

In 2007 137. 2 million tons of waste were produced and sent to Iandf|IIs in.

.‘ the United States. . Wh|le this number has been reduced by 5 m|I||on tons since’

1990 iandflils are expected to remain the dominant form of mun|C|paI SO|Id waste :
' management in the future (USEPA 2007) Mlcroblal fuel cell (MFC) technology
can benefit both the solid waste |ndustry and contribute to reducmg greenhouse :
gas emlssmns and dependence on fossnl fueIs In a microbial fuel ceII, organic
,matter is oxidized (degraded) by microorganisms and eiectrons are produced.
These electrons flow through wiring and a resistor to p‘roduce electrical 'current ._
and therefore direct electricity (Logan, 2008) This system has no energy |nput ,
5 yet can degrade organic matter and produce an energy output
There is a growmg need for alternative forms of energy as well as

processes that reduce energy use in the global community The climate of the

: world has lncreased in temperature and is contlnumg to-do so W|th every passing

. day (IPCC 2007) Between 1970 and 2004, gIobaI green house gas emissions
increased 70%, with carbon dioxide being the greatest anthropoiogic greenhouse =
gas (IPCC 2007). This steady increase in greenhouse gas levels, along W|th the

depletion of the worId S fossﬂ fueI resources, requnres the research and ut|,I|zat|on . |



- of technologies that c¢an fimit both the use of fossil fuels and the production of
‘ greenhouse gases
MFCs can be used to treat landfill Ieachate wh|Ie reducing energy needs

and produc|ng an aIternative form of energy Landf|II leachate is liquid that' |

x_|nf|Itrates the landfill system or is produced by the waste wrthin the system' :

‘Leachate must be coIIected and- managed to protect the surrounding

envnronment Leachate can also be re-circulated in .an operating landfill to g
"manage the Ieachate as. weII as |ncrease b|odegradation of waste within the
"Iandfill and |ncrease Iandf|II gas production Wh|Ie ‘many orgamc constituents in

. the Ieachate can be treated through the brological processes within the 'Iandfill,'
| ammonia can accumulate and resist treatment (Ba‘rlaz et al 2002) Ammonia can‘
,.be toxic to bacterla and other organisms and |nh|b|t accelerated b|odegradat|on

that can resuIt from recirculatlon MFCs could be used as a pre-treatment forthe

-leachate prior to recichIation to lower concentrations of constituents, while

- producing eiectricity and iimiting, 'energy inputs into the system.
:In }the"early 1990s, the United States Environmental Protection'Agency' |
(USEPA) began enforcing 'reguiations‘ for the disposal of nonhazardous waste inv

landfills under the Resource Conservation and Recovery Act (Subtitle D). As

part of these regulations, a c_I_osed landfill must be monitored and maintained for

the ‘post-c|osure' monitoring period’ of 30 years, or a site-specific Ionger time -

,period Monitonng includes coIIection and treatment of leachate, monitonng of

the groundwater Iandfill gas monitoring, and inspection and maintenance of the

f|naI cover (USEPA 1991). ~Term|nat|on of monitoring after 30 years .W||| be



agreed upon 'if’the landfill is considered stable and'no Iong"eravharm to the "
environment wrthout mon|tor|ng | . l‘
| Landfill Ieachate will become a major factor in the determlned stab|I|ty ofa
" landfill and whether management of the leachate pr|or to reIease will be needed

(Barlaz et al. 2002) Dlssolved organ|c matter ammon|a and nutrlents can pose

: .envuronmental hazards if Ieachate is released into surface water or groundwater i

at increased levels with no management.‘ From 1991 to 2007, the number of
| "open landfills decreased from 5 812 to '1"'7‘54 (Municipali 2'007).‘ These numbers |
forecast that in the com|ng years, regulators will have many decisions to make on
,whether to terminate or contlnue mon|tor|ng landfills past the 30 year time per|od ‘
While the owners of landfills cannot be expected to fund monitoring for |nf|nrte'
- time, IandeIIs ~ must aIso remain safe to the | envrronment after |
momtonng/treatment of |eachate and landfil gas has been termrnated The MFC

technology could be cons|dered as a Iow operatlons and ma|ntenance optlon for

~ these s|tuat|ons that requrre management of leachate with m|n|maI resources

2 Obiective and Scope |
Microbial fuel cells were researched utilizing: Iandf|II leachate as the
_substrate Leachate charactenzatlon was compIeted to evaluate treatment for a
number of constituents; electricity and power productlon were aIso monltored At
the |ncept|on of this research, there was no_other publlshed research ut|I|Z|ng' an
MFC of‘ the des‘ign used for this research, with unaltered landfill leachate,'and no

outside inoculation of bacter'ia." This research provides the first in-depth analysis



of leachate constituents and the treatment that will occur within an MFC system.

- The specific goals of this research were to;

 1)' Design and operate a single chamber MFC (pfevidUst devéloped by UNH for
. cow manure) to evaluate how the. Characte'ristics of the leachate 'charige» while | k
~ producing electricity. |

| 2) Determine the power density and efficiency of using landfill Ieaéhate asa

substrate in a single chamber MFC.

- 3) Validate the hypothesis4that no oUtside inoculatibn of anaerobic bacteria will - -
'be needed when using landfill leachate.

4) Create a Iafger scale MFC system that will help bégin to Vevalluate the -

applicability of this technology.



i C_H‘AP,'.rER2'
- LITERATURE REVIEW
: ' 2.1k IntrodUGtton ,
. This ohapter_inoludes | histo‘r}ical.‘rese'arch"conducted tnat is relevant to
Hmic‘robial fuel ceIIs (MFCs) and landfill Ieachate It provides an 'overview of the )
generatlon and characterlstlcs of Iandflll Ieachate as well as the mlcroblology,

' archltecture voItage and power generat|on of MFCs. |

2.2 Comgosition and Formation of‘MunicigaI Solid Waste Leachate

Modern sanitavry_landfills are eng‘ineeredvfacilities used for the deposition

of wastes -and are designed to minimizethe hazards to public health and safety.
A basic landfill control system involves a liner, landfill leachate coIIection‘and
extraction system, a Iandfill .gas'colleotion‘ and extraction ‘system, and bothf'daily |
| andvfinal cover Iayers. La‘ndfillr Iiners and leachate ,cOIIect_ion systems.are used to
minimize the infittration’ of -leachate into soiIs belowthe:rlandfill' Iimitingthe
potentlal for groundwater contammatlon Leachate is liquid that is both reIeased
' vand produced from the waste during compactlon and degradatron in.a Iandf|II |
*Outslde sources such as groundwater |nf|Itrat|on precrpltatlon and/or surface-‘
' dra|nage into the landfill aIso contrlbute to |eachate vqume within the system
Liquids percolate' ‘through the waste and bothv biological and chemical
| components}are‘»leacned' into the ‘Ieachate (Tchobanoglous, Theisen, and Vigil. .

1993).



Every landfill is deslgned specrflcally for its Iocation and the type of waste |
that is accepted However because of the organic content and compaction of
. waste within the structure, all landfills are anaerobrc systems. Th|s creates some
similarities in ‘leachate composition, aIthough chemical}composition’of .leachate}
"wiII‘ vary‘depending on 'the age of‘* the 'Iandfili' (,Kjeldsen‘ ,ét aI.‘ 2002; | v'
Tchobanoglous, Theisen, and 'Vigil 1993). | |

There are four main‘categories ot compounds in-MSW "‘iandfili leachate;
dissolved "organic matter,\ inorganic macrocomponents, heayy ‘metals, and
xenobiotic cornpounds - Dissolved organic matter is measured by Chernical
Oxygen Demand (COD) Total Organic Carbon (TOC) voIatlle fatty acrds ory
. other humic-llke ‘compounds. CaIcrum magnesmm sod|um potassrum
ammonium, iron, manganese, chIoride, suifate,_and hydrogen carbonate are ‘aIIh
considered inorganic rnacrocornponents. : ‘Common heavy rnetais that’ will be
found in leachate are cadmium, chromiurn, copper, iead, nickel, and zinc.
Xenobiotic organic cornpounds refer to household or industrial chemicals-such as
| 'aromatic' hydrocarbons ~ phenols, chIorinated aliphatics pesticides and
,piastlzers This category of pollutants is generally present in low concentrations
usually less than 1 mg/L. Other compounds found in Ieachate such as borate,
 sulfide, bariurn, lithium, mercury, cobalt,.arsenate, and selenate, are aIso found
at Iow concentrations and are ofies's irnportance (Kjeldsen et al. 2002).

Cltis not uncommon for leachate to,haye low levels of nitrite and nitrate and
.jhave all nitrogen as ammonia in the system due to the bioiogical process" of the.

landfill. This can be explained by the basics of the nitrogen cycle in vi/hich NH,*



is‘ cxidized to' N02‘ followed by NOa' (nitrification) NOjs is reduced to NO{ to -
‘NH," (nitrate reductron) and NOjs’ is can also be reduced to N2g) (den|tnf|cat|on) '
Nitrogen gas can then be reduced to NH4 and NH4 can be |ncorporate or
released from organlc matter (amlnatlon or ammonification). NH4 NO;, and
NOa' are -all easily and quickly inter-convertible by nitrifi,cation and nitrate
reductlon (Snoeylnk and Jenklns 1980) |

For m|croorgan|sms to facmtate n|tr|f|cat|on nirate ~reduction, and: |
“denitr|f|cat|on,:|t must be energetlcally favorable (as discussed in section 2.6.1).
: Typicai eIectrcn acceptance ireactions for aerobic and anaerobic systems are
listed in Figure 2.1, from highest energy gain for the bacteria to Ieast; In a
Iandfiil; cxygen'wiil be used up first in aerobic respiration, hO\i\iever landfills are

anaercbic systems, thus denitrificaiton and .nit'rate reduction will then take p‘Iace.
Fermen.tation and sulfate reduction can also occur once this is energy favorable.
Lastly, methane.‘fermentaticn will take place. This is where many Iandfilis exist,
for they are actively producing 'vlandfilvl gas containing rnethane.' Thie means that
the r'norelenergy favorable reactions of denitrification and nitrate reduction would
have occurred already and is the reascn that little or no nit_rate/nitrite is found in

IandfiI'I IeaChate. Nitrogen gas is present in Iandfill gas at about 2-5%," reiterating
the idea that denltrlflcatlon is occuring wuthln landfills (Tchobanoglous Thelsen o

and V|g|l 1993)



1. Oz +4H" + 4 — 2H,0 (Aerobic Respiration)

2. 2NO;z" + 12H" + 10e” — Ny + 6H20 (Denitrification)

3. NOj3 + 10H* + 8" =NH4" + 3H,0 (Nitrate Reduction)

4. CH20 + 2H* + 2e" — CH30H (Fermentation)

5. SO +9H' + 86" — HS +4H,0 (Sulfate Reduction)

6. COy) + 8H" + 8e" — CHyg+ 2H,0 (Methane Fermentation)

Figure 2.1 Reduction Reactions (Snoeyink and Jenkins 1980)

Table 2.1 summarizes general leachate parameter ranges, compiled by
Kjeldsen et al. (2002). The table is applicable to newer landfills and is a
compilation of 14 different studies from the years 1976-1997 (Kjeldsen et al.
2002). The ranges for many constituents are large, illustrating the vast
differences that can be found betwéen leachates from a single landfill as well as
from multiple locations. The flow paths of leachate within the landfill are
constantly changing, thus concentrations and types of constituents in the

leachate can constantly change as well.



Table 2.1' Compbsitioh of landfill Ieachaté (Kjeldsen et al. 2002)

Parameter - | " Range
(Values in mg/L unless otherwise noted) .
pH ‘ 4.5-9
Specific Conductivity (uS/cm) 2500-35000 :
Total Solids 2000-60000
Organic Matter ‘ . o
Total Or janlc Carbon (TOC) - 30-29000-
Biological Oxygen Demand 20-57000
(BOD:s) : , o
Chemical Oxygen. Demand - . 140-152000
(COD) . o
BODs/COD ratio - 0.02-0.80
| Organic Nitrogen 14-2500
' Inorganic Macrocomponents
Total Phosphorous , 0.1-23
Chloride 150-4500
Sulphate 8-7750
Hydrogen bicarbonate 610-7320
Sodium 70-7700
Potassium 50-3700
Ammonium-N 50-2200
Calcium 10-7200.
Magnesium 30-15000
| Iron 3-5500
Manganese 0.03-1400
Silica R . 470
’ Heavy Metals ,
Arsenic » 0.01-1
Cadmium '0.0001-0.40
Chromium . 0.02-1.5
Cobalt 0.005-1.50
| Copper 0.005-10
{ Lead 0.001-5
- | Mercury 0.00005-0.16
| Nickel 0.015-13
Zinc 0.03-1000




2.3 Mainag‘ement of Municigal Solid Vwaste Leachate

There‘are four categories of management; practices for landfill leachate;
' recycling back into the landfill, evaporation treatment followed bydisposal, and
'discharge to a mumcrpal wastewater collection system 'Re-circulating the :
leachate back |nto the Iandfill can rncrease Iandfrll gas product|on wh|ch isa
'valuable energy source (Tchobanoglous Theisen and Vigil 1993). The landfill
can also help to treat the leachate through chemlcal and biologlcal processes

| Treatment of leachate can be one ora comb|nat|on of b|olog|cal chem|cal
‘~and physrcal,processes. _Biological treatment removes organlcs and nitrogen
throughy'- processes '; such asv‘ activated ’sludge,v - trickling filters, and
':nitrification/denifrification; | Chemical -'processes ) are used to' control pH,
preci_pitate ‘metals, and remo\re some organics by oxidation and wet air oxidation.
Suspended m'atter can be remoued be‘ the ph‘ysical proceSSes of sedimentation
: and filtration Adsorption can be used to remove organics wh|Ie air and steam
:strlpplng can remove volatlle organics. Ion exchange can also be used to
remove dissolved inorganics (Tchobanoglous, Theisen, and Vigil 1993). These
treatment technologies can be' used to treat leachate for discharge (e.g. into
surface waters), or as pre-treatment prior to transport toa municipal wastewater
| treatment facility for further treatment. Some wastewater treatment facilities may
'ha\:/e the capabilities and be Willing to accept the leachate with no treatment;
hoiivever this can ,ol‘ten be more expensive. All of these management options for
- leachate treatment, except for ‘vleachate ,recirculation, require venergy input and

will cost the landfill operation and maintenance fees with no additional benefit. |
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24 The Beginning of Micrbblal Fuel Cells
,Microbial_ jFUel Cells harness- the conversion of bacterial } energyﬂ to
electrical energy. By using eIectrodes 'electrons from bacteria can be coI‘Iected”
'and used to produce eIectrlcaI current through wiring - -and a res|stor It' is
accepted that in 1911 M. C Potter was the flrst person to observe the eIectrrcaI )
| current that can be produced by bacteria (Potter 1911) There was very little |
" |nterest or advances made in the technology from 1911-1967. The first patent to
describe mlcroblal fueI ceII technoIogy was |ssued to John DaV|s in 1967
:(Blfflnger and Rlngelsen 2008) It was not untit the 1990’s that research truly B
,began on m|crob|al fuel ceII technoIogy and possrble appllcatlons Since 1967
: th,ere have been very few,patents |ssued, most belng given |nthe 2000’s. The.
field has chosen topuinsh research, methods', and designs in sclentifi'c journals |

rather than apply ‘for a large number of patents (Biffinger and Flingeisen 2008).

2.5 Micvrobial Fuel Cell "I'echnOIogy =

In am_icrobial fuel cell ‘(MFC), organic matter |s 'oxidized (degraded) by

microorg'anisms and eIectrons are prodUCed 'fhe electrons are then transferred
to a termrnal electron acceptor (TEA) wh|ch is. reduced by the electrons TEA’s

such as oxygen, n|trate and sulfate can d|ffuse |nto the cell and accept electrons

to form new products that can then leave the cell. However some bacteria can

| transfer their electrons outS|de the cell (exogenously) to the awaiting TEA.- It is

these bactena that can produce power within an MFC system (Logan, 2008).

v‘11_ |



Figure 2.2 illustrates a basic microbial fuel ‘ceII system' in which thére |s ah'
anode and cathode éhambér, ;eparated by ,a'membréne permeable to p_ro‘t’on’s." |
" The vanodve cbmpartment |s an ahaerobic fegion (i.e. no oxygen) where the"
anaerobic_bécteria are located. The cathodé ‘_compartmént is an aérobic regioh‘
. (i.e‘. pxygen is. preée”nt)‘. The rhemb,rané./sepa}r'atiqn helps to maintain these

‘cvbnditions' for'each gompartménf,‘ yet allows a pharge tfansfer betweeh- the
'.électrodesf Electrodgs are ‘placed ‘in each chamber to 'facilita‘te‘ the électrqn v
| trans‘ferbp.roce‘ss. Electrons and protor:\sv are produce’d through the oxidatidn ‘of
- organic matter. The:eiectrons,are transferred to thé anéde electrode, in fhé
anode compartment,‘ and travel tﬁ'rbugh a wiré ‘and resistor to the cathbde
electrode, Whére'the wire is donhected. Here, thé’ electrons join with the ‘protonisi. .
.whic;h have diffused through the mefnbrane from the anode cOmbartmeht, and'
foxygen to form water. A catalyst at the cathode or a catholyte solution must be
used to fééilitate this reaction. The by-products of this reaction are carbon
dioxide, from the decomposition of the organic maﬁer, and émall érhounts of
~ water at the cathode. |
- Using qucoSé as an exafnple of an organid sdbstrat_’e; 24 electrons and 24
, protorié are released in the qpode chémber. These protons and eleétrons both
tr'avelv to the cathode ghamber Where 6 molecules of oxyge}n are needed to create
,A 12 Water molecules. Si;( carbon dioxide moIéCuIes are Created at the anode.
- Anode: C‘6H1206 +6H0 - 6CO; + 24H" +24¢” |

Cathode: 24H* + 24¢" + 60, » 12H.0

- 12



Resistor

Organic Matter

Anode : Cathode

Membrane

Figure 2.2Schematic of a basic microbial fuel cell (not to scale)

2.6 Microbiology

2.6.1 Bacterial Metabolism

Bacteria are unicellular microorganisms characterized by the lack of a true
~ nucleus. The foundation for life processes is the ability to utilize energy in an
organized fashion, referred to as metabolism (Chapelie 2001). A cell must
extract energy from organic compounds, then both store and use the energy to
grow and maintain necessary functions. These energy transformations must
follow the basic laws of thermodynamics.

The first law of thermodynamics states that energy can neither be created
nor destroyed (Halliday, Resnick, and Walker 2003). For bacteria, this governs
that there is a set amount of energy available in organic compounds and only this

amount is available for use. The second law of thermodynamics states that in
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) closed irreversible systems entropy wrll always |ncrease (Halllday, Resnlck and
-Walker 2003). The energy avallable in a system can be broken up into useable ‘
~"energy and unava|IabIe energy The unava|IabIe energy goes to rncreasrng the
entropy of a system and |s lost as heat The amount of usefuI energy that is )

_}taken up or released dur|ng a reactlon is called the Glbbs free energy change of ;

| the reactlon (AG) If a reactlon is energy-releasmg, it has a negatlve AG wh|Ie_»> :

an energy-consumlng react|on has a posrtive AG. Bacteria comblne both ofj,:

- these types of reactlons into a system to operate cell funct|ons Intermedlate :
_ ‘reactants that temporarlly store energy heIp join energy-releasrng and consuming
" reactions so that it is possible to synthesize compounds that couId othenmsenot
| belcreated (Chapelle 2001). -

Bacterla base the reactlons that are chosen on what pathway wrll provrdev |

the “highest ‘energy ga|n Depending on the terminal electron acceptor (TEA) f

:vpresent, two metabolic pathways can be used by the bacteria; respiration and
| fermentation (Schroder ‘é007). An electron acceptor is an inorganic compound
.that accepts electrons from Vbacteria'and cornpletes the oxidation ofan organic :
‘_ substrate (Chapelle 2001). Respiration is a combination of the reduction of a

TEA and the oxrdation of an organic compound where the electrons are

 transferred through an electron transport chain to the final TEA The higher the

potentlal_of the TEA, the higher the energy galn for the organism, thusthe more
- favorable the reaction (Schroder 2007). The term potential refers to the tendency,
) ~of the chemical species/solution/m'aterial to accept electrons. This can be related

" to Gibbs free energyby'equation ‘(2-’1 )-
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AG ,1_n F [E(donor)' E(acceptor) . - 7 a - (2 1)

- ’Where nis the number of electrons per. reaction mole Fis Faradays constant

and E¥ is the standard b|olog|cal potent|aI of the electron donor and acceptor

3

| respectlvely (Schroder 2007)

Aerobic resp|rat|on |s the most energetlcally favorable pathway, however

~ “anaerobic resplratlon wrll be used ‘}when oxygen- |s_»not present (Schroder 2007). N
Fo}“r,this transfer of}electrons‘to occur,van electron m‘u.st first be ‘moved}through anv
electron transport chainv within} the cell' a,mechanism\‘that can also conserve
energy by synthesrzrng ATP Adenosrne tr|phosphate (ATP) is the most
| lmportant compound that I|V|ng cells use for temporary storage of energy The ,'
formatron of this compound stores energy within a phosphate bond wh|ch can be
liberated once the bond is broken Nicotine adenme (NAD) is another ,
intermediate comp/ound for storing energy_ that can be reduced to NADH or
oxidized to NAD* (Chapelle 2001). o
The electron transport system uses both hydrogen carriers and electron
carrlers (NADH)_. As the electron is transported through the transport chain,
| protons are transferred in and out of the cell. Thrs transfer of protons. causes a
 proton gradie‘ntbetWeen the inside and_outside of the cell membrane which has
- potential energy associated y\rith it. The Cellis able to capture‘this energy
through membrane bound enzymes called ATP synthase complex As protons

dlffuse through these enzymes, the potentlal energy is captured and stored

'1.5 o



ehemically‘as ATP. This} broeess is called chemiosmOSis. The flnal-step in tll1.ls
B ‘process is for the electron to be transported to the TEA (Chapelle 2001).
2. 6 .2 Bacterlal Metabollsm in Microbial Fuel Cells

o Microbial fuel cells harness the extracellular electroh transfer of anaerebic
bacteria. Therefore, lhe ahode compa}nment of arl‘ MFC must not contain oxygeh :
‘(based upon Gibbs free erlergy,‘ if oxygen is preseht at the anode, it is the more
enerQy.favorable TEA) Fermentation is an impeﬁant anaerobic meehanism for"
- degrading organic matter; however it is not a process that creates electricity in-
MFCs. Many electrohs ‘lemain within ferment_ation pfod‘u_.ets, not readily reacting
with elec"tvredes. Eflective : anaerebie okidatien 'must‘ combine fermentatio‘n

products with other constituents (e.g. lohg-chain fatty acids ':and aromatic

compounds) te eemplete electrorl transfer to the eIectlode (LoVIey 2006). |

| Because of fhe need for anaerebic bacteria every MFC vis inoculatedv
""|n|t|ally Generally, this moculatlon comes from bacteria from a wastewater,
h

sludge, or sedlment Bacteria from an MFC that has already been in operatlon

can also be used for a new MFC (Logan 2008).

2.6.3 Electron Tlfansfer

Once electloris have left the cell, they mUst be transferred to anelectrode
to produce current; A natural world c‘o’mpariSOn‘ of the transfer of electrons to an
electrode .isvthe tlansfer of ,electrbns’ _to Fe 3+ oxivdes,\ _for\‘ they are an _in'soluble,‘

extracellular electron acceptor. Organic matter is oxidized while Fe 3 oxides are
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reduced, similar to. the process in ’an MFC Th|s process requrres both
»fermentative and Fe reduc|ng mrcroorganlsms (Lovely 2006) |

1 ln a m|crob|al lafuel cell there are three main mechanisms for
microorganisms to transfer electrons to an ‘ex0cellular electrode._ The transfer

can occur W|th the addition of art|f|c|al medlators self-produced medlators and/or

dlrect contact wrth the electrode (Lovley 2006) Not all bacterla can accompllsh o

- this extracellular transfer; some can only use soluble compounds such as sulfate_
,' that dlffuse through the cell membrane to receive electrons The f|eld of
microbial fuel ceII technology has termed bacteria that can d|rectly transport
‘electrons outslde of the cell “exoelectrogens” (Logan, 2008). These bacteria are
esse'ntial to microbial fuel cell technology» because “without the exoce,llular'
electron transfer,'no'power could be produced. o

A_rtificial Mediators.

Early in l‘VlFC research, the }addition'of artificial mediators was used to
facilitate electron transfer. Escheric‘hiav coli is an‘example of a bacteria used' in
MFCs that required an artificial mediator (Park and Zeikus 2000). Artificial o
mediators can cross cell membranes and accept.electrons,_ exiting the' cell in a
| reduced form to transfer the electrons to the electrode (Loviey 2006). Examples"
K of such artificial mediators, are n'e‘utral red, iron chelates various phenazines, 4

napthoquinone, and th|on|ne (Lovley 2006) These medlators posed a set of

. 1 problems for MFC technology Many medlators are toX|c to humans and not'

easrly dlsposed vof_. Mediators in'put more‘energy into the I|fe cycle anaIyS|s of

'MFCs since they must be‘manufactured and .r’eplaced" regularly. Lastly, it has not
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| '.been demonstrated _.that;". using artificial mediators will be able to sustain the
bacteria within the MFC for extended per|ods of time due to a Iack of available |
"electrons for cell maintenance and growth The artifimal medlators remove more /
electrons than the natural transfer to a terminal electron acceptor wouId remove
(LovIey 2006). | | |
For these reasons as well as new discoverles artificial mediators are no
_Ionger used by most researchers Rabaey and other researchers ‘proved that
art|f|C|aI exogenous medlators were not necessary inmicrobial fueIceIIs for’
electron transfer (Rabaey et al. 2004; Rabaey et al. 2005a). Self-produced
: mediators such as pyocyanln can shuttie eIectrons and produce eIectncrty Th|s
: mechanlsm was f|rst proposed as a mechanlsm for the eIectron transfer to Fe
(Rabaey et aI. 2004). | |
» Self-Produced Mediators.

-t is ,unclear whether s_elf-produced mediators, also'called shuttles, are
‘generated specifically for exocellluvlar electron transfer or |f they serve multiple
purposes.» These mediators -are molecules that can be oxidized faster at thev
‘electrode, causi_ng -fewer overpotential loses, and assist in the transfer of
electrons to the electron acceptor It has been shown that mediators produced
by one type of bacter|a can be used by other speC|es of bacteria and |mprove the
electron transfer of the overall system (Fiabaey et al. 2005a). |

The ‘major advantage of self-produced electron mediators is Iong-range '
: interactiongb_etWeen the bacteria and anode. Y}The microorganisms do not need to

~ be in direct contact with the electrode for the transfer of electrons to occur. G.
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fermentans displayed this ability whiIe producing a thick extracellular matri‘x to
reduce the possibility of losing the mediator to the bulk solution (Bond and Loviey
2005‘)}. Shewanella oneidensis was aIso shovi/n to produce an eIectron shuttle‘ ‘
_iNhiIe conyerting lactate to electricity in an MFC (Lanthier, Gregory, and Loviey
2007). ‘A-great deal of energy is Lised by a microorganism. to biosynthesize an ‘
electron mediator, thus it mList be usedrepeatedly to be considered energetically
worthwhiIe for the ceII’ Th|s spent energy can cause the mechanlsm to be at a
v""competitive disadvantage especraIIy |n a flowrng system where the mediator |
| could eas|Iy be lost to the bulk quwd (Lover 2006) |

D|rect EIectron Transfer

EIectron transfer can occur through} direct contact between the
m|croorgan|sms and the electrode or wrth the use of nanowires. Direct contact
requrres that the organisms have membrane bound electron transport protein
relays, such as c-type cytoc}hromes, to facilitate the transfer of eIectrons/out of
the cell (Schroder 2007). However, this 'transfer allows for only one layer of'
bacteria in direct contact with the electrode, to 'transfer eIectrons Nanowires are
| 7 conductive appendages that are hypothesized to carry electrons from the
bacterial cell to the surface of the anode (Gorby et al. 2006) These appendages -
aIIowfor multiple layers of bacteria on the anode to transfer electrons as well as
interspecies transfer and transfer from the bulk liquid to the anode (Looan 2008).

The bacteria Shewanella one'idensis MR-1 ‘was found to have nanowires -
with heig';hts ot 5-10 nm. Thve photo.synthetic cyanobacterii.im, Synechocystis}

strain PCC 6803 and a thermophilic fermentative bacterium _PelotomacUli.lm
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' 'thermopropIOnicum were also found to utilize nanow_ires ‘(Gorby et al. 2006).
Similar conductive appe_ndages have be‘e‘n observed of’tenin research employing !
Geobacter culfurreducens' While nanowries are not required for electron transfer

"to the anode a lack of nanowires resulted in more than a 70% reductlon in
current production (Reguera et al. 2006) It was also found that when nanowire

~ production was inhibited, 60% of the cells attached to the anode of an MFC were 3

| dead. The onIy living populatlon was in direct contact with the anode (Reguera |

et al 2006) Bacteria can attach to the anode of the MFC and form a biofilm,
wh|ch ls a multi Iayer communlty of bactena that can theoretlcally grow to any
thickness. Nanowwes can connect cells of the outer Iayers of a biofilm to the :

inside of the system and facilitate .‘electron transfer _to th}e anode (Logan 2008).

_ 'This can aIIow,thicker biofilms to develop while proyiding increased current

production from the MFC system.

2.v6.4 Microbial Community

The microbial fuel' cell environment will select amicrobial communiw that
will self-mediate electron transfer. Bacteria .that were isolated from a plate MFC
were mostly facuItative anaerobic'bacteria that accumulated fewer organic.acids
and were more electrochemically active. Alcallgenes faecalis, Enterococcus
gallmarum and Pseudomonas aerugmosa have all been found to partrmpate in
- MFC current production (Rabaey et al. 2004). Shewanella and-.Geobacter are
also commonly found within MFC biofilms (Logan and Regan 2006). There are

“no specific trends to the major species found within MFC microbial communities
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~ however common ‘baoteria that are reported are oroteobacteria (alpha-, beta-,
: delta-, and gamma-), firmicutes, and bacteroidetes (Logan._'and Regan 2006; |
Logan 20’08). | While in some - cases, alpha.-proteobacteria dominate the
oom'munity; other ~tirnes gamma- or beta- dominate,l or there was'no dominate .
type (Logan 2008). These categories are broad ola'ssifioations of bacteria that
»encompass many dlfferent types of bacterla | |
Firmicutes are a phylum of bacterla that can be iron reducrng while
) bacteroidetes are a- phylum of mostly anaeroblc bacteria. Some bacteroldetes
are hydrogen and formate requmng mlcroorganlsms Proteobacterla are a
,phyldm of bacteria that are drwded into classes termed alpha-, beta.- gamma- -
and delta-. These broad categories |nc|ude aeroblc and anaerob|c bacteria as
‘well as fermentatlve bacterla and pathogens (Garrlty et al. 2005)
There is an ongoing debate in MFC literature as to the benefits of USinga
'mixed community of bacteria/'versusa single strain of bacteria that is known to -
have efficient extracellular electron’ transfer (Logan 2008). Data eX|sts for each |
| :srde of the argument and a consensus has yet to be reached as to WhICh will
produce greater power MICI‘ObIO|OgIStS‘In the fleId have started using genetic
englneerlng to create an ideal exoelectrogen strain of bacteria (Logan 2008)'
Both Hhodopseudomonas palustrls DX-1 and G. sulfureducens were recently
shown to produce larger voltages than mixed cultures of baoterla in MFCs (X|ng

et al. 2008; Nevin et al. 2008).
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2.7 Mass'transfer and'Kine'tics .
The bacterla ‘that are transferrlng eIectrons exoceIIuIarIy can attach and

grow on the electrode forming a b|of|Im These biofilms are made up of

numerous m|croorgan|sms and can theoretlcaIIy grow to any thlckness however_ .

. other factors usuaIIy I|m|t growth Ramasamy et al. (2008) found that |n|t|alb‘
| brofilm growth had a benefrcral effect on the krnetlcs of the b|o eIectrochemlcai :
system and decreased act|vat|on .Ioses (d|scussed in sectron 2.9) (Ramasamy _‘e‘t
.'al' 2008) Biofilms in mrcrobral fueI cells dlsplay unlque characterlstics For
v example, |n a wastewater envrronment the active bacterla are Iocated where the .
biofilm interacts with the surrounding fluid. In.an MFC, the act|ve bacteria are not
“at this interface but within the biofiim? itself;i interactingwith the 'electrode (Logan
2008)_'- While this ‘placement J‘is beneficial‘to the transfer of electrons, it also
causes other chalienges. |

As these biofilms become thicker, mass transfer of nutrie'nts and substrate

to the' microorganisms attached to the electrode can become the limiting factor in

: oower ‘production rather than the rateot substrate oxidation by the bacteria.}
Mass transfer of waste products outof' the ,biofiim'can also be an importantfactor
in bacterial health and thus power production. ,V If the bulk liquid is not mixed and},:
is a stationary system, ‘mass transfer of the substrate to the biofilm itseif could be |

the limiting factor also (Logan 2008).
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2 8 Voltage and Power Generatlon ‘

Voltage generatlon ina mlcroblal fuel ceII can be compllcated to pred|ct for
|t |s dependent on the act|V|t|es of l|V|ng organlsms However voItage or current
- ~can be caIcuIated by equatlon (2-2) if the ceII potentlal (voltage) E or the- current"

(Iy are measured and the external resistance of the system, B, is known.

: Electricity‘ can only be generated in a microbial fuel c'ell.vif the 'oVerall
reaction is thermodynamioally favorable (Loga_n et al. 2006),. Gibbsfree.energy,‘
explained in section 2.6.1, can beused ‘to}'idetermine the maximum amount of o

‘ jW‘c'f>‘rk"that can be obtained from this reaction by the,equation,
 AG, =AGM+RTIN(II) e | (2-3)

~ Where AG, is the Gibbs free energy for the specific conditions, AG,° is'the Gibbs
free energy' under standard conditions (298. 15 K, 1 bar pressurer and 1 M
rconcentratlon for afl speC|es) R is the un|versaI gas constant T is the

' temperature in Kerrn and His a reactlon quotlent of the actlwtles of the products

d|V|ded by the actW|t|es of the reactants (Logan et al. 2006; Oldham and Myland

- 1994). Th|s equatlon can be wrltten in terms of the cell voItage aIso called the ’

electromotive force, Eqmt for standard conditions where Il = 1;
AG° | o R o @4
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RT. . 2.5
Eary=Ef o 0! s B9
| Where E°, emi iS the standard ceII eIectromot|ve force and n is the number of

electrons per reaction mole. Values of standard cell electromotrve forces can be.

found in var|ous textbooks and resources (Logan et aI 2006 Logan 2008

o —o|dham and Myland 1994)

The total cell potentlal can be calculated us|ng the haIf ceII reactions that

| are occurring at the anode and cathode of the m|crob|al fuel ceII Eemf can be
| caIcuIated for the anode (Ean) and cathode (Ecat) using equatlon (2-5), resultlng in
i equatlon (2-6) for the total cell potentlal Th|s equatlon can only be used if the .

anode and cathode are running at the same pH (Logan et al. 2006; Logan 2008).
Eem=EcarBan:~ =~ o | , “ v ' (2-6)

Cell voltage is recorded during all microbial fuel cell testing because
-current can be. d|ff|cuIt to measure. Current can be calculated from equatron
(2-2) with a known external res|stance Power is a common way for researchers .

N

o report voltage data and is calcuIated by equatlon (2-7)- (Logan 2008).

. (2-7)
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. Where EMFC' is the" voItage recorded from the microbial fuel ceIIt : Because of t'he
; variation jin MFC system architecture’s and materials, researches normalize ‘

_power when reportlng data. It'is 'common to normalize based upon the anode

R (an) or cathode (cat): surface area (Equatlon (2 8)) or upon the vqume (v) of the

_m|crob|a| fueI ceII anode compartment (Equatlon (2-9).

an/cat— Aan/catRext . ' : ( : )
P,= Wor TR S e (2-‘9)"'

- When re)porting results, the}coulombic' efficiency of 't‘he- system is an
tmportant caIcu’Iated vaIueto deScribeoveraII efficiency of. the MFC; The goal-of -
- MFC technology is to utilize as manyv eIectrons as possi_bte forcurrent production'.
, Coulombic efficiency is :the f.raction"of.electrons that are recovered as current
versus the e|ectrons that were |n the startlng substrate (organ|c matter) For a

fed batch system, this fraction creates the equatlon

M, f‘bldt | - | .
“FoeVande e (2-10)

~Where M; is the molecular weight of the substrate Iis the current, F is Fa‘raday’s o
constant (96, 500 C/mole™), bes is the moles of electrons removed through: |
oxidation, -van is the vqume of the anode compartment ||qu|d and Ac is the

v substrate concentratlon change over the batch cycIe (Logan 2008) This equatlon
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can be altered for more complex substrates where COD is used as the measure

- of substrate concentration and an average current value over the cycle is used.

o & "o N o o @)
E- FvAnACOD/ | o A o

. Where 8 _‘isv'aconstant used for COD (M; is equal to 32 (molecular weight orf

oxyge"n) and b‘as eqUaIs 4 (the' number of electrons exchanged' per’ moIe' of o ‘

o oxygen)) and ACOD is the change in COD concentrat|on over time t (Logan S

2008)

2 9 Factors that Affect the Cell Voltage

Based upon the voItages Wthh can be caIcuIated from the equatlons of'

,sectlon 2. 8, the maximum cell voItage for an optlmum MFC us|ng an a|r cathode

' and a set substrate of acetate |s1 1 V. However, this theoretlcal vaIue has never '

been reached in the Iaboratory sett|ng This is because of the overaII mternal
res|stance of the system wh|ch is made up of overpotentlals and ohm|c Ioses
The overpotentlals of the system can be the result of three main types of loses;
activation Ioses bacterlal metabollsm loses and mass transfer Ioses Actlvatlon
vloses are caused by energy Iost as heat in the |n|t|at|on of reactlons as weII as in
the transfer of eIectrons These loses can be reduced through the use of‘ '
|mproved cataIysts at the cathode (sectlon 2. 10 2), usmg d|fferent types of '

bacter|a or |mprovmg the overaII electron transfer mechanisms- of the system

~. The Ioses assoc|ated W|th bacterlal metabollsm are due to the Ioss of energy |n
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utilizing substrate oxidation for energy (Logan 2"0"08). ‘There is Iittle that can be-
changed _Within the M#C system' to reduce these Ioses. | |
,‘Mass transfer lo,s‘ses»-are the result of insofficient mo\}/ement of reactants”
or prodocts \.Nithin the bulk liquid or biofilm of th‘e system "These Ioses vwere
exam|ned in section 2 7 Research has been publlshed that shows the qux wrthrn
the blofrlm at the anode can. negatlvely affect voItage generatlon Protons can
~ accumulate within the biofilm and cause a Iocallzed |ncrease in pH at the anode
| Which‘ will affect the kinetics of the system (Kim et al. 2007; Torres, Marcus,
: Rittmann 2008). Even when the bulk liquid pH is buffered and remains neutral
during- operation, the pH at the anode can still be lowered sUbstantiafIy‘ (Torres,'
Marcus, and Rittmann 2008). Ina system where high substrate concentrations
are present this. lack of proton transport away from the anode can cause low
current generatlon | |
Ohmic Ioses are a result of the ‘MFC architecture and vthe resistance that -
arises from |neff|c|enc|es in the system Resrstance of proton movement through
the squt|on electrode, connectlng wire or other |nternaI connections all
contribute to ohm|c loses. These Ioses can be |mproved by optimizing eIectrode
spaclng, ‘membrane mater|aIs connectrons and the conductrvrty of the squt|on
. (Logan 2008) A dehcate baIance between optrmrzrng cond|t|ons to reduce these
Ioses and no addition of new problems must be reached For exampIe wh|Ie
electrodes need to be in close proX|m|ty to each other, each reqU|res d|fferent
| operatlon condltlons (aerob|c/anaerob|c)vthus space between them is necessary.

It has been shown recently that the cathode and catholyte of an MFC contribute
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' 'around 50% of the |nternal resistance of the system while the anode onIy
' accounts for about 5% (Fan Sharbrough and Liu 2008) Th|s suggests that it is
‘.'the ohm|c Ioses of the cathode that contrlbutes to the reduct|on in power‘, 3
- production more than any other factor S :

I

2 1 0 Desgann MFC.

There are many |nherent chaIIenges in designmg an efflcient microbial fueI |

VCelI Constructlon materlals and the arch|tecture must maximize power

: ‘generatlon yet m|n|m|ze cost and be appI|cabIe to real worId and future use of" : 7

‘the technology There are three major elements of an MFC the anode cathode
'and for certaln designs, a membrane.- Numerous variations in desrgn that utilize
- new inventive materials as Wei_l_ as traditional materials in new applications have

" been constructed. : o : e T

| ‘ 2.10.1 Materials
~~ "vAnod'e |

There are eight propertles that ‘an anode matenal must fulfili to be
- appllcable for use ina mlcrobialvfu,el cell It must be conductlve non-corrosrve
non-‘fouling, porous, ine)rpensive‘, easy to make, appllcable to Iarger size systems
~ and contain a Iarge' surface area. Cond’uctivity is one of the most important
attributes of th‘ese materials because electrons must ‘flow through the 'material |
- from the point of transfer bythe]]microorganism to the collection point. Whi_le

many metals fit this important characteristic, they fall short in 'applicability due to
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their corrosive nature and lack of a suitable surface for bacteria attachment. The
use of carbon-based electrodes is very. ’com‘rnon in. 'MFC"research for they meet
| much of the criteria stated }above (Logan 2008)5 |
Carbon cloth and carbon paper are _used ‘frequently 'throughout the
f‘l}tterature} because fhéy provide increased conducti\)it.yv»and facilitate ‘bacterial
growth (Logan 2008).- Reticulated vitreous carhonﬁ(R\‘/C), Which isa very oOrous
_ ‘:'foam made from glass-like carbon with high eIectrtcaI c'onductivity,has also been |
,used as both acathode and anode by researchers.(He, Minteer, and _Angenent R
‘2005). AIthough thts material provide'shigh surface areas, ’it can be yery'brtttle .
and create new problems for the system. |
Graphite is a carbon based material that is used in microbial fuel cells .
because it is durabIe and has eas|Iy def|nable surface areas due to Iow internal
porosity (Chaudhuri and LovIey 2003; L|u Ramarayanan and Logan 2004) | .'
Graphltev can be utilized in many dlfferent forms including plates, sheets, and
rods. A -comparison was completed on the poWer production' of graphite rods,
‘feIt and foam in identical MFC sy'stems' Graphite felt produced Iarge power .
densities because it contained almost 3 t|mes more surface area than that of the
graphlte rod (Chaudhuri and Lovley, 2003) However when current product|on
was normalized to surface area, the feIt and rod h'ad -comparable values of 28
,mA/m and 31 mA/m respectively. The graphite foam produced the greatest'
power denslty of 74 mA/m?; attrlbuted to more ceIIs attachlng to the foam R

because of its structure (Chaudhuri and Loviey, 2003). This concIuslon
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accentuates the importance of material: vchoiCe, on the overall p:verfo}rm‘ance of»the’ .‘
j MFC, o | | |
Graphite gra‘nules"werefirst "used‘ by Rabaey etfal (2005b) in a"tub’ular |
‘MFC deS|gn Granules are small p|eces of graphlte usuaIIy 1.5-56 mm- rn‘;‘ :
| d|ameter that can be used for both the anode and cathode AIthough the
granules are electr|caIIy conduct|ve there must be conslstent contact between all
:the p|eces for current to be eff|C|ently transported through them to the collect|on
‘fpolnt A graph|te rod can be placed wnthln the granules to heIp ma|nta|n th|s
contact as weII as proV|de a connect|on for the wmng of the MFC (Rabaey et al
\2005b) Graphlte granules have been used in multlple packed bed reactor MFC“, -
2 architectures in the literature (AeIterman et al. 2006a;' Rabaey, et al. 2006,
| Clauwawert et aL 200'75); | |
New.anode materials, designs, and methods h’a\‘/e been researchved in.
' recent years to maximize the .surface area available for bacteria to colonize | A
graphlte fiber brush (2 5cm outer d|ameter and 2. 5 cm length) was f|rst used by

Logan. et aI (2007) to achieve a surface area of 0.22 m2, Theflbers were 7.2

pm in d|ameter and ‘wrapped wrth trtanlum, a non-corrosive. metal, using normal '

industrial brush machines. . A Iarge}r brush (5 cm in diameter and 7 cm :Iong) o

provided 1.06 m2 of surface area. ‘Because these brushes have a porosity of |
| 95% and 98% respectively, minimal volume is used to house them”within the
- MFC. In a cyllnder MFC (descnbed |n sect|on 2 10 2), these brushes produced a'

2400 mW/m2 power densrty normallzed to cathode surface area (Logan et al.
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2007) This is. one of the h|ghest power densities that have been published in the |
Ilterature to date | | |
| This high power density:of}the brush |s also attrtbuted to an }ammonia
treatment prior to use in the MFC (Logan et al. 2007). Thi»s energy intensive
) treatment process involves heating the materiaI' to 700°‘ Cﬂfor an hour in a 5%
NH3 heI|um gas The posmve surface charge of the materlal is mcreased due to
- the formatlon of n|trogen-conta|n|ng surface funct|onal groups Accllmatlon time
was reduce_d by 50% and power densuty |ncreased from 1640 mW/m2 to 1970 ‘
’mW/m2 after treatment. Th|s ammonla treatment provides new matenal ‘
characterlstlcs that result in better and faster bacterial adhe3|on and improved
electron transfer at the anode (Cheng and Logan 2007) |
Metals and metal coatings have been researched as possihle anode
materials to improveMFC performance. Iron oxide-coated eIectrodes_ were
compared 'to'porous carbon’-paper and although the iron oxide.electrode (30A
{mM/rnz) did perform}.better than the regular carbon p_aper (8 mW/m?); an
electrode with a biofilm‘transplanted from‘ a working MFC produced 4v0 mW/mz2,
The iron coating did not increase rnaximum' power; however it did decrease’the
- acclimation tirne for the bacteria (Kim, Min and Logan 2005).v An anode utilizingv,
Mn “ and a’subst_rate of sewage,’sludge‘wit'h the bacteria E. coli; outperformed
plain graphite 1000 fold (788 ‘mW/m?) (Park and Zeikus ,2003). Stainless steelv,
‘titanium, tungsten, and aIUmihum oxide have also been tested for anode
application‘s. 'Tungsten was t.heonlv material to decrease acclimation time,

similar to the iron oxide-coated »eIect‘r‘odes, and also had little effect on power

i
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,productlon Use of the other metaIs resulted in negat|ve effects on the _power '
production of the MFCs (Logan 2008)

In recent years the anode potential has been researched as an aspect of

design that can be altered to increase power productlon As dlscussed in the e

thermodynamrcs’sectlon and equation (2-1) of this paper; if -the energy gain for
- the bacteria can be increased, they are more likely to use the }eIectrodeas the
TEA. A‘potentiostat is ugsed to input potentiaI' to the anode to increase power
~ production. The lower the anodepotential is, the less energy‘ available per
electron transferred for cell growth and maintenance (Aelterrnan et al. 20-085).
However if this method is used the MFC system WI|| need an energy input.

| It can be d|ff|cult to directIy compare anode materials when trying to
determlne what materials are ideal for use in an MFC. For example, if the overall
internal resistance of the system_ is t00 high; increasing the anode surface area
or changing the’ material may not affect‘the power output of the‘cell'at all
because the internal resistance is controlling the system (Logan 2008). Caution v
must be used in drawing conclusions on the applicability of materials and designs
in MFC systems.‘ |

Cathode.

Research on MFC cathodes has been increasing in recent years. W|th |
the use o_f-graphlte brushes. and other such high surface area materials, the
anode is no longer a Iimiting factor for power production. The cathode posses
the biggest challenges in design and materials becaus_e electrons, protonsv, and

oxygen must all be transported to the area and react with a catalyst. An effective_



~ cathode must be constructed from conduct|ve material containing a catalyst and
,be in contact wrth the anode substrate and air. All of the carbon based materlals
d|scussed |n the. prevrous section for appllcatrons as an anode can also be used
-as cathode material, W|th the addition of a cataIyst | oo
Two of the most commonly used cathode mater|aIs are carbon paper or7
carbon cloth. When used in a single chamber MFC these materlals will be wet-
proofed due to the archltecture of the system The carbon paper and cIoth can
- be purchased with aPIatrnum (Pt) catalyst aIready applied to the surface or this
can be ‘done in the laboratory by ‘the ,researcher. | IA‘ paste is created by
combtning a chemical binder, such as 5% Nafion tiquid solution and a f?t/carbon
powder product and is then applied to.the material being utilized as the cathode
(Cheng, Liu, and Logan 20060) Hesearch has indicated'that this ‘hom‘e‘made’
cathode using the Pt/carbon/Naflon paste, |ncreased power by 68% over a
system using a purchased cathode wrth catalyst (L|u Cheng, and Logan 2005)
The use of pIatrnum at the cathode of MFCs |ncreases the cost of this
technology CobalttetramethoxyphenyIporphyr|n (CoTMPP) has been found to
be a cheaper aIternatlve to platinum asa catalyst on the cathode. The maxlmum
power producedusing CoTMPP was onIy 12% less than the power produced
‘usmg a hrgh Pt loading of 0. 5 mg/cm2 Th|s same study found that Pt Ioadlngs :
- can be reduced to 0.1 mg/cm? wrth only a 19% reductlon in power productlon
Using CoTMPP or reducing the amount of ptatlnum cataIyst at the cathode can
be .cost' savino options 'fo'rv MFCs with minimurn reductions in' power production;

(Cheng, Liu, and Lo}gan _20060): A further study in 2007 found that using lron
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ohthalocyanine on Ketjen black carbon ‘as a catalyst at the cathode actuaIIy
N "'J‘oerformed better that pIatinum':in a jcylindersingvle chamber MFC design_ (Yu et
aI.} 2007). vResearch will need to continue into the future.to find more sustainable;
and cost effective catalysts that can be used at the cathode.} '

In a singIe Chamber MFC s&rstem the anode is Iocated in an anaerobic :
chamber with the substrate wh|Ie the cathode is in contact with both the substrate '
and open air (described further in section 2.10. 2) To reduce oxygen d|ffuswn'
through the cathode to the anode compartment, diffusion Iayers can be applred to
the air-facing side of the material. Onyen diffusion resuIts in lovre'r coqumbic

eff|c|enC|es (CE) due to Ioss of the substrate through aerobic degradatlon
D|foS|on Iayers aIIow for oxygen to reach the cathode to complete the reaction
,wrth' protons and eIectrons w_h|Ie Irmrtrng water loss and excessive oxygen
' ‘diffusion i‘nto the anode vcompavrtment.v Poflytetrafluoroethylene (60%) can be -
applied as a diffusionllayer and increase Cglvalues by as much as f71 % (Cheng,
Liu, and Logan 200\6a).' " |

- New' innovations. in cathode construction- have yielded tubular and
bioIogicaI cath'odes. TubuIar cathodesare made from ultrafiltration membranes,
whrch have been used in water and wastewater treatment These hrgh surface
area matenals are coated wrth graphrte paint on the a|r-fac|ng side of the materlaIv
to provide electrically conductlvrty. A cataIyst, such as CoTMPP, is then added
to the cathode. Using a ‘graphite fiber brush as the anode and 2 tubular
cathodes, a 'power density of 17.7 mW/m?® (normalized to reactor volume) wa's :

produced. Whilevinternal resistance of this system Was'greater,.CE vaIues were
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~ in the range of 70-74% (Zuo etv al. 2007),_' Anion eXchange,membranes have also. -
been Studied in this same lVIFC set upand performed better with a power density
| of 728 mW/m2 (Zuo, Cheng, and Logan 2008) Both of these 'membrane »
,vcathodes are prom|s|ng developments in cathode research wh|ch can improve !
‘ power dens}|t|es of MFCs as well as create vscalable systems. A |
CIaUWaen ot al. (2007) were the first research- group to demonstrate the
possibility of biocathod,%eswhile researching' denitrification' in MFCs. ThroUgh' the |
use of a tubular MFC 'with an internal' cathode using} a Cation exchange .
membrane m|croorgan|sms at the cathode used electrons supplled by the
m|croorgan|sms at the anode to produce a power denslty of 4mW/m (normalized "
: to the cathode chamber volume) while remoy_mg organics in both compartments .
(Clauwaert et al. 2007b). This research continued by vtesting a biocathode in a
non-denitrification ‘MYFC. This} system combined a tubular anode with a
-continuously wetted .cathode, open to the air andproduced 83 W/m® from a batch
system‘(Clauwaert et VaI.,2007a). Application }of such cathodes could eliminate
j‘ the need for chemical catalysts at the cathode ol‘ an MFC."
Membranes. | | |
'Membranes are used extensivelf in hydrogen fuel cells to separate the
fhydrogen and oxygen while'allowing‘ proton transfer ‘within thesystem. Th,eyf
vhave a similar application in microbial fuel 'cells for separatingvtwo components
'. while allowing proton exchange. HoWever; membranes are only used in two

chamber- MFC systems. It was ‘found by Liu and Logan in 2004 that a single
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charnber MFC Iacking a membrane performs better than a single chamber using'
a membran_e fused to the cathode (Liu and Logan 2004).
ln two chambered systems cation exchange membranes 'anion exchange

membranes and uItraf|Itrat|on membranes have aII been researched. Catlon,
.,exchange membranes (CEM), also caIIed proton exchange membranes (PEM) -
are the most commonly used type of membrane specifically a Nafion 117

' Dupont brand. ‘These membranes were developed for use in hydrogen vfueI cells
' thus theyare'designed,to create aconductive environment. _}Hov}vever they were |
| not designed'for the saturation conditions of an MFC, and therefore do not have
" the same efficiencies as those in a hydrogenfuel cell (Logan 2008). N.Iembranes“
such as Naflon help increase the coulombic efficiency of the system (Kim et al.
2007) However Nafion has a high oxygen d|ffu3|on transfer coefficrent and has
the tendency to transfer not only protons through the membrane (Kim et al. 2007;
Rozendal, Hameiers, and Buisman 2006;‘ Chae et al. 2008). - PEMs il .transfer
| other positive cations such as Na", K*, NH4*, Ca®*, and Mgz“. These species can
}be responsible for the positive charge transfer to the cathode rather thanlprotons
and were found in 105_‘ tlmes higher concentrations than protons at the cathode. = .~
| ‘This can cause the pH in the anode compartment to decrease as the va at the‘
cathode increases (Rozendal Hamelers, and Bunsman 2006). Th|s change in pH
can affect the bacterial resplratlon of the anode compartment

The major dlsadvantagesof using membranes in MFC systems are cost

and fouling. Membranes are expensive and would be impractical for larger MFC

~ systems.  Fouling can cause oxygen and substrate diffusion between the -
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. chambers as weII as a decrease in proton transport Membranes also increase

the |nternaI resrstance of the system whrch can decreases power productlon
(Logan 2008). | | "

Catholﬂe

When arr is not used at the cathode a catholyte must be used |nstead cf a. |
"'catalyst tolvfacrlrtate the reactlon. :Common catholytes used in Ilterature are
. ferricyanid‘e . hexacyanoferrate ”pe'rmanganate ) and iron. -Although “ tvhese |
catholytes have provrded some of the hlghest power densrtres rn the I|terature
they must be chem|caIIy regenerated or repIaced after use in the MFC (Logan,r
2008) All of these catholytes are made from unsustarnable mater|aIs and couId.
never be used for a fuII scale appllcatlon of the technoIogy due to cost, large -

,volumes and toxrcrtles

‘2..102 Architecture

There are a Iarge var|ety of microbial fuel cell desrgns that have been.
ut|I|zed in research MFC desrgn is controlled by the appllcatlon that it WI|| be
' /'used in. Basrc MFC desrgns can be used to study small aspects of the m|crob|alb
fuel cell system or to' test one‘ specific parameter. However, these systemswrlf
/generally not resuIt in power densrtres comparable to the ‘most efficient systems
that have been constructed These h|gh|y eff|c|ent systems have been desrgned
‘solely for the purpose_ of ‘maxrmrzrng power productlon of the microbial fuel cell 'I
| \system.‘ Each group of researchers has a preferential design and materials that

.are used in testing.i ,
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Two Chamber MFC.

The most basic' MFC design_is a h)vo¥chambered :system, illustrated and -
described in section 2.5 (Figure 2.2)‘. These system's _cqnsisf of‘ ‘t'wo charhbers g
~ separated by é PéM. The anode Chamber is filléd with an orgahic.s“ub’straté. and |
. anoéie, while thé Acathode chambevr_ is filled with a cétholyte and Cath‘ode, Three
different» studies using the svamevtwo charhber, 310  mL anode volumé (PEM', _
| carbon paper electrodes',‘ with Pt ¢atalyst) produéed'.vrnavxirhUmvpoWer,_densiti}e‘s of
| Qp'to 45 mW/mZ( (Min et al. 2005; Oh, ‘Min énd Logan 2004, Oh and Ldgan 2'006‘). ‘
A cheéper aiternative that can be uséd in plact:e‘ of’}a PEM is a salt bridge, made
. from agér and salt (Logan 2008). While this two chamber system is a kgo‘od :
/loption' for/ simple demonstrations of the | .MF‘C téchnoldgy, this design cannot‘
compete in power_produétidn with a sysferh usingvra PEM or a single chamber
system. |

~ Water sparaged with air can be us_ed in the cathode chamber, however

other more efficient catholytes, such as phosphate buffer solution are often used.

This solution has ‘ihcreaséd ionic strength and helps td maintain pH bf the system
(Min et al. 2005). Injecting air into the cathode c‘ompartmént can helyb the
cathode"reaction and increase bower production by 15.8% (Oh and Logan 2006).v
| The nutrient mediurﬁ léften used in Iaborafory s‘ettings‘vas organ‘ic mattérv in the
| anode compartrhent, can also serve ‘as'the cathoiyte in two chambered syétems'
(Oh, Min, and Logan 2004; O‘h‘and Logan 2006). When these substances ére

used, a catalyst must be applied to the cathdde. As stated above, these systems
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have }Iimited power preduction d\ue‘tothe electrede spacing and the proton
‘ transfer efficiency of the PEM.

Non-susteiriabvle VChemicbal eatholytes “sUcH as ferricyanide and
permanvganate cah be'r ’u‘sed te increase “ power- jproduction‘. ‘ Ferricyanide -
increases ’fna’ss transfer efficiencies and creates a larger cathode potential (Oh
and lﬂ_ogar‘i‘ 2006; Oh, Min ahd Logen 2004). One ‘°,. -_the'largest_power, densities
| reperted, 4310}mW/m2V, Was achie\(ed using ferrieyanide (Rébeey et al; 2'604); v
P‘ermangan‘ete'al‘so c-reatesha 'higher cathode potential and has been shown to

' ;outperforr‘n ferrieyahide in power deneity reeults (Loganr2008)A. ' |

}bPower *product'ion in two chamber MFCs can also be increased by
‘changi'ng the size of the PEM, anode, and cathode. A larger PEM can 'r‘helpv
increeee preton' transfer, however oxyge'n diﬁusion will result in ar Ioes 'ef '
substfate.to aerobic processes and decrease the coulombic efficiency of the
system (Oh and Logah _2006). The"surface area of the PEM ‘Iimi‘ts, powef
production wheh the surfaee area is smaller than thet ef the electrodes; howe\}er |
Wheh the PEM surface area is of syuf’fi'eient size fof>the system, ‘pewer output is
Aproportion‘al to the cathode surface area (Oh and Logan 2006). Resulte_of any
reseerch must be ahalyzed closely due to the numer’ousf i‘nflue’ncing factore upen .
power production.

Single Chamber MFC.

| ‘Single chamber MFC systems are more efficient and epplicable to uses
outside Ieboratery research. | In these sysfems, there is only ah anode

compartment; the cathode compan_meht becomes the open air around the MFC.
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Generallby, a cathode with platinum catalyst is ropen to the air on one side‘while ‘
marntarnrng contact wrth the substrate in the anode compartment on the other
srde to aIIow proton transport |

- One of the most commonsingle ‘chamber MFC }designs that is used. in the'_‘
literature was designed by Liu and Logan (2004) to test the necessity of a PEM.
The single chamber system is-a cyIinder with a 28 mL empty ‘b.ed volume ’(4-cm
long with a'3-vcm diamete}r).. it usesa carbon paper anode on_one’ side 'of, the
chamber with a carbon lvcloth cathode on the opposite side which is exposed to
B ‘arr Thrs carbon cloth is wet proofed and has a 0.5 mg/cm2 Pt loading that faces
the Ilqurd-srde of the reactor Usrng wastewater as the substrate 146 + 8 mW/m2‘
. was produced wrth no membrane present While the coulombic effrcrencres of the
system were reduced from 40-55% to 9-‘12%,_ without a CEM duefto'oxygen
diffusionv.into the system, this demonstrated that the absence of a membrane
rmproves power densities (Liu and Logan 2004)

Optrmum space between the anode and cathode of this desrgn was"

- determined to be 2 om. Thrs spacrng reduced the rnternal resistance of the_
system from 161Q for 4 cm spacrng to 77 Q and produced-a power densrty of
: 1210 mW/m2. Both the cathode and anode potentrals were increased as well
rmprovrng the coulombic effrcrency of the MFC (Lru Cheng, and Logan 2005).
Electrode spacrng of 1 cm caused a drop in power densrty due to oxygen
diffusion to the anode, _however when adVective flow was used within the system

power density was increased to ’1540 mW/m2. This flow from the anode to
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»vcathode heiped reduce the» oxygen diffusion that resulted from minimal electrode
1 spacing (Cheng, Liu, and Logan 2006b)'. - |
- Other improvements can be apphed to thls cyilnder MFC design wh|ch.
" ha‘ve been discussed aIready in section 2.6.5.. Graphite brushes wrth or without
an ammonia treatment can replace the anode carbon cloth to increase pow‘er ,
prodUcti_on (Logan et al. 2007; Cheng ‘and Logan 2007). Diffusion Iayers can
aIso bevadded to the air cathode.aswell as using CoTMPP instead of pi'atinum
for the cathode catalyst (Cheng, Liu and Logan 2006c) Tubular cathodes can,
be ut|I|zed in this system as well in pIace of the carbon cIoth cathode (Zuo et al.
,2007) u
PIate MFC
A variation on this basic singlel chamber MFC d.esign has beenv the
construction of a pIate microbial fuei cell; similar to designs used in h}ydrogen fuel
cells. This MFC is made of two no’n-conductive plates with a serpentine channei
cut out of each to allow the flow of substrate on‘ one side and the flow of air on
.theother side. The cathode is a,,hot-pressedPEM and carbon cIoth vyith Pt
combination that is placed in between the two plates and theanode is 'a carbon
paper. This system produced 56 mW/m'2 from a domestic wastewater substrate
and reached 309 mW/m? using acetate.. iThis system did not operate as
ff|C|entIy as the cylinder MFC, poss|ny because the prOX|m|ty of the anode and - |
‘cathode was too close, causing oxygen diffusion into the anode reg|on (Min and ’

Logan 2004).
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"A 2008 design by -,Lil‘, et al. combined the cyIinder design- and-
X characteristics of the plate MFC to construct a large MFC of 520 mL The anode
, compartment conta|ns baffles wh|ch allow for a plug- row type treatment system
‘The carbon cloth anode was attached to all surfaces of this baferd compartment
totaling 757 cm2 in surface area. The cathode (Pt catalyst, wet-prooflng, and 4
', diffusion layers) was placed on top of the anode comp_artment and sealed with a -
plastic coyer‘with.. ‘hoIes drilled to allow oxyge'n diffusion, This system produced
| 520 mW/m? in batch mode, and 695 mW/m2 in:continuous flow mode. Increasing
-~ the anode surface by using graphite granules and graphite brushes, in this
| design, had little 'effect on>p0wer due‘to the cathode limitingf power production
(Liu et a'l,' 2008).v |
Tubular MFC.
Tubular MFCs can be single or two chamber designs and use oxygen or
. chemical catholytes in the system. A single chamber tubular MFC was made by .
Liul Flamarayananv and Logan (2004) and used wastewater as a substrate. 'l'his |
 MFC was made by hot press|ng aPEMto a carbon cIoth W|th Pt catalyst and
pIacrng it around a tube with holes drilled into it to allow oxygen transfer Erght»
lgraphite rods were pIaced around th|s tubular cathode and the system was
enclosed by a plastlc chamber. The ‘tubular cathode was open on each end to
~allow oxygen diffusion to the cathode while the Wastewater ,was fed continuously
to the system. A maximum power density of 26 mV\l/m2 was produced in this
continuous flow system. When air was forced through the cathode, 'power

| production was reduced; reiterating the problems caused byincr‘eased levels of
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oxygen diffusion into the anode compartment of an MFC (Liu, Ramarayanan and |
Logan 2004)

| Glass beads and wooI were also uSedvas separation |n a tvvo ‘chamber
column MFC lacking a membrane Artificial wastewater was fedthrough an
anode chamber with graphite feIt through the glass beads and wooi to the
cathode chamber containing, graphite felt and sparaged wrth_air. ThiS system
‘Only produced 1.3 mW/m2 ‘with' the limiting factor most likely being the mass

transfer of protons between the two eIectrodes (Jang et al. 2004) A similar

| . system was. constructed using graph|te rods in pIace of graphlte felt for both the’

' anode and cathode. A maxrmum power density of 10.9 mW/m2 was reported
(Ghangrekar and Shinde, 2007). The glass beads and wool have also been‘ :
repIaced with a perforated polyacrylic .plate in other MFC desivgns'(Moon’ et al. |
2005; Moon, Chang, and Kim 2006). Tubuilar systems using graphite granules
have been.used'by multiple researchers in the literature as well.. 'These systems

generaIIy'USe the graphite granufles for the anode with a PEM/carbon cloth

system encapsulating the granules (Clauwaert et al 2007a; You et al. 72007)'." A R

catholyte can be applied to the outside of these cathodes to improve power
productlon (Rabaey etal. 2005c)

, Mrcroblal FueI Cells in Series.

~Many of the different}MFC designs can be operated in series in a variety -
of different configurations." A cassette eIect,rode MFC consists of '12separate v
"MFC systems, termed ‘c‘assettes’. Each cassette consists, 'from left to right, of

an anode, PEM, cathode, plastic ‘frame to 'aIIow air to reach the cathode,
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cathode, PEM, and anode. In total this system produced a maximum of 899
mW/m?2 (Shimoyama et al. 2008). For treating larger volumes of organic-
substrate the best option. for MFCs could be this compartmentallzatlon of the

: 'volume Greater power dens|t|es can be produced W|th muIt|pIe smaller un|ts‘

placed in a ser|es-paraIIeI conf|gurat|on (Ieropoulos Greenman and ‘Melhuish

| -”2008) Interestingly, a paraIIeI connection between multlple MFCs resuIted in

| _higher current yet a series connect|on resulted in h|gher voItage (Aelterman et

l al. 2006a). | - T e

~In all of the. above deslgns, ,wiring can be copper, titanium, or any other
conductive material of choice. While copper is an easy option,, it can'be toxic to
bacterla thus must be sealed to reduce this nsk |

2.11 Tvpes of Substrates used in Mlcrobral Fuel Cells

There is a wide range of substrates that are acceptable candidates for use .
in miCrobial fuel cells for treatment and power production. In laboratory testing, it
is common to see acetate’ and ’glucose used with a"dditionsvof nutrients and buffer
solutions. These substrates arevused for optimumv results, however many
complex organic substrates ‘can also be used. | |

Domestic wastewater hasbeen' used in multiple MFC systems with |
success. With a basic cylinder MFC design, 146 mW/m? was produced using
wastewater with at a strength of- 200-300 mg/L chemical oxygen demand (COD)
(Llu and Logan 2004) In this same cylinder desig'n swine wastewater (8320 *

»,190 mg/L soluble COD) was treated and produced a power denslty of 261

- mW/m2. This system saw removals of both ammonia and soluble COD (Min et
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al. 2005). Wastewater from a potato processing factory and a hospital (600-2300
mg/L YCOD) were used in a study using a two chambered system with a chemical =
| catholyte (Aelterman.et al. 20706b).: A brewery wastewater was used in the
cyIinder MFC design with the addition oi a high buffer}concentration solution of -

200 mM and produced 528 mW/m2 at a COD of 2250 + 418 mg/L (Feng et aI

2008) MFCs have been found to also effrcrently utilize proteins as a substratej o

Bov_ine serum aib,umin (354 = 10. mW/mz), peptone (269 + 14 mW/m3), and meat o

packaging wastewater (80 :‘tv.1 mW/m?) were all treated in a single chamber

system (Heilmann and Logan 2006).

'.Stearn‘-e.xploded com stover biomass has been used in MFCs and
'produced power densities from 367-371 mW/rn2 in conjunction with high
biological oxygen demand (BOD) and COoD removals (Zuo Maness, and Logan’f
2006). A synthetic acid- -mine dra|nage water was tested in the cylinder MFC
design as well and produced about 48% of the power that can be produced wrth
acetate (Cheng, Dempsey, and Logan 2607). ‘Another interesting appIication of
- MFC technology vi/as in a sediment MFC, .utiii'zing soil for the bacteria and
_organic source. This design , was operated using rice plants and the

rhizodeposits from the plant to produce power and increased power production to

seven times what it had been wrthout the presence of pIants (Schamphelaire et

al. 2008) Reed Mannagrass was aIso used in a similar design with promising
results as a method of nondestructive harvestlng of bioenergy that is carbon
neutral. - Research has begun to study algae as an organic substrate for MFCs

; With a m'aximumpower density of 1 10. mW/m?2 reported (Strik et al. 2008).
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12" Other Ty g‘és of Microbial Fuel ceus; =
M|crob|aI fuel cells can be utillzed for more than jUSt the production of
dlrect electrlcity ‘Chang et al (2004 and 2005) researched the use of MFCs as '
b|olog|cal oxygen demand (BOD) sensors MFCs could be a qurcker and easier A'
" method to determine BOD through a Ilnear relation of current and BODV g

e concentratlons (Chang et al. 2004). _MFCs canjalso vbe designed for speciflc*

R remoVal,ni_eeds_,ISUch as a denitrification system(ClauWaeit et al;_l2007b). Odors

from swine wastewater can als'o be controlled by" using the wastewater in an
MFC for power production as well as treatment Volat|Ie organ|c ac|ds whlch‘
“cause the odors were reduced by 99. 76% in‘an MFC wrth power densitles of 228

mW/m? and 84% vsCOD _removals (Kim et al. 2008)

2 12.1 Hvdrogen Production |

MFCs can be empIOyed for hydrogen production rather than direct
electricity production.v Hydrogen gas can be produced inv greater am.ounts in an' ,
MFC than thosefrom the current methods ’of fermentation and water electrolysis |
“In an MFC designed for hydrogen productlon the cathode is sealed to ellminate
'vair enterlng the system and a. voltage is applled to the system Th|s energy |nputbv
| is necessary because hydrogen formation from acetate or other substrates is not

a spontaneous process Using a membrane Iess baS|c cyllnder deslgn W|th an

/applled voltage of 0. 8 V, an overall energy efficiency of 78 % ‘was reported (in ,
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“relation to the energy applied and the energy of the substrate) (Call and Logan

- 2008).

2.12.2 Sedlment MFCs
Marlne sedrments prowde an |deal enV|ronment to operate a m|crob|al fuel
ceII because the. mncroorganlsms organlc matter, and catholyte are all naturally
'present. Sediment MFCs employ the »anaeroblc bacterla that are naturally
"present to produce power by pIacing an}anode in the anaerobic sediment. " The
: ‘organicrnatter in the seoirnent is used as the substrate for the MFC. The aerobic
saltWater is used as the catholyte by pllaci"ng a cathode in the ocean above the
’vanode (Logan 2008)v This microbial fuel ceI‘I is aIready in use in marine
sedlments at multiple locations and hoIds the most promlse for easy and practlcal

'appllcatlon of the MFC technology

2.12 12 3 MFCs for Bioremediation

EIectrodes can be used as eIectronﬂdonors as weIIv as eIectron acceptors
vin an MFCt as discussed with the concept‘of.,biocathodes. This concept can be |
‘/used for bioremediation of sedimentsusing an MFC. : Geobacteraceae Was
'tound to reduce nitrate and fumarate using a graohite electrode poised ata,}-5:00
- mV potentiaI (GregOry, Bond, and ,LovIey 2004). ' Uraniurn ‘groundwater
,_contam|nat|on as well as perchlorate contamlnatlon have both been researched .

using MFCs (Logan 2008)

47



CHAPTER 3

METHODS AND MATERIALS

£

| 3 1’ Overview

Laboratory testlng was completed on all mrcrobral fuel cell desrgns and -
~lnvolved both electr|cal generatlon evaluation and leachate characterlzatlon An
- .|n|t|al MFC was constructed in a square shape and will be calIed Square MFC

~ The MFC archltecture evolved dur|ng research and- an |mproved MFC was

-constructed Wlth a cyllndrlcal shape, whlch is termed Circle MFC for its cross-' o

‘sectional shape. Finall, a larger scale MFC was designed, built, and labeled -
Larger Scale .MFC_. Power density and polarization curves were created using‘

electrical test methods. Temperature dissolved oxygen (DO), pH oxidation
reduct|on ‘potential (ORP), and conductlvrty were all measured along W|th »
- chemical oxygen demand (COD) blologlcal oxygen demand (BOD) total organlc ‘
carbon (TOC) ammonia, aIkal|n|ty nitrite, n|trate sulfate,ytotal phosphorus,
" .phosphate, chlonde sulf|de and a suute of metals Influent and efflu‘ent Ievels‘
were measured for each cycle of the MFCs to determ|ne percent dlfference A
m|crob|al analysis was also completed on the landfill leachate and brofllm, that

formed on the anode of the MFC.
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3.2 ’Materials ,

" 3.3.1 Landfill Leachate -
Landfill . leachate was : collected - from the Turnkey = Recycling and
" Environmental Enterprises (TREE) facility in Rochester, NH. Influent from the

)

IandfilI'Ieachate treatment facility was used as weIl as leachate directly from CeII

llI Phases 1 and 2 The Ieachate treatment facrllty accepts leachate from three -

\ vdifferent cells of operat|on labeled TLR I i, and . TLR | accepted waste from

1979 until it was closed in1992, while TLR ll accepted waste from 1990-1 997 ,
TLR Il is currently accepting waste and the facillty plans to cIose the cell in 2012.
| Phase 1 and 2 of TLR ]l were opened in 1995 and 1996 respectlvely, wrth a th|rd
-phase opened in 1997. ‘TREE personnel stated that a smaII portion of leachate
collected from TLR Il may have been saturating landfill gas wells prior v_to being
transportedto the pumping station. , | |

Leachate flow ina Iandfill is a dynamic‘system which can change at any
. vtime resulting in changes in leachate characterlstlcs ‘The leachate sampling
location was changed multiple times due to the characterlstlcs of the leachate,
| and the necessity for consistent values during sampling At TLR N (Phase 1 and
2), leachate was collected d|rectly from the pumplng station. At all locations, the
" leachate was transported in e|ther 2Lor19 L HDPE plastic contalners and
placed in the MFCs within an hour of arrival at UNl-l,- with the exception of ‘cycle
7b of the Square MFC, and cycles 2b and ‘4b‘ of the Circle MFC. lnthese cases,

the leachate was stored at 8-9° C for 1 week prior to use.

49



3.2.1_Single Chamber Designs
Square MFC..

The anode chamber was constructed from Plexiglas (11 cm x 11 cm x 9
cm) and sealed‘ with aquarium grade 100% silicone. It had a total volume of
1089 mL with a working volume of 1005 mL, considering the space the anode
consumed. The anode was constructed using a 10 cm x 10 cm x 0‘.'9525 cm
dense fine grain graphite plate and nine 0.48 cm diameter by 5.5 cm long
graphite rods. The plate was cut into an x shape and the rods were attached with
silver epoxy (EE129-4, Epo-tek) as illustrated in Figure 3.1. The anode had a

total surface area of 276 cm?2 (0.308 m2).

Figure 3.1 lllustration of graphite anode used in Square MFC (not to scale)

The cathode was composed of wet proofed woven carbon cloth coaied
with 1 mg/cm? platinum with dimensions 10 cm X 10 cm (100 cm?2). The carbon
cloth (designation A, E-Tek) was purchased with 30% wet proofing to limit the
release of substrate through the cloth. The platinum was purchased as 10% HP
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Platinum oh Vulcan XC-72, a carbon black powder. This mixture was combined
with a chemical binder of Dupont dispersion, 5% (by weight) Nafion liquid
solution to form a paste Qf 7uL-binder per mg-Pt/C catalyst (Cheng et al 2006c;
Logan 2008). The paste was then applied to one side of the carbon cloth and
allowed to dry for 24 hours at room temperature. The cathode sits 1 cm above
the anode when installed. Silver epoxy (EE129-4, Epo-tek) was used to connect
insulated copper wire to both the anode and carbon cloth. This system is

pictured in Figure 3.2.

Anode Chamber

-

Figure 3.2 Picture of Square MFC

An electrical breadboard was used for the Wiring of this system. Alligator
clips were attached to the ends of the anode and cathode wiring. These clips

were then attached to the breadboard which contained a capacitor to
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compensate for electrical noise within the system, a 1 Q resistor to compensate
for the resistance of the data acquisition unit, and a 470 Q resistor to provide a
load for the system. This resistance was based upon values found in literature,
as well as the results of prior UNH research (Microcellutions 2007). The internal
resistance of this system is 400-500 Q (discussed in the results). For optimum
operation of an MFC, the external resistance should be equal to that of the
internal resistance (Aelterman et al. 2008a). Thus the resistance was maintained
at 470 Q and provided optimum power production. The breadboard and wiring

are pictured in Figure 3.3.
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Figure 3.3 Electrical breadboard with wiring used in MFC operations

Cylinder MFC.

This MFC design was created after using the Square MFC system and
therefore improved upon some of the aspects of that design. The anode

chamber was made from a 1000 mL Nalgene plastic cylindrical container, with a
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: working’volume of.934 mL. The anodé was constructéd usinga 11 ‘cv:m x 11 cmﬁ X
0.9525 crﬁ dense firie' grairi graphite plate and nine 0.48 cm diameter by 7.5 cm.
" long gfaphite. rods. The plate was cut infq an x sha’pe’ and bthe‘rodsv were attaéhed
g Wifh 'silver‘ epoxy ‘(EE1 :29—4, E‘b‘o-tek)‘as illdsfrated‘ in Figure 34 The anodé had -

 atotal su‘rface_ar'e'a of 258 cm? (0.258 m2).

Figure 3.4 [llustration of graphite anode used in Circle MFC (not to scale)

The cafhode’Wé_s’ composed of ‘wet broofed ‘woven carbon éldth coated
with 1 mg/cm? pla.tin}um'with an ‘insid'e‘ d'iam_ete_‘r"of 1‘0 cm and an area with
diameter of 8 cm exposed to air (50'cm?). Thé ‘carbon cloth (designation A,l V‘E- _
Tek) was burchased With ‘30% wet  proofing to prf)vide containment of the f
_IeaChate. The cathode was constructéd in the san)1e manner as the Square |
cathode. The centerﬂdf the pre-f'ab‘ricat_e’d ‘Iid' of the plastic coﬁtainer was’
" removed and,the’v cétho‘de was sééléd in placé uSing aquarium grade ._100%

silicon. . The cathode sits 1 cm above the anode when installed. Silver epoxy
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(EE129-4, Epo-tek) was used to connect insulated copper wire to both the anode
and carbon cloth. Once the lid was tightened into place, this system was placed
on its side to create constant contact between the cathode and leachate; as
pictured in Figure 3.5. The wiring was identical to thaf used for the Square MFC.
A small hole was drilled into the top of the MFC for leachate additions during the

cycle time and was sealed when not in use

|_Cathode (carbon cloth) s

Figure 3.5 Picture of Circle MFC

Larger Scale MFC.

A larger MFC was created to determine electrical output and treatment
capabilities of a scaled up MFC. The anode chamber was made from a 5 gallon
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high-density polyethylene bucket with a diameter of 28 cm and 34 cm height.
There was a totél vol‘ume of 1.89.L, 'with a'workihg volurﬁe of 1.83 L. The‘andde‘ |
Was cohstructedv usiﬁg ‘a' medium gxtrﬁded graphite blate 30.5 cm x 30.5 cm x
- 0.635 cm and‘ nine 1.27 cm diameter by 30.5 cm Ipng fine extrﬁded graphite

r‘ods.‘ The blate was cut into an ‘x«éhapé__ and the 'rods were éttached with ‘s‘ilver :
“epoxy (EE129-4, Epo-tek) as iliuétrated in Figure 3.6 The anode had a total

~ surface area of 1,942 cm? (1.942 m2).

Fi.gure- 36 lllustration of graphite anode used in L.arger:ScaIé‘MFC (not to écale) '

The éathode‘ was composed of wet proofed woven carbbn cloth coated
with 1 mg/cm2 platinum with a diameter of 30'ch ‘(707 cm2').‘ The carbon cloth
(designatid‘n’ A, E-Tek) was purchased with 30% wet prbofing to‘ proyidé

containment of :the leachate and was constructed in the same manner as the

1
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Square cathode. The cathode was allowed to float on the surface of the Ieéchate
to allow constant contact in this upright system. However, dverlapping on the
sides of the container was allowed to minimize air infiltration. The éathode sits 1
cm above the anode when installed. Silver epoxy (EE129-4, Epo-tek) was used
to connect insulated copper wire to both the anode and carbon cloth. This

system is pictured in Figure 3.7. The wiring was identical to that used for the

Square MFC.

Cathode &
(carbon cloth) ¥

Figure 3.7 Picture of Larger Scale MFC

' 3.3 Methods

3.3.2 MFC Operation
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Leachate was used as both the substrate and innoculum in this research.
No additional anaerobic baCteria or nutrient were added‘ to the system. Leachate
was added and removed between cycles wrth cautlon to limit disturbance of any
brof|m format|on on the anode - No. cleanlng was done between consecutrve'
cycles of MFC ope}ration SO that continual growth of an exoelectrogen‘VCommunity |
' ’}“coujld be achieved.( | o | | |

Because of evaporation and utilizat_ion, the level of Ieachate in the Square o
MFC slowly de,creased resulting in inconsistent} contact between the cathode and} :
- leachate. When there is no contact between the cathode and 'Ieachate,‘ protons*
released in the anode compartment cannot reach the»cath‘ode and the MFC
-‘ reaction is not completed. The MFC was checked each week day an'd Ieachate
-was added to the MFC When necessary to reestablish contact. Data on these |
additions can be found on page' 136v of»AppendiX A. Although the CircIe MFC
_was more resistant to oxygen |nf|ltrat|on there Stl" appeared to be evaporation of
the leachate through ‘the carbon cloth cathode of this desrgn as well as
utilization. An empty space would form at the top of the MFC, void of leachate
and leachate was added as}need_ed (frequency and yolumes presented on page -
137 of Appendix A). The ‘Larger Scale MFC had the same problems as the‘
SqUare MFC. - Additions of leachate were at greater volumes and frequency due}
to the large surface _area of the cathode (Data on page 138 of Appendix A)

A cycle of opevration for these MFCs began with the addition of recently
sampled leachate into system The cycle |deaIIy ended when voltage produced

, dropped below 50 mV. This voltage was chosen so that the m|crob|aI community ,
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within the MFC could be sustained, yet batch conditions for effluent testing”of the
leachate could be created. Variations in ending voltage did occur due to testing
"and laboratory constraints. - All efforts were made to take the MFC offlineas?

~ close to 50 mV as possible to maintain consistency.»v

'3.3.3 Electrical Measurem’ents f

Data Acgi_iisition.

A data acqursrtion unit was used wrth a desktop computer and software to-:

- measure and record data from the m|crob|al fueI ceIIs A National instruments

(USB 6210) un|t wrth 16 |nputs 16-bit, 250 kS/s multifunction /0 was used to
measure the voitage from the MFCs every 2 minutes during a cycIe Th|s unit
was connected to a computer with LabV|ew 8. 5 software that aIIowed the data to
'be stored in-an ExceI file for subsequent anaIysis

Power Density. Curve

A RS 500 Elenco EIectronlcs resistor box was used to vary} external
‘resrstance of the system operatlng in open c|ch|t voItage (inflnite reS|stance)
~ from*40,000Q to 1 OQ. Voltage was recorded for each resi's_t'an’Ce when readings '
| : had s'tabilized. ,A description of how the curveswere calculated can 'be found in"

~ Section 4.2.4.

334 Leachate Characterlzatlon
For all measurements data was recorded for the leachate pr|or to |nput

“into the MFC system and after treatment. Further descriptlon_ of resldence times
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~can be found in the results section of this paper.. All analyses were completed at
- UNH _‘except' for ,BOD,V TOC, alkalinity, ammonia, chloride, nitrate/nitrite,
pnosphate, sulfate and total phosphorus. | | |

- Probe Readings ,

Temperature (Celsius), pH oxrdatlon reductlon potential (ORP) (mV)
d|ssolved oxygen (mg/L and %) conductrvrty (mS/cm) and specrflc conductrvrty}
| (uS/cm) were all measured using a YSlv 556 MPS probe. A ,YSI 5580 confidence

}solution (prepared by NCL of Wisconsin Inc.) was used before each analysis’ to" :
- determine |f caIrbratron was needed for ORP pH, and specmc conductlvrty
caI|brat|on was needed for pH a 3 point caI|brat|on was used W|th buffered
solutions of pH 4 (YSI 2821), 7 (YSI 2822), and 10 (YSI 2823). A 10,000 uS/cm
-or 1,000uS/cm ‘conducti‘vity solution _(:YS‘I 2167, prepared by NCL of Wiscon‘sin
Inc) was used to calibrate specific conductivity ORP and DO did notrequire .
addltlonal calibration during testlng because the vaIues remalned in the |
appropriate range for the calibration squtlon Instrument accuracy and precrslon
~ data can be found ‘on page 139 of Appendix B.

Chemrcal oxygen demand (COD) is an |nd|rect measure of the amount of _
organrc compounds in a substance. Organlc compounds are fuIIy oxrdlzed under ‘
acrdlc condltlons.‘ Units for COD are mg/L of oxygen consumed. Hach Method
8000, reactor digestion method (O‘-1 500 ppmrange) yvas used. This method is
USEPA approved. Due to COD levels being high in this leachate, all samples

were diluted 1 mL into 25 -mL of reverse osmosis (RO) water prior to testing. 2
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m'L ‘of sampIe‘“ Were ‘combined  with the provided COD digestion reagent

’contalnlng sllver squate sulfuric acrd demineralized water, chrom|c acid, and

mercuric ac|d The COD vrals were then inverted gentIy severaI times to mix the

contents and digested at 150°C for 2 hours usmg a Hach COD Reactor. The

-ZV|aIs were allowed to cooI to 120°C or Iess before removrng them from the- '
reactor and were then mverted severai times while still warm and pIaced ina rack
to cooI to room temperature A Hach DR/24OO Portable Spectrophotometer was
used to measure the COD concentratlon us|ng the ngh Range COD program |
'“Thistest was run ‘Wlth tr|pI|cate~ samplesanda blank. Instrument accuracy and
_‘ precision-data can be found on page 139 pf AppendixB.‘. | | |
Blochemrcal oxygen demand (BOD) measures the amount of moIecuIarY
oxygen that is utilized during a period of trme for the degradation of organlcv
matter. This is a common test to predict the oxygen demand assocrated with a |
’substrate' released 'into a water. body.' v BOD concentrations can cause oxyge‘n '
| depletion in the receiving water and thus negatively.affect the ecosystem. It can
}b.e used to determine the treatment efficiencies of processes meant to improve
the quallty of a wastewater prior to release
‘\
" This testing was compIeted accordlng to Standard Method 5210 B. An
airtight_,bottlev is completely_ filled with sample and incubated for 5 days at a.
specified 'temperature. Dissolved oXygen is measured initially and after

incubation and BOD can then be caIcuIated from this data Reagents seeding,

, and d|Iut|ons are utilized to compIete the pre-treatment and test (CIescerl
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| n‘Greenberg, and Eaton 1998) Instrument accuracy and precrslon data can be
: found on page 140 of Appendrx B | o
_T_QQ
TotaI organlc carbon (TOC) .rs the amount of organlc carbon in a
- substrate mdependent from the oxrdatlon state of any matter and morganlcs that
~ can contnbute to BOD and CcoD measurements EPA method 415 1 was used ”
" for 1 th|s testlng Organlc carbon is converted to carbon d|oX|de by catalytlc :
,-combustlon or a wet chem|ca| oxrdatlon This carbon,dlomde can then be
measured by an |nfrared detector orbya fIame iontiation detector once'.it hasv ’
been converted to methane These amounts are d|rectly proportlonal to the
'concentratlon of organlc carbon in the sample (Clescen Greenberg, and Eaton
'1998) Instrument accuracy and precision. data can be found on page 140 of
AppendixB. | | |
| Ammonia.
Ammonla isa constrtuent of concern for recirculation of leachate as weII as ,:
for effluent quallty Ftecervmg waters can be overburdened with hlgh n|trogen
concentratlons from ammonia levels in tandfuIl Ieachate. Standard Method 4500- ;'
NH3; D was utilized to comolete thfs testing. - An ammonbia¥selective ele‘ctrode is:
vused with a hydrobhobic gas-oermeablemembrane _to separate the}electrode .
iinternal solution of ammonium chIoride from the 'samole solution (Clesceri,
: ‘Greenberg, and Eaton 11998) |nstrument accuracy and precrsron data can be

found on page 140 of Appendlx B.
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Alkalinity.

Alkalinity is the acid-neutralizingvcapacitly of a substrate,}which is the sum-
of all of the titratable bases. Standard vMethod }2320 B was used to determine.
| aIkaIinity Ieveis A titration curve is recorded through successive smaII additionsv
~ of titrant and the correspondlng pH (Clesceri, Greenberg, and Eaton 1998).
. vlnstrument accuracy and precrsron data can be found on page 140 of Appendlxi
B. |

Nltrate N|tr|te Sulfate and ChIor|de

These tests were adm|n|stered accord|ng to EPA Method 3000 A Av
smaII volume of'sample is placed in an ion chromatograph_and the.anronsof
interest are'separated and measured. This is completed by a system containing
-a guard cqumn, suppressor device, and' conductivity detector (Pfaff 1993).
lnstrument accuracy and precision data can be found on page 1 40 of Appendix
. , . o

Total Phosphorus and Phosphate

These tests were completed accordlng to EPA Method 365.3.. Antlmony
potassium tartrate and ammonium molybdate react wrth d||ute solutions of, inan
acid medium to form an antimonyfphospho-moiybdate comp.Iex. A blue-colored
complex is created by | reducing this Complex vusing ascorbic acid'.v
Ponphosphates and some organic phosphorouscompounds can be converted to
. orthophosphates by sulfuric acidghydrolysis or persulfate digestkion. " The blue

color of the final complex is proportional to the concentration of the substrate
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- (USEPA 20(‘)9).‘ Instrument accuracy and p’recilsio‘n‘vdata _c,an‘ be found on page
140 of Appendix B. - | |

Sulfide.

| Sulfide is an important cohstituenf to e*afniné for }it can cause odor iésues
when it‘forms hydrogén s'quide." Gaseous hydrogen ’_su‘lfide: can be toxic and’ ifit
|s OXidized biologic‘ally to HxSOy; it carv\\ “éor‘rode‘v.rh'etals and becorhe toxic to

| 6rgénismé. Tésting was covr}hplie'ted uéing the "H;ach method 81v3, "Me‘thyléne BIu_e

~ Method, equ_ivall‘e‘nt t-o‘USEPA Method 376.2 and Stahdard} Method_ 4500-S? D A
- Clean;sample cell was filled with 25 mL of sample ,and 1‘. 0 mL of ‘;Sulfide‘ 1
Reagent (Demi'neralized .water and sulfuric -acid) waé added. - The ceII'wvas '
'$Wirléd to. mix and 1 .0 mL of Suvlfide’ 2Reagent' (Deminéralizéd Water and
' Potéésium Dichromaté) was then éd_ded to the cell and i'rﬁmediatély ‘mixre,d"kby
swirling again. The ceI.I was aIIowéd‘to react for5 minutesv énd then sulfide levels
| were read using a Hach DR/2000 Difect Readi‘ng Speétréphotofheter. Metﬁod
690 was ‘used at a wavelength of 665 nm.‘ Tﬁis test was run in triplicate and a |
blank was also run. Instrument accuracy and precision data can be found on} |
pagé'139 of Appendix B. | ’ |

‘Total Metals Analysis.

Inductively Coupied Plasma-Atbmic Emi‘ssio‘n( Spectroscopy ‘(ICP-AES) »

~ was used to detect inorga'nicv(trace) metals in the Total Metals Analysis test. A

Varian Vista AX machine was used following the EPA method 6010C. Samples

were digested following EPA method 3052 for'microv'vave assisted acid digestion. |

Teflon coated HDPE reactiqh Vesséls were filled with 50 mL of HNO3 Microwave
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'Cleaning Solution} and placed;»in the microwave acceleration re“actioﬁ.syétemS =
| (MARSS). | An entire digestion pyéle was completed and the con},t'ainers’ were
‘cleanéd withv‘demine.raliz_ed ‘}\‘Nater and aIIowed} todry. 45 my of 'sample'wére. ‘
then"placed ih'the ‘reactivcl)n container and 5 mL of high purity- 70% nitrig_ acid wére
- added to thyev sample. Thisv}r:nixture was aIIoWed_ to react fér abouf 5 m.in.ufes }.
_./be‘fore being séaled ‘ajnd _digested in th’e‘micrOWave ;accéleration r_eacti'On ‘system |
5 (MARSS).- - The temperature was' increase 'from'a’r‘r.\bient to 180° C in 10 -
:- A‘minutejs,’,thep held "a:f this ‘te'_’mperét‘ure for 10 minutes. 'Tﬁe‘ s‘_ar'.knplle_‘ was then
| allowed t@ ébol,before removal. éamples were run in triplicate and a blank waé
also run. / - o |

‘Samples weré vanalyz’e‘d for the bresence énd ci_)ncehtration ofvalumin'um,
arsenic, ’antimorjiy, barium,“beryIIfUrh,vv cadmium, calcium, cdbalt, chromium, -
copper, - iron, potasSium, m’agnesiu‘mv, manganese, ‘nickél, selenium, silver,
sodium, stronti.urﬁ, th‘aylilium,v’vanadiUm, and zinc. NIST standafds, calibration
blanks, and calibration verificaiions were used for eaéh analysis to ensure quality
of the déta. The calibration ‘verifiCatio.ns and NISTvstandard's'wer-e included at
least every 20 samplés to ensure the calibration remained c<')n’sisteri'tf:over thé»
éntire analysis, and that varioUs labs, conduCt_ing thé sarhe‘trace metal an}vélysis '
were detectihg similar concentrations of t‘h‘erv.same solution. , Solution fhétrix
spikes were performed to make sure elemental iﬁteﬁérenées were not‘j affecting

the detection capajb‘i'lities of. the ‘analysié. Aluminurﬁ, ah‘timony, beryllium,

calcium, cadmium, magnesium, potassium, sodium, and thallium results could
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not be used for analysis because the concentrations were not in the range of

80%-120% of the Calibration verification solution values.

322 Microbiology | |
Microbial analysis was cbmpleted by David B.,Ringelbefg of the US Army
Corps of Engiheafs as thé‘Co‘Id }Re‘g’io‘ns }He}sea'rch and Engineerihg Laboratory,' .
Engineef Research and' De'velop'rhent Canterf. Leachate samplés Were cultured -
" by spread plating 100 pi ~oato R2A;v'fSA, NA and PTYG agar as well as
Ai"ncubating1 00 Ml in the respective broths to enrich cells for total Iipid:fatty acjds -
analysis (TLFA),‘termihaI restriction fl_'agrﬁent Iength polymorphisrﬁ (T-RFLP) and
MIDI analysis (MIDI |s a rapid misrobial identificatian system develqpevd by MIDI
‘_Inc.). | o
A TLFA was sompleted by filtaring 50 mL of leachate sample anto a'0.02
pmanodisc ihorganic membrana filter. This provided a good biomass for
analysis. Tﬁe fvilter wasextracted. in 3.8 ml tofal volume of CHCL3:MeOH:H20
(1 :2:0.8, v:\)iv), ,fbllowed by a separation of thaphases with an additional 2mLof
C'HCLaiHZO (}1.:1, Viv). The fatty acids .Were }t}hen transesterified ‘into methyl
esters wnth 2 mL of CHCIa:MeOH:HCI (1:10:1, v:Q:v) at 100°C for 1 hour. vTh.e
fatty acid ‘r_’nethyl esters"were recovered in ."2 m}L‘ hexane:CHCIa (4:1, 'v:\)) and
~analyzed by GC/MS. | o
»T-RF‘LP,.was then completed witﬁ_a filtered 50 mL }sam‘ple. _DNA'was
extracted usihg a MOBIO rhicrbbial DNA kit, followed by amplification af 16S

rDNA using primers 27F-926R. The amplicon was purified with the Qiagen PCR
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kit, then digested with restriction enzymes Hhal, Mspl and Rsal. The digests
were desalted with the Qiagen endonuclease kit and analyzed via capillary

electrophoresis.
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'CHAPTER 4
RESULTS AND DISCUSSION

4 1 Introductlon

MICI‘ObIa| fuel cells were successfuIIy operated uslng Iandf|II Ieachate'
,throughout the data coIIectlon of this research Testlng and analysls were

'ccmpleted usmg aII three mlcroblal fueI_ cell de'slgns. Three_ sets of data were

obtained; electrical  production, leachate treatment, and  microbial

}characterizaticn.- " The MFCs were cperated in batch mode and data was
coIIected‘ for each cycle of operation; referred to as' ‘cycle’ in the following
~ sections and will be'COnschtiVely numbered, starting with 1. Three different
Iocations of leachate }sampling were used for MFC‘ operaticns. Leachate taken
| directly frorn the ianuent tc: the Iandfill Ieachate treatment facility isdesignated Q.
Leachate taken from closed cell, TLR i, Phase 1is desrgnated ‘v’ and Ieachate

¢

from closed ceII TLR i, Phase 2is deslgnated c.

s 42 ‘Power Productlon :

421 Sguare MFC o
Initialb testing‘,cf the Sduare MFC was cOmpleted in January and February ’4

2008 using leachate from the influent of the leachate treatment ‘facility (a). Three =

co}ntinuous cycles :of'ope.ration'were}. ccmpleted and voltage was ﬁlotted versus
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time in Figure 4.1, 42 and 4.3. The variable voltage /readi‘ngs are a result of the |
design of this particular MFC and the additions of leachate that were required |

due to evaporation.
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the: Arrows indicate additions of Ieachate to the cell (see Appendix A for volumes)
Total cycle time was 17.8 days, only 12.5 days shown here

Figure 4.1 Square MFC,*:cycIe 1a,' voltage vs. time (1/1 0/08 — 1/28/08)
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Figure 4.2 Square MFC, cycle 2a, voltage vs. time (1/31/08 — 2/11/08)
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- Total cycle time was 11.3 days, only 9 days shown here

. Figure 4.3 Square MFC, cycle 3a, VOItage vs. time (2/1 1/08 — 2/22/08)
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vTab}Ie4 1 summarizes the dates and voltages fo'r the start peak, and end
h of each cycle of the MFC. Cycle t|me was varled from 11 days to 18 days. Wrth'

each consecutlve cycle of the Square MFC, the peak voItage |ncreased from 349
mV to 421 mV and then to 438 mV. These results suggest that a mrcroblalkv'

community conducive to extracellular electron transfer was becoming established

‘ ,,within‘ the MFC-V over time. Exoelectrogens have a competrtlve advantage in

m|crob|al fueI cells due to the|r ab|I|ty to use the anode mater|aI as a termrnalr' o

electron acceptor Th|s populatlon can increase over t|me and therefore |ncrease
the amount of electron transfer in the system 2 ’
. Each of the voItage versus time- plots mimic the phases that are typlcal '|n o
v‘bacterraf ‘growth. ‘_ .The growth process begrns wrth a .Iag phase as bacteria
be’comer acCustomed to ’the environmental IConditions and little growth' is
observed Th|s phase is followed by exponentlal growth of the microbial
popuIatlon and then a stationary phase where Ilttle growth is seen, but living ceIIs
are ma|nta|ned LastIy, a negatlve growth phase occurs |f no new nutrients and
| carbon ‘source are supphed to the bacterla This batch process is how the MFCs
' wereoperated. E‘Iectrlcrtygeneratlon in Flgures 4.1, 4.2 and 4.3 foIIowed the' |
- growth énd establishment of the bacteria that are transferring the,electrons. | “The
: »absence of a-lag phase /could be a result v’of anexisting microbialcommunity
W|th|n the system (no cleaning of the MFCs were conducted between‘
' consecutrve cycIes of operatlon) Once these bacterla begln to die due to the

~exhaust of the carbon source and/or nutrients in the Ieachate, eIectrlclty

generation begins to decrease as well.
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* Table 4.1 Summary of voltage production for Square MFC, cycles 1a - 3a

. | Cycle 1a | Cycle 2a | Cycle 3a
Start Date | 01/10/08 | 1/31/08 | 2/11/08
Start Voltage(mV) = | 4 128  |. 138
Peak Voltage Date 01/15/08 | 2/3/2008 | 2/14/08
| Peak Voltage (mV) 349 | 421 | 438
| Time to Peak Voltage (days) | 4.8 28 | 35
| Date of End-Voltage | o1/28/08 | 2/11/08 | 2/22/08
End Voltage (mV) ~ |. 42 - 51 2

Total Cycle Time(days) | 178 | 109 |  11.3

’Further testing Was completed "‘on the Square MFC from VA‘ugust'to B
| October 2008. Landflll Ieachate from TLR -, Phase 1 (b) was used for these
cycles. Plots of the electncrty produced in voltage versus time are shown |n' '
’Figures 4.4, 4.5, 4.6, and 4.7. Each of these graphs mimics bacterial growth
similartocycles1a-3a.' Additions of Ieachate were also made during these
cycles to compensate for evaporatlon and the data can be found on page 136 of
Appendlx B. Figure 4.5 shows more variation in the voItage values than previous
cycles. After evaIuation, it was found that this voltage variability was because of
corrosionof the silver epoxy and ,_wiring as well 'as_inconsistent contact between
the cathode and. leachate This problem was resolved by constructing\ a new |
cathode that was used in cycles 6b and 7b. im} |

Table 4.2 summarlzes the results for cycles 4b 7b. Peak voltages for |
these cycles were higher than those of 1a-3a. Each cycle’s voltage peaked over
500 mV, which could have resulted from different leachate 'vcharacteristics ora
- different initial microbial community in the.Ieachate. Total time for cycles 6b and

7b were significantly shorter than those of the first two cycles. “This could be due |
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“to a steep decrease in COD Ie"_‘v:els' of the','infl'u‘ent' leachate (shown in Table 412

- and 4.13 and ’d‘is‘;c;zussed ina subsequent section). B

" Table 4.2 Summary of voltage production for Square MFC, cycles 4b — 7b

- . | cycle 4b | Cycle 5b | Cycle 6b | Cycle 7b
|State Date = = - 8/7/08 | 8/18/08 | 9/16/08 | 9/24/08
StartVoltage(mV) -~ | 86.3 | 1232 | 230.6 4.4
| Peak Voltage Date ~ - | 8/11/08 | 8/21/08 | 9/18/08 | 9/25/08
| Peak Voltage (mV) =~ 513.3 | 507.7 5419 | 5179
Time to Peak Voltage (days) | 4.3 3.0 1.8 | 08 |-
Dateof End Voltage | 8/18/08 | 9/5/08 | 9/24/08 | 10/3/08
'End Voltage (mV) 763 | 169 | 104 9.2
Total Cycle Time (days) | 10.8 180 | 78 9.0
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Note: Arrows indicate additions of Iéachate to the cell (see Appendix A for volumés)

Figure 4.4 Square MFC, cycle 4b, voltage vs. tim_e (8/07/08 — 8/18/08) |
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Flgure 4.5 Square MFC, cycle 5b voltage vs. time (8/1 8/08 — 9/05/08)
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. Figurev4.6 -Square MFC, cycle 6b‘,,veltage-vs. tlme (9/16/08 - 9/24/08) -
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Figure 4.7 Square MFC, cycle 7b, voltage VS. tlme (9/24/08 - 10/03/08)

4.2.2 Clrcle MFC

Initial testing of the C|rcle MFC was completed in conjunctron wrth the
. Square MFC from August to October 2008. Landfrll leachate from TLR Ill, Phase
-1 (b) was used for these cycles. The Circle MFC was designed to address the
‘.problem of inconeistent contact between the cathode'ehd Ieachete of the Squarev :
MFC }due to evaporation. Voltage was euccessively ‘produced and - four
contihuous cycles of operation were completed. Table 4.37,"surr|marizes the
resulte _fcr cycles 1b — 4b, while plots of the data can be seen in Figures 4.'8,74.9’, !
4.10 and v4.'t1. Peak vcltages forthis design were greater thah those of the
Square while using the same influent Ieechete, which is likely -becauee» of the

o ! .
reduction of air entering the system, providing a more anaerobic environment
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and"cbnsisteht cohtact b'e}tween the substrate and cathddé. In this design; the '
cathqdé was a’ﬁached to the lid of the cohtainer énd aétually screwed into placé.
 This crea_ted a lmore air tight seal and‘constant contact between ’t‘he,ca‘thOde and
Ieachéfe. There would be less éompetition froh ‘a:erdb}ic b;‘ac‘teria within the
system, providing greater voltage prpdt.ict'ion. |

- Figures 4.8, 4.9, 4.10, and 4.11 aléo _mimic’bact‘e_triavl activity (as discussed .
| in ’seétip'n‘4.2.i), howevef with a faster growth ‘p'h-'as‘e and ,I'ongerx stable peak
voltage production than thése Qf_ the Square MFC. vIt’ is likely that the'highe(
efficiencieé:in design caused th‘e'sé impfbvérﬁénts in} résﬁlts. Similar to the
Sduare MFC cycles 6b and 7b using the same leachate, tvhe Circle MFC cycles
3b and 4b had significantiy shorter run times. This cah, potehfially be attributed to
- the decreased ‘COD"levé;Is of the influent leachate of 908 and 1v075 mg/L. Sbme
qf 'the variation in voltage readings in Figures 4.8,, 4.9, 410, and 4.11 are'dué to
a decrease |n Voltage bécaus‘e of evap‘oratiovnr out of the system and the
subéequent addiﬁons of leachate that caused a return fo‘optimum operating

conditions.

‘Table 4.3 Summary of voltage production for Circle MFC, cycles 1b-4b

B v [ Cycle1b | Cycle 2b | Cycle 3b | Cycle 4b
Start Date - 8/7/08 | 8/23/08 | 9/15/08 | 9/24/08
Start Voltage (mV) 30.4 39.3 | 775 25.2
Peak Voltage Date 8/12/08 | 8/26/08 | 9/18/08 | 9/26/08
Peak Voltage (mV) | 490.3 | 479.2 530.6 | 533.7

'Time to Peak Voltage (days) | 51 | 25 34 | 21
Date of End Voltage 8/23/08 | 9/9/08 | 9/24/08 | 10/3/08
End Voltage (mV) 41.6 53.6 261 | 15.9

Total Cycle Time (days) ,\ 16.1 16.7 | 9.0 . 9.0
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Figure 4.8 Circle MFC, cycle 1b, voltage vs. time (8/07/08 — 8/23/08)
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- Figure 4.9‘VCircIef MFC, Cycle 2b, voltage vs. time (8/23/08 — 9/9/0 8)’»
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Figure 4.10 Circle MFC, cycle 3b,‘vo|tage vs. time (9/15/08 — 9/24/08) -
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F|gure 4.11 Circle MFC cycIe 4b voltage VS. tlme (9/24/08 - 10/03/08)'
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Further testing was completed on the Circle MFC from January to
February 2009. These cycles evaluated COD, BOD, TOC, and sulfide
characteristics of influent and effluent leachate from the system. Because of
timing constraints and contract laboratory error, BOD, TOC, and sulfide data
were not collected in the previous cycles. Landfill leachate from TLR lll, Phase 2
(c) was used in cycles 1-3c. The plots of voltage vs. time for these cycles can be
found in Figures 4.12, 4.13 and 4.14. Each of these cycles were similar to those
of cycles 1b-4b and followed the same trends in mimicking bacterial growth.
Peak voltages were 526 mV, 504 mV, and 513mV which were in the range of
cycles 1b-4b, however cycle 3c was significantly longer than any previous cycle
in the Circle or Square MFCs. This was potentially because the BOD content of
the influent was double what it had been, increasing from 180-200 mg/L to 430
mg/L. Voltage generation was sustained for nearly a month before the MFC was
taken offline (still prbducing 110 mV) because of timing constraints of providing a

microbial sample for analysis.

Table 4.4 Summary of voltage production for Circle MFC, cycles 1¢-3c

Cycle 1¢c | Cycle 2¢ | Cycle 3¢
Start Date 1/16/09 2/2/09 2/16/09
Start Voltage (mV) 208.5 53.1 66.1
Peak Voltage Date 1/19/09 2/4/09 2/20/09
Peak Voltage (mV) 525.5 504.4 513.3
Time to Peak Voltage (days) 3.2 1.9 4.1
Date of End Voltage 2/2/09 2/16/09 | 3/12/09
End Voltage (mV) 52.9 55.1 109.5
Total Cycle Time (days) 17.1 13.9 24 .1
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Figure 4.12 Circle MFC, cycle 1c, voltage vs. time (1/16/09 — 2/02/09) .
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~ Figure 4.13 Circle MFC, cycle 2c, voltage vs. time (2/02/09 - 2/16/09)
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- Figure 4.14 Circle MFC, cycle 3c, voltage vs. time (2/16/09 — 3/12/09)

}‘4.27.3 Larger Scale MFC

| Tesﬁng was completed on'thve Larger Scale MFC from February tb April
2009, using landfill leachate from TLR II}I, Phase 2. This MFC was designéd to
begin inveétigation into larger and ‘scaled up’ MFCs; This MFC design incréésed
the volume of leachate usedto 19 L, howevef it was uncertain how much voIfage
would be produced by the system for there is not a linear co’rrélatipn between an
increase in volume or surface area and voltage prodUCtion. Upon scalé;up,.
' sighificant internal resistance is added to the system, with both protons. and
; éléctfons having Ioﬁgér paths to travel fo, complete the ciréUit’ and reaction.
'Voltaée‘ was produced by the scaled-up MFC, but:qdickly decreééed, most likely

due to the use of new materials for MFC construction and necessai'y acclimation

- 80



}of the bactéria (Figure 4.15)‘. " A second cyclé Waé‘éomplefed where voltage \;/as
‘maintained 52+ days and had é peék of 635 mV. These fesh_lts are an increase
‘from‘ the Circle and Squafe designs; howeyer this Wés only‘a ~100 mV increés'e
even though leachéte ;IOIume in the MFC increasé& more than 20 t'ime“s from - -

previous designs. '
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Note: Arrows indicate additions of leachate to the cell (see Appendix A for volumes)

- Figure 4.15 Larger Scale MFC, cyél_e 1ic, voItage'vé. time (2/02/09 — 2/16/09)
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Figure 4.16 Larger Scale MFC,vcycIe 20,'volt‘agej vs. time (2/1 6/09 — 4/09/.09),

Trablew 4‘;5 éummary_ of voltage production for Largér Scale MFC, cycles 1c-2c ,

| Run 1c

o L Run2c |
| Starte Date 2/2/09 2/16/09 |
" | Start Voltage (mV) .229.6 162.7

Peak Voltage Date 2/6/09 | 2/24/09
| Peak Voltage (mV) | 6297 | 635.0

Time to Peak Voltage (days) 3.7 8.0

Date of End Voltage 2/16/09 | 4/09/09

End Voltage (mV) 143.1 484
| Total Run Time (days) 13.9 52

'4.2.4 Power Density and Codlombic‘Eﬁiciency'

" Power densities for bdth the SqUa_fe and Circle MFCs were calcuiatéd ‘
S 'using equation“s (2-8) and '(2-9) (Sample calCUIaiions can be found on page 141-
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- 142 bf Appehdix C). 'To obtain ';lqltag'es 't}o use for these calculaﬁohs, power
'densﬂit»y curves were completed for 'eadh 'deSiQn. The open‘ circuit voltage (OCV)_
of an MFC is the maximum vdltage that can’»be’. obtained at infinite external
resistance. Once the MFC has‘been'operated at this condition and the maximum

~ OCV has been reach'ed, the external résista}ncev is -sﬁbsequéntly reduced and

" voltage is reqorded (once it has stabilized) at each rééisténce. Fof thisresearch, |
| resistanée range_d from 4Q,OOOQ (10,060(2 foriSqt;are) t9'1OQ. Pow’eridensity‘is‘
‘then ‘calc,UIated in units bfij/mz or mW/n}i?dependin‘g on if it is normaliZed ‘t‘o‘v

. 'guﬁace area of the a}node or Volume. _}EoWer density cﬁfves are shown in Figures

4.17 and 4.18 for the Circle MFC ahdv Figure 4‘.19 for the Sqﬁare MFC.

A polérization curve hés_ also beén grapvnh‘e'deith p.owe\r density in Frigures

,’4;17’ 4.18 and 4.19. 'This'curAve |s the current denéity, calculated from. vo,ltége,

external resist‘:ancev and a/rv\odé‘surface area, versus the récorded cell voltage

(Sample calculations can be found dn 'page 142 of Appendix C). Polarization

curves illustrate how well the MFC can maintain voltage as a function of current

production. This curve is characterized by threé general regions of decr'eas"e;‘ an |

. ‘initial 'region with a fast vbltage drop, a Iin“ear‘decrease in voltag‘e.v, and a second

rapi'd"voltage drop when current density is at the greétest (Logan 2008). These

three regions of décrease varé_a result ofwactivatio-n loses, bacterial metabolic

Iosés,, mass transfér‘ ‘Iosses, and ohr‘n‘i‘c'lc‘)ses7 ‘AgtiVatiori I‘oses are ge‘nve’rally

shown in the first r‘egion‘ of voltage decréase; however none of k‘the‘ pdlarization

~curves (Figures 4.17, 4.18 and 4.19) experienced an initial rapid decrease of
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- voltage. This did not appear to be 'a.n‘an‘oma‘ly as both power density curves |

| vfr'o_rh each t_rialv-fof the Circle and Square 'M_F"C resulted in si'milar_p'lots.
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,Figure 4.17 Power density and polarization curve (1) for Circle MFC
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| Power'dens‘ities for the Square MFC were 3 mW/m2 and 94 mW/ma.
" Maximum power ‘densities for the Circle MFC _were 24-31 mW/m? or 669-844
| _ mW/m?;,‘There have on.Ibeee'n two other sets of_ research vpublis‘hed utiliz‘ing‘r'
landfill ieachate in MFCs. However, ‘because .of yarying architectures and
operation differences, a direct- 'comparison, of »resuits is. difficult.: One study
| obtained a power density ofv’6817 4 mW/ms' using landfill Ie‘achatein a smail 40
' mL volume srngle chamber MFC using d|Iute Ieachate and anaerobic sIudge ‘
| moculum (You et al. 2006) The greater power densrty of the ‘You et al. (2006)
research can be attr|buted to the smaller scaIe MFC and the amended leachate k
substrate Another study found in. the I|terature ut|||zed a tubular MFC with a
membrane and a continuous feed of leachate and recorded a maximum power
‘density of 1.38 mW/m2 (Greenman et al, 2009).. Similar to the Square and Circle
MFCs, the MFCs in this literature study were not inoculated with any outside
source of bacteria and had a volume of approximately 0. 9 L. Both the Square .
and Circle MFC outperformed the max power densrties of the tubular desrgn
| Looklng beyond the use of landfill leachate in MFCs,}_the variability |n
results is large for many types of MFC systems. The results of this research are
compared with the findings of research utilizing different types of wastewaters as
well as the twostudies using IandfiII leachate in Table 4.6. These syst_ems are
-~ not directIy comparable to this research due to high variations in operation and

design.
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| anjeioy| oy} W0y SeNfeA Yum synsai jo uosuedwod 9t a|qel

- Vol.

"Power Density

' : coD |- :
Type Substrate "~ (mL) (mW/m2) ‘removal (%) | (%) Source
Single Chamber, Brewery , . S o .
cylinder Wastewater 28 205 87 10 | Feng et al. 2008
- ’ Paper Recycling ' ' . ' '
Single Chamber, Wastewater 144 +7 51+2 | NR* Huang and Logan

: cylinder w/ 50 mM PBS | 300 ~ 501 +20 764 162 | 2008
Single Chamber, ~ Swine ' o = | o
. cylinder Wastewater 28 228 84 NR* [ Kim et al. 2008
Single Chamber, Swine S -

. cylinder Wastewater 28 261 86+ 6 8 Min et al. 2005
Single Chamber, Domestic ‘ S . NN , R
Plate Wastewater 22 721 42 NR* | Min and Logan 2004
Single Chamber, Domestic ' E Liu, Ramarayanan
tubular Wastewater 388 9 50-70 NR* and Logan 2004
‘Single Chamber, | Landfill Leachate | , L : ’

‘ cylinder _ (dilute) 40 | 6817.4 mW/m?3 70-98 - 3.4 You et al. 2006
Single Chamber, - S - R o
. column | Landfill Leachate | - 900 - 1.38 57-66 (BOD) | NR* | Greenman et al. 2009
Single Chamber, | ) R o

Square Landfill Leachate | 995 4 43 17  This Research
Single Chamber, | - | : o : o ' ‘
Circular Landfill Leachate [ 934 31 48 - | 41 |

*NR = No Result

This Research




Coulombic efficiency, Ck, (the fraction of electrons that are recovered as
s current versus the eIectrons that were in the start|ng substrate) is a calcuIatlon "
that is often used to describe the effrcrency of MFC systems. CE was calculated

| for aII cycles of each MFC using equatlon (2-11 ) and all results are shown in

| , Table 4 7 (Sample caIculatlons can be found on page 143 of Appendlx C)
,should be noted that there are Iarge ranges of Cg values for all of the deslgns, :

| i_and this is most likely due to inefficient use of the Ieachate for purely, voltage -
provduction lNhen’ complex substrates are used in MFCs “CE is calculated,based a
upon COD removals as a representation of the amount of organlc degradation
belng achieved in the system Because COD removals were mconsnstent in this
research, possibly due to interference from inorganics, in the measurement, Cg
values mayvnot be accurate representations of efficiencies. A negative Ce value
represents an‘ increase in COD values during the cycle of the MFC. This system

- is focused on both treatment of the leachate as well as electricity production, thus
CE values were- not extremely important characteristics ‘.The work of You et al.
recorded a Cgof 3. 4%, wh|Ie Greenman et al d|d not specify a vaIue when using
landfill leachate Th|s low value, along with the Iow values found in this research ,

- are attrlbutable to the complex nature of Ieachate and the organic substrate that L,

i is contalned within it. Coulombic efficiencies of other MFCs ut|I|Z|ng wastewaters |

‘can be found in Table 4.6.
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Table 4.7 C'oulombic efficiencies for all MFC designs and, cycles -

_Square MFC __CircleMFC | - Larger Scale MFC _
Cycle | Cg(%) . Cycle Ce (%) Cycle | Ce(%)
1a 150.3 ~1b 7.9 1c 5.2
2a 10.1 ~_2b 1.2 _2c |- -136
3a 171 . 3b - 41.0 o ‘
4b 6.4 4b 9.3
5b 111 [ B¢ | -21.1
6b . 14.5 6c. | 294
b 3.9 7c -247.2

4.3 Leachate Characterlzatlon

Termlnology that is used is as follows |nfluent refers to the values prior to

placement in the MFC, effluent values were recorded at the end of the cycle and

the percent difference in these values was then calculated A negatlve value in-
percent dlfference means that there was an increase of that particular constituent

during MFC operation.

4.3.1 Square MFC

- Data from initial testlng of the Square MFC cycles 1-3a is dlsplayed in

.Table 48, 49 and 4.10. This testlng was completed using- Ieachate from the

|nfluent of the leachate treatment ;facrllty. Data from further testlng in conjunctron |
~ with the CircleMFC using Ieachate frorn "I"LR; I, Phase 1 (cycles 4-7b) irs gviven in .
) 'Table 411,412,413 and 4.14. Al of these results lNillbe di_scus‘sed"ln detail in .
‘section 4.3.4, ‘however -all of the influ}ent l/alues were within the range that

Ieachate from‘ munlcipal solid }vrvaste 'landfllls is typically ohserved '(Table 2‘.1v,

Kjeldsen et al. 2002). | o
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- Tablé 4.8 Leachate characterization, Square MFC, cycle 1a (1/10/08 — 1'/28/08)

Influent | Effluent | % Difference

Temperature (°C) 23.4 20.3 - 13.4%
pH - - 78 | 8.9 -13.5%
Conductivity (mS/cm) 13.7 - 11.5 16.3%
DO (mg/L) : 12 | 1.7 -40.7%
ORP (mV) ' - -736 | 95.7 230.0% .

L mg/L mg/L %
COD © 1975 1942 1.7%
BOD 240 122 49.2%

| Alkalinity 4500 2800 37.8%
_Ammonia 954 521 - .454%
Chloride 2178 | 2729 - -25.3%
Nitrate® 0.05 0.05- 0.0% -
‘Nitrite® 2.0 2.0 0.0%
Phosphate - 4.4 3.4 23.0%
Sulfate \ 12 17 ~ -39.0%
Total Phosphorus. - 7.2 6.9 4.4%

3 0.05 Detection Limit ° 2.0 Detection Limit

Table 4.9 Leachate characterization, Square MFC, cycle 2a (1/31/08 —2/11/08) -

: Influent | Effluent | % Difference
Temperature (°C) 21.8 20.5 . 5.9%
pH , 7.8 8.9 -14.5%
Conductivity (mS/cm) 14.3 141 1.8%
DO (mg/L) 1.2 0.67 42.2%

| ORP (mV) 211 14.6 -169.2%

_ mg/L mg/L %

CcOD 1925 1642 14.7%
Alkalinity 4200 2600 38.1%
Ammonia 925 502 45.7%
Chloride 2715 3407 -25.5%
Nitrate® 0.05 0.05 0.0%
Nitrite® 2 .| -2 0.0% -
Phosphate 2.7 - 3.2 -15.8%
Sulfate - . 8 15 -83.0%
Total Phosphorus 4.9 5 -0.4% -

2 0,05 Detectioh- Limit

b2.0 Detection Limit
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Table 4.10 Leachate characterization, Square MFC, cycle 3a (2/11/08 — 2/22/08)

: Efﬂuent

_ j Influent % Difference
Temperature (°C) 20.9 20.3 - 2.9%
pH § T 78 8.9 "~ 14.0%
Conductivity (mS/cm) |  15.0 13.5 9.7%
DO (mg/L) ‘ 70.35 0.58 65.7% |

[ORP (mV) 257 | 412 260.3%

_ : __mg/L mg/L %

COD "~ 1950 .- 1600 - 17.9%
Alkalinity 4200 - 2700 - 35.7% -
Ammonia 898 358 60.1%
Chloride 2597 3197 -23.1%
Nitrate® 1 0.93 . 0.05 0.0%
Nitrite® 2 2 0.0%.
Phosphate 3.3 2.8 16.6%

| Sulfate 8.5 14.4 -70.5%
Total Phosphorus 5.8 4.4 23.5%

® 0.05 Detection Limit - b 2.0 Detection Limit

Table 4.11 Leachate characterization, Square MFC, cycle 4b (8/7/08 — 8/18/08)

A Influent | Effluent | % Difference
Temperature (°C) 217 | 214 1.3%
pH : 74 - 8.8 -17.9%
Conductivity (mS/ecm) | 17.3 14.7 15.3%

| DO (mg/L) - 014 | 0.38 -171.4%
ORP (mV) -117 | -52.5 55.1%

' -mg/L" mgL | ~ %

' COD - 3204 2422  24.4%
Alkalinity 5200 4200 19.2%
Ammonia 940 490 47.9%

| Chloride - 1800 2200 -22.2%
Nitrate® 0.05 0.05 0.0%
Nitrite® 2 2 0.0%

‘| Phosphate 8.6 7.6 11.6%
Sulfate . - 38 42 _-10.5%
Total Phosphorus 52 7.5 ~ 85.6%

? 0.05 Detection Limit

b 2.0 Detection Limit
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Table 4.12 Leachate characterization, Square MFC, cycle 5b (8/1 8/08 — 9/5/08)

Influent | Effluent | % Difference
Temperature (°C) 17.6 20.9 -18.6%
pH : 8.2 8.6 -5.4%
Conductivity (mS/cm 16.2 14.5 - 10.4%
DO (mg/L) 0.36 0.91 -152.8%
ORP (mV) -191.5 39.5 120.6%
mg/L mg/L - %
COD 3006 2533 15.7%
1 Alkalinity 5200 4500 13.5%
Ammonia 940 290 69.1%
Chloride 1800 2600 - -44.4%
{ Nitrate? 0.05 0.05 0.0%
Nitrite® 2 2 0.0%
Phosphate 8.6 8.1 5.8%
Sulfate 38 66 -73.7%
Total Phosphorus 52 4.9 90.6%

2 0.05 Detection Limit  ° 2.0 Detection Limit

Table 4.13 Leachate characterization, Square MFC, cycle 6b (9/1 6/08—9/24/08)

v Influent Effluent % Difference
Temperature (°C) 15.1 20.2 -33.6%
pH ' 7.8 8.7 -10.7%
Conductivity (mS/cm) 11.2 11 2.4%
DO (mg/L) 1.2 1.9 -59.2%
ORP (mV) 52.5 12.9 75.4%

mg/L mg/L %
COD 908 732 19.4%
BOD 140 ~NR* NR*
TOC 310 230 25.8%
Alkalinity 3800 3600 5.3%
Ammonia 1000 820 18.0%
Chloride 1200 1500 -25.0%
Nitrate? 0.05 0.05 0.0%
Nitrite” 2 9.6 -7.6%
Phosphate 2.3 3.2 -39.1%
Sulfate 39 68 -74.4%
Sulfide NR* NR* - NR*
Total Phosphorus 3.3 3.6 -9.1%

*NR = No Result 2 '0.05 Detection Limit ® 2.0 Detection Limit
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~ Table 4.14 Leachate characterization, Square MFC, cycle 7b (9/24/08—10/3/08)

Influent | Effluent | % Difference

Temperature (°C) ' 8.7 211 - -142.9%
pH ~— | 78 | 86 T 9.8% |
Conductivity (mS/cm) 11.8 | 10.6 10.6% |
DO (mg/L) | T 0.83 | 127 -53.0%
TORP (mV) 73 79.4 -8.8%
' mg/L mg/L %

.| COD . 1075 | 614 | = 42.9%
BOD o : NR* - NR* : NR*

{1 TOC . L NR* - NR* NR*
Alkalinity . - 3800. -3300 - 13.2%

| Ammonia - - 1000 520 ~ 48.0%
Chloride o | 1200 | - 1500 - -25.0%

| Nitrate® 005 | 0.05 . 0.0% -

| Nitrite” 2 2 | 0.0%

|| Phosphate | 23 | 27 - -17.4%
Sulfate 39 66 -69.2%
Sulfide , NR* NR* NR*
Total Phosphorus |- 3.3 3.6 -9.1%

*NR = No Result * 0.05 Detection Limit ° 2.0 Detection Limit

432 Circle MFC o
Data fror'n' initial testing of the Circie MFC, cycles 1,-4b,:. is displayed in
. Tables 4.15, 4.16, 4.17 and 4.18. | This testing was completed using Ie.achat.e‘
. ; from the TLR lll, Phase 1. Further cycle'sv‘w,erebcorvnpleted to test for COD, BOD,
TOC, and sulfide characteristics of influent and effluent leachate into the system.
| A full set"Of‘BOD, TOC, and sﬁlfide data was not "c'olIIe'cte"d in the previous cycles
due to numerous constraints and equipment failures. Testing in these cyclés, 1- B
Sc, was completed using Iandfill leachate fro_m TLR Ill, Phase 2. Data from these
tests can be found in Tables 4.1‘9, 4.20 and 4.21. ‘A'II of these results will ,be}
| discussvedlat length in section 4.3.4, however all of the inﬂuent vva‘lues;'were within
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the range that leachate from municipal s_olid fw,aste landfills is"typiéally observed

(Table 2.1»,ijelrdisen etal. 2002).

" Table 4.15 Leachate characterization, Circle MFC, cycle 1b (8/7/08 - 8/23/08) =~

B L : | Influent .| Effluent | % Difference
| Temperature (°C) 217 | 213" 2.0%
pH | | 74 | 86 | -161%
Conductivity (mS/cm) 173 1 144 | 17.0%
DO (mg/L) 014 | 1.06 | -657.1%
"ORP. (mV) , -117 - 26.3 122.5% .
o mg/L. mgL | %
coD - 3204 | 2042 ¢ 36.3%

| Alkalinity . . |- 5200 4300 |  17.3% .
Ammonia == = . 940 - 690 - 26.6% |
.Chloride ' ; 1800 2100 -16.7%

| Nitrate?® S K 0.05 0.05 0.0% .

| Nitrite® ' ‘ 2 2 0.0%
Phosphate ] 8.6 9.8 -14.0%

-| Sulfate. , 38 250 . -557.9%
Total Phosphorus - 52 | 9.9 | 81.0%

3.0.05 Detection Limit ° 2.0 Detection.Limit -
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Table 4.16 Leachate characterization, Circle MFC, cycle 2b (8/23/08 — 9/9/08)

: o Influent | Effluent | % Difference
Temperature (°C) 99 | 204 -104.8%
IpH - 8.5 8.3 2.7%
Conductivity (mS/cm) | 6.7 . 147 | -121.2%
DO (mg/l) ' - 0.6 0.61 1.7%
ORP (mV) ) -18.7 -4.1 78.1%
: mg/L mg/L %
COD ‘ 3017 2161 28.4%
Alkalinity ' {5200 3900 25.0%
1 Ammonia : - 940 870 7.4%
Chloride . - - | 1800 2000 -11.1%:
Nitrate® 0.05 0.05 0.0%
Nitrite” 2 2 0.0%
Phosphate = ' 8.6 8.6 - 0.0%
Sulfate- ‘ 38 64 -68.4%
Total Phosphorus 52 5.3 89.8%

2 0.05 Detection Limit ° 2.0 Detection Limit

" Table 4.17 Leachate charactérization, Circle MFC, cycle 3b (9/15/08 ?-9/24/08)

v . Influent | Effluent | % Difference
Temperature (°C) 1 151 - | 205 -35.8%
pH . 7.8 8.6 -9.8%
Conductivity (mS/cm) 11.2 10.5 6.1%
DO (mg/L) 1.2 0.85 29.2%
ORP (mV) ' 52.5 NR . NR

- ' mg/L mg/L - %
COD - 908 773 14.9%
BOD 140 NR* - NR*
TOC 310 | 200 35.5%
Alkalinity | 3800 3600 5.3%
Ammonia 1000 - 820 18.0%
Chiloride S 1200 1300 -8.3%
Nitrate® - 0.05 0.05 0.0%
Nitrite® | 2 2 0.0%
Phosphate - = 2.3 . 3.6 -56.5%
Sulfate : 39 58 -48.7%
Sulfide ~ : NR* NR* |  NR*
Total Phosphorus - 3.3 3.8 . -15.2%

*NR = No Result 2 0.05 Detection Limit ° 2.0 Detection Limit
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Table 4.18 Leaichate characterization, Circle MFC, cycle 4b (9/24/08 —10/3/08)

o , Influent | Effluent | % Difference

‘| Temperature (°C) , 8.7 20.2 -132.8%
pH | 7.8 8.6 -9.1%
Conductivity (mS/cm) ~ | 11.8 10.4. 124% |

. [DO(mgly - 0.83 112 | -34.9%
- [ORP (mV) | 73 502 | 18.9%

N ' - mg/L mgl | %

tcob o 1075 556 48.3%

“["Alkalinity B 3800 | 3500 | 7.9%
Ammonia . 1000 | 710 | - 29.0%
Chloride - |1 1200 1400 - -16.7%
Nitrate® -~ ... | 0.05 | 0.05 - 0.0% -

{ Nitrite® | 2 2 0.0%
Phosphate -~ . | 23 2.9 - -26.1% -
Sulfate o -39 61  -56.4%
Total Phosphorus . | 3.3 3.2 3.0%

2 0.05 Detection Limit - ° 2.0 Detection Limit

Tablé:‘4.1 9 Leachate characterization, Circle MFC, cycle 1c (1/1 6/09 — 2/2/09) |

‘ _Influent | Effluent | % Difference
| Temperature (°C) = 23.3 | 19.8 15.2%
pH ' | 7.6 8.6 -12.2%
Conductivity (mS/ecm) - | 19.3 19.1 - 0.9%
DO (mg/L) - - - 0.18 0.28 -55.6%
ORP (mV) o -49.2 -67.7 -37.6%
o - mg/L mg/L | %
cobD. | 1934 | 2265 -17.1%
{BOD - 200 | 65 67.5%
TOC - - 1200 1300 -8.3%.

Sulfide 028 | 013 | 545%

%



Table 4.20 Leachate characterization, Circle MFC, cycle 2¢ (2/2/09 -211 6/09)' '

| Influent | Effluent | % Difference |
Temperature (°C) 21 19.4 7.7%
[pH | 7.8 82 -5.9%
Conductwnty (mS/cm) - 16.9 16.4 - | 3.1%
DO (mg/L) N 0.63 | 0.16 - 74.6% .
ORP (mV) ‘ ~ -30 | -85.6 -185.3% .
, mg/L mg/L %
COD ' - | 2054 1900 - 1.5%
| BOD 180 84 53.3%
TOC L 1200 1000 - 16.7%
Sulfide ‘ 0.23 0.15 34.8%

", Tablea. 21 Leachate charactenzatlon C|rcIe MFC, cycle 3c (2/1 6/09 -3/1 2/09)

' Influent Effluent - % Difference
'Temperature (°C) - 22.8 19.9 12.7%
pH 7.6 - 8.1 ’ T A%
Conductivity (mS/cm) 17.2 16.7 “2.8%
DO (mg/L) — | 0.25 041 | -64.0%
[ORP (mV) 177 | -737 | -316.4%
| - .mg/L mg/L %
COD 2718 2765 -1.8%
BOD 430 120 72.1%
TOC ' 1400 660 52.9%
Sulfide = : 0.21 0.02 88.9%

4. 3 3 Larger Scale MFC
- Data from testing of the: Larger Scale MFC, cycles 1-2¢, is dlsplayed in -

_ _Tables 4 22 and 4.23. ThIS testlng was completed using Ieachate from the TLR
III, Phase 2. AII of these results wl‘II be discussed at length in section 4.3.4,

" however all of the .influent values were within the range that leachate from
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municipal solid waste Iandfil_ls‘is‘typically observed (Tabl'e- 2.1, Kjeldsen et al. |

- 2002)

Table 4.22. Leachate charaéterizati“dn, Larger Scale MFC, cycle 1c (2/2/09-

2/16/09)

o L Influent | Effluent | % Difference |
Temperature (°C)- -] 201 18.5 11.7%
pH L - 78 | 85 -9.7%
Conductivity (mS/cm)- 16.9 | 154 ' 8.6%

DO (mglL) 0.63 016 | - 74.6%
TORP (mV) ‘ -30 - 32 | -6.7%
e mgh mg/L %
{fcob 2054 | 1990 3.1%
BOD . .- 180 95 47.2%
TOC ' |- 1200 1200 0.0%
Alkalinity - = . 5500 | 4900 10.9% -
Ammonia ' | 1000 1200 - -20.0%
Chloride = 1800 { 1900 -5.6%
Nitrate* o 0.05 [ 0.05 . 0.0%
Nitrite** R 2 2 0.0%
Phosphate 7.7 8.6 -11.7%
Sulfate - . 140 170 |  -21.4%
Sulfide I 023 [ 015 |  33.9% -
Total Phosphorus 12 8.7 27.5%

@ 0.05 Detection Limit ° 2.0 Detection Limit
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Table 4.23 Leachate characterization, Larger Scale MFC cycle 2c (2/1 6/09 -

4/9/09)

o : | Influent | Effluent | % Difference | .
| Temperature (°C) | 22.8 19.3 | 155% |
| pH- | 76 86 | -125%
| Conductivity (mS/cm) 17.2 16.1 5.9%
|DO(mgL) 025 | 0.2 20.0%

ORP (mV) | 177 | 277 | -1465.0%

L : | mg/L | mg/L %

CcoD - 2718 | 2897 | -6.6%

BOD ] 430 61 | 85.8%

TOC . 1400 | 710 50.7%

Alkalinity 5700 | 4700 | 17.5%

Ammonia - | 1300 | 520 60.0%

Chloride 1500 | 2400 | -60.0%

Nitrate* - | 0.05 | 0.05 0.0%

Nitrite** 2 2 0.0%

- | Phosphate - |1 12 | 6.1 49.2%
| Sulfate - | 69 | 140 -102.9%
|Sulfide - | 0.21 0.21 0.0%
| Total Phosphorus 11 | 36 67.3%

~# 0.05 Detection Limit  ° 2.0 Detection Limit

e

4.3.4 Leachate Characterlzatlon Analysrs

A Iarge amount of data was recorded from aII of the cycles of the three
‘MFC desrgns. : The foIIowmg section will focus on .analyzmg the ‘percent
diﬁerehces'in influent and effluent values and the reasens‘ behind t'hese'changes.
Similarities arrd ‘differences between the data of the 'rhree designs will also be
vKIdiSCUSSGd. _Percent difference su}mmary tables for all eycles of the MFC desigrrs

are in Tables 4.24, 4,25, 4.26, 4.27 and 4.28.
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Table 4.24 Percent difference for Square MF‘C\, cycles'1-3 a

1a% 2a% - 3a%
- - 'Difference | Difference | Difference
Temperature (°C) - 134% 5.9% 2.9%
pH | : 135% | -145% | -14.0%
[ Conductivity (mS/cm) | 16.3% 1.8% 9.7%
[ DO (mg/D) | 40.7% | 42.2% 65.7% |
1ORP (mV) 230.0% 169.2% - 260.3%
COD - 1.7% 14.7% ©17.9%
BOD = 49.2% NR* |  NR*
Alkalinity - 37.8% 38.1% 35.7%
Ammonia 45.4% 45.7% - 60.1% -
Chloride - -25.3% -25.5% -23.1%
‘Nitrate 0.0% 0.0% |  0.0%
Nitrite - - 0.0% 0.0% - 0.0%
‘ Phosphate 23.0% - -15.8% 16.6%
| Sulfate : - -39.0% -83.0% -70.5%
Total Phosphorus - 4.4% -0.4% 23.5%

*NR = No Result

| Table 4.25 Percent difference for Square MFC, cycles 4-7b

*NR = No.Result .
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4b % 5b% 6b% 7b%
, Difference | - Difference | Difference | Difference
Temperature (°C) - 1.3% -18.6% -33.6% -142.9%
pH ’ -17.9% | -5.4% -10.7% . -9.8%
Conductivity (mS/cm) 15.3% 10.4% 2.4% 10.6% |
DO (mg/L) -171.4% -152.8% -59.2% -63.0% |
ORP (mV) 55.1% 120.6% - 75.4% . . -8.8%
- 1 COD 24.4% 16.7% 19.4% 42.9%
| Alkalinity .19.2% 13.5% - 5.3% 13.2%
Ammonia - 47.9% 69.1% . 18.0% 48.0%
Chloride -22.2% | -44.4% -25.0% | -25.0%
Nitrate 0.0% 0.0% 0.0% - 0.0%
Nitrite 00% .| 0.0% - 0.0% | 0.0%
Phosphate 11.6% ~ 5.8% ' -39.1% -17.4%
- | Sulfate . -10.5% -73.7% -74.4% | -69.2%
Total Phosphorus 85.6% 90.6% -9.1% -9.1%




| Table 4.26 Percent difference for Circle MFC, cycles 1-4 b

81.0%.

-16.2% -

1b% 2b% 3b % 4b %

‘ Difference | Difference | Difference | Difference
Temperature (°C) 2.0% -104.8% -35.8% -132.8%
pH L _ -16.1% 2.7% -9.8%. -9.1%
Conductivity (mS/cm) 17.0% | -121.2% - 6.1% 12.4% -
DO (mg/L) - -657.1% 1.7% 29.2% -34.9% SRR
'ORP (mV) 122.5% 78.1% NR* - 18.9% |
COD _ 36.3% |  28.4% 14.9% 48.3%
Alkalinity 17.3% | 25.0% 5.3% 7.9%
Ammonia_ 26.6% |  7.4% 18.0% - 29.0%
Chloride =16.7% -11.1% -8.3% -16.7%
Nitrate - 0.0% 0.0% 0.0% 0.0%
Nitrite 0.0% 0.0% _0.0% - 0.0%
Phosphate -14.0% _ 0.0% -566.5% -26.1%
Sulfate : -5567.9% -68.4% -48.7% -56.4% -
Total Phosphorus - 89.8% 3.0%

*NR = No Result

: Table 4.27 Percent difference for Circle MF‘C, cycles 1-3 ¢

1¢c% 2¢% 3¢c%

. Difference | Difference | Difference
Temperature (°C) 15.2% 7.7% 12.7%
pH _ -12.2% -5.9% - -71%

| Conductivity (mS/cm) |- .0.9% - 3.1% 2.8%
| DO (mg/L) -55.6% 74.6% -64.0%
ORP (mV) -37.6% -185.3% -316.4%
COD - -17.1% - 7.5% - -1.8%
BOD 67.5% 53.3% 72.1%
TOC -8.3% 16.7% 52.9%
Sulfide 54.5% 34.8% 88.9%
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TabIe 4. 28 Percent d|fference for Larger Scale MFC cycles 1-2¢

1¢c% 2 c%
) ‘ - Difference | Difference
Temperature (°C) . 11.7% - 15.5% -
1pH ‘ S -9.7% -12.5%
Conductivity (mS/cm) 8.6% - 5.9%
DO (mg/L). 74.6% 20.0%
"TORP (mV) | 67% | -1465.0%

. | COD ' ' 3.1% -6.6%
.| BOD e 472% |. 85.8% |
{TOC 1 0.0% - 50.7%
- | Alkalinity - 10.9% 17.5%
.Ammonia L - -20.0%' 60.0%
Chloride — o 5.6% -60.0%
‘Nitrate -~ 00% |  0.0%
| Nitrite " 00% | 0.0%
_Phosphate 1 =11.7% 49.2%

Sulfate ' 3 -21.4% -102.9%
| Sulfide 33.9% | 0.0%
Total Phosphorus 275% | - 67.3%

| _ There were :a total of 15'cyctes of operation compteted for this: research. "

In every cycle except one, there was an increase in pH, independent from design‘- |
or size of the MFC (Flgure 4. 20) These increases were in the range of 5.4% to
~17. 9%, wrth the one decrease occurrlng in the Crrcle MFC (2. 7%). Wh|Ie |t is
- common for the pH to change at the anode of an MFC durlng operatlon' it is
generally a decrease to a more acidic level Thrs is due to incomplete transfer of
protons to the cathode and a resuIt|ng burld up at the anode whrch reduces the
: pH However |n other research usmg Iandfrll Ieachate a sllght |ncrease in pH

was also observed _durrng MFC operation. Thls was attrlbuted to,__a posslble .
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removal of acid components present in the leachate, such as volatile »fatt'y 'acids,}
during MFC operation (Greenman ‘et;al. 2009). Leachate is-a highly buﬁéred_ |
system as We_ll and sulfides in 'the'-le’achate, can accept prbtdns and}>|i,fr'riit 'pH

| 'decréase (Jambeck,"Towh‘s‘end, and',Sold-Gabrie‘lle 2008). |

. 20%

15%

10%

5%

Percent Increase (%)

0% T

Consecutive Cycie -

e =¢==Square (a) ~i#Square (b) =&—=Circle (b) =¥¢=Circle (c) =@=Larger Scale (c) 7‘ 1

~ Figure 4.20 Pgrcentrinér'eays'e 6f;pl-:l for all cycles of MFC designs

: }Coriduct}ivity. o :

The ability bf a solution to c‘:ond}uct current is ‘based dbon the 'iohs in
| solufion and has been térmed condUcfivity.‘ T‘h’e'movementvofv iohs in :the solhiibn
~ - transports the vcur,rent, thus cbnd‘ucfivify ‘inckre.a}ses_‘as the ion Qo_ncent.ratiovns .
increase r(Snoeyth’:( a:'ndv'Jen'ki,ns 1980). - There has bégn sUbsiantiél researgf;;"
done in recent"yeérs that shows co"ndu“ctivity- is a key factor in 'th‘e efficiency 6f
jt‘he‘ MFC system. Coridﬁctivyity, through the increase in ionic strehgth,'has hadto
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be increased in many wastewaters and‘artificialsubstrates that are used in MFCs
(Huang and Logan 2008; Liu, Cheng and Logan 2005; Liu et al 2008; Logan et |
al. 2067; Oh and l_OQan 2006) This is one of the major benefits to using landfill
leachate as a substrate"'in MFCs for conduCtivi}ty is at high levels initially. InlIUent

| condu“ctivity'was“ |n the range"of 11’.22'—’ 19.26 mS/cm with one Iow reading of

. 6.66 mS/cm.. Effluent read|ngs were |n the range of 10.57-10.09 mS/cm creat|ng |
. ‘arange of decrease |n IeveIs from O 9 - 16. 3% (with one exceptlon in cycIe 2b |
where conductrvrty was increased). B

Dissolved Ongen- :

Flgure 4.21 shows the influent and effluent concentratlons of DO for aII‘
cycles of all MFC deS|gns Landfill Ieachate is generaIIy an anaerobrc substrate
' with low DO levels, which were variable throughout sampling and testlng of the

MFCs in this research. Increases in }D(}) concentrations within the MFC systems
during operation would be d/ue to the system being open to the air. An aerobic -
zone could have formed near the cathode and resulted vin increases of DO. For
" the cycles where a decrease in DOoccurred anaerobic conditions within the
o system were more efflcrent and a Iarger anaeroblc zone was aIIowed to control

the system and reduce DO
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Figure 4.21 DO concentration of influent end efﬂUent leachate for all cycles ‘\

Oxidation Reduction Potential (ORP)

QRP is a useful-measure of the state ef the system being tested, as weII‘,
as the degree of treattnent.  An aerobic system (oxygen present) will be
displayed as a positive reading, while an 'enaero‘bic system (no exygen) will
N display a negative ORP reading. -ORP measures the tendency of a solution to

'gein or Iose‘electrons (SnoeYink and Jenkins 1980). Landfills are generally
| 'anaeroblc systems SO the Ieachate flowmg through them is usuaIIy anaeroblc‘
W|th negatlve ORP values Two exceptlons to th|s anaeroblc condltlon were the
~influent leachate from TLR I, Phase 2 durmg cycle 3 and 4b for the Clrcle MFC
and cycle5 and 7 b for the Square MFC. These mﬂuentva}luesvwere +52.5 mV
and +73 fnv respectively for thve Square and‘ ‘“Ci,rcle MFCs. This suggests that the
leachate entering the M‘FC was actually aerobically active. Interestingly, these

L
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cycles also had significantly shorter total cycle time for both of the MFC designs, |

h A

- as shown in TabIes 4.2 and 4. 3, and Flgure 422 However a connection cannot
| be _definitively made between ORP and cycle time due to the concomltant_*
: changing values of other constituents. | »

For aII other incoming Ieachate sam‘ples, a range of‘ negative ORP‘ values
were obtained,, however ORvaalues of effluent ’leachate. ‘did vary and were. -
- sometimes bositiVe. Cycles 1-3a and 5b of the SquarevMFC as Well as cycle 1b |
~ of the Circle MFC had these posntlve effluent ORP values Whlle this wouId
‘} suggest that the MFC was operatlng under aerobic cond|t|ons th|s may not be _‘
the case entirely. To produce electricity, MFCs must have anaerobic conditions

) for the approprrate bacterra to grow wrthm the system These results do suggest i

that the systems could have had relatlvely Iarge aerobic zones.
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Figure 4.22 Cycle time and influent leachate ORP (Square and Circle'MFCs)
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COD BOD, and TOC.
: Chemical' oxygen demandv, biochem_i_cal oxy'gen demand, and total organic
| carbon are .all_measu_res}of‘v the amount of organics in the leachate. Chemical
- »oXygen demand 'ism:easure of the amount of organic compounds in a substance
‘while BOD measures the amount of molecular oxygen that is ut|||zed dur|ng a
'i ‘ perlod of time for m|crob|a| degradatlon of organlc matter as weIl as inorganic"
. material. TOC is thetotal amount of orga_nv|c carbon in a substrate. COD, BOD,
~ and TOC remoyals for the Circle and vLarg'er Scale MFC are shown in Figure
423, | | | o .
YCOD differences.for the Square’designwere in the range of,1'.7-43%," :

which is 'a very broad range for removals The Circle COD removal range was

15-49%, however in cycles 1-3c, COD actually |ncreased during the cycIe of the .-

MFC For the same leachate c, the Larger Scale MFC had an increase in COD
-of 6.6% and a decrease of 3.-1%. There are severaIv inorganics that can exhibit
COD in Ieac_hate, suchvas sulfides, that.Can interfere in COD being a measure of
‘just the organics of a system (Jambeck,' T'ownsend,' and Solo-Gabriele 2008).
BOD removals for these same cycles ,were 5372% for the Circle MFC, and 47-
L 86% for the Larger SCaIe.‘ | | |

While the COD removals are lower than those recorded by'other IandfiII‘
- leachate in MFC research (70-98%), BOD is in the range of 57-66% removal that
has been previously reported; (Greenman et al. 2009; You et al. 2006). ,COD‘
remoi/als for other MFC sys‘tems utiIizingv different Wastewaters are shown in

Table 4.6, ‘however they should not be directly compared to this research
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: because of h|gh|y varlable operatlng cond|t|ons and archltectures SmaII vqume_ :

’;' systems have coD removals of 42 87% . whlle Iarger systems of 300 400 mL -

' vqumes, have 50- 70% COD removals Almost all MFC treatment efﬂmencres in~

- the ||terature are on|y reported in COD removaIs however a BOD removaI of

78% was found for a tubular MFC system usmg domestlc wastewater (Lru
‘ vRamarayaran and Logan 2004) | ‘ |
TOC removals for the Crrcle and Larger Scale MFC mcreased wrth each!f- .
- cycle of operatlon (Flgure 4, 23) TOC removaIs of the Larger Scale MFC were ‘

| 'm|n|mal for the f|rst cycle of operatlon and 50 7% durlng the second cycle

100%
:\; 80% -
w 60%
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g 40%
]
T 20%
c . .
8 0%
]
e -20% — :
-40% +— — : —
0 Co 1 2. 3 4
‘ Consecutive Cycle , »
=¢==COD (Circle) ~@=BOD (Circle) =£=TOC (Circle)
=>¢=COD (Larger Scale) =3=BOD (Larger Scale) ~@--TOC (Larger Scale)

Figure 4.23 COD, BO‘D,Vand TOC removals for C‘irclenand Large'Scate MFCs

108



' Alkalinity, -

B The alkalinity of a solution is that 'squtionls ability to neut‘ralize va strong ,
acid and» is 'att'ributed to strong bul‘fers such as HCOg, 0032", an.d iOH'. . Other
~ species. such as ammonia, phosphate s|l|cate borate and organic bases can
- aIso contrlbute to alkaIrnrty (Snoeylnk and Jenklns 1980) For all des|gns and

cycles of the MFCs there was a consrstent decrease in aIkal|n|ty dur|ng the total‘ \

cycle tlme Thls wouId suggest that buf‘ferlng of the system was occurrlng whlle”‘ .

the MFC was operatlng Decreases |n pH are not uncommon in anode.' :

‘compartments of MFCs because not aII protons reach the cathode If protons S

vare accumulatlng, a decrease in pH can occur and therefore a decrease in
alkaI|n|ty‘ as the;systemqls attemptlng to remaln |n equilibrium. Furthermore,
ammonia\and phosphate are being removed in some cyCIes, so if these were
contributing to aIkalinity this VWould cause a decrease: Sulfide can also accept
‘ protons |n Ieachate wh|ch would contrlbute to aIkaI|n|ty (Jambeck Townsend{
and Solo- Gabrlele 2008) - |
- Ammonia.

ln every cycle of the Circle ‘and Square MFCs,ammonia. was removed in
: dlffenng amounts There are four common removal mechanlsms that could be
‘occurring within th|s system to remove ammon|a If n|tr|fy|ng vbacterla were
- 'present ammonia could be oxidized by mtnfrcatlon in the aerobic region near the "
cathode and coupled wuth den|tr|f|cat|on Ammon|a OXIdIZIng bacterra could also v
be oxrdrzrng the ‘ammonia in conjunctlon with ammonia oxrdatlon and nltrlte‘

reduction ,by anaerob|c ammonla oxrdatlon bacteria. Ammonla oxidizing bacterla
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oould also be reducing nitrite a'nd oxid‘izing ‘ammonia.} Lastly, a new unidentified
'bacteria couid', be oxidizing ammonia while red‘uoing the anode of the MFC
~ system. A fifth'meohanism; virhich has not been "studied at great Iength,‘ is the
‘ohemicaI/physlioaI rernoval of arnmonia from the system (Kim et al. 2007).
. In researchIWith a single charnber MFC treating animal wastewater, it was
'determined that arnmonia Ioss in thatvs_ystem was due to amvmonia;volatilization
.~ at the elevated pHs near the cathode. A localized pH at this Iocation could
- . cause a sh|ft in amrnoniurn io,ns_to ammonia, resi;ilting in nitrogen losses through .
the 'cathode’.' }' It was found that this ammoniaf'loss inCreased as power prOdu_ction’
of the system increase_d." WhiIe it is poss}ible th'at there Was still some ammonia
loss due to nitrification at the cathode hy ammonia oxiciizing} bacteria and oxygen
that has ciiffused into the system, limited appropriate bacterial cornimunitie.s were
 found (Kim et al. 2007). - - | | | o
| While it is unclear what 'rneChanisms were taking‘ place i/vithin the designs
of this ‘research; it is plausible tov assume that a mixture of all of the above
mechanisms accounted for the ammonia removai. There is a high probability-
- that an aerobic zone occurred near the cathode of the_MFCs due to theporot.is-
nature of the carbon cloth. This could support an aerobic nit‘rifiying v‘bacteria_l
cornmunity along with an anaerobic ammoniaoxidation ‘baoterialvcomvymunity in
| the :rest of the MFC. Volatilization of ammonia was also possible i/i/ith the
| 'inoreased surface area of the oathode in the designs of-this research. ’For the
Square MFC, removais of amrnonia were seen from 45-70%, with one cyole only

removing 18%. The Circle MFC had removals in the range of 7-29%. The

110



-. Larger Scale MFC had an inerease‘ in ammohia in the first cycle, ‘yet' a 60%
'reduction in the 52 day cycle. - The removals for all MFCs and cycles, e'x‘ceptj., B

_ cycles 1-3a of the Circle are shown in Figure 4.24,
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- -30% . ; . :

Percent Removal (%) -

Consecutive Cycle

=$=8quare (a) ~—&Square (b)

—tr=Circle (b) =>=Larger Scale (c)

Figure 4.24 Ammonia ‘remoi/al,forAall MFC designs

Chloride.
An ihcrease in chloride concentiation fer each cycle was common for both -
" the "Square and Circle MFC 'designs in the range of 22-_26%"and 8-17%
respectively. Cycle 2b of the Square design had ‘ari increase of 44% and iiie :
‘Larger Scale MFC saw a large .inerease of ',60% in cycle 2¢ with enly a‘smali :
increase in eycie 1c"., This .consisteni increase could be ‘due to both the -
evaporation and utiiizat_ion of the Ieac,hate out of these systems that were open rte’ |
'ftiie air. As cah be seen on page 1361-138‘ of the Appendix, contihuoUs.addi‘tiens_
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of Ieachate were needed'as :volume was lost over time in both the Square and‘

‘ Clrcle design As the Ieachate evaporated and was utrllzed chlor|de I|ker

| rema|ned in the system and accumulated since these were not continuous flow |
des|gns Th|s explanatlon is supported by the fact that the Square and Larger | ‘

- Scale | MFC' has: h|gher accumulatlons : °f,‘ chlor|de : and " more,v E

: evaporat|on/ut|I|zat|on as shown by the amount of additions of leachate that had

' to be made The Clrcle MFC wh|Ie st|ll expenenclng evaporatlon/utlllzatlon} "

experlenced it at a much slower rate and had less chlorrde accumulatlon Cycle e

E 2b of the Square MFC had a cycle time of 7 10 days longer than cycIes 1, 3 and:f:-:
4b whrle the Larger Scale MFC had a 52 day cycle with a 60%”|ncrease of" "
| ‘chlorlde. This would account for the larger chlorrde»accumulatlon for there was a
- Ionger time for eyaporation/utiliiation jand chloride accumulation to ocur.
"Furthermore' a mass'balance was completed on each' system, taking into, :
' account the add|t|ons of Ieachate and subsequent mcrease |n chloride
concentratlons (page 144 of Appendlx D) Calculated f|nal concentratlons of )
" chlor|de were close m value to the concentratlons measured for each system

. which suggests that evaporatlon and utlllzatlon of water from the system was the ,

cause for the mcreasmg levels of ch_lorlde.
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Figure 4.25 Chloride increase for all MFC designs

Nitrate/Nitrite.

In all inﬂuent leaCh‘atéﬂ from this landfill, there were no detectable levels 6f
_nitrate or nitrite. It is not uncommon for leachate to have low levels of these
vconstituents and haVe all nitrogen as ammonia in "th'vers}ystem due to the biological
pfocess of the Iandfiliv, as discussed in séctipn‘ 22.

Phosphaté/T otal Phosphorus. -

Pho'sp}horuvs can be’. _removed thr;)ugh bibk.)gical‘ processes by
incorporating it into cell biomass whiéh is then removed from thé system. Thisv
biological process involyes both an ahaerobic and aerobic ic;;ne for treatment.
‘For" MFC systerhs, pa_rt of th,ié reaction would héve to 6c¢ur in the ‘shall aerobic
_ zoné near the cathode of the MFC. When'dis‘solved"de_gradabl‘e}’ organic m'att'er‘
(bsCOD) is fefmented, acetate ‘i‘s formed. Thisv‘acefate is used by phosphorus
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accumulating organisms in an anaerobic zone to produce intracellular
poI‘yhydroxybut’yra'te (PI—iB) storage products. »When ‘these products are created,
' orthophosphate is released from the cell and into‘v‘ so_Iution,'}_anng with
magnesium' potasSium and caIcium cations. | | |

| “In the aerobic zone of treatment this PHB storage product is metabohzed .

: Wthh creates energy and carbon for cell growth. When this energy is reIeased

: it is used to f0rm_ polyphosphate bonds ,in"CeII storage. This_ results in

orthophosphate uptake from the sqution as it is used within'the“bacterial" cell.

| “When “this b|omass is removed from the system, stored phosphorus is

concurrently removed resuIt|ng in bioiogrcai phosphorus removaI

The MFC anaerobic system is not designed_ to remove phosphorus,
however, because aerobic andanaerobic' zones do exist, it is reasonable to ’
assume that phosphorus uptake and release were occurring W|th|n the MFCs
These inconsistent condltrons wouId account for the |ncons|stent measurements ”
of both phosphate and total phosphorus in each of the MFC designs. vahe
SqUare MFC had decreases of phosphate of 23 and 16.6 %, and an increasegof:
15.8% during initial testing vgith corresponding decreases of 4.4 and 23.5% a}nd
an increase of 0.4% in total phosphorus (Table 4.24). |

For Iandfill Ieachate' ‘bi, using the S‘quare and Circle designs,v variation in .
'removalvs and increase were also seen_. Figurev4v.26 iIIustrates the percent‘ |
difference of total 'phosphorus Iei/eis for each design on the ;’Ieft‘vertical axis
(Square, cycles 4—7b, Circle, cycIes 1-4b, jointly numbered 1-4 in‘ consecutive

order). The right vertical axis is influent ORP readings from the leachate. As
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:dlscussed earlier, the Ieachate for the last two cycles was posrtive Th|s graph

suggests that there could be a reIationship between the totaI phosphorus

- increase and a posmve ORP readlng An epranatlon for th|s occurrence would o

bebi,ologlcal phosphorus removal beginning in the leachate prior to sampling. If
the Ieachate experienced"‘ aerobic conditions, phosphorus and phosphate could | v'
;have}'been'sequesters’by microbes in solution. Once the leachate entered the
,VMF:C» systerns an'd started to: ’becorne anaerobic | these 'phosphates and
phosphorus couId have been released by the bacteria mcreasmg these IeveIs in. |
the efquent Ieachate The Larger Scale MFC had S|m|Iar removals and |ncreases "
with a phosphate increase of 11.7% and a removal of 49%; and_a total

phosphorus, removal of 27.5-67.3%.-

100 _ ‘ - 250

* Percent Difference of TP (%)

40xidation Ffeduction Potential (mV)

1. 2 3 . - 4
Consecutlve Cycle (Ieachate b)

—Square MFC, Total Phosphorus
: _-o—lnfluent ORP

S Clrcle MFC, Total Phosphorus

'Figure 426 % Difference of TP and ORP for Square and-‘(\;ircle MFC
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Sulfate/Squide.
Every cycle of the MFCs. in this research produced an increase in sulfate
levels in the effluent leachate (10 5% to 83% for the Square MFC to 49- 68% for

the ‘Circle MFC).. The Larger Scale MFC expenenced increases of 21% and

102.9%. At the same t|me as the sulfate lncreased a reduct|on in sulfldes was

seen in the CircIe MFC from 35- 89% and 0-34% for the Larger Scale MFC Th|s
was most likely due to sulfur oX|dat|on occurr|ng W|th|n the MFC. In each sample
of Ieachate that was taken from the Iandf|II smaII bIack particulates were
suspended in solution. These partlculates could be‘sulfide precipitation in the
solution.' ChemOIithotrophic bacteria use hydrogen sulfide as well as elemental
sulfur as a source of energy in the following‘ reactions; - | |

2H,S + Op —» 2Hg0 + 2

2S5 + 02 + 2H20 — 2HQSO4
'These reactions are aerob|c processes thus they would have to be occurring
near the cathode in the MFC, where an aerobic reg|on |sl|kely present due to
diffusion through the carboncloth. This vi/ould» account for both the increase in
sulfate as well as the utilization of sulfide. Graphite can :contain small levels of
sulfur, thus sulfur could also be }entering the sy_stem‘ through‘ slow _release frorn
the anodes of the system. If this reaction i_ivas occurring, it would ,3uggest that
the pH of these systerns should decrease with the production of sulfuric acid,
which was not. observed in the leachate MFCs and could be due to the
substantial buffenng capaC|ty that is present through aIkaI|n|ty of the |nfluent

leachate.
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A m‘ass‘balahCe‘Aof sUlfate_éOncentratioﬁs was completed for esch of the.
MFC .systems, based upon initia‘I‘;'I‘e\‘/eIs and} ihe incre‘asé due to Ieac‘hats’
additions (to accoﬁnt for evaporation and utilization of- vtrhe' IeaChate). For the
Square, Circle, and Larger Sc_alé »MFC systerﬁs, accumui,étion of su"lfate due to
eyaporation/utilizstion was not theﬂ major causé_‘Of‘squate cbncentratioﬁ ‘inc_reases
| with"in'"f‘he MFC system, as can be seen fro'rh the mass balahce (page 145 of
' Appendix D). . .'

- Cations.

An analysis ofvv.c}:atisns' in influent ahd effluent Ieac'hat‘e' was comp.'leted !
using ICP, as discussed ivh Chspter 3 of this doc‘:ument».v These énalyses ;were
dons using the Circle MFC to determine  if '-’an'y‘m"ajor Changesin cation
' ‘conlcentration occurred“during MFC dperation. As can" be seen in Tables4.2‘9ﬁ
and 4.30, amoﬁnts ‘of c_atisns did vary, however all concentrati‘ons were iow and
reméined low, with the exception of calciumb and rhagnesiUm. While thesé two
elsments were at ‘increa‘sed levels, the values remained vin the typivcal rangeibf‘
values for landill leachate (Table 2.1). It should be noted that there was a 28-
72% redustion‘ in iron during ths operation of the MFCs. This coincides with a
finding in the microbial analysis sectivon (4.4) 'that'Firmicutes were found in' the
MFC environment and increased in‘population durinvg 6‘peration. This phylum is

~ - known to contain iron-reducing bacteria. -
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Table 4.29 Cation conc. for influent and effluent leachate ovf'-Square MFC o

Cation - | Initial (mg/L) | Final (mg/L) | % Difference
Arsenic (As) 1.25 1.49 . -19%
~ Barium (Ba) 014 | 0062 |  56%
Cobalt (Co) - 0.012 - 0.015 . -25%
Chromium (Cr) |  0.125 0.151 o 21%
‘Iron (Fe) - 5418 . 3.894 28%
Manganese (Mn) |  0.274 - 0.116 - 58%
Nickel (Ni) 0091 ] 0117 | -29%
‘Antimony (Si) 10.019 0.021 - -11%
Vanadium (V) 0.054 0.115 - -113%
Zinc(zn) |  0.078 ~ 0.056 28%

Table 4.30 Cation conc. for inﬂu'é_nt and effluent leachate of Circle MFC

Cation | Initial | Final | % Difference -
Silver (Ag) 0.006 | 0.014 -60.7% |
Aluminum (Al) | 0.453 | 0.274 65.1%
| Arsenic (As) 1.400 | 1.301 7.6%
Barum(Ba) | 0.106 | 0.090 | 17.5% .
Calcium (Ca) | 45.566 | 42.238 7.9%
Cobalt(Co) | 0.015 | 0.018 -15.9%
| Chromium (Cr) | 0.102 | 0.127 -19.4%
Iron (Fe) 3.710 | 2.121 74.9%
| Magnesium (Mg) | 47.898|56.789 |  -15.7%
Manganese (Mn) | 0.102 | 0.137 | -25.5%
Nickel (Ni) 0.080 | 0.103 -22.4%
Antimony (Sb) 0.042 | 0.054 |  -22.0%
| Selenium (Se) 0.040 | 0.054 -25.6%
| Vanadium (V) | 0.067 | 0.092 | -27.6%

|Zinc(zn) 0.034 [ 0036 | -64%
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4.4 Microbial Analysis
- The microbial communities that are present in MFC environments and
' fac|I|tate voItage production are phylogenetically d|verse ln the beg|nning stages v
Q of m|crob|al fuel cell research it was thought that only metal- reduc|ng bacter|a
such as ShewaneIIa and Geobacter contributed to the exocellular -electron
transfer that is needed in MFCs However it has been determ|ned that many |
| different types of bacterla can take part.in electr|c|ty productlon.' Common
vp'hylum’&s of bacteria that" have been ‘shoWn to]be dominant in MFC microbial_ |
- communities are aIpha- beta-,.gamma'-, and deIta-"proteobacteria along with,\
| f|rm|cutes (Logan 2008) | | |
Four different Ieachate/blofrlm samples were tested by Davrd B.
Ringelberg of the US Army Corps of Englneers at the Cold Regions Research
and Engineering Laboratory, Engineer .F-iesearch, and Development Center as
detailed in section 3.2.3. A sample of leachate from TLR [I, Phase 1 which was |
" unable to produce electricity (l\lon-Producing), was tested to determine if the
microbial community could be inhibiting electrical results. Leachate from TLR il
P}hase 2 was also analyzed prior (Pre-MFC) to entering the MFC system as yvell »
as after (Post-MFC) running a 'complete cyclein the Circle MFC. A sample of
biofilm from the anode of the Circle }MFC was also tested. This MFC had been
| consistently running for approximately 2 monthsWith _}landfill leachate. Results
are stated as TLFA percentage of total area for each phylum of bacteria that are

present Pie chart representations of th|s data are in Flgures 4.28 -4.31.
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A comparison of these four analyses can be found in Figure 4.27, with
only the major phyla listed (> 1 %). A large difference in beta-proteobacteria
populations between leachate that is conducive to voltage production and that
which was not, can be seen. This suggests that beta-proteobacteria is not a
major contributor to electron transfer in this system, for a large population did not
stimulate any electrical production. Firmicutes and Bacteroidetes were microbial
populations that were only present within the voltage producing MFCs; with a
small population of Firmicutes pre-MFC. This suggests that there are conditions
within the MFC that facilitate growth of these types of bacteria. Firmicutes and
bacteroidetes are bacteria that have been found in MFC communities in previous
literature (Logan 2008; Logan and Regan 2006a). Alpha- and gamma-
pfoteobacteria seem to be inhibited by the MFC environment.

While this microbial analysis is only a beginning step in understanding the
microbial aspects of the MFC within landfill leachate systems; it is important to
note that landfill leachate contains many of the bacteria that are necessary for
voltage production in MFCs (Logan 2008; Logan and Regan 2006a). This
validates the finding of this research as well as others that inoculation of the MFC
with anaerobic bacteria is not necessary when using landfill leachate as a

substrate (Greenman et al. 2009).
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CHAPTER 5

SUMMARY AND.CONCLUSIONS
Microbial fuel cells are a new technology that can be used for treat|ng
. }Iandflll Ieachate and S|multaneously producrng electrrcrty Three desngns were
tested in batch cycIes using landfrll leachate (908-3200 mg/L COD)' a »Square

"MFC- (995 mL) C|rcle MFC (934 mL) and a Large Scale MFC (18 3 L). Each

- system was a slngle chamber design usmg graphlte (anode) and carbon cloth

“with Pt catalyst (cathode) No out3|de source of |noculat|on was ut|l|zed for any

of the de3|gns A total of seven cycIes were completed for each the Square MFC o

and Circle MFC. A total of» two cycles were completed for the Large ‘Scale MFC.
No additional inoculation of the MFC was neededbecaus'e exoeletrogens were
already vpresent'within the leachate. A maximum poWer density of 24-31 mwmi?l
(653-824 mW/m3) was achieved using the Circle MFC design.‘ Removals of
- BOD, TOC and ammonla -were in the range of 50 -72%, 17 53% and 7-69% |
‘ respectlvely With a Iarger scale MFC, a maximum voltage of 635 mV was
' achleved with BOD removals of 47-86%, TOC removals of 50.7% and ammonia
3 "r"_e'movals of 60%. This cycle of operation lasted overv52 days and was still
| producing 484 mV when taken offline. | |
Leach_ate is a well-,match’ed substrate for use in a microbial fuel cell
because of its relatively high amount of organics, conductivity, andbtiffering
capacity, yet minimal solids. All of theSe characteristics, withthe exception‘of
high organics, can limit the*Utilization of other wastewaters for use in MFCs.

Even though substrates such as wastewater and leachate will not provide equal
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- power production to MFCs utiIizing pure SUbstrates such as acetate; use of a o
substrate like leachate mimics more realistvic conditions. MFCs utilizing Iand'fill
ileachate ,aIso need no outside source }of inoculation due to the presence of the
app'ropriate rnixed bacterial community. The results of this research are .
: pvromising for future deveIopmentsin'using Ieachate as a.substrate in MFCs for}

'simultaneous Ieachate treatment and eIectr|C|ty generatlon The Larger ScaIe -
: jMFC in this study showed that. the MFC technology can be scaled-up to treat

jplarger volumes of substrate wrthout decreaslng treatment effrcrencres While
B power product|on did not |ncrease Iinearly with the vqume increase, - power
- production was higher than the srnaII-scale ceIIs and‘ was maintained longer
(over 52 days versus the typical 14-20 days for small scale cells). | |

The removal of majorconstituents such as BOD, TOC, and ammonia
suggest_that this technology could be a viable option for Ieachate'treatment.f An
vr MFC system could be utilized as a pre—treatment for recirculation or to reduce
energy 'use of further treatment. it couId also be used as va standalone treatment
process. For landfills in the posthosure rnonitoring period of operation, an MFC
coUId be an option for a low operation and maintenance ‘system to treat leachate
to levels acceptable for direct discharge into surface water or vgroundwater. |
, Furtherresearch wiIIvbe needed_ to find more efficient and less expensive

cathode materials if MFCs are to be applied to even greater vqumes.of
substrate Advances such as graphlte f|ber brushes for anodes have provrded
the necessary surface area and’ cond|t|ons that are needed in the anode

compartment, producing power dens|t|es of 2400 mW/m (normallzed to cathode
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surface area) (Logan et al 2007) Currently, the cathode is the aspect of MFC =
| des|gn that limits power product|on and scale up pOSSIbIlItIeS In add|t|on the f
vmlnlmal |ncrease of the Large Scale deslgn power productlon over the small
"scale cells |Ilustrates the need for |mproved des|gn of larger MFC systems to "
‘m|n|m|ze the |nternal resnstance | | s B
VFurther research on landflll_lea'chate treatment using_microbiia_l fuel cells IS |

:‘needed- Different- Ieachate from various landfills shouId"be' UtiliZedto* further

o examme leachate as-a substrate and evaluate treatment effrcuenmes Larger '

bl

. MFCs could be p|loted at landfllls needlng Ieachate treatment however lmproved -

L cathode matenals and deslgn would -be needed‘to complete th|s task~ A Iarger

MFC system could be an |deal system for remote Iandflll locations due to mlnlmal '

Tenergy |nput and m|n|mal necessary operatlons A more m-_depth microbial.
analysis should also be completed to examlne characteristics of the communlty
~ within the leachate and MFC envrronment in detail. It is stilI unknown . what
‘speclflc bacterial spe0|es are provudlng the exocellular electron transfer in the

landf|II Ieachate MFC system v
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 APPENDIXA
_ Landfill Leachate Additions

~ Square MFC Landfill Leachate Additions -

Vqurhe ’

Date | (mL) - o
Cycle 1a _ '

1/13/2008 | 40
- I1/15/2008 | 40
| 1/18/2008 | 40

1/19/2008 | 40
- Cycle2a
2/1/2008 | 40
2/3/2008 | 40
Cycle 3a
2/12/2008 40
2/16/2008 40
2/19/2008 40
~ Cycle 4b
1 8/11/2008 40
1 8/12/2008 40
8/13/2008 40
| 8/15/2008 40
~ Cycle 5b
8/21/2008 | 40
8/23/2008 40 -
8/25/2008 40
8/28/2008 40
9/3/2008 | 90
- Cycle6b
9/18/2008 | 40
9/19/2008 40
9/22/2008 | - 80
Cycle7b
| 972612008 | 80
19/29/2008 | 40
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~ Circle MFC Landfill Leachate Additions

| Volume
Date: | (mlL)
. Cycle 1b
8/15/2008 | 40
I  Cycle2b
| 8/28/2008 40
9/3/2008 50
- Cycle 3b
9/22/2008 40
Cycle 4b
9/29/2008 | 30
- Cycle 1¢ .
1/19/2009 | - 50
1/21/2009 30
1/26/2009 | - 70

Cycle 2¢
2/5/2009 40
2/6/2009 20
2/9/2009 . 40
2/13/2009 50

Cycle 3¢

2/20/2009 55.
2/23/2009 45
12/24/2009 50
2/26/2009 48
3/1/2009 47
3/8/2009 60
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‘Larger Séale MFC Landfill Leachafe Additions

Date - | Volume (mL) |
~ . Cycle1b
2/5/2009 500
2/8/2009 | - 600
. 2/13/2009 [ - 200
. 12/15/2009| 200
' Cycle 1b
12/18/2009 | - 200
2/20/2009 ( -~ 400
- 12/21/2009 - 200
1 2/23/2009 | 300
2/24/2009 300
2/25/2009 | -~ 200
2/26/2009 300
2/27/2009 - 250
-3/1/2009 - 360
3/3/2009 400
3/4/2009 | . 250
3/5/2009 200
'3/6/2009 | . 200
~ 3/8/2009 300 .
3/9/2009 .. 200
| 3/10/2009 200
3/12/2009 200
3/13/2009 | 200
-} 3/14/2009 300
1 3/16/2009 - 400
1 8/17/2009 | 200
3/18/2009 200
3/19/2009{ 200
-1 3/20/2009 300
3/21/2009 200
3/22/2009 -. 50
3/24/2009 . - 200
3/26/2009 | 300
3/28/2009 400
3/30/2009 300 -
4/1/2009 500 -
4/3/2009 300
'4/4/2009 | 700
4/8/2009 . 300
4/10/2009 55
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" APPENDIX B
o Instrumerit‘, Accuracy and Precision Data

', Sulfrde Analyzer, Spectrophotometer DFIIZOOO by HACH (Manufacturer :
Reported) . ‘
Accuracy + 2%

‘ coD Anlayzer, Spectrophotometer DFI12400 by HACH (Manufacturer
?."Reported) . ‘ _
‘ Range: 20- 1500 mg/L

Accuracy 778-822 mg/L COD, 95% confldence limits of drstrlbutlon

YSI 556 Multi Probe System (Manufacturer Reported)
- DO Meter-Steady State Polargraphrc Probe
Range: 0-20 mg/L ' - o
. Accuracy: + 2% of reading or 0.2 mg/L (whlchever is greater) .
Range : 20-50 mg/L ‘ :
Accuracy: + 6% of reading
Temperature —YSI Precision® Thermlstor
~Range: -50-400°C :
: Accuracy: £0.15°C -
-Conductlwty Four Electrode Cell with Auto Ranglng .
Range: 0-200 mS.cm « :
Accuracy +0.5% of readlng or 0. 001 mS/cm (whrchever is
o - greater)
~ pH- Glass Combo Electrode
Range: O- 14 units
Accuracy: £ 0.2 units
ORP- Platinum Bottom Probe
Range: -999- 999 mV
Accuracy: + 20 mV
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 Resource Laboratories Instrument Data for Analyses

- Quantitation | Instrument Dilution
_Parameter | Limit* (mg/L) Factor**
Alkalinity v 5 : 1
Ammonia . 250 1
BOD . , 5 ] -1
Chloride = ° 25 . 50
Nitrate = 0.5 ‘ 5
[Nitrite ' 2.0 20
' Phosphate . 0.5 N 5
Sulfate | 25 . 50
TOC. 1. 20 7 20
Total | 050 | 1

*The quantitation limit is the lowest concentration that can be detected
** The instrument dilution factor is the dilution performed at the instrument.; a 1 -

means that there was no dilution necessary.
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APPENDIX C
Power Density and Polarization Curve Calc‘ulation Example R

Power Density Equatlon

Where: E = Cell VoItage (V)

EMFC , -
) Pan/cat=m v = Volume of anode compartment L - . J
‘ “ " Rext = External Resistance () '
“Aan/cat = Surface Area of Anode or Cathode eIectrode
’ P = El%tFC
" VRex
: Example:

For the Circle MFC, where Aan/ca, = 258 cm? (0 0258 m?) and v.= 934 mL
(0 000934 m®) with an externat resastance of 10 Q, the cell voItage was recorded

as 0.026 V (see Table A-1) so,

0026V . '
an=Gosa myeion = 2-62 MW/m”
Or v ‘ ’
b, 0026V? o5 38 mWin?

an= o 000934 m3)+10 n

- Calculations for each external resistance tested can be seen in Table A-1
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Polarization Curve:
" The Polarization curve is the current density vs. the Power Density. The
Current Density is simply:

Voltage 42

- Current Density = AL -~ where | = qurrent (A), 1= Resistanceoa(®)

(AN
Aan = Surface area of the anode (cm?)

- Example:

For the Circle M_FC, at Rext of 10 Q; voltage =0.026 V,so -

__0.026 (V) 1000 mA
T 10(0) 1A

| =26mA
And -

: 26 mA
258 cm?

~ Current Density = 0.0101 mA/ ‘cm2

- Calculations for each external resistance test can be seen in Tale A-1

Table A-1 Data/Calculations of Circle MFC Power Density/Polarization Curves

| External Cell | Cell Cell | Current .| Power | Power
Resistance | Voltage | Voltage | Current{ density | density | density
@ | (mV) (V) | (mA) | (mA/cm?) | (mW/m?) | (mW/m3)

10 - 26 7| 0.026 | 2.60 0.0101 | 262 | 72.38

20 56 | 0.056 2.80 0.0109 |- 6.08 | 167.88

40 122 ['0.122 | 3.05 | 0.0118 | 14.42 | 398.39

- 80 201 | 0.201 2.51 0.0097 | 19.57 540.70
100 248 0.248 2.48 0.0096 | 23.84 658.50
200 - 397 0.397 1.99 0.0077 30.54 843.73
400 488 | 0.488 | 1.22 | 0.0047 23.08 637.43 |
800 536 0.536 | 0.67 | 0.0026 | 13.92 | 384.50
1000 | 548 0.548 0.55 | 0.0021 | 11.64 | 321.52
2000 579 0.579 | 0.29 | 0.0011 | 6.50 179.47

4000 | 600 0.600 | 0.15 | 0.0006 349 [ 96.36

8000 616 0.616 0.08 0.0003 | 1.84 | 50.78

- 10000 620 0.620 0.06 | 0.0002 1.49 '41.16

20000 630 | 0.630 | 0.03 0.0001 [ 0.77 21.25

40000 635 0.635 | 0.02 0.0001 0.39 10.79

__OcP 644 0,644' 0.00 0.0000 0.00 | 0.00



- Coloumbic Efficienc‘y‘ Calculation Example

c 8*1°t Where: | = average current over t (A)
E= FvAnACOD 't =total time of cycle (sec)
 F = Faraday’s constant (96,500 C/moI )
Van = Volume of anode compartment (L)
ACOD Change in COD concentration.
' over t|me t (g/L)

: Example

- For Cycle 3b of Circle MFC where Van = 934 mL (0 934 L); ACOD = 0. 1354 g/L
and t=776, 736 sec (8 99 days) and | = 0.0008043 A (average over t)

C 800008043 A *776,735 sec
£=96,500 C/mol*0.934 L *0.1354 oL

=41.0%

143



APPENDIX D

Mass Balance of Chloride Concentrations in MFCs " B

" Square MFC Chioride Mas Balance

.Cycle

Cycle | Cycle | Cycle | Cycle | Cycle Cycle
| SR ~1a | 2a | 8a | 4b | Bb | 6b | 7b
| Vol. of Leachate (mL) | 1005 | 1005 | 1005 | 1005 | 1005 | 1005 | 1005
‘Initial Conc. (mg/mL) 22 | 27 | 26 1.8 | 1.8 | 1.2 | 1.2
| Total Vol. Leachate : ' [ R
'| added (mL) 160 | 80 | 120 | 160 | 250 | 160 | 120
Final Concentration | ', - -
calculated (mg/mL) 25 | 29 | 29 21 | 22 | 1.4 1.3
Final Concentration | | DR I A1
measured (mg/mL) | 2.7 3.4 3.2 22 | 2.6 1.5 1.5
Clrcle MFC Chloride Mass Balance
Cycle1b | Cycle 2b | Cycle 3b | Cycle 4b
Vol. of Leachate (mL) 934 934 934 934
Initial Conc. (mg/mL) 1.8 1.8 1.2 - 1.2
Total Vol. Leachate = | . , o |
added (mL) 40 90 40 30
Final Concentration - N ' :
calculated (mg/mL) 1.9 2.0 1.3 1.2
Final Concentration _ _
measured (mg/mL) 21 2 1.3 1.4

Larger Scale Chlorlde Mass Balance

Cycle 1c | Cycle 2¢c
Vol. of Leachate (mL) 18327 | 18327
Initial Conc. (mg/mL) 1.8 1.5
Total Vol. Leachate
added (mL) 1500 9565 °
Final Concentration = |- N
calculated (mg/mL) 1.9 2.3
Final Concentration ‘ ‘ ,

1.9 2.4

- | measured (mg/mL)
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Mass Balance of Sulfate Concentrations in MFCs

Square MFC Sulfate Mas Balance

Cycle | Cycle | Cycle | Cycle | Cycle | Cycle | Cycle
1a 2a 3a 4b 5b 6b 7b
Vol. of Leachate (mL) | 1005 | 1005 | 1005 | 1005 | 1005 | 1005 | 1005
Initial Conc. (mg/mL) | 0.012 | 0.008 | 0.009 | 0.038 0.038 0.039 | 0.039
Total Vol. Leachate
added (mL) 160 80 120 | 160 | 250 | 160 | 120
Final Concentration \
calculated (mg/mL) 0.014 | 0.009 | 0.009 | 0.044 | 0.047 | 0.045 | 0.044
Final Concentration
| .measured (mg/mL) 0.017 | 0.015 | 0.014 | 0.042 | 0.066 | 0.068 | 0.066
Circle MFC Sulfate Mass Balance
Cycle1b | Cycle 2b | Cycle 3b | Cycle 4b
Vol. of Leachate (mL) 934 934 934 934
Initial Conc. (mg/mL) 0.038 0.038 0.039 0.039
Total Vol. Leachate
added (mL) 40 90 40 30
Final Concentration
calculated (mg/mL) 0.040 0.042 | 0.041 0.040
Final Concentration
measured (mg/mL) 0.250 0.064 0.058 0.061

Larger Scale Sulfate Mass Balance

Cycle 1c | Cycle 2¢

Vol. of Leachate (mL) 18327 18327
Initial Conc. (mg/mL) 0.14 0.069
Total Vol. Leachate

added (mL) 1500 9565
Final Concentration

calculated (mg/mL) 0.151 0.105
Final Concentration

measured (mg/mL) 0.170 0.140
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