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Final Technical Report for the
Hawaii Energy and Environmental Technologies (HEET) Initiative
Grant Award Number N0O0014-09-1-0709
(April 1, 2009 to September 30, 2011)

A. Executive Summary

This report summarizes work conducted under Grant Award Numbe@Id®9-1-0709 the

Hawaii Energy and Environmental Technologies (HEET) Initiative, fundgdhe Office of

Naval ResearctfONR) to the Hawaii Natural Energy Institute (HNEI) of the University of
Hawaii. The effort undethis award continued a focus citical technology needs associated

with the development and testing of advanced fuel cells and fuel cell syasremgyanded effort

on fuel processing and purification, and the exploration and utilization of seabed methane
hydrates.This award also beganew ef f orts relating to the inte
as a Model for Distribwd Ehergy Systems for the Pacific Region. These efforts inchede

tasks addressingesting and evaluation d@lternative energy systemwith initial activities n

testing of heat exchangers for Ocean Thermal Energy Conversion (OTEC), grid storage, and
photovoltaic systemsThis represents ¢hsixh award of thenitiative.

Major accomplishments under the first grant award, Number NOOQ140928, included the
planning, design and construction of the Hawaii Fuel Cell Test Facility (HFCTF), which opened
in May 2003. In partnership with industry, HNEI established test protocols and initiated a
variety of longterm durability studies. The methane hydrates aigs/itnder the first agreement
initiated studies to characterize hydrate thermochemistry and kinetics, hydrate microbiology and
development of international collaborations.

Under the second award (NO0GQ4-1-0682), HNEI expanded its test capabilities hwihe

addition ofthreefuel cell test stands at the HFCTF, including two for fuels purity studies. Tests

to characterize the effects of contaminants in the hydrogen fuel were initiated. The third stand
was designed for high speed dynamic testing for imsédardwarein-Loop (HiL) work.

Modeling and simulation of a fuel cell energy/power system for use in an unmanned underwater
vehicle (UUV) was also completed and reported. Novel fuel cell component research was
conducted to explore the use of biocarbamsfuel cell bipolar plates and development of
enzymatic biefuel cells. A small effort in alternative fuel research focuseduehprocessing

and gas conditioning for hydrogen producti on.
included stud es of hydrate destabilization phenomeil
destabilization facility andiesign and fabrication of a novel fiberoptic probe to identify sample
aspects within the calorimeter sample cell using Raman spectroscopy. HNEI sdoasdr

manned the organizing committeetb& 4" International Workshop on Methane Hydrates that

took place in Victoria, British Columbia, Canada®hl May 2005.

Under the third award\N0001406-1-0086), thecapacity of theHFCTF was agairexpandegdby
increasing thenumber of test standand modifying theexisting test stand$or increased
performance. The dynamic HiL test stand was modified to enhance response and to improve

operating flexibility, safety, and test stand reliability. Simulation tdols evaluation and

screening of fuel cell systems for UUV propulsion systems were develdpRél continued

research on fuel processing and gas conditioning for hydrogen production, focused on sulfur
. _ Vii
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removal from fuel gas using activatedrbonbased somnts, and reformation of seafloor
methane for use in underwater fuel cells. Work continued in the development of novel fuel cells,
specifically in the areas of biocarbons for fuel cell use and development of enzymsdtielbio
cell s. H N E thé area af enethawmel hydrasludad an expanded effort in hydrate
destabilization with development of a novel instrument that combined spectroscopy and
calorimetry to study reagemduced decomposition of the hydrates. As part of our goal to
promote nternational collaboration, HNEI personnel participated in a malional research
cruise off New Zealand in June and July 2006.

In the course othe fourth award (NO001@6-1-1055, more test stands were added to the
HFCTF and ®veral existing standsere modified to allow testingf small stacks Several test
stands wereisedto supportion Tiger,an ONR-fundedunmanned aerial vehicle (UA\project.
Researcliocused primarily on understanditite performance impact of contaminants present in
the ande and cathodéeed strears. The HiL test stand was also upgraagidwing testing of

fuel cell stacks up to 1 kW Simulation tools were modified for evaluation of fuel cell systems
for propulsion of a UAV. A plasma reforming effort was initiated with design, construction,

and testing of two different plasma arc reactor designs. The rexats® reactor performed
better than the planar plasma, gliding arc designsupport of the DARP/Aponsored Direct
Carbon Fuel Cell research projectSRI International §RI), HNEI prepared biocarbons from
various biomass feedstocke aid in optimizing performance ofS R €ahon fuel cells.
Development of enzymatic biwiel cells continud, focused on enzyme immobilization utilizing
macroporous chitosarofymer compositesThe methane hydrates activities includeghsicant
progress in understanding hydrate destabilization using thermodynamic inhibitors. The impact
of seafloor methane from hydrates on the marine environment was explored via both
experiments and modeling. HNEI again supported and helped organize"theednational
Workshop on Methane Hydrate R&D that was held in Bergen, Norway in May 2008. The
workshop was attended by scientists, engineers, and other stakeholders from 12 codn#ries an
meeting report is available from the Naval Research Laboratory (NRL).

Under tle fifth award (NO0014€7-1-1094), several upgrades to test stands and infragteuctu
were implemented Researchincludedwork on SQ contamination mechanisyand recovery,

testing of Protonex hydrogen/air stacks under pure oxygen in support of the Naval Undersea
Warfare Center (NUWC) at Ngwrt, RI, development of aew segmentedell flow-field

design and continued testing and analysis in support of lon TigHart&to characterizea non

thermal plasma reactéor methane reformingvere continued Parametric tests were conducted

and ystem performance was characterized usragous metric features HNEI continued
providing biocarbons to SRI in support of its DARBporsored work with direct carbon fuel

cells. HNElalsocompleted a study of carbonization of sewage sludge from a treatment plant on
Obéahu. Cost esti mat isocnasl eofFl HNEBI 6GGarbommearad ii a
completed, revealing the high cost abwding compressed air for operation of a pressurized
catalytic afterburner (CAB) needed to meet emissions regulatidhe. focus of theenzymatic
bio-fuel work continued to be&nzyme immobilization utilizing macroporous chitosan polymer
composites thasupport both mediatdsased and direalectrontransfer mechanisms.The
methane hydrates activitiegcluded laboratory and analytical investigations of hydrate
destabilization by chemical reags, comparison ofobtained data withmodelsdevelopedto

predict the fate of methane released from gbafloor into the water columexperimental and
modeling efforts examining the impact of methane from hydratethe marine environment,
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exploratory laboratory studies of 2Hstorage, and the promotion of inteational R&D
partnershipsvia support and help in organizirthe @ International Workshop on Methane
Hydrate R&D held in Bergen, Norway in May 2008 and tHewdrkshop held in Wellington,
New Zealand in May 2010

In the course of iB award (N0O001409-1-0709), work wascontinued under the Fuel Cell
Testing ad Evaluation tasks. Test stand and infrastructure upgrades focused on increasing the
maximum station power tesapabilityto 5 kW to support Navy UUV interests.

Component and stack testingncompassd air contamination studies and investigations
concerning the impact of manufacturing defects on fuel cell performance. The air contamination
work covered component degradation during 8@tamination ad performance recovery, and
mechanistic modelingfdSO; adsorption orcatalysts consisting atarbonsupported platinum
nanoparticles. HNEI 6s segment ed cel l Ssyst et
acquisition systemvas used to characterize the impact of defects in the MBéfect location

was faind to be an important element, with defelcicated at an outlet resulting in more
significant impact on performance.

Fuel cell Hardwarén-Loop (HiL) activities concentrated on lon Tiger power pack
characterization. Mission load profiles were usecvaluate the Protonex dooard fuel cell
performance recovery method and to evaluate use of theltLBattery pack to provide power
during fuel cell regeneration events. Performance comparisons were obtained for two types of
lithium ion batteries. UAVsystem simulations were developed in a Matlab/Simulink
environmentfor different system configurations (ndrybrid, traditional full hybrid, and novel
partial hybrid) to study the impact of adding battery packs (weight) and controller hardware
(weight andpower losses) on the flight duration of the UAVs for a given propulsion and
ancillary load profile.

HNEI produced and characterized biocarbons from corncob, oak wood and sweet guin wood
support of biocarbon fuel cellsThe two woody materials were slipd by the DowCorning
Corporation that employs charcoal as a reductant to manufacture silicon from quartz. The
research resulted in two publications and a third that is in preparatidevelopment of
enzymatic biefuel cells also continuel, focused onenzyme immobilization utilizing
macroporous chitosan polymer compositesn addition, development ofunique in situ
characterization technigues to investigate immobilization phenomena and provesses
initiated These activities have helped to securdittahal funding from the Air Force Office of
Scientific Research for Blulti-disciplinary University Research Initiativeroject and from the
National Geospatidhntelligence Agency for a postdoctoral fellow research project.

The work under the Technolpgfor Synthetic Fuels #®duction task includeda biofuel
characterization planning. This subtask sought to identify biofuel components in support of
Navy operations in tropical island settings. Pathways for bioenergy systemexphyeed fit-
for-purpo® screning standards for -F6 and JP5 fuels were summarized, and special
equipment requirements for fuel quality research prograeds were presented

The second subtask involved plasara processingf fuels to produce hydrogeich fuels for
fuel cel applications Specific accomplishments were achieved in characterization of the
performance of the reformer on methane over a range of conditions, additional design and
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selection of fuel system components required for delivery of fuel to the readanitel work
on a numerical model of the plasma reactor system.

Thermocatalytic anversion of sygas into liquid fuels constituted the third subtask. A Fisher
Tropsch reactosystemwas designedor production of higkguality clean fuels from biomass
derived synthesis gasThe system consists of three major subsystems:-sepotor subsystem
to meter reactants to the reactors, the reactor subsysterprising the synthesis reactor and
catalyst preparation reactor, and the pesictor subsystem to catidn the reactor outlet stream
and analyze products.

Extraction of bieoils and protein from biomass was explored using a novel sebasad
approach in the fourth subtask. Thesaivent system consisted of a hydrophilic ionic liquid and
polar covalentmolecule. Through direct transesterification, microalgal biomass yielded fatty
acid methyl esters, and efforts continued in optimizing this process. Other efforts characterized
how protein was partitioned in the-solvent system.

Biochemical conversionof syrmgas into liquid fuels constituted the fifth subtask.
Accomplishments included research results on mechanisms, kinetics, key enzymes, and the role
of individual gases in the conversion process. Specific progress is presented in the production of
liquid fuels from polyesters by methanolysis and thermal degradation.

The sixth subtask addressed biocontaminatioaltefnativefuels. Accomplishments included
enumeration of microbiological contaminants, description of a specific contaminated sample,
isdation and characterization of microorganisms, measurement of degradation kinetics, and
contaminant mediation and detection.

Biofuel corrosion research made up the seventh subtask. Work accomplished included a
literature review with examination of caseidies, establishment of a laboratory for study of
microbiologically influenced corrosion, and results of preliminary laboratory experiments.

The final subtask focused on sta management using tR&EI patented~lashCar boni zat i on
procesdor the productin of biocarbons (charcoalffforts concentratedn modifications to the

existing HNEI demonstratioscale FlasitCar boni zati onE reactoa and
laboratoryscalereactor Many of these tests used Hawaii Kai sewage sludge as the fdedsto

The Hawaii Kai sewage sludge has peculiar properties, perhaps due to additives employed by the
Hawaii Kai treatment facility. Workocusedon this feedstock and its carbonization behaigor
continuing

The task for Methane Hdrates activities comméed four subtasks: Hydrate Energy,
Environmental Impacts of Methane Release from Seafloor Hydraigdrate Engineering
Applications andinternational Collaborative R&D

Our previousexperimental ad modeling activities focused on simglaswaterhydrate systers.

Natural hydrate deposits, however, occur in permafrost and seafloor sediments. Experiments
were therefore initiated to investigate hydrate formation and destabilization in porous media.
Quantities of t wo Ast anphreesednd UsSanmatibsal peogngis ory e d
methane hydrate R&D were obtained and employed in exploratory studies using the Raman
calorimeter. The experiments validated the performance of that instrument when employed with
sandwatermethane samples and provideekliminary data suggesting a significant impact of
sand properties and fAimemory effectsd on hydra
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The kinetic behavior of methane hydrate it dissociate in the presence dhermodynamic
inhibitors has beerinvestigated exgrimentallyin previous phases of the HEET initiativBased

on those results, we have proposed a mechanism whenehiditor disrupts the dynamic
equilibrium between hydrate formation and decomposition at the surface by bindielgaged

water moleules and preventing thefrom recrystallizing During the present reporting period,

we initiated additional experiments to test our hypothesis. The reagent of interest was glycerol
(CsHg0s), a triol having three hydroxyl groups. Glycerol appears to batteactive alternative

to alcohols or ethylene glycol, since it is inexpensive and relatively benign from a
toxicity/environmental health perspective.

Microbial processes in the sediment and the water column are believed to play a major role in
determinirg methane levels throughout the marine environment. The underlying metabolic
pathways and the factors that affect these processes are not well understood and have been a
focus area of the HNEI methane hydrate task. During the present phase of the Hg&&jn

we participated in an oceanographic research cruise in the Beaufort Sea off the North Slope of
Alaska, during which sediment samples were collected freimllow and cold water
environments in metham&ch areas Six of these samples wereselectd for longterm
enrichment incubations and for DNA extractio®CR amplification of the extracts indicate a
diverse community of microorganisms associated with methane cycling including Type |
methanotrophic bacterisulfate reducing microbes, and metbgens. Attempts to employ
micro-calorimetry toobserve quantifiable rates oficrobial oxidation and reductionf methane

in the most promising samples to date have not been successful.

As part of our goal to explore the use of ¢gslrates for various egineering applications, we
continued our investigation of hydrate ktorage. Althoughhie extremely high pressures and
low temperatures required gynthesize and maintain pure hiydrate make it impractical as a
medium to store and transport fuel, certhydrate promoters such as tetrahydrofuran (THF)
appear to show potential to stabilize the lydrate at less severe conditions. We were able
successfully to synthesize both THFH: and tetran-butylammoniumbromide (TBAB) +H:>
hydrates using the Ramaalorimeter and currently are pursuing development of both of these
inhibitors.

Finally, for methane hydratess part of our goal to foster international collaborative R&D on
methane hydrates, HNEI supported and helped to organize"thetefnational Workshop on
Methane Hydrate R&D that was held in Wellington, New Zealand in May 2012. A report on that
workshop can be downloaded from the GNS Science website. During the present reporting
period, planning also commenced for tHev@orkshop that will beheld in Sapporo, Japan at the

end of May 2012.The Hokkaido branch of th&lational Institute of Advanced Industrial Science

and Technology Scien¢@IST), an agency of the Government of Japan, is taking the lead for this
workshop and HNEI will once agaserve on the organizing committee and provide sponsorship.

Under the Alternate Energy Systems section, activities were completed for OTEC heat
exchangers, storage analysis, and photovoltaic (PV) assessment. For the OTEC efforts, a heat
exchanger performae testing facility was constructed, functional testing of an evaporator and
condenser was completed, and a series &0 @8month corrosion samples were removed from
corrosion testing. The storage analysis work included scoping studies to deterrteng diz¢

and operating characteristics, and siting studies to identify potential locations for battery system
deployments. PV assessment activities encompabsedxecution of a project plan including
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planning, design, implementing, and managing tasksfutly instrument an existing grid
connected PV Inverter system on the Big I sl an
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B. Introduction

The HawaiiEnergy and Environmental Technologies (HEET) Initiative, funded to the Hawaii
Natural Energy Institute (HNEI) of the Universigf Hawaii through the Office of Naval
Research (ONR), was initiated in the summer of 2001 under Grant Award Number M16014
1-0928 to address critical technology needs associated with the exploration and utilization of
seabed methane hydrates and theslbigpment and testing of advanced fuel cells and fuel cell
systems.

These efforts and a smaller effort in fuels purification were continued under two subsequent
agreements (Award No. NOOO:D4-1-0682: June 15, 2005 to June 30, 2006; and Award No.
NO0001406-1-0086: October 17, 2005 to September 30, 2007. Under these programs, the focal
point of our activity wagesting and development of PEM fuel cell technology for commercial
and military applications, and research to characterize the chemical and ppyspeaties of
methane hydratesResearch in these areas was described in these reports.

Under the fourth HEET program (Award No. NO0ed@&1-1055), for the perio&eptember 14,
2006 to December 31, 200®ork was continued in the areas of fuell sysems and methane
hydrate In addition, efforts were begun concerning fuel processing and gas conditioning for
hydrogen production.

Our fifth HEET program (Award No. NO001d7-1-1094), was for the period Sepiber 27,
2007 to March 31, 2010. Under thiwaxd, efforts in the areas of fuel cell systems and methane
hydratescontinued, with increaseemphasis offuel processing and purification studies

The sixth and currenHEET progam (Award No. NO0014€9-1-0709)was for the period April

1, 2009 toSeptenber 30 2011 Work undethis award has included continuationtbefuel cell

and methane hydratefforts and an increased effort under the lalbethnologyfor synthetic

fuels production.HNEI also initiated a new effort in testing and evaluatibraleernateenergy
technologies of interest for AsRacific development. Initial efforts have focused on heat
exchangers for OTEC, battery storage, and photovoltdibg. remainingportionsof this report

focus on each of the major areas covered witihgturrentHEET initiative. Section 1 is on fuel

cell systems, Section 2 reports resultssigmthetic fuelsSection 3 covers metharydrates, and
Section 4 presents the studies on alternative energy systems, including OTEC heat exchangers,
energy stage analysis, and photovoltaic system assessment.

Xiii
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1. Fuel Cell Systems

This task area is organized into two subtasks: 1) fuel cell testing and evaluation, and 2) fuel cell
development. Under ik grant, HNEI has perfored testing and evaluation of Polymer
Electrolyte Membrane (PEM) fuel cells and stacks, and identification/evaluation roiaédteell
technologies; andnvestigations of novel fuel cell components. Details for the activities
conducted under each of thes#tasks are given below.

1.1 Fuel Cell Testing and Evaluation

Efforts in this subtask area focused on issues associated with fuel cell and stack performance and
durability, particularly in regard to operation in harsh environments and specific fuel aadtoxid
systems required for autonomous aerial vehicles (UAV) and undersea (UUV) applications.
During the past year, only minor improvements were made to the test stand and facility
infrastructure. The only upgradeeffort of significanceundertaken was to eluate various

options to increase the maximum station power test point to 5kW to support Navy UUV
interests. As part of the continuing efforts to understand the impact of contaminants, a series
long term SO2 contamination experiments were conductedctease understanding of the

effect of poisoning and recovery processes on durabiliydditional studies in a nitrogen
environment simulating SGadsorption under process conditions wals® conductedo further
understand th&0O, contamnation mechaniserand aid in the development of a mechanistic

model of the SO2 poisoning processExpanding upon contamination studies, additional
experiments were added to look at the effects of the manufacturing defects on hydrogen polymer
electrolyte fuel cells (PEMF) performance This work was performed to support the DOE
manufacturing initiative for PEMFC productionThe work was focused oimvestigation of

effects ofa GDL defect on the localized air permeabilifijhis work utilized the segmented cell

system deeloped previously. For the final effort in this section of the project during the grant
period HN E | 0 sof-thetard Hile system was used in support of Naval Research Laboratory
(NRL) efforts to further c¢har docus enrimproeinghe ot one
stackds performance and durability for wuse in

1.1.1 Test Stands and Infrastructure Upgrade

During the past year, only minor improvements were made to the test stand and facility
infrastructure The effort of significanceundertaken was to evaluate various options to increase
the maximum station power test point t&\W to support Navy UUV interestsThe 5kW power

level was selected as this is the maximum operating level for the current fadibistincture,
particularly the electrolyzer and zegoade air generation systerhe final option selected was

to perform a full mechanical overhaul of an existing UTC station, while maintaining the original
electrical and process instrumentation harégwdie primary selection points were the cost of a
new station, ~15@50k, and delivery estimates of > 18 weelarts acquisition and build time

for the inhouse option were estimated to take ~10 weeks, with an approximate hardware cost of
~ 60k. In adition, by performing the overhaul-imuse, HNEI maintains greater control and
flexibility for future upgrades, especially utilizing HNEI software as wélhe projected first

test program is short stack testing as part of an upcoming ONR programmgitiéiziGM
automotive fuel cell system as an UUV power sourthe test station build began in the final
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month of this project Following a year of operation, additional upgrades will be made to
support contaminant studies in recirculation systems.

1.1.2 Component Cell and Stack Testing

1.1.2.1  Air Contaminant Studies: Component Degradation during SQ Contamination
and Performance Recovery

In the present award period a series long term SO2 contamination experiments were conducted to
increase understanding of the effentdurability The long term tests include two (repeat) 300

hrs baseline testing without SO2 exposure, two (repeat) 300 hrs (20 {psigoring + 200 hrs
poisoning + 80 hrs selecovery) continuous contamination testing with 2 ppm SO2, and a 4
cycles pasoningrecovery (one cycle: 20 hrs ppeisoning + 20 hrs poisoning + 40 hrs self
recovery + potential scanning recovery) test.

—— Without SO,
10} — Continues SO, Exposure B
SO, Exposure + Recovery cycles
— o'
2. 0.8 | One cycle _ T"} - 4
% <™ sN <\(N sN
8 - T T
o [y
S ~\\‘ :
= | \ i
8 0.6 e SRS
‘ !
\ X CV Recov.
0.4 ancath: 7/7psig, 2/2stoich, 100/50 %RH, SO, Stop T
H,/Air(2 ppm SO,); 80°C, 0.6A/cm”
1 1 M 1 M 1 M 1 M 1 M 1
0 50 100 150 200 250 300

Time [hr]

Figure 1.1.1 Cell voltage response during baseline test without SO, exposure, 2 ppm continues
SO, exposure and SO, exposure + recovery cycles

Figure 1.11 shows the cells performance response during the long term tests. The figure shows
that the cell voltagecontinuously degraded about 16% over the 300 hours constant current
operating without S® contamination For the cotinuous SQ exposure test and the $0O
exposure + recovery test, the cell voltage shows a similar rapidly degradation with the starting of
the SQ injection, and reached a similar steady state at about 0.45/&n the performance self
recovery is also iddical and the final cell voltage degradation for both tests was about 21% of
their initial performance These results indicate that the cell performance degradation and self
recovery are independent of exposure time when the contamination reachedibriuenstate

From the cycling test resuit,is apparent thathe cell performance can be further recovered by
CV scanning (0.08\..2V vs. RHE, 15 scans) Each individual cycle had showed similar
behaviors until the MEA failed after 4 completed cyclé€3ccasionally, the cycling test lasted
similar total time with the baseline and letegm SQ contamination testsThese results suggest

that the recovery cycling directly resulted in the MEA failure.

2
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Table 1.1.1 Summary of the characterization results for the MEAs after long-term tests

Testing H2 Xover '\./Irﬁ::gé:g
W/O SG ¢ 23% e 12% e 38%
W/ SG ¢ 63% e 11% e 56 %
W/ SO + Recover ¢ 260 % e 29% e 62 %

The results of the electrochemical analysis before and after thadonmgests and individual

cycle were not shown here, but the summary results are shown in TableAls Idt the cycling

test, the hydrogen crossover increagetiually with cycling And it become morsevereup to
about260% at the end of the"4ycle, and showed the first signs BEA failure. The MEA
failed/broke duringthe air polarization measurement for end life diagnosfihese results
suggest that the membrane degradation was accelerated by:teep88ure, especially with the
recovery cyclig. The cathode electrochemical active area (ECA) results indicate that the SO
contamination effect on the electrode is recoverable, but the potential scanning (CV) recovery
method caused a severe rreaoverable performance loss in the cathode.

To visualy investigate the S©contamination and the CV recovery method effect on the
membrane degradation, SEM was applied to analyzertiessectionsof the fresh and tested
MEAs at gas inlet, middle and outlet sectiofsgure 1.1.2 shows cross sections SiaMges of

the middle in the MEAs after testsThe decreases in the membranes are also shown in Table
1.1.1 This result indicate that the more severe membrane degradation occurred during the
contamination tests, and the C\fecovery method might not affethe membrane thickness too
much but the MEA failure might caused by the mechanical damage from thdosttand
startup operation during the CV recovery.

Figure 1.1.2 Cross-section SEM images in middle of the MEAs after long-term tests
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Figure 1.1.4 TEM images of Pt in the membrane nearby cathode catalyst layer of the MEAs after
long-term tests

To determine the S{xontamination and the CV recovery methdfi& on the electrode, TEM
was applied to analyze theosssectionsand catalyst Pt/C in cathode of the fresh and tested
MEAs at gas inlet, middle and outlet sections. The images in Figure 1.1.3 show that the
platinum particle sizes after the Baseliresttare similar with those of the continuous>SO
contamination test, but bigger platinum particles was abstained after the cyclinghestres
sedion TEM images of the cathode side in MEAs are shown in Figure. 1lis4show clear
platinum immigratn in the membranesThe MEA after continuous SCcontamination test
shows similar size of deposited platinum particles with the baseline Bt the platinum
distribution zone is closer to the cathode catalyst layée cycled MEA shows bigger paits

size and farer platinum distribution zone from the cathode catalyst |ay&se results showed
no impact of S@contamination on the platinum dissolutionmigration but the clear evidence
for the cathode potential effect.

In summary, the SOcontanination hadinsignificantimpact on the platinum agglomeration or
dissolutiorimmigration, but the CV recovery method accelerated the platinum agglomeration or
dissolutiorimmigration The acceleration had been reported by other researcher with CV
experiments but without S©contamination These results was supported the similar ECA loss
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for the cathode of the Baseline test and the continuousc8@amination test, but more for
recovery cycling test.

1.1.2.2  Air Contaminant Studies: Mechanistic Modeling of SQ Adsorption on Pt/C
(catalyst consisting of carborsupported platinum nanoparticles)

In the present award period additional simulating &@sorptionand in-situ SO, adsorption
experiments weralsoconductedo further understand tH&O, contamnation mebanisms The
simulating SQ@ adsorption experiments were performed by exposing the MEA cathode to 10
ppm SQ in N at certain potential and typical operating conditiona BEMFC for certain time,

then immediately applying potential scanning within ddéfer potential rangeto study the
adsorption potential effect on the chemical states of sulfur adsorbate by analyzing the
electrochemical reduction and oxidation potential and chafgefor thein-situ SO, adsorption
experiments, a PEMFGndertypical ogerating conditionsvith 2 ppmSGC; in air was interrupted

at different steady states (poisoning or recovery) by applying potential scannirthexttihode
chambersealed We then attemptetb detect the chemical states of sulfur adsorbate during the
SO contamination in the cathode thie fuel cellunder real operatingonditions

First cycle of CV scans after 80 min SO, Exposure
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Figure 1.1.5 The CV scan profiles of the first cycle after an 80 min SO, exposure at different
potentials

Figure 1.1.5 shwsthe CV scan profile of the first cycles juster 80 minof SOG adsorptionat
different adsorption potentials during thienulatng test When the adsorption potential is lower
than 0.65 V, bottithe Ptledge)and Pt(111) sitesof the Pt crystal structurerere completely
coveredand there aréwo S-ads. oxidation peaks and one reductipeak observedAlso theS-
adsreduction peaks have a similar current magnitudénen the adsorption potential is between
0.65 and 0.95 V, onlt(111) sitesof the Pt crystal structurare coveredandPt(edge) sitesre
still available There isonly oneS-adsoxidation peak and one reductipeak observed The
oxidation current peak observed at lower adsorptidentials, which had an onset-#0.65 V
and peak at ~0.95 V, did not appeahlso, the S-ads oxidation and reduction current peak
magnitudes now decrease with increasing adsorption potemiakn the adsorption potential
was equal to 0.95 V, there were no obvidkads oxidation or reductiorpeaks withinthe
potential range of 0.08~1.2 V, and thes¢bxidation current is close to the BOT levdlhis may
indicatethatwhen the adsorption potential is equal to 0.95 V or highes,i$SfDlly oxidized into
sulfate/bisulfate 30> /HSQ:>) on Ptledge} andPt(111).
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Figure 1.1.6 CVs for the first two cycles after 80 min exposure to 10 ppm SO:at (left) 0.35 V and
(right) 0.75 V vs. RHE. Arrows show changes between first and second cycle

In order to analyze the chemical state of the adsorbates, the CV scans with different potential
ranges was applied fier the saturated adsorption at different potestikigure1.16 (left) shows

CVs after SQ adsorption at 80 °C and 0.35 V vs. RHElo peak was detected for the low
potential range scan (0.65 to 0.08 V vs. RHEis resultindicates a complete coage of Pt
sitesand sulfur valence in the-&ls is 0 when the S@dsorption on Pt in the MEAccursat
0.35Vin Nb. The first CV cycle for the high potential range scan (0.65 to 1.2 V vs. RHE) led to
two peaks at 0.92 and 1.09 V vs. RHikdicative of silfur adsorbate oxidation.

Pt3 S - Pt3 SQ +ne (2)

The charge transfer number,in reaction (1) can be calculated to be approximately Jlee
sulfur coordination numbex in S-ads is about 1.4 Consicering thePt(111) sites on the Pt
crystal cluster surface in the MEA is about 63%, which can be confirmed byatie &verage
value of about 63% after saturated ;S&isorption at 0.75 Vit can be concluded that the
Ptledges)S, and Pt(111)}S might be famed during S@ads. @ 0.35 Yand then, they were
oxidizedat0.92and1.09 V, respectivelyduring the high potential range CV scafsgurel.16
(right) shows CVs after SOadsorption at 80 °C and 0.75 V vs. RHE significant peak was
detected at @5 V vs. RHE during the first cycle of the low potential range sdaterestingly,
only one oxidation peak appeared at IV1¢s. RHE during the first high potential range CV
cycle These results indicated that after the,$@sorption on Pt at 0.75 We Sads can be
reduced to zervalent sulfur at about 87 V, and also be oxidized tov@lent sulfur,SQ?
/HSQy? at about 1.11 V The reduced @ds during the low potential scan can be oxidized to
SOQ/HSQ? at about 1.07 V.

Pt3 SQ +ne- Pt3 S, (2)
Pt3 SQ - Pt3 SO +ne 3)
Pt3 S,- Pt3 S +ne (4)

The charge transfer numberjn reaction (2), (3) and (4)an be calculated ouyielding about
3.9, 2.2 and 6.2, respectivelfhis means that the coordination numkendy in the Sads is
approximately 1 and 2, respectivelyhis result suggested that thea&s isPt(111}SCO, when
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the SQ adsorption on Pt iMEA occursat 0.75 V in N. The Pt(111)}SG; can be reduced to
Pt(111)S at about 0.47 V and oxidized $©>/HSQ:?* at about 1.11 V The reducedPt(111)S
can be oxidized t6§ Q?*/HSQs* at about 1.07 V.

As reported irthe literature, Sads on Pt surfaes can be completely removed by CV scanning
only after several scan cyclefigure 1.1.7 (left) and (right) show the profiles of CV cycles (i =
1, 2, 3, and 10 cycles) after S6nturated adsorption at 0.35 and 0.75 V vs. RHE, respectively
For adsorppbn at 0.35 V, after the first cycle, thet(edge) siteswere released and the
subsequent cycles show only o8@dsoxidation at aboufl.03 V, and two reduction current
peaks at about 0.36 V and 0.44 The S-adsoxidation peak onset starts €0.72 V anl the
onset of reduction start at ~0.58 WVith increasing scan cycles, thea8ls oxidation and
reduction current peaks decrease, and th@ ¢kidation current orPt(111) increases For
adsorption at 0.75 V, all the cycles show similar behavior to sy2le3, and 10 for the
adsorption at 0.35 VThese results confirm previous conclusions that the peak at ~0.93 V relates
to the oxidation ofS-adson Pt(edge) sites and the reduction peak at 0.44 V can be attributed to
the reduction of reaction productoidn oxidation of the €@ds onPt(111) during the previous
forward scan, and/or the adsorbate itséllhese results also suggest that the 8@sorbed on
Pt(edge) sites can be easily removed but adsorbatBf1iil) sites are difficult to removelhis

may account for the different adsorption structures of tHael$Son different Pt crystal faces.
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Figure 1.1.7 The profiles of CV cycles after SO, saturated adsorption on Pt electrode at 0.35 V vs.
RHE (left), and 0.75 V vs. RHE (right)

CV scandata from adsorption potentials at 0.35V and 0.75V was also used to estimate the
chemical state of -&ds during CV scanningby linear fitting on the relation between
anodic/cathodic charge difference and ECA increase of each cycle, as shown in equation [1]

m;\- c = (n/h - 1) Inli-lad,ox + QH 2,0x + QC,ox + QPt,dis - QH 2.ev [1]

wherei the cycle number of the CV scand / is the removal efficiency o€V one cycle The
charge number, n, can be calculated from the slope of equation [1].
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Figure 1.1.8 The charge difference between anodic and cathodic scans, vs. the increase in Hads

oxidation charge, DQa—c"SDQHaWduring CV scans after SO; saturated adsorption on Pt electrode at
0.35 V vs. RHE, (left) and 0.75 V vs. RHE, (right)

Thus for the data shown ingure1.1.8 (left) and (right), the charge numbers are estimated at 3.4
for adsorption at 0.35V and 135 for adsorption at 0.75 V with different tisy@espectively

This indicates thaPt(111»=SO andPt(111)}S may be formed due tthe reductiorof S-adsat
about0.44V and 0.36 V during the cathodic scannafter the first anodic scanning, and then is

oxidized at 1.03V.
In summary, as illustrated itne following schematic oFigure 1.1.9, the adsorption potential
affectsdependhot only onthevalance of S irtheadsorbatgbut also on the adsorption structure:

U Adsorption potential lower than0.65 V vs. RHE, the chemical state cfdsorbateis
independent of Pt surface coveragd-edges andPt(111) were fully covered, RtdgesS,; and
Pt(111)S might be adsorption products

U Adsorption between 0.95 and 0.65 V, oRt111) were fully covered?t(111)SC; might
be produced and feidges left available
U Adsorptionpotential equal to or higher th@95 Vvs. RHE, SOG was directly oxidized to
SO /HSQ, no obvious Sadsorbate redox reaction during G¥anning
U The saturation coverage of sulfur adsorbates on Pt surface decrease with increase of the
adsorption potential.
In addition,S-adsorbate also varies with cycling of CV scans from-Q.Q8V:
U S on Ptedges could be oxidized and removed completely during the first scan

U Pt(111)S andPt(111)}SO; were oxidized during the first forward scanning and then
reduced partially t¢*t(111p=SO andPt(111)}S during the following scans, results in one SO
cove two Pt sites

U Pt(111)}SO were reducedPt(111)S during the first backward scanning and then oxidized
during following scans
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Figure 1.1.9 The schematic of the reactions during CV scans after SO, saturated adsorption on Pt
electrode at different potential under typical PEMFC operating conditions

As for in-situ SQ adsorption experimentsnly two successful experiments were obtained due to

the instrumerds limit in our lab Figure 1.1.10 shows the CV curves during the scanning at the
poisoning stady state and salécovery steady stateDuring the first scanning within low
potential range, the poisoning steady state has only one reduction peak at about 0.25 V and all
platinum sits were completed covered, but the sedfcovery steady state hasot reduction

peaks at about 0.42 V and 0.32 V and oRtf111) was completed coveredrhe following
scanning within high potential range, the poisoning steady state has two oxidation peaks at about
0.86 V and 0.106 V but the setcovery steady state hasly one oxidation peak at about 1.05

V. These results suggest theads at the poisoning steady state mayPhedges)SO» and
Pt(111)S; and during the setkcovery, thePtedges)SO; desorbed or was oxidized and
Pt(edges) site was released, ##l11)-S was oxidized tdPt(111}SO or/and Pt(111$0.
However, this contamination mechanism retedbe confirmed in further experiments.
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Figure 1.1.10 The CV curves during the scanning at (left) poisoning steady state and (right)
self-recovery steady state
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1.1.2.3 Manufacturing Defect Performance Implications: Gas Diffusion Layer Defect
Influence on Air Permeability of PEM Cathodes

During this year we continued to study effects of the manufacturing defects on hydrogen
polymer electrolyte fuel cells BMFCs) performanceThis work was performed to support the

DOE manufacturing initiative for PEMFC production n t hi s part such gas
(GDL) characteristic as air permeability was chosen as variable parameter and the work was
focused on imestigation of effects of the such GDL defect as well as the impact of the defect
location (inlet or outlet part of membrane electrode assembly (MEA)) on a fuel cell performance

by using a segmented cell system.

Al | experi ments wer esegmented cett systemThis diagmagtic N E | 0 s
enables collection of spatial information during a standard fuel cell experiniBatsegmented

cell is operated as a single cell fuel cell using a Fuel Cell Technologies test s@uiwant and

power limitations of the station were 240and 1.2kW, respectively The segmented cell
system includes cell hardware and a data acquisition system composed of a custom built current
transducer system and a National Instrument PXI data acquisition instrunferdustom
LabView program controls the National Instrument PKbr current sensing, a closed loop Hall
sensor device from Honeywell, Model CSNN191, was employ@dgment currents of up to

2 A cnt? are measured in the high current modéhe maximum currentehsity is lowered to
400mAcm? in the low current mode, which is typically used for spatially distributed
electrochemical diagnostics (CV, LSV).

The segmented cell hardware was based on a HNEtm®0ell design The hardware contains

a segmented flovield which consists of ten cell segments forming a continuous path with ten
serpentine channelsEach segment has an area of 7.6 @md has its own distinct current
collector and GDL The cell hardware segmentation can be applied to either the andle o
cathode.

A 100 cnt lon Power catalyst coated membrane (CCM) with a single anode GDL and 10
cathode GDLs of reduced size to cover each segment were Tbkecelectrodes were made of
Pt/C catalyst coated on a Nafion 212 (&) with a loading of 0.4.4mge:cnr? on the anode

and cathode respectivelA standard 25 BC GDL (SGL) was used at the anode and GDS3215
(Ballard) the cathodeGDS1120 GDL (Ballard) was used as defect GDAIso tests were done

at opposite configuration when GDS1120 was usedtandard cathode GDL, and GDS3215
defect GDL Teflon gaskets of 208nd 185mm thickness were respectively used for the anode
and cathode.

The cell operating temperature was 60°Che anode/cathode standard operating parameters

were: H/air, 2/2stachiometry, 48.3/48.8Pa back pressure, and 100/%®relative humidity
Experiments were also performed also witsi®4 configurations For this test the same flow

rates as during #hair operation were used to maintain the cell water management
Consguently, the stoichiometry for the Qhe stoichiometry increased to 9.5These gas
configurations were used t o Thd activationmaverpgtensae g me n t
hact Wwas obtained by subtracting the ohmic loss correctg@-tHolarization curve from the

theoretical open circuit voltage of 1.¥3 The ohmic overpotentiahionm was obtained by
multiplying the high frequency resistance (HFR) with the respective d¢udemsity Subtraction

of the Hyair data from the KO, data yielded the mass transport overpoteriial
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The cell and segments spatially distributed voltage was measured under galvanostatic control
These experiments were combined WHIS measuremés to determine the cell and segments
resistance as well as impedance spdarall ten segments at each currefithe selected EIS
frequency range was Otd10kHz and the amplitude of the sinusoidal current signal
perturbation was 2 which resultedn a cell voltage response of &/ or less The high
frequency resistance was determined from the intexfeite EIS with the real impedance axis

at high frequencies (Nyquist plot).

CV experiments were conducted to measure the electrochemically aotiaee area (ECA)

using a Parstat 2273 potentiostat/galvanostat from EG&G Instruments CONs were
performed at a cell temperature of 35°C with a scan rate af\26 %, while 100% relative
humidity hydrogen and nitrogen were supplied to the refefeogeter and working electrodes,
respectively, at a flow rate of 780 min-l. For each measurement, thweles were recorded

over a potential range ©0.015to 1.1V vs. hydrogen reference electrode (HREhe hydrogen
desorption peak area of therthicycle was used to determine the ECHAydrogen crossover
experiments were performed at the same temperature and flow conditions as the ECA
measurements using a single potential sweep fromo@#V vs. HRE at a scan rate of
0.1mVst

The GDL defed were created by exchanging the standard cathode GDL (GDS3215) material at
segment 4 and segment 9 with a substitute GDL (GDS1120)e GDLs parameters are
presented in Table 1.1.2The GDLs have microporous layer and same thickness of&i10

Also they were treated by PTFE, have close values of resistance and area v@&ig#i215 has

higher air permeability through and in plane than GDS112Bor the opposite GDL
configuration test the standard GDL (GDS1120) at the segment 4 was exchanged by GDS 3215
The defect simulated the different air permeability expected from manufacturing variations
Prior to the defect insertion, the segmented
of diagnostics was performed (CV, LSV, polarization curves, d8diging H/air and H/O- gas
configurations) The cell was subsequently disassembled, the defect inserted, the cell
reconditioned and an identical set of diagnostics complefedomparison between both set of
diagnostics gave insights into the defeffees as well as an assessment of the feasibility to
detect and localize GDL defects.

Table 1.1.2 Main parameters of several Ballard GDLs

GDL Thicknesspym = Area weight, PTFE MPL  Air permeability, s/100 chr  Resistance,

@ 0.7 N crr? g m? Through plane In plane mWcn?
GDS1120 210 79 yes yes 210 108 14.5
GDS3215 210 85 yes yes 80 83 14.0

A slight decrease in ECA (up to%) was found for both anode and cathode electrodes after the
defect introduction at segment 4 and subsequently at segm&ine9ECA drop is attributed to
catalyst degradation during hardware disassembly, catalyst exposure to air, and degradation
resulting from cell operationHydrogen crossover distributions showed the absence of pinhole
formation.
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Defecti low air permeald GDL, location at segment 4The impact of the GDL defect
characterized by low air permeability on the performance distribution is shown in Figure 1.1.11,
where segment voltage distribution is presented as a function of segment location at different
fixed current densities Results indicate that detection is facilitated at higher current densities
(2 1.0A cnv?). The segment 4 voltage drop after the defect insertion was 0.039 V at 1.6,A cm
0.09 V at 1.1 A crd, and 0.160 V at 1.2 A cfa The defectpresence affected the segments
performance downstream at high current density operation: segmgdtsHbowed an increase of

the performance.
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Figure 1.1.11 Voltage distributions before and after the defect introduction at segment 4
(GDS1120 as defect GDL). Anode/cathode: Ha/air, 2/2 stoichiometry, 100/50 % relative humidity,
48.3/48.3 kPay, 60°C.

Overpotential data indicated that the main contributors to the segment 4 performance change
were mass transfer losses (Figure 1.1.1Zhe overpotential imease was 0.022, 0.083 and
0.132V at 1.0, 1.1 and 1.2 cnmr 2 respectively, which accounts to 90 % of the losses.
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Figure 1.1.12. Difference in mass transfer overpotential distributions between MEAs with and
without a GDL defect at segment 4 (GDS1120 as defect GDL). Anode/cathode: 2/2 stoichiometry,
100/50 % relative humidity, 48.3/48.3 kPag, 60°C.
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Figure 1.1.13 EIS spectra for segments 1, 4, 7, 10 recorded at total cell current density i = 0.1 (left)
and 1.0 A cm™ (right) (GDS1120 as defect GDL). Anode/cathode: Hy/air, 2/2 stoichiomentry,
100/50% RH, 60°C, 48.3/48.3 kPay.

Figure 1.1.13 shows EIS data collected at a total cell current density of 0.1 akarir®for
segments 1, 4, 7, 10 before and after defect introduction at the segmBEm 4esults of these

four segments were representative for the trends observed in the entirdtcalllow current
density of 0.1A cnr?, the presence of a local change in air permeability content is not noticeable
except a slight increase of HFR fron209 to 0.247 Ohm crh(Figure 1.1.13Jeft). Such an
increase of HFR might be connected to assembling/dissembling of the cell and/or different
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adhesive properties of the GDIAt low current densities, the EIS curve is described by a high
frequency anodeharge transfer resistance loop (it is often negligible), a high frequency cathode
arc attributed to a charge transfer resistance and a double layer capacitahogher current
densities, an additional low frequency arc is usually observed reflecthgde mass transfer
limitations. At 0.1 A cn?, the variation of air permeability does not affect the cathode charge
transfer resistanceHowever, at 1.@\ cnv? the presence of the defect resulted in an increase of

the lov frequency loop (Figure 1.1.13jght) representing diffusion limitations within the
cathode GDL and the catalyst layer due to poor mass transp@rtthe same time the
downstream segments demonstrated a decrease of the diffusion loop and an increase of their
performance.

A decrease fothe local air permeability of GDL results in growing of the local mass transfer
losses and diffusion limitations since the transport of reagents and removal of water from the
catalyst later become difficult at high current density operatidhis create conditions for
flooding at the defect area and local decrease of the perform#@scevater removal from the
defected segment is an obstacle, so less water is emitted to downsirie@ncauses more dry
conditions for the segments after the defect am# @downstream segments have an improved
performance.

Defecti low air permeable GDL, location at segment Bigure 1.1.14 presents voltage
distributions as a function of segment position before and after the GDL defect introduction at
segment 9 A main impact of the defect on the performance was found at high current density
operation A decrease of the local air permeability results in a local performance drop of 0.034
and 0.239 V at 0.8 and 0.9 A @nrespectively At the same timethe performance fothe
segments B increases as well as downstream segmentadOvas observed ithe previous
section
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Figure 1.1.14 Voltage distributions before and after the defect introduction at segment 9
(GDS1120 as defect GDL). Anode/cathode: Hy/air, 2/2 stoichiometry, 100/50% relative humidity,
48.3/48.3 kPag, 60 °C.
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Figure 1.1.15 Difference in mass transfer overpotential distributions between MEAs with and
without a GDL defect at segment 9 (GDS1120 as defect GDL). Anode/cathode: 2/2 stoichiometry,
100/50% relative humidity, 48.3/48.3 kPaq, 60 °C.

The observed local performance drop after at the defected segment is accounted mainly by mass
transfer losses as might be seen from Figure 1.1Tte growth of this overpotential is 0.025

and 0.234 V at 0.8ral 0.9 A cn¥ respectively; and it corresponds to 95 % of the performance
decrease.

Figure 1.1.16 presents EIS spectra for segments 1, 4, 9, and 10 recorded at 0.1 and3.0 A cm
total current density before and after the defect introduction at the se§méu low current
density (Figure 1.1.16,left) the air permeability defect did not significantly impact the impedance
of the segmentsHowever at high current density EIS shows changes in the segment 9 behavior
(Figure 1.1.16, right) There is an in@ase of low frequency loop, representing diffusion
limitations So a decrease of the air permeability results to the performance loss.

A comparison of the defect impact depending on its location (segmestségment 9) shows
that the defect at a cellutet (segment 9) becomes more pronounced and results in critical
performance drop at lower current than the defect located at a cell inlet (segméisatjhe
defect detection is possible at4L2 A cm? for the inlet location, whereas for the outl@tation

at 0.80.9 A cm?,
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Figure 1.1.16 EIS spectra for segments 1, 4, 9, 10 recorded at total cell current density i = 0.1 (left)
and 1.0 A cm? (right) (GDS1120 as defect GDL). Anode/cathode: Hy/air, 2/2 stoichiomentry,
100/50% RH, 60 °C, 48.3/48.3 kPag.

Defecti high air permeable GDL, location at segment 4he impact of the GDL defect
characterized by high air permeability on the performance distribution is presented at Figure
1.1.17 It should be noted that the initial performancele# cell with GDS1120 as a standard
cathode GDL was lower than with GDS3215, so voltage distributions are presented at fixed
current densities of 0.1, 0.2, and 0.4 Atmit was observed that the defect GDL makes a
positive impact on a local performancan increase of the segment 4 performance is 0.033 and
0.205 V at 0.2 and 0.4 A cfrespectively There is a slight variation of the downstream
segment sodé .performance

Analysis of the overpotential losses revealed that the main contributors to thensed
performance change were mass transfer losses (Figure 1.Ari8)crease of air permeability at
the segment 4 leads to a decrease of the mass transfer overpoiérgialverpotential drop was
0.028 and 0.20¥ at 0.2 and 0.4 cn 2 respectivelywhich corresponds to 90 % of the losses

16

Final Technical Report, December 2011
GrantAward NumberN0001409-1-0709 HNEI



0.9F a=4 0.1Acm? 7
H—n—=" §A=—-Q—A—a_afé

~n—, 0.2Acm

S 07 \ "

[J) A A

o =

S 06} / |

S l/ m/ 04Acm®
05} A W 4
0.4 -m- GDS1120 b

=A=- GDS3215 at Seg04

0.3 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Segments

Figure 1.1.17 Voltage distributions before and after the defect introduction at segment 4
(GDS3215 as defect GDL). Anode/cathode: Ha/air, 2/2 stoichiometry, 100/50% relative humidity,
48.3/48.3 kPay, 60 °C.
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Figure 1.1.18 Difference in mass transfer overpotential distributions between MEAs with and
without a GDL defect at segment 4 (GDS3215 as defect GDL). Anode/cathode: 2/2 stoichiometry,
100/50% relative humidity, 48.3/48.3 kPag, 60 °C.

The obtained péormance data are supported by EIS resufigure 1.1.19 presents EIS spectra
for segments 1, 4, 7, and 10 recorded at 0.1 and 0.4 %tata current density before and after
the defect introduction at the segment At low current density operatiorhére are no any
changes in EIS responses after the defect introdudfigure 1.1.19,left). However at 0.4 A

17
Final Technical Report, December 2011
GrantAward NumberN0001409-1-0709 HNEI



cm? the segment 4 shows a decrease of the low frequency ark after the changing of the GDL,
indicating on an improvement of local mass trangf@perties due to an increase of the air
permeability of the defected GDEifgure1.1.19,right).
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Figure 1.1.19 EIS spectra for segments 1, 4, 7, 10 recorded at total cell current density i = 0.1 (left)
and 0.4 A cm? (right) (GDS3215 as defect GDL). Anode/cathode: Hy/air, 2/2 stoichiomentry,
100/50% RH, 60 °C, 48.3/48.3 kPag.

In review, the effect of a localized cathode GDL air permeability variation on the PEMFC
performance was studied using segmented cell approactartificial GDL defect wa created

by exchanging a standard cathode GDL at the segment 4 location with a substitute GDL with
different air permeability Main changes in local performances were observed at high current
density operation An increase of the local air permeabilicaused a growth of the local
performance, while a decrease of this parameter resulted in a drop of the segment performance
Polarization and EIS data analysis revealed that such performance changes are attributed to
changes of mass transfer overpotentiatsincrease of the air permeability leads to a decrease of
the mass transfer losses and opposié permeability is directly connected to mass transfer
properties of the GDL and higher air permeability provides more efficient transport of reagents
to a catalyst layer and removal of reaction produstter

A comparison effects of defect locations at a cell showed that the defect located at outlet made
more significant impact on the local performandée outlet defect was more pronounced and
deteced at lower current density than the inlet defe€he outlet part of the cell experiences
noticeable mass transfer losses due to a decrease of the oxygen partial pressure and an increase
of the water in a gas strearAny slight local changes in diffusioproperties of the GDL at these
conditions are significant for the local performance, however the total cell performance might
not be greatly affected by the defectt should be noted that the local GDL defects can be
successfully detected by a combinatof spatial VI and EIS
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1.1.3 Fuel Cell Hardware-in-Loop and System Simulation

1.1.3.1  Scope of Work and Approach

During the gr an t-of-thesanr Hib slystekh NvEsl usesl prenara in support of

Naval Research Laboratory (NRL) efforts to further chimréze a fuel cell stack with the focus

on i mproving the stackos performance and dur
vehicle (UAV). Work under this activity involved the following:

1 Using the HIL test system and UAV system simulation devel@agbler under the lon
Tiger UAV project, HNEI further characterized the performance of the a 500 W Protonex
fuel cell stack and other balance of pant (BoP) components of the UAV system under
different operating strategies and dynamic propulsion load @rofliL was configured
to incorporate hardware and control software of different operating components of the
actual UAV system, such as anode purge system, air blower, external humidifier and
durability shorting process (oxide cleaning method). This vea® dn order to test and
analyze fuel cell stack and some balance of plant (BoP) components under different
operating conditions and strategies.

1 Analyzing the effect of hybridization of the load following (Rloybrid) UAV system and
design of a novel ptial hybrid UAV system to minimize losses due to hybridization and
to have the flexibility of switching operation of the system from hybrid to-mdmid
mode. Two fuel cellbattery hybrid (full and partial) simulations were developed in the
Matlab/Simuink environment with different system configurations in order to study the
impact of adding battery packs (weight) and controller (weight & power losses) on the
flight duration of the UAVs for a given propulsion and ancillary load profile.

1.1.3.2 lon Tiger UAV Powe r Pack Characterization:- Eval
Board Fuel Cell Performance Recovery Method under Mission Load Profiles
using the HiL Test System

The objective of this study was to characterize the effect of the shorting intervals and the impact
of avoiding a shorting process at different power levels on the lon Tiger stack under dynamic
UAV mission profiles The shorting process utilizes a MOSFET shorting device that short
circuits the stack for 120 msec at every 20Q seervals During the shd circuit period oxide

layers on the cathode catalyst surface@PPt=0) are reducedThis oxide cleaning process
improves the overall cell voltage that increases the thermal efficiency of the StaekHiL

testing was performed using Load Followifig=) UAV system simulation with a 20 minute
mission profile.

For the 6shorting intervalé investigation, th

Shorting Intervals: =10, 25, 50,100,20@&nd600 sec
=360, 144, 72, 36, 1&nd6 shorting events per bo

For the O6avoiding shorting process at di ffer
performed using a shorting interval of 200 sec and shorting was avoided when the stack power
was greater than shorting power level cutoff.
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Shorting Power Level Cutoffs: Stack power >350, 400, 450, 580d550 W.
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Figure 1.1.20 One hour load profile used for the shorting investigation

A one hour (3x20 minute) load profile (Figure 1.1.20) was used for testing the stack for each of
these shorting investigans Prior to initiating any ondnour HiL shorting interval test, the stack

was held at the same starting condition while the baseline experiments were performed at the
beginning (BoT) and at the end (EoT) of each shorting investigation in order tdamain
repeatability throughout the test matriXable 1.1.3 showithe overall test matrix or sequence

for the shorting interval investigatiorA similar test matrix was also used for avoiding shorting
process at different power level$\ one-hour HiL bagline test without any shorting was also
performed in order to compare with the data from the HiL shorting interval experiments.
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Table 1.1.3 Experimental sequence for shorting interval investigation

Test [Dr Experiment Description

1 Pre-Test Conditioning
2 Baseline Evaluation (BoT)

Hold at 300 mafom?2 for Data Saving & HiL Test Setup
3 10sec Shorting Interval Evaluation

Hold at 300 méfom?2 for Data Saving & HiL Test Setup
4 25 gec Shorting Interval Evaluation

Hold at 300 mafom? for Data Saving & HIL Test Setup
5 50 sec Shorting Interval Evaluation

Hold at 300 méfom? for Data Saving & Hil. Test Setup
f 100 sec Shorting Interval Evaluation

Hold at 300 méfom? for Data Saving & HiL Test Setup
7 200 zec Shorting Interval Evaluation

Hold at 300 mafom?2 for Data Saving & HiL Test Setup
g 600 sec Shorting Interval Evaluation

Hold at 300 méfom?2 for Data Saving & HiL Test Setup
g Baseline Evauation (EoT)
10 Pre-Test Conditioning
11 Shut Down

The stack operating condit and UAV simulation setup for these investigations were as
follows:

Operating Conditions:

Cathode Oxidant: Air Blower

Cathode Stoichiometry: ~25

Relative Humidity: External Humidifier

Anode Purging: Straight purging, dry gas inlet

Anode Purgéduration (sec): 1 sec

Anode Purge Interval (sec): 7 secs

Anode Stoichiometry assumption 1.02 or 98 % Hutilization in the simulation
Coolant inlet Temperature: 55°C

Coolant Flow Rate: 1-1.5/m

UAV Simulation Setup:
Propulsion Load Profile Name

20 minute lon Tiger Mission Profile
Ancillary Load Profiles (Peak Demand)

V Load =45+ 0.4=45.04 W
(Servo, H2Vvalve)
12V Load =4+8+18=30W
(Autopilot, Payload & Radiator Fan)
17 V BoP Load = Function of stack current
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DC-DC Conveter

5V Converter Efficiency= 90 %
12V Converter Efficiency= 93 %
17V Converter Efficiency= 93 %

Battery Pack

Type (A123 HP Lithium lon) = 26650

No. of Cells =4

Capacity = 2.3 Ah /cell
Nominal Voltage = 3.3 volts / cell
Total Mass =0.28 kg

Initial SoC =100 %

Min. SoC Limits =10 %

During the test matrix experiments, the time series data for stack voltage and current and
individual cell voltages were recorded sample rate of 10 msec was used to calculate hydrogen
consumptio of the stack using the stack current and anode stoichiometry of 1.02 (98% H2
Utilization). The stackods electrical efficiency was al
and dividing by total K energy consumed over the one hour UAV mission mafd x 20
minutes) The hydrogen consumption and stack efficiency results for each test were compared
with baseline data (without a shorting process, ne.oxide cleaning) to see the effect of the
shorting interval and avoiding the shorting process atifferent power levels on the stack
performance and durability improvemenProjected increase or decrease in mission duration
over one hour test results due to the shorting process algo extrapolated over the-Bdur

period.

The test matrix resudtfrom the shorting interval investigation are presgmeTable 1.1.4 and

on Figures 1.1.21 and 1.1.2Z hese results show the comparisons of test results of the shorting
interval investigation tests with both the baseline test, at the beginningtest{®&oT) and end

of the test (EoT) respectivelyrrom these results, it can be concluded that the high frequency of
oxide cleaningi.e, at low interval (<100 sec) leads to greater improvement in stack efficiency
and lower hydrogen consumptidhat in turn project over a 2#our mission period, an
increment of >100 minutes of extra duration at shorting interval > 10 Best matrix results

also show that performance of the stack had deteriorated by the end of the shorting interval
investigation, i.e.> 8 hours of testing and therefore the baseline test at the end of the
investigation (EoT) had lower stack electrical efficiency of 44% as compared to the BoT
efficiency of 45% Overall, the durability of the stack would improve significantly with the
shorting oxide cleaning process as the stack ages or stackdomdncreases.
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Table 1.1.4 Results of the shorting interval investigation tests compared with baseline tests

Compare with BoT Compare with EoT
% Diff Projected % Diff Projected
Shorting H, h inH» 24 hrs inH, 24 hrs
Interval Consumed Stk_Ele Consumed Duration Consumed Duration
(sec) (<)) (%) (%) (mins) (%) (mins)
Baseline (BoT) 0.0208 45.09 - - 1.32 18.77
10 0.01971 47.63 5.41 82.39 6.64 102.50
25 0.01982 47.42 4.88 73.84 6.12 93.83
50 0.02001 46.93 3.94 59.12 5.20 78.91
100 0.02081 45.13 0.14 1.94 1.44 20.98
200 0.02086 45.01 -0.13 -1.81 1.18 17.18
600 0.02090 44.95 -0.32 -4.61 0.99 14.34
Baseline(EoT) 0.0211 44.48 -1.32 -18.77 - -
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Figure 1.1.21 Percent difference in H2 consumption at different shorting intervals compared with
baseline tests
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Figure 1.1.22 Projected duration over the 24 hrs mission at different shorting intervals compared
with baseline tests

The test results from the power cutoff shorting investigation with constant shortarval of

200 sec are presented in Figures 1.1.23 and 1.1TXs investigation was carried out with
shorting interval of 200 sec, to correspond to the interval used on the actual lon Tiger UAV
System As the number of the shorting processes ine@dsom 4 to 18 as the power aff

level increased from 350 to 550 W, the stack became more efficient and less hydrogen was
consumed As a result, the 2#our projected duration also increased as the powesftigvel
increased Table 1.1.5 shows tHi loss in mission duration by limiting the number of shorting
process at different power eaff levels The calculation assumes 0% loss at 550 W where the
maximum shorting processes (18) occurred and gained 38.19 minutes in mission duration
Figure 11.25 shows typical measurement results of stack voltage with (every 10 sec) and
without the shorting process over the one hour load profilehe figure also shows the
improvement in stack voltage due to shorting oxide cleaning process.
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Figure 1.1.24 Percent difference in H, consumption at different power cutoff levels compared with
baseline tests
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Table 1.1.5 Loss in duration dudo limiting number of shorting process at different cutoff power levels at
shorting interval of 200 sec

No of Average Loss due to limiting
shorting BoT & EoT gain No. of shorting at
process in 24 hrs duration  diff erent power level

(#) (mins) (%)
350 4 11.57 69.71%
400 8 17.55 54.06%
450 12 25.68 32.76%
500 16 34.45 9.79%
550 18 38.19 0.00%
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Figure 1.1.25 Stack Voltage measurement without and with

shorting oxide cleaning process every 10 sec
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1.1.3.3 lon Tiger UAV Power Pack Characterization: HiL Evaluation Utilizing 12 Volt

Battery Pack to Provide Power during Fuel Cell Regeneration Events
The objectives of this simulation study was to propose an additional electrical system to the
existing lon Tiger UAV Load Following (LFsystem in order to use a 12 volt battery pack to
supply all ancillary and propulsion power during the shorting duratiomo different types of
Lithium lon cells (Type 26650 and Type 18700) were used for this study. The performance of
the battery packnd system overall were investigated under the following conditions:

Two different mission profiles (2 of 3 x20 minute profiles);
Shorting interval (10 and 200 seconds);
Initial State of Charge (SoC) of the battery pack§0% and 100%).

An additicnal electrical circuit was proposed to the existing lon Tiger UAV system to enable the
12 volt battery pack to supply power during the shorting process. Figure 1.1.26 shows the
schematic of proposed IT UAV electrical system with the additional circuivishaeith red

dotted lines.

MOSFET
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Figure 1.1.26 Schematic of the proposed IT UAV Electrical System for using 12 V battery pack
during the shorting process

During the shorting process the MOSFET switch connects the battery pack to the propulsion
system of tk UAV to supply all propulsion and ancillary power of the systdrhe following
assumptions were assumed for this simulation study during the shorting duration:

27
Final Technical Report, December 2011
GrantAward NumberN0001409-1-0709 HNEI



The battery pack connects to the motor controller during the shorting prodéss motor
contoller (AC/DC inverter) voltage range-@V) is capable of regulating the battery power to
the propulsion motor;

1 All MOSFET switches work fast and simultaneously;

1 The 12 D@C converters stop when the stack is disconnected,;

1 The battery supplies all theveonics, BoP and propulsion loads;

1 The battery voltage would vary from11.4 volts (23.6 V/cell);

1 The battery will be charged with the existing 12 V-IDT converter with maximum
current limit of 5.5 Amps.

SIMULATION TEST MATRIX: The LF IT UAV simulationwas setup to run a test matrix to
study the performance of the 12 volt battery packs at different UAV flight scenafibe
simulation used two 20 minute UAV mission profiles to study the effect on the performance of
the UAV power system and battery packictual and Modified profiles The modified 20
minute profile includes a sudden 500 W propulsion power demand for 400Fgpae 1.1.27
shows the actual and the modified 20 minute profiles used in this study
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Figure 1.1.27 Actual and Modified 20 minutes Mission Profiles

For the simulation test matrixes run, the Load Following (LF) UAV simulation, had the
following setup:

PEMFC System:

9 VI Curve data used in the simulation: IT Stack 242845, measured on HiL with stack running with
Air Blower, Exdrnal Humidifier and Oxide Cleaning

i Cathode Oxidanand Stoichiometry: Air Blowerand~ 2.5
1 Cathode Relative Humidity: ~ 75% (Assuming with Ext. Humidifier)
1 Coolant inlet Temperature: 55 C
1 Hydrogen in Tank: 0.5 kg
1 Anode Stoichiometry: 1.02 or 98%itilization (Dry)
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Ancillary Load Profiles (Peak Demand):

I 5V Load = 45+ 0.4 = 45.04 W (Servo + H2 Valve)
1 12V Load = 4+ 8 + 18 = 30 W (Autopilot, Payload & Radiator Fan)
M1 17V BoP Load = Function of stack current

DC-DC Converter

1 5V Conveter Efficiency = 90%
1 12V Converter Efficiency =93%
1 17V Converter Efficiency =93%

Battery Packs Battery Pack Type: 26650 Type 18700
T No. of Cells =4 =4
1 Capacity = 2.3 Ah/cell = 0.7 Ah/cell
1 Nominal Voltage = 3.3 volts/cell = 3.3 vdis/cell
1 Total Mass = 0.28 kg (70g/cell) = 0.152 kg (38g/cell)

RESULTS AND CONCLUSIONS: Table 1.1.6 and 1.1.7 show the results of shorting study for
battery type 26650 and 18700 under both the mission profiles, respeciividytable shows the
battery SoC at the end of one hour and 24 hour tests, the maximum battery current and
corresponding minimum voltage attained during the hour long test and minimum SoC reached
during the 24 hour testFigure 1.1.28 shows the typical one hour simulation resultbdttery

type 26650 under a modified mission profile with shorting duration of 200 sec and initial SoC of
the battery of 50% Results showed that both lithium lon battery types (26650 and 18700)
performed well under the actual mission profile and at bbttting intervals (10 sec & 200 sec)

with the battery initial SoC of 100% and 50%owever, during the shorting duration the battery
voltage drop to the minimum voltage of 8V (2V/cell) at maximum power of ~ 600 W for the
26650 battery type compared t@th8700 battery type, which drop to-12 volts Both battery

packs were charged back to 100% SoC at end of 24 hour mission under the actual mission
profile. Under the modified mission profile (Figure 1.1.27), both battery packs were fully
discharged byhe end of 24 hour mission profile when the shorting duration was 10Fs®C
shorting duration of 200 sec, the higher anhgur battery pack (26650) retained more charge
(80-100%) than the battery type18700 {B00%) under the modified profile

ThestWd y6s concl usion for both battery types is
during shorting process, then a shorting intervaéd @0 sec would be advised in case there is
sudden increase of maximum power demand during the shorting .periédirther
recommendation to NRL lon Tiger team would be to limit battery power by limiting the
maximum current from the battery to betweer5@0amps during shorting period his could be
achieved by programming the algorithm which demands the power farapealsion motor to

demand some ideal power during the shorting duration and back to normal power demand when
the fuel cell is connectedPossibly the motor controller (ADC inverter) may automatically

limit the current drawn from the battery pack, dadower range of battery voltage-18.4V)
compared to fuel cell stack voltage {38 V).
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Table 1.1.6 Simulation results for Battery Type 26650 under actual and modified Profiles

Simulation Setup for
Battery Type 26650

Results from the LF IT UAV System Simulation with
Actual 3® 20 Mins Mission Profile

, Max Min Min SoC
=heriiy Initial SoC LAl lEsd Zrl Battery Battery During the
Interval Y Final SoC Final SoC c f Volt Test

(sec) (%) (%) (%) urren oltage es
(Amps) (Volts) (%)
10 100 100 100 76 8.00 99.46
10 50 100 100 76 8.00 50.00
200 100 100 100 46 9.77 9950
200 50 100 100 56 8.00 50.00
Simulation Setup for Results from the LF IT UAV System Simulation with
Battery Type 26650 Modified 3% 20 Mins Mission Profile

. Max Min Min SoC
SIS Initial SoC 1er'TeSt .24'Hr Battery Battery During the
Interval Final SoC Final SoC

(sec) (%) (%) (%) Current Voltage Test
s s (Amps) (Volts) (%)
10 8
10 50 40.59 10 76 8 28
200 100 93.20 93-100% 76 8 78
200 50 68.45 80-100% 76 8 41

Table 1.1.7 Simulation results for Battery Typel8700 under actual and modified Profiles

Simulation Setup for
Battery Type 18700

Results from the LF IT UAV System Simulation with
Actual 3® 20 Mins Mission Profile

, Max Min Min SoC
IShortmg Initial SoC salics! 2irls Battery Battery During the
nterval Y Final SoC  Final SoC c f Volt Test
(sec) (%) (%) (%) urren oltage es
(Amps) (Volts) (%)
10 100 100 100 50.00 12.20 98.33
10 50 100 100 55.35 11.00 50
200 100 100 100 35.20 12.80 98.55
200 50 100 100 38.70 11.65 50
Simulation Setup for Results from the LF IT UAV System Simulation with
Battery Type 18700 Modified 3% 20 Mins Mission Profile

, Max Min Min SoC
IShortmg Initial SoC salics! 2irls Battery Battery During the
nterval Y Final SoC Final SoC c f Volt Test
(sec) (%) (%) (%) urren oltage es
(Amps) (Volts) (%)
10
10 50 10 10 64.50 9.45 10
200 100 75.49 30-100% 55 10.86 27.20
200 50 75.49 30-100% 55 10.60 20.20
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Figure 1.1.28 Typical one hour simulation results for battery type 26650 under a modified mission
profile (Shorting duration = 200 sec and initial SoC of the battery = 50%)

1.1.3.4 lon Tiger UAV Power Pack Characterization: Hybridization Study of the UAV
System

The objective was to study the effects of hybridization of the load followingl{gbrid) UAV

system and propose a novel partial hybrid UAV system which would minimize the losses due to

hybridization and has the flexibility of switching operation of the UAV system from hybrid to

nonhybrid mode Three UAV system simulations were developed in a Né&mnulink

environment with different system configurations (#orid, traditional full hybrid and novel

partial hybrid) to study the impact of adding battery packs (weight) and controller hardware
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(weight & power losses) on the flight duration of the \(s&for a given propulsion and ancillary

load profile The system simulations were used for a system design as well as a 24+ hour
endurance analysidn addition, the HiL test system was used to characterize the performance of
each system under a 20 miadbad profile with an actual PEMFC stack and some balance of
plant (BoP) components to estimate the energy balance over this. period

Figure 1.1.29 shows the system configuration of each of these systems and highlight the main
pros and cons of each sgst The nonhybrid system is a load following system (LF) where all

the propulsion and ancillary power comes from the fuel cell stack while in the full hybrid (FH)
system, all the power is supplied via the hybrid battery with fuel cell stack actingadtery b
charger In the partial hybrid (PH) system, the propulsion and ancillary power is shared by the
fuel cell stack and hybrid battery pack according to the operational/control strategies of the
controller.

UAYV System Types Pros Cons
= Smaller battery pack = Only stack provides all
« Smaller DC-DC converter power to the system
for battery charging « Stack always operates In
« No weight penalty dynamic mode

« Lower durability and
lifetime of stack

- Battery takes all dynamics | * Large dc-dc converter
- Stack operates at constant | * High power losses

or controlled dynamics = Weight penalty
» Down sizing of stack « Battery discharges quickly
« Improve durability and at continues peak power
lifetime of the stack = Stack can’t provide power

to the system directly
* Flexible mode of operations | . weight penalty

= Stack & battery supply power
» Smaller dc-dc converter

= Stack operates at high
efficiency

= Improves durability and
lifetime of the stack

= Complex system

* Extra hardware for
control

Figure 1.1.29 System configurations of the non-hybrid, full and partial hybrids UAV Systems

The PH system was designed to minimize the large power losses through-ih€ B@hverter
which the FH occurs by using a smaller IDC converter and have the flexibility of switching
modes of operatiofrom Parallel (power shared by stack and battery) to Load Leveling (stack
power limited) to Load Following (stack provides all system power including battery charging
power) This flexibility of switching mode of operation is great advantage to haveeie\tant

the battery is fully discharged due to a long period of high power demandatehigh flight
turbulence) If this is the case, then the UAV could change to Load Following mode where all
power would comes from the stackn the FH system, oncdie batteries are fully discharged,
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the flight mission would have to be terminated even if there is still fuel in the hydrogen tank on
board the UAV.

The size of the DEC converter was optimized to be large enough to maintain the battery state
of charge $0C) between 660% and small enough to minimize both power losses and weight
penalty The battery pack size was selected to meet the voltage range of the propulsion motor
controller and to have an optimal parallel to the Load Leveling operational voétageFigure

1.1.30 shows the performance curves of the fuel cell and battery discharge curves for different
battery sizes over lapped to find the optimal voltage range for parallel mode of operation
battery pack with 9 cells has low LL/Parallelioaand the operation is dominated by battery pack
while the 7 cell battery pack has large LL/Parallel rathn 8 cell battery pack size was the
optimal choice that gave a good LL/parallel ratio over large range of stack power.
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Figure 1.1.30 Fuel cell and Battery performance curves for sizing-up of hybrid battery pack

The UAV simulation tool shown in Figure 1.1.31 was used to analysis the duration of the three
UAVs systems under a repeated 20 minute load profile with 0.5 kg of hydrogen on board and
fully charged battery pack The flight duration was determined by repeating the 20 minute
profile (Figure 1.1.27) until the all the hydrogen fuel was consumed and the battery pack was
discharged to 10% of SoC
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Figure 1.1.31 UAV Simulation Tool in Matlab/Simulink Environment

The following simulation setup was used for this UAV endurance analyalsle 1.1.8 shows

the increase in system weight and propulsion power due to hybrid battery aD@ B@nverter.
These increase in weight and power éssw&ere programmed into the simulation and accounted
for in the endurance simulation studihe analyses were done at three different ancillary loads
with the lithium lon battery pack and 500 W PEMFC stack.

Propulsion Load Profile & System Weight Penalty:

1 20 mins Load Profile Repeated to calculate the final duration of the system
1 Repeated Until - 0.5k of B is consumed and SoC% Batt&ry 0%

1 Total weight penalty Increase in propulsion power

System Ancillary Loads:

I Zero Avionics + BoP
1 Nominal Avionics (cruise) + BoP

1 Maximum Avionics (peak) + BoP
PEMFC System

 Nom. Power: 500 W

1 Peak Power: 550 W

1 AnodeandCathode Stoich1.02and~ 2.5
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Table 1.1.8 Weight and Propulsion Power Penalty for each of the UAV Systems

UAY SYSTEM TYPES FL Full | PH
No of Cells of Lithium lon 4 8 8
Increase in Battery Wt {g) (70gicell) 0.0 280 | 280
Increase in Electronics Wt (g)
DC-DC Converterf/MOSFET/Diodes 00 | 100 f 112

Met Increase in System Weight (g)

Met Increase in Propulsion Power (W)

Figure 1.1.32 shows the results from the endurance analysis of the three UAV system
simulations at different ancillary loads (zero, nominal and peaK)e results show a 10%
difference in flight duration with the FH UAV system when compared to the LF UAV system at
same nominal avionics loadrhis loss in duration is reduced to 2% by design of a novel partial
hybrid UAV system mainly due to lower BBC powerlosses (from 50W to 7.5W)Although

the LF UAV system (the baseline system) has no losses due to weight and power losses, it will
have long term durability losses due to constant dynamic demand on the fuel cell stack compared
to the PH hybrid system wheeistack load demand dynamics are much smoother and the peak
power is much lower This effect was observed in the HiL results where the actual stack, which
was used for the analysis, had done approximately 75% of the design load hours and the stack
performance had degraded over time.
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Figure 1.1.32 Results of the endurance analysis for three UAV systems with 0.5 kg of H, and a
fully charged Lithium lon battery pack

20 MINUTES HARDWAREIN-THE-LOOP (HiL) ANALYSIS: The HiL analysis involved
characterizingthe performances of three UAV systems with actual fuel cell stack and other
balance of plantdrdware under a 2Minute load profile (Figure 1.1.27)igure 1.1.33 shows

the operational concept of the HiL test systerihe three UAVs systems (LF, FH, PH)
simulation were converted into real time simulation and were then used to run the HiL test with
actual fuel cell stack operating on dry hydrogen with an anode purge system and air from the air
blower and external humidifierThe air blower was designed ition at a cathode stoichiometry

of ~2.5 and the external humidifier at 75% relative humidity

Results of the HiL test for the three systems are summarized in Figure. ITh@4igure shows

the screen shot of the real time results for the total systain(yedlow) and the corresponding
stack power (blue) for the three UAV systentor the LF UAV system, the stack operates in a
highly dynamic mode and since the performance of the stack had degraded over time (completed
275% load hours), the stack powermtmb not meet the total system demandence, with this
degraded stack the projected duration would have been redude bypurs i.e., ~ 8% of the
designed 24 hours duratiorin both the FH and PH systems, the power from the degraded stack
was sufficent with the battery supplementing the difference in power demaditiough the

hybrid system has the apparent penalty of extra weight and power losses that will lead to lower
flight duration, the long term payback of the hybrid system would be to imphevdurability

and lifetime of the stack
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Figure 1.1.34 Results of the HiL Tests for the three UAV System Under 20 mins Mission Profile
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An estimated energy balance was also calculatedg the measured HiL tesatd for each
system over the 2inute load profile Figure 1.1.35 shows the schematic of UAV system with
all the energy sources and losses that were considered in the energy. ballenerergy balance
was carried out usinipe following assumptions:

1 Stack energy balance was based on 98% H2 utilization, 2.5 Air Stoichiometry and 75% Relative
Humidity of Cathode

1 Surface radiation and convection losses were estimated assuming the fuel cell as a black body

Surface Losses & BoP, Avionic Loads & Propulsion Motor &
Heat Load {cooling) DCDC Convert Losses Controller Losses

UAY Controller &
512,178 24 Volts
DC-DC Converters

E nezrgy

Battery Energy

Anode & Cathode
Exhaust Losses

Figure 1.1.35: Schematic of energy balance over the UAV System

Table 1.1.9 shows the results of the energy balance for the three systems over the 20 minute load
profile based on a lower heating value (LHV) of hydrogen, the peak ancillary load, and the
assumptions statedbave The results of the energy balance show the PH UAV system
consumed the least amount of, Hesulting in lower heat load losses from the systdine FH

UAV system had the largest heat load losses, since the stack was operating at constant power
evenwhen the demand was lower than the stack powbe LF UAV system required 2% more

H> energy to complete the mission profile. Overall, the novel PH UAV system has much lower
losses than FH UAV system and a much lower dynamic operation of the stackahdn WAV

system, leading to longer stack lifetime and more durable UAV system.
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Table 1.1.9 Energy balance result for the three UAV systems under a 20-minute load profile

Based on Peak Ancillary Loads LF UAY System FH UAVY System PH UAVY System
& LHY of H2 Energy o EFI':'I‘IF E"":'Q:'.f %4 EnDeertg:t.r m Enrrll'z;r_-.- " Erlei;_.,. -
ik Wb % Wb %
PEMFC Systemn
Anode Inlet H; LT 264 | 91w
Electrical Fower| A3 4684
Cathiode Bir Imlet 22 904
Brode Exhmust 3 2%
Cathode Exhaust 28 1 0%
Heat Load 118 | 41%
B attery Pack
B attery Energy[BRRAREEER . A% 4 1% [93% $00]
Systemn Loads
43w OCOC Load| 17 Efq
[Bvionics & Sensor)
12 W OCOC Load| 1 4%
[Buto Pilat, Payoad & Radiator Fan)
A7 W OCOC Load| g 3
[2ir Blower & Cooling Purnp )|
24 Vv DCDC Load 12 4%
[Hybrid Battery Pack Charger)
Propulsion Power 92 32%
Total [l BN IIE : 290 [ 100% | 290 | 100% [t L1t

1.1.4 Alternate Cell Evaluation

HNEI continued to evaluate altetive (noRPEM) fuel cell technologies to identify candidate
technologies for testing for Department of Defense applications. We initiated discussions
regarding testing of advanced alkaline technology, but no testing was initiated.

1.1.5 Papers and Presentations Resulting from These Efforts

Publications

1 Y. Zhai , S. Dor n, K. TBedmphct of 8@CantathinaRon onRo ¢ h e |
the Degradation of MEA Components in PEMEG®a preparation, will be submitted to
J. Electrochem. Soc..

1 Y. Zhai, G. Bende , S. Dor n, K. Bet hune and R. Roc
Conditions on Sulfur Dioxide Contamination in PEMFCs Part II: Cell Voltage, Cathode
Relative Humid i f y and Cat h o dneprepaiation, Wwill ke wubriRiteed te J. 0
Power Sources.

1 Y. Zha , G. Bender , S. Dor n, K. Bet hune and
Conditions on Sulfur Dioxide Contamination in PEMFCs Part I: Cell Temperatire
manuscript finished, will be submitted to J. Power Sources.

M Y. Zhai, K. Bethune, J. Rierre and RRoc hel eau, AEf fect of F
Adsorptiononto Pt/@at al y st fneanuscRE fiviiBhéeds wilbbe submitted to J.
Electrochem. Soc..
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T Y. Zhai , K. Bet hune, S. Dor n, G. Bender an
Spectroscopy Analysis dBG; Contamination in PEMFCsmanuscript finished, will be
submitted to J. Electrochem. Soc..

Conference Proceedings/Papers

T M. Virji, K. Bet hune, R. Rochel eau, AnEffec
Cell Energy/Power Systems for Unmanned Akervehicle (UAV), GASME 2010
Congress, IMECE2018884

1 Y. Zhai, K. Bethune, J. i erre and R. Rochel eauw, nETff
Adsorption onto Pt/GCCat al yst f BAS TREAMORreal, €anada, 35(xxx)
Page: xxx, 2011 This issue is schetkd to be published in September, 2011.

T Y. Zhai , K. Bet hune, S. Dor n, G. Bender an
Spectroscopy Analysis on S@ontamination in PEMFCs&CS Trans- Vancouver,
Canada, 28(23) Page: 313, 2010.

1 S. Dorn, Y. Zhai, RRocheleaufi Th e | mp a ontthe dégradadd of MEA
Component s EGS T TRBMWEBNCaIven Canada, 28(23) Page: 183, 2010.
Conference Presentations

M Y. Zhai, K. Bethune, J. Ri err e and R. Rochel eauw, nETff
Adsorption ond Pt/C Catalyst for PEMFCs @19th ECS Meeting, Oral, May 1, 2011,
Montreal, QC, Canada.

1T S. Dor n, Y. Zhai , R. R2o000 lthe Degadedn of iIMEA e | mp ¢
Component s i 217th FEE$/1 Mé&xtng, 0Oral, April 28, 2010, Vancouver,
Canada.

1 Y. Zhai K. Bet hune, S. Dor n, G. Bender and
Contamination in PEMFCs@17th ECS Meeting, Poster, April 27, 2010, Vancouver,
Canada.
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1.2 Fuel Cell Development

The effort to develop novel fuel cell componentsluded two majo activities: biocarbons for
fuel cells, andioactivefuel cells. Each of these topics is addressed in the following paragraphs.

1.2.1 Biocarbons for Fuel Cells

1.21.1 Technical Accomplishments

Under this subtask, biocarbomgere produced using the HNEI Hah Car b o meactogt i on E
with various feedstocksncludingcorn cobs, oak wood and sweet gum wodte results of the

corn cob work are described in a recent publicatiofhe following is the abstractof this

publication

Elevated pressure sees the highest fixedarbon vyields of charcoal from corncob.
Operating at a pressure of 0.8 MPa a FlaShrbonization reactor realizes fixezhrbon yields
that range from 70 to 85% of the theoretical thermochemical equilibrium value from Waimanalo
cornmb. The fixeecarbon yield is reduced to a range from 68 to 75% of the theoretical value
when whole Waimanalo corncobs are carbonized under nitrogen at atmospheric pressure in an
electrically heated muffle furnace. The lowest figathon yields are obtaed by the standard
proximate analysis procedure for biomass feedstocks: this yield falls in a range from 49 to 54%
of the theoretical value.

A roundrobin study of corncob charcoal and fixedrbon yields involving three different
thermogravimetric angzers (TGAs) revealed the impact of vapbase reactions on the
formation of charcoal. Deep crucibles that limit the egress of volatiles from the pyrolyzing solid
greatly enhance charcoal and fixedrbon yields. Likewise, capped crucibles with pinfole
increase the charcoal and fixe@drbon yields compared with values obtained from open
crucibles. Large corncob particles offer much higher yields than small particles. These findings
show that secondary reactions involving vapbase species (or nastevaporphase species)
are at least as influential as primary reactions in the formation of charcoal.

Our results offer considerable guidance to industry for its development of efficient biomass
carbonization technologies. Size reduction handling of assm(e.g. tub grinders and
chippers), which can be a necessity in the field, significantly reduces thecéirsuh yield of
charcoal. Fluidized bed and transport reactors, which require small particles and minimize the
interaction of pyrolytic volatilesvith solid charcoal, cannot realize high yields of charcoal from
biomass. When a high yield of corncob charcoal is desired, whole corncobs should be
carbonized at elevated pressure. Under these circumstances, carbonization is both efficient and
quick.

The oak wood and sweet gum wood were supplied to us by theddomng Corporation Dow

Corning is interested in the use of charcoals produced from these woods as reductants in the
manufacture of pure silicon from quartz. We have completed our studysefwoods and their
charcoals, and are now preparing a paper on this topic for publication. We expect to submit the
paper toEnergy & Fuelbefore the end of the year.

We supplied biocarbons foegting to Ben Thien of Scientific & Research Associated, Inc.
(SARA). For many years SARA has had Department of Defense support for its development of
a direct carbon fuel cell.
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This subtask also enabled us to complete and publish a study of the thermodynamic properties of
water at high pressures and temperattirdhiese properties are relevant to the development of
agqueousalkalinecarbonate direct carbon fuel cells.

HNEI 6 s d & ofeah aqueneslkalinecarbonate direct carbon fuel cell with primary
support from théNational Science Foundation is ongoing and will be completed next year. This
subtask has been supportive of the NSF activity. Results will be reported next year.
References cited
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1.2.2 Bioactive Fuel Cells

Bioactive fuel cells or mzymatic biefuel cells (EBFCs)are fuel cells thause enzymatic
biocatalysts to convert chemical energy directly to electricity as power sources. afiéhey
promising alternativeto complemat conventional fuel cell technologidsatrely on transitional
metal oxides or noble mesahs catalysts for conversion of chemical energy, typically stored in
hydrogenor other biofuelsto useful electrical energyAn EBFC exhibits ®me promising
techical merits as follows

1 Selectivityi Enzyme catalysts affeel specificand capable of handling complex fuels in
theliquid phasewhich can simplify fuel logisticandcell design;

1 Abundance infuels and catalystsupply i Unlike conventional Rbased catalysts,
enzymatic catalysts can be produced via biological or chemical methodgydmisng
a potentially lowcostmassproduction and unlimited supply; similarly, the biofuels, as
diverse as we can be in choosing proper biocatalysts to convettahmcal energy, can
be produced from photosynthesis or alternative refinement pathways, thus considered
renewable and green as abundant supplies;

1 Wider range of operatioh Due to their selectivity, enzymes are generally naataptive
to extreme conditionandtolerant to contaminants;

1 Reformulationi If the gene coding for the enzyme is obtained, a suite of directed
evolution techniques exssto creatanutants that armore effectivan catalysis and

1 Self-assemblyi Unique in biological systemsto simpify fabrication processes for
micro-devicesn situ.

The continuation of supporhas enablel us to executefundamentalstudies that have (i)
elucidatel charge transfer limitations in enzyratalytic electrodesii) developed preferred
immobilization marices for enhancing enzyme activity and stability, (iii) designed and
fabricated standardized test cells for performance testing, and (iv) developed somerusiigue
characterization techniques to understand the immobilization process of mediatarbanar
metal electrode. We have transferrethis knowledge intamproved engineering designof
practicalbio-fuel cellsincluding, more recently, microbial fuel cell§.o this end, lte following
long-term objectivehavebeenachieved under this promm

1 Establisked an array of quantitativén situ characterization techniques, test cells, and
modeling capabilities to determine limitations to bioelectrocatalgsi3,

1 Developed test beanodular celithathasallowedus totest cell performancef enzyme
based bioelectrocatalysis operat[@n9];

91 Developed macroporous flethrough immobilization matrices permitting improved
catalyst performance (activity and lifetimn@)0-13]

1 Developed working enzyenfuel celld14, 15

1.2.2.1 Scope of Work and Approach
Over the course of this projethree major tasks in the EBFC wdrvebeen focused on

1) Developng platform fabrication technology to ntrol the resulting multidirectional pore
structureof threedimensional electrodes, and immobilization techniques;
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2) Developng qualitative and quantitative fluorescence as a characterizaobmitue for
enzyme fuel cellsand

3) Developingin situ interface characterization techniques utilizing imaging ellipsometry
with quartz crystal microbalance and electrochemical techniques to faciditateaton
and tesnhg of bio-fuel cellsand to understand the interfacial charge transfer mechanism
for future opimization of the charge transfer efficiency.

For this specific funding perigave were funded to pursukee following:

1) Continue to develop #situ characterization techniques using fluorescence to explore
protein aggregation in the immobilized state, ameans tocharacterize chitosan
basedimmobilization of multiple enzymes that can more fully oxidize complex
energy fuelsand

2) Continue to applyn situ characterization techniques based on spectroscopic imaging
ellipsometry with microgravimetric and eleathemical techniques to study the
enzymeelectrode interaction on the electrode surface and the associated dynamic
behavior, aiming to understanding the charge transfer process with more direct
measurements and correlation

1.2.2.2 Technical Accomplishrants

Summary of work from previous project periodis past reportswe
have presented several prototype celigstructed to deliver gas
(e.g.,hydrogen fuels. A final working hydrogenase enzymatic-bio
fuel cell was constructed and tested (Figdar2l1). The design
considerations and test applications were described in Findl
Technical Report ONR Grant N0001401-1-0928, June 2005
Complete details on this work have been publisiéd From this
work we determined, and reported previously, that the use
gaseous fuels is limited by the solubility of the gaseous fuel in the
aqueous buffer that is required to maintain enzyme activity.

In past reports we ka also commented on the development of Figure 1.2.1
suite of characterization techniqudaacluding potentiostatic DC  Hydrogenase enzyme
polarization, dynamic potentiometry, and electrochemical imped: fuel cell

spectroscopy (EIS) combined with spectrophotometric deted
of enzyme activityin order to characterize electrode performan
and to differentiate between the relative contributions towg
charge transfer efficiency. Among the results of our efforts H “ !

| (1] Iullml |

FA—

particular, we believe we were one of the first groups to re
charge trarfer efficiency for bound enzymEl] and to report a
mass transport modeling effort that can be loiovd with DG
polarization data to yield information valuable for future electrg
development[2]. A detailed description of the techniq
application, data and results can be found inlifeeature. A :
summary can also be foundFinal TechnicalReport ONR Grant _ Figure1.2.2 3D

N0001407-1-1094,August 201QSection 3.3.2) distribution of tagged

enzyme within polymer
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To characterize the distribution of enzymes with
the polymer filmsused to immobilize the enzyme: |
we have appliedthe techmjue of fluorescence.
Electrode fabrication methodologies using t o2t
immobilization process with polymer films
inherently assume that the immobilized enzymes =
homogeneously distributed. Our work, which h
tagged ethaneabxidizing enzymes withvarious
fluorescent probes, has used lasgnning confocal -4
microscopy to image the spatial distribution of tl . . , :
enzyme within the film Our results, which have 04 'oif,v(vs Ag?fgcn 02 04
been published3] (Se.e F.Igure 1.2.2), hai\mearly Figure 1.2.3 Cyclic voltammograms of
demonstrated that this is not necessarily the case, ) pqo-bound CHIT-modified GCE
and that the tagged enzymes may not be  and (b) PQQ-bound CHIT-CNT-
homogenously distribatl within polymer films. To modified GCE in 0.1 M PBS and
investigate how the chargeharge ingraction scanned at 20 mV/s

between the enzymand the polymer affectthe

immobilization process, wéave also studde the steadgtate and dynamic polarization of
fluorescent probes when placed in solntigith charged polymers. This work has shown that
the enzymes are retained in the micelles eftthidrophobicallymodified polymer as it dries, but
are not entrapped within those polymers while mixed in free solf#jon

0.0

0.2+

The premise of conductirig situinvestigation is to characterize and understand charge transfer

process and its limitations in a bioel cell operation, which is strongly and critically dependent

on the interfacial property of the electrode surface, and where the charge transfer occurs and high

efficiency matters. The interfacial properties needealaracterizeth situin the environment

where the electrocatalytic reaction occurs. To study such property and behavior of the interface,

we have developed a unique capability which employs an advanced spectroscopic imaging
ellipsometry with complemeaty tools, such as

[ microgravimetric and electrochemical techniques to

assist us understand the nature of such charge transfer

process on the electrode surface.

Mediator films immobilized on electrode surface have
been suggested to be an effective metiwodromote
charge transfer. Such mediator immobilization has
been pursued in our laboratory. Two major pathways
are considered. One is chemical route and another
electrochemical.

e In the chemical pathwayve haveinitiated an enzyme

-0.4 0.2 0.0 0.2 0.4 . . . . -
E/V(Ag/AgCl) immobilization effot to consider the feasibility of
Figure 1.2.4 Cyclic voltammograms of develop_lng_ a _(Ifﬁ.mmon plahtf(_)rmf for .aﬁen;yme
(a) GCE, (b) CHIT-modified GCE, (c) reconstitution. This approach is of particular interest
CHIT-CNT-modified GCE, and (d) with prosthetic group that contains pyrroloquinoline
PQQ-GDH-bound CHIT-CNT-modified quinine (PQQ and PQQdependent glucose
GCEin 0.1 M PBS at 20 mV/s dehydrogenase (PQGDH), which is attractive for
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glucose oxidation. For instance, PQQ and PQQH
have beerrhemicallybound to CHIFCNT filmsin the
presence of EDQ1-ethyl3-[3-dimethylaminopropyl]
carbodiimide hydrechloride) respectively, on glassy
carbon electrodes (GCEs).The immobilized PQ®
GDH on CHIT-CNT matrix displag a quasireversible
electron transfer with a formal potent&lA=$70.110
V, which isfound to beindependent of the scan rate.
The bioactivity of the immobilized PQQDH was

4 02 o0 o2 0s retained
E/V(vs.Ag/AgCl)

10F smvse’

0.5 |

0.0 |-

_ , Interestingly the enzymdree bound PQQ exhibita
Figure 1.2.5 Cyclic voltammograms of e facile electon transfer with GCE  than
PQQ-GDH-bound CHIT-CNT-modified . - :

GCE in 0.1 M PBS and 40 uM of PMs  immobilized PQQRGDH, suggesng that PQQbound

at 5 mV/s in the (a) absence and (b) CHIT-CNT films hold promise as aplatform for

presence of 10 mM glucose reconstitution of PQElependent apenzymes, and
greater potential for applicatiofs biosensors and bio
fuel cells. Evidence ofelectron transfelbetweerbound
PQQGDH andthe GCEhas beembserved when the PQG@DH has been coupled with EDC to
a CNT-CHIT film. The experimental resul®iggesthat the presence of CNT in the CHIT film
promotes the electron transfer of bound PE&DH to the GCE.

A gquastreversible electrochemical reaction, as revealed by a pair ctieftied redox peaks, is
observed by cyclic voltammetry, with PG8und CHIFCNT-modified GCE (Figurel.2.3).
Additiond experimental results suggest that the activity of RQIQH was réained in PQQ
GDH-bound CHIFCNT/GCE (Figurel.2.4), which permits its use as a biocatalyst for a
mediatedbio-fuel cell or amperometric biossor for glucose detection (Figute2.5). It siould

be noted that PQ®ound toCHIT-CNT film also exhibitedan effectivecharge transfewith
GCE, suggestinghat it can be used aspromising platform for reconstitution gariousPQQ
dependent apenzyme. This work has been publishedifectrochen. Solid State Lettefd0].

The electrochemical approach of mediator
immobilization is demonstrated in the work for NAPH e -7 T [
dependent alcohdiased bituel cell applications. €+ ||
Methylene green (MG) and its polymer forms (pol ¢
MG) have been reported as effective mediators *
alcohol partial oxidation. It is also known that poly
MG can be immobilized on GCE using cycli
voltammetric deposition. In ordeo understand its
functionality, it is important to characterize the Figure 1.2.6 Time-resolved
electrochemical deposition process, the modifie ellipsometric observations of poly-
electrode surface, the stability and property of suc ~ Methylene green films and their

. : - ) thickness during electrochemical
electrochemically immobilized polWG films. deposition on Pt electrode
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Figure 1.2.6 shows that we can evate polyMG film thickness during electrochemical
deposition on a Pt electrode using tinesolved imaging ellipsometry. The timesolved
imaging ellipsometry is am situ observation and a unique capability in our laboratory. We can
perform real tmemoni t ori ng of f il m gr-chemicdl pr@gertg ontah e f |
electrode surface. In this work, we use the imaging ellipsometry and cyclic voltammetric
deposition technique to track the thickness of the deposited film with cycle number. This
vauable technique may allow us collect new information of the fundamental reaction kinetics
and mechanisms underlying the electrochemical deposition of conductivd@oRIims onto
electrodesurfaces (see Figure 16). The time resolved observation pies$ nanometer
resolution with film thickness and the imaging results in real time monitoring of the surface
morphology and roughness. The work has been published ifbRef.

EP? Imaging Ellipsometer

E wit
degassing channel

WE on
Qacm
crystal

QCM crystal holder

Solartron S| 1287 QCM |:|

Figure 1.2.7 A unique combination of spectroscopic imaging ellipsometry (EP®) with
guartz crystal microbalance (QCM) and electrochemical techniques to perform in situ
characterization of surface of electrodes

To understand the kinetics of the deposition process, we further corfenenaging
ellipsometry with quartz crystal microbalance (QCM) and cyclic voltammetrienigaesto
characterize thélm deposition(Figure 1.27). We areable to control the filmdepositionwith
accurate thickness and morpholpogy the same time correlate the mass, charge, and the film
properties (ellipsometric angles, which can be usesktnate film thickness and identify film
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chemical composition changes)
the deposition process (Figur ..
1.28). It helps us understand th | ]
stepwise underlying mechanism i sf est
the deposition and provide
unprecedentedletails in the film
formation processnwvolving redox
reactions. Weintend to use this

technique to study the redo:
kinetics involved inother mediator
oxidation.

e
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During this period,liese outcomes * * © “rime (min) * ®

were also used to leverage two
extramurally funded projects. The Figure 1.2.2_3 Combined imaging eIIipsor_netry with_quartz
first one was a grant from he crystal microbalance and electrochemical techniques

. . correlate mass, voltage, current, and optical properties
Intelligence Community (ellipsometric angles) of the film deposited on the Pt
Postdoctoral Fellow Research electrode surface

Program to support development of

bio-fuel cells for micrepower

source applications (B.Y. Liaw, Pl). The secomds an subaward from the AFOSR Muki
disciplinary University Research Initiative (MURPprogram (MJ. Cooney, Pl)awarded to the

lead institution, the University of New Mexico (P. Atanassov, Pl). Both awards have lent
national recgnition of this EBFC program.

In collaboration with these partner
programs, & have exploredchitosan and
chitosancomposite scaffolds as a material
< for the fabrication of macroporous
electrodesthat can support both mediator
based and direct electron transfeWork
accomplished has included the development
of protocols for the fabrication of
hydrophobicallymaodified chitosan scaffolds
~ v v} immobilizing NADH-dependent glucose
7'”°Zm(;”:;; e oxidase, and chitosan/CNT composites for

S attachment of PQ@nzymes. With respect
Figure 1.2.9 SEM image of chitosan scaffold to the fabrication of hydrophobicatly
(Left) and power curves from chitosan film (a) modified chitosan scaffolds, we have

and scaffolds (b, c) demonstrated proadf-principle data that
shows that the power density can be
significantlyincreasd for mediatorbased system@igure1.2.9). This work has been published
in the Journalof Materials Chemistry [11]. We have also fabricated thrdenensional
chitosan/CNT scaffolds that provide a basis for enzymes that are capable of direct electron
trarsport. The chitosan essentially acts as a binder of the carbon nanotubes and one is left with
scaffold structures similar to that presented in Figure 1.2.9, but with carbon nanotubes lining the
surface. These scaffolds are highly conductive and represeeiv methodology to create
48
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multidirectional and multidimensional 3D structures of electrochemiealliye carbon nanotube
surfaceg12].

We have alsadeveloped a liquigphase prototype Bifuel Test Cell (Figure 1.2.10 This
prototype, which we term the modular stack ,celhs designeds a characterization tookor
example, v sent duplicate models tife modular stack celb three cooperating labatories in

the U.S. that also specializa enzyme fuel cell development. Eachdediory (Dr. Shelley
Minteer at St. Louis University, Dr. Plamen Atanassov at the University of New Mexico, and Dr.
Scott Barton atMichigan State University) wagiven the same protocol to execute (ite.
develop a polyjmethykene green]electrode film that oxidize
NADH), and the electrochemical data from alldedtories were
consolidated and statistically analyzed for rejm@bility. The
results demonstratedthat the modular stack cell provides
framework forcomparative analysis of system§he results have
been published in the Journal of Electroanaly8is17]. With
this confidene, we have fabricated a full ethasised biefuel
cell based on this design (kg 1.2.1). Although we have
achieved full operation (see power curves inuFedl.2.1]) with
an airbreathing cathode, this wovkas not published.

Figure 1.2.10 The modular

stack cell
0
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LY 1/
05
00
. 40 ’ Gurrent Density ixA=em™*) o
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Figure 1.2.11 Operational biofuel cell, based on modular stack cell design

Of special interest for an enzymatic power generation from ethanol as biofuel are NAD
dependent dehydrogenases, like alcohol dehydrogenase (ADH) or malate dehydrogenase
(MDH), which lie within the Krebs cycle. This fundamental afelic pathway involves eight
enzymes for energy production through aerobic respiration. In order to exploit the entire cycle
on a bioanode, and within the context of increased power generation, a polymer system that can
immobilize and stabilizall eightenzymes in a thredimensional matrix is neededn support
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of developing macroporous chitosan and chitedamvate scaffolds as advanced materials for
fabrication of biofuel cell electrodes, as specified in v have immobilied MDH within
modified ditosanpolymer scaffolds placed upon a poly(methylene green) modified glassy
carbon electrode. The current and power density for this MDH biodraa@ebeen tested in half
cell mode (Figure 1.2.12) andsted in a full biofuel cellThe half cell modeasults represented

a significant advance in the development of filwwough electrodes and confirmed the
application of an enzyme immobilized in a modified chitosan polyjidjt We have also used
fluorescence to trackhé spatial distribution of enzyme immobilized in the hydrophobiecally
modified polymer (Figure 1.2.13]5]. This work, which has been published, clearly
demonstrated that the distribution of a fluorescetatyged enzyme (the pink in Figure 1.2.13)
distributes quite differently in various forms of the hydrophobieaibydified chitosan polymer
(i.e., native, butyinodified, and ALAmodified).

30-2

Wb L L LT TP

‘.!‘.t (4 i i\ ’L&}.N T‘”i"*;'

L-malate [mM] . . — .
Figure 1.2.13 Enzyme spatial distribution

Figure 1.2.12 Electrical results for MDH
bioanode

Additional work has been executed wherein polarity sensitive fluorescent probes have been
attached to enzyme and immobilized within native and modified chitosan po[gerThis

work has been designed to quantitatively characterize the chemical microenvironment
immediately surrounding the enzyme when in the immobilized state. Specifically, polar
sensitive probes were used to correlate tiedative hydrophobicity of the chemical
microenvironment. The results are showrFigure 1.2.14wherein acrylodan labeled cMDH

was suspended in the presenceagfieousnative and modified chitosan (A), immobilized in
native and modified chitosan scafisl (B), immobilized in native and modified chitosan
dehydrated scaffold®), and immobilized in native and modified chitosahydrated scaffolds

(C). Figurel.2.14compares emission profiles of acrylodagged enzymes in aqueous solution
against thosemmobilized within the polymers.In Figure 1.2.14A), the emission peaks of
acrylodancMDH suspended in agueous solutions of native and modified chitosan polymer did
not vary relative to each other, suggesting that the various polymers (as 0.5 (w/wjgnsplu
provided identical chemical microenvironments (in terms of polairity.e., neither were
relatively more or less hydrophobic). This assumes that the chemical environment surrounding
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Figure 1.2.14 In all three (A, B and C) the polymers are represented by the following ( ¥
CHI Ti ALA-CHI T i C4CHIT). All samples were excited with [J(ex) = 360 nm

the tagged enzyme is dominated by water and not the chitosangoolymcontrast, when the
tagged enzymes were immobilized within the same polymers, the emission maxima not only
occurred at lower wavelengths, but they also varied significantly across the three polymers
(Figure1.2.14B)). This result suggests that wha the immobilized state the various modified
polymers provided altered chemical microenvironments, thus corroborating two separate
theories: (1) that modified chitosan polymers can provide altered chemical microenvironment
and (2) that the altered aiéal microenvironments are most pronounced after the polymer has
been precipitated (e.g., through freezing or drying processes) into its final structure. The latter
result supports our previous suggestion that the enzymes are not interacting withgor bein
affected by the amphiphilic regions of the polymer, until the freezing or precipitating process.
The overall blue shift observed in the dried polymer can be partially attributed to their
dehydration during the freezlrying process. The removal of wataolecules surrounding the
immobilized enzyme will obviously lead to a reduction in polarity. By contragtydeation

should reintroduce water molecules into the chemical environment and thereby increase the
relative polarity. To verify this, the sdafd films were rehydrated in identical buffer solution.
Although the rehydrated films showed a trend for relatively more polar chemical
microenvironments, the same trends in blue shift was observed atrdsrms of the polymer
(Figure 1.2.14(C). This confirms that the chitosan polymer does impact the chemical
microenvironment of the enzyme when in the immobilized state.
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For the purposes of correlation, malate
dehydrogenase was immobilized within
the three target polymers: natighitosan,
butyl-modified and alpha linoleic acid a
poly(methylene green) coated glassy
carbon electrode. The electrocatalytic
activity of each polymer was then
measured in half cell mode using
amperometry. The amperometric crtent
of NADH oxidation on pty(methylene
greer) was measured at an applied
potential of +300mV. The -catalytic N , , ,
oxidation of NADH occurs in the chosen 0 100 200 300 400 500
potential range (selected to be higher than L-malate [mM]
the halfwave potential to maximize Figure 1.2.15 Electrochemical activity as normalized
electrocatalytic reaction). Electrochemic current density of immobilized MDH in different chitosan
currents measured at the same potentig Polymers. (c): C4-Chitosan film; (b): Chitosan film; (a):

; ., ALA-Chitosan film
can be used as apparent catalytic activ
The results, normalized to 1.0, are shownFigure 1.2.15 Normalizing the activity to the
highest output, the butyhodified chitosan gave a 46ld increase in current dehs and the
ALA -modified a 4fold increase when compared against the unmodified native chitosan. This
suggests that the activity of the immobilized enzyme follows the measurement of the chemical
microenvironment in terms of polarity.

normalized current density

In most recent wik we were able to use fluorescent tags to individual enzymes to verify the
presence of enzyme aggregation in the immobilized §8hteSpecifically, wecombired three
techniques; (1) light scattering2) Forster Resonance Energy Transfer (FREANd (3)
traditional nativePAGE gelsto measurghe aggregation of a single enzynmesolution and
immobilized within threedimensional chitosan scaffold@Bigure 1.2.16) The analysis has been
applied to a range of chitosan polymers (of varying amphiphilicity) previously used to correlate
enzyme activity to the relative polarity of the chemical microenvironrfis8jt Based on the
FRET analysis, thaverage distance between proteinggueoussolutions(chitosan:r = 51.3

+/- 0.9 nmy C4-chitosan:r = 53.3 = 0.2 nm) correlateto the aggregation site of a
monomer/dimer mixWhen the protein is immobilized withinchitosan scaffolda decrease in

the average separation £ 45.9 +0.1 nm suggestsan increase in the aggregatidoe to
immobilization. Further, the hydrophobic modification of the ymoler results in a further
decrease in protein separatian< 41.8 = 0.3 nnM.  This indicates that the immobilization
process is inducing aggregation and may be a method for producing enzyme complexes that
mimic metabolic pathways.
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30mM cMDH in 600 mM glutaraldehyde 30mvVi cMDH in 600nM glutaraldehyde
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Figure 1.2.16 (A) Calculated radial separation from the emission scans in pt A (calculations
detailed in text) [inset] = FRET efficiency calculated from scans in pt A. (note: the data highlighted
in the boxes represents the initial dispersal of the protein within the buffer); (B) Calculated radial
separation as a function of time over the span of 3.5 hrs in 5 min increments (not all data shown)
for a solution of 50% Alexa®555 tagged cMDH (30 M) and 50% Alexa®647 tagged cMDH (30 M) in a
600 M glutaraldehyde, 50 mM TRIS buffer (pH7.4) solution. The solid bars represent the average
radial separation in A7 agueous chitosan, B 1 aqueous C4 i chitosan, C i freeze dried chitosan
scaffolds, and DT freeze dried C4i chitosan scaffolds.

The poly(methylene green) metliahas been considered one of the best mediators for &NAD
dependent biocatalytic process and thus of great interest to the enzymitiel lziell operation.
However, the interfacial property of this mediator polymer film on biocatalytic electrodes is
well understood to date. We have used

electrochemical microgravimetric imagin Voltage vs. Ag/AgCI (mV)
ellipsometry (EmIE) to study the interfacie = 2 = =1¢ 4% &% 7 =,
property of this mediator compound on Pt {d(mass)/dt *,
glassy carbon electrode surfaces. The En _ **7] dlydr ™ 1ss
technique allows us to correlate chamgd g 025 :/‘*- /7.
mass, charge, and ellipsometric an¢ g 1 [ :"@-./'\ 150
measurements in a synchronized manner 3 - 5
derive information on chemical an 2 %" ) \ current 1 2
electrochemical behavior of this polyme 2 1o @
mediator film (Figure 1.2.7). This techniqu £ .\ 190 =
can be applied to both steady state ¢ 3 | d\ﬂd\-\- N 145
transientdynamic regimes. 0.00 (e S '

0.05 —— 11— :x"\'*; 3.0
As a result of such studies, we have produc 0 = % 75 10 125 150

Time (sec)

some interesting results based on the En.._
approach in the study of poly(methylene
green) mediatof7, 19]. Highlights are as
follows:

Figure 1.2.17 Current and mass variations
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Figure 1.2.17 lsows that the transient change of mass and current do not coincide in the
synchronized measurements. However, the ellipsometric measurements show that the
ellipsometric angl® is in sync with transient mass changes at all times, indicating that the mass
change is actually detectable and the corresponding change in such a surface film thickness is
also measurable by the ellipsometric method. The electrochemical redox reactibe, other

hand, occurs at a different time scale and the corresponding current change is also in sync with
the ellipsometric angle change Yh which has a split peak: one corresponds to the mass (thus
film thickness) change and the other to the chahubange in the redox process. It is therefore
interesting to observe this transient behavior of the film development, where the mass change is

related to adsorption, while the redox reaction does not have a direct correlation with mass
measured19].
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Figure 1.2.18 Simulation of film thickness changes with deposition conditions
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We also showed that with proper estimates of the parameters in the optical model, we can
simulate the film thickness changes with deposition conditigngure 1.2.18). This is a
powerful tool to allow reatime in situobservation with quantitative characterizatj@q).

In the effort to continue to develop PQI@pendent enzymatic systems for -hiode
applicatiot; we found the reconstitution of the PQ@pendent enzymes such as glucose
dehydrogenase (GDH) on glassy carbontedeles with chitosacarbon nanotube matrix have
not been effective in making electronic conduction to promote the enzymatimedtatytic
kinetics[13]. The turmver rate for the reconstituted GDH electrodes has been low. We are
searching for other mediators that can provide better relay units for charge transfer.

In the effort to developn situinterfacial characterization techniques to assess the practicality of
using sefassembled monolayers (SAMfor enzyme immobilization, we have found that the
surface conditions of the glassy carbon or gold electrode are very sensitive to cordanaimat
thus the SAM formation is not reproducible and difficult to conf{{®Voboda and Liaw,
unpublished results) In short, both the mediatapfactor reconstitution and SAddased
immobilization approaches have produced limited success in improvingmatie
electrocatalysis processes. We consider these techniqupessess limited potential for
significant improvement of bifuel cell performance at the present time.

Summary of additional work accomplished during this peridfork towards thalevelopment

and characterization of chitosan-llmck polymers that immobilize multiple enzymes that can
more fully oxidize complex energy fuels begins with the development of a technique to lay down
and characterize micron thin films. This work is in iti@h stages and now under theadition

of a graduate student. To date, a 4film fabrication technique has been developed.
Specifically, he thin-film scaffolds were prepared using modified techniquebased on the
procedure outlined elsewhdi®. The system application is shown in Figure 1.2.19.

! These enzymes cdne bound to either chitos&@@NT or conductive polymers, such as polypyrrole, as
novel immobilization approaches that can realize direct electron transfer.
55
Final Technical Report, December 2011
GrantAward NumberN0001409-1-0709 HNEI



Imaging &
Profilometr

Moving Plate

Polymer
Solution

Evaporation

Micelles J

Solvent / Water

Substrate

Figure 1.2.19 Schematic of film deposition with inlayed microscope image from thickness
measurement of air-dried film (top left). Deacetylated or butyl-modified chitosan solutions were
pipetted on the obtuse side of the intersection of the two glass slides held at an angle of 30 £ 1°.
A meniscus forms under the leading slide as it pushes against the solution droplet and across the
lower glass substrate at a constant velocity, leaving a thin layer of solution behind. Films formed
as the solution was air-dried.

This work characterizes the method of spread coating to form polymeric films wittoltzoht
thickness. The thickness of spreazhted films made from both deacetylated and butydlified

chitosan was correlated to deposition rate and solution micellar structure, and demonstrated how
differences in the underlying micellar structure canatoertain degree, impact the final film
thickness. At intermediate deposition rates, the thickness of chitosan films was predictable and
well controlled. Furthermore, it was shown that hydrophobic modification of the chitosan
extended the range of depdwit rates (from 516 cm/hr to 630 cm/hr) that allowed for which a

linear relationship between film thickness and deposition rate were found. Hydrophobic
modification also extended the range of thickness achieved fror00.06 0 ¢ m0 .t b4 Oc r@.4
These éatures are accredited to the domination of intramolecular forces at lower concentrations
of hydrophobically modified chitosan solutions as opposed to equal concentration of the
deacetylated chitosan solutions, as supported by the viscosity and fluoeessgeeiments.
Although both deacetylated and butgbdified chitosan solutions were found to have naed
intramolecular interactions and hydrophobic domains able to incorporate a fluorophore,
deacetylated chitosan is much more interconnected viamatecular interactions at higher
concentrationsThis work has been submitted to Langmuir and is currently under review.

In the effort of continuing to appln situ characterization techniques based on spectroscopic

imaging ellipsometry with microgravietric and electrochemical techniques to study the

enzymeelectrode interaction on the electrode surface and the associated dynamic behavior,

aiming to understanding the charge transfer process with direct measurements and correlations,

We have improved theapability for such characterization. We have upgraded our imaging

ellipsometry to a spectroscopic model with a high intensity Xenon arc lamp as white light source,
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which can provide a wavelength rangd
from 360 nm to 1,000 nm witha

monochromator that osists of 46

interference filters to provide £ 6 nm of
bandwidth resolution. The spectroscopid
model will provide us additional control on 250
the wavelength control for the incident 290

. . . . 150
light besides incident angle for morejcurren

120

information gathering on the surfacada 50 60

film properties. We are currently using this 0 20°0 [0, (M)
capability to study the polypgethylene 40363228242016 0

gree) mediator properties (Chiu and [(NH] (D) e

Liaw). We anticipate receiving more
guantitative  results on the film
characterization.

. . Figure 1.2.20 The current produced from
In addition to these efforts outlined al®0 different concentrations of ammonia based

through the IC Postdoctoral Fellow on different concentrations of H.0.

Research Program, we have investigated

other alternative approaches to harnessing

chemical energy in biuels for fuel cell operatiofi2l]. One such investigation has led us to
achieve a sustainable current generation with ammonia oxidatdh assistance from
conductive polymers such as polypyrr¢Bd]. Figure 1.2.20shows the current production as a
function of ammonia concentration in the presence of polypyrrole and hydrogen peroxide at
different concentrations in the solution. Without ammonia, the current production was not
obvious even with the presice of peroxide. Therefore, it is a clear indication that the current
was produced by the oxidation of ammonia, which was promoted by peroxide in the interaction
with polypyrrole.

In a separate study of glucose oxidation, we also discovered a yaitiweay to promote charge
transfer of partial oxidation of glucose to produce current with the help of mediators such as
methyl viologen15]. In this study, high cuent density and power density were observed with
glucose oxidation in alkaline solutions with the presenceneédiator.
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2. Technology for Synthetic Fuels Production

This section addresses various features involved with the production of synthetic fuels and
certain related biocontamination ambfuels corrosionissues The following subsectian
address each of these features.

2.1 Biofuel Characterization Planning

As the Navy moves toward greater use of alternative fuels blended with petroléardiésel

and JP5 jet fuel, there is imminent need to understand how these blends will compare with
conventional petroleum products. Two general areasoafparison are of interest, (1) the
combustion characteristca nd (2) t he br ofargp@ear pasea ot erMmeéd ff
includes compatibility with materials commonly found in fuel tanks and piping, compatibility

with elastomer seals {ings) used in engines and fuel delivery equipment, and susceptibility of

the fuel blends to maintain levels of microbial and corrosion activity comparable to, or lower

than, petroleum fuel® current use.

2.1.1 Scope of Work and Approach

Under this subtasHNEI will seek to identify a range of biofuel components that could support
Navy operations in tropical island settings, including primary sources of potential supply for
identified biofuel components, critical material quality monitoring points aloagtipply chain,
appropriate tests for each of these critical monitoring points, and equipment, personnel, and lab
facilities and associated costs that would be required to conduct testing.

2.1.2 Technical Accomplishments

Figure 2.1.1 shows possible patiyg to biofuels in tropical island settings. The list of potential
feedstock sources on the right is not complete but serves to demonstrate the variety of available
materials. Sugars, starch, oils, and fiber are the four intermediate products thatmast be
readily converted to produce alternative dnogeplacements for-#6 and JF5. Sugar, starch,

and oil production will require dedicated efforts if they are to support biofuel production,
whereas fiber resources may be residue byproducts stremmgtfimarily agricultural activities.

Each intermediate product has at least one conversion and upgrading pathway option to produce
drop in replacements forF6 and JF5.

Not shownon Figure 2.1.1but an equally important source of fibes the biogera fraction of
municipal solid waste (MSW). MSW amounts and availability are related to population, levels
of economic activity, and current management prasticPreviously installed waste-energy
facilities can compete with new efforts to utilize thésource for biofuels. Siting landfills in
tropical island settings is commonly a difficult political issue. Diverting material from landfills
to productive uses such as biofuel production wdadd ingeneral, more acceptable since it
creates economiectivity and can aid in managing an otherwise negagvenue material.
Siting industrialscale MSW sorting and conversion facilities in island environments may be a
challenge, but their footprint will be smaller compared to that of a landfill and, pitper
planning and design, can have limited visual and environmental impact.

The supply chain for biofuel production systems will depend on the particular production
pathway selected from Figure 2.1.1 and may typically look as depicted in Figure Zlad. |
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island chain such as Hawaii, biomass feedstocks or intermediate products may need to be
transported between islands to amass sufficient material to achieve economies of scale.
Similarly, final products may require interisland shipment between poinfgoduction and

points of end use. Although the large number of possible combinations of feedstocks,
intermediate products, conversion facility locations, and points of use could make supply chain
monitoring onerous, the main, and perhaps only, qualitiat need to be monitored up until the
point at which the Navy takes delivery of the neat biofuel, relate to the Navy criteria for
renewable fuels; e.g.the production inputs and processes used in manufacture.
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Figure 2.1.2 Potential bioenergy industry value chain for tropical island settings
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DoD standard practices (Anon., 1999) can be used as guidelines to identify points for monitoring
fuel quality and the frequency of occurrence. Fuels stored for more than sihamanre
considered to be in loAggrm storage. 6 stored in bulk should be tested every six months and
that stored in packages should testedevery 12 months at a minimum. ot¢ that these are
minimum frequencies and that neat biofuel and biofuel blended with petroleum products should
be monitsed more frequently, at a thre@onth interval, until sufficient data sets have been
established to support less frequent testingadihition to storage guidelines, quality monitoring
guidelines are provided for fuels when taking initial possesasnohextendo storage, pipelines,
vessel loading, vessel discharge, transfers within installations or depots, road and rail tank car
contairers, package fuel products, and collapsible fabric tanks and drums. Each of these
monitoring points or conditions is accompanied by a description of when and how the sample is
to be taken, the type of sample, and the required testing.

Required testingAnon., 1999) ranges from complete specification inspection testingi(etigl
acceptance/possession), to hourly visual inspection during pipeline transfers. More commonly, a
reduced set of tests are mandated to monitor principal characteristicskalysto have been
affected in the course of storing or moving the product, or for contaminants such as water or
particulates. In the case of neat biofuel or biofuel blended with petroleum product, it would
appear prudent that more rigorous, complete ipation inspection testing be conducted until
sufficient data sets are established to guide the selection of reduced testing regimens.

Navy laboratories for fuel testing in Hawaii are located at the Fleet and Industrial Supply Center
(FISC) at Pearl Hadr. Although not verified for this report, it is assumed that FISC Pearl

Harbor maintains all equipment necessary to conduct fuel quality testing. A typical listing of
specification properties for-F6 diesel fuel is presented in Table 2.1.1. Altermafivels and

fuel blends must meet these specifications in order to pass the firsblea@Eening to qualify

as dropin replacements for-# 6 . The Institute oflP 38 Diesell e umobs
and Domestic Heating FueisDetermination of Clal Filter Plugging Point is also included as a

test method for #6.
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Table 2.1.1 Summary of ASTM methods cited in MIL-DTL-16884L, the detailed specification for
naval distillate fuel, F-76 ( Anon, 2006) . ASTM I D number sreferee bol d
test met holTa-16884L. MI L

ASTM Title

ID No.

D86 Standard Test Method for Distillation of Petroleum Products at Atmospheric Pressure (DoD adopted)
D93 Standard Test Methods for FlaBint by PenskyMartens Closed Cup Tester (DoD adopted)

D97 Standard Test Method for Pour Point of Petroleum Products (DoD adopted)

D129 Standard Test Method for Sulfur in Petroleum Products (General Bomb Method) (DoD adopted)

D130 Standard Test Method for Corrosiveness to Copper from Petroleum BraguCopper Strip Test (DoD

adopted)
D189 Standard Test Method for Conradson Carbon Residue of Petroleum Products (DoD adopted)
D287 Standard Test Method for API Gravity of Crude Petroleum and Petroleum Products (Hydrometer Metl

(DoD adopted)

D445 Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (and Calculation g
Dynamic Viscosity) (DoD adopted)

D482 Standard Test Method for Ash from Petroleum Products (DoD adopted)

D524 Standard Test Method for Ramsbott@arbon Residue of Petroleum Products (DoD adopted)

D613 Standard Test Method for Cetane Number of Diesel Fuel Qil (DoD adopted)

D664 Standard Test Method for Acid Number of Petroleum Products by Potentiometric Titration (DoD adop
D974 Standardrest Method for Acid and Base Number by Cédliadicator Titration (DoD adopted)

D976 Standard Test Methods for Calculated Cetane Index of Distillate Fuels (DoD adopted)

D1141 Standard Practice for the Preparation of Substitute Ocean Water (Dol@@dopt

D1266 Standard Test Method for Sulfur in Petroleum Products (Lamp Method) (DoD adopted)

D1298 Standard Test Method for Density, Relative Density (Specific Gravity), or API Gravity of Crude Petrol
and Liquid Petroleum Products by Hydrometer et (DoD adopted)

D1401 Standard Test Method for Water Separability of Petroleum Oils and Synthetic Fluids (DoD adopted)

D1500 Standard Test Method for ASTM Color of Petroleum Products (ASTM Color Scale) (DoD adopted)

D1552 Standard Test Method f&ulfur in Petroleum Products (Higfemperature Method) (DoD adopted)

D2274 Standard Test Method for Oxidation Stability of Distillate Fuel Oil (Accelerated Method) (DoD adopte

D2500 Standard Test Method for Cloud Point of Petroleum Products (@fupted)

D2622 Standard Test Method for Sulfur in Petroleum Products by Wavelength DisperSiag Kluorescence
Spectrometry (DoD adopted)

D2709 Standard Test Method for Water and Sediment in Middle Distillate Fuels by Centrifuge (DoD adopted
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Table 2.1.1 (continued) Summary of ASTM methods cited in MIL-DTL-16884L, the detailed
specification for naval distillate fuel, F-76 (Anon, 2006). ID numbers in bold indicate designation as
ireferee test -DT&HUE8BH. 0 i n MIL

D3120 Standard Test Metid for Trace Quantities of Sulfur in Light Liquid Petroleum Hydrocarbons by Oxidat
Microcoulometry (DoD adopted)

D3605 Standard Test Method for Trace Metals in Gas Turbine Fuels by Atomic Absorption and Flame Emisg
Spectroscopy

D4052 Standard €st Method for Density and Relative Density of Liquids by Digital Density Meter (DoD adop

D4057 Standard Practice for Manual Sampling of Petroleum and Petroleum Products (DoD adopted)

D4176 Standard Test Method for Free Water and Particulatea@unation in Distillate Fuels (Visual Inspection
Procedures) (DoD adopted)

D4177 Standard Practice for Automatic Sampling of Petroleum and Petroleum Products (DoD adopted)

D4294 Standard Test Method for Sulfur in Petroleum and Petroleum Productsebgyibispersive XRay
Fluorescence Spectrometry (DoD adopted)

D4530 Standard Test Method for Determination of Carbon Residue (Micro Method) (DoD adopted)

D4539 Standard Test Method for Filterability of Diesel Fuels by Lbamperature Flow Test (LTHT

D4808 Standard Test Methods for Hydrogen Content of Light Distillates, Middle Distillates, Gas QOils, and Re
by Low-Resolution Nuclear Magnetic Resonance Spectroscopy (DoD adopted)

D5291 Standard Test Methods for Instrumental Determinationasb@n, Hydrogen, and Nitrogen in Petroleum
Products and Lubricants

D5304 Standard Test Method for Assessing Middle Distillate Fuel Storage Stability by Oxygen Overpressure
adopted)

D5452 Standard Test Method for Particulate Contamination in honaFuels by Laboratory Filtration (DoD
adopted)

D5453 Standard Test Method for Determination of Total Sulfur in Light Hydrocarbons, Spark Ignition Engine
Diesel Engine Fuel, and Engine Oil by Ultraviolet Fluorescence

D5771 Standard Test Methibfor Cloud Point of Petroleum Products (Optical Detection Stepped Cooling Meth

D5772 Standard Test Method for Cloud Point of Petroleum Products (Linear Cooling Rate Method)

D5773 Standard Test Method for Cloud Point of Petroleum Products (Cortating Rate Method)

D5949 Standard Test Method for Pour Point of Petroleum Products (Automatic Pressure Pulsing Method)

D5950 Standard Test Method for Pour Point of Petroleum Products (Automatic Tilt Method)

D5985 Standard Test Method for PoRpint of Petroleum Products (Rotational Method)

D6045 Standard Test Method for Color of Petroleum Products by the Automatic Tristimulus Method

D6217 Standard Test Method for Particulate Contamination in Middle Distillate Fuels by Laboratory Filtratio

D6371 Standard Test Method for Cold Filter Plugging Point of Diesel and Heating Fuels
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Table 2.1.1 (continued) Summary of ASTM methods cited in MIL-DTL-16884L, the detailed
specification for naval distillate fuel, F-76 (Anon, 2006). ID numbers in bold indicate designation as
Aireferee test -DT&UE8&MAO0 i n MIL

D6450 Standard Test Method for Flash Point by Continuously Closed Cup (CCCFP) Tester

D6920 Standard Test Method for Total Sulfur in Naphthas, Distillates, Reformulated GasolingssPiidodiesels,
and Motor Fuels by Oxidative Combustion and Electrochemical Detection

D7039 Standard Test Method for Sulfur in Gasoline and Diesel Fuel by Monochromatic Wavelength Dispers
Ray Fluorescence Spectrometry

D7111 Standard Test Mettibfor Determination of Trace Elements in Middle Distillate Fuels by Inductively
Coupled Plasma Atomic Emission Spectrometry (IKES)

D7171 Standard Test Method for Hydrogen Content of Middle Distillate Petroleum Products birésatution
Pulsed NucleaMagnetic Resonance Spectroscopy

E29 Standard Practice for Using Significant Digits in Test Data to Determine Conformance with Specificat
(DoD adopted)

Additional testing for alternative fuels is required to determine whether the fuels rakeet fit
purpose requirements based on two levels. Level 1 and Level 2 screening standards for
alternative F76 fuels that are not included in Table 2.1.1 are summarized in Tables 2.1.2 and
2.1.3, respectively. In addition, Level 1 and Level 2 screening atasdor fuels under
consideration for use as alternatives to shipboard aviation fuél, df summarized in Tables

2.1.4 and 2.1.5, respectively.
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Table 2.1.2 Summary of Level 1 fit-for-purpose screening standards
for alternative F-76 fuels (Morris, 2011)

ASTM Title

ID No.

E659 Standard Test Method for Autoignition Temperature of Liquid Chemicals

D971 Standard Test Method for Interfacial Tension of Oil Against Water by the Ring Method

D1322 Standard Test Method for Smoke PoinKafroseneand Aviaton Turbine Fuel

D1331 Standard Test Methods for Surface and Interfacial Tension of Solutions of SAdiee Agents

D2425 Standard Test Method for Hydrocarbon Types in Middle Distillates by Mass Spectrometry

D2624 Standard Test Methods for Electri€abnductivity of Aviation and Distillate Fuels

D3241 Standard Test Method for Thermal Oxidation Stability of Aviation Turbine Fuels

D3703 Standard Test Method for Hydroperoxide Number of Aviation Turbine Fuels, Gasoline and Diesg
Fuels

D4052 Standard Tst Method for Density, Relative Density, and API Gravity of Liquids by Digital Density,
Meter

D4054 Standard Practice for Qualification and Approval of New Aviation Turbine Fuels and Fuel Additiy

D4809 Standard Test Method for Heat of Combustion of idgdydrocarbon Fuels by Bomb Calorimeter
(Precision Method)

D5001 Standard Test Method for Measurement of Lubricity of Aviation Turbine Fuels by the®&lylinder
Lubricity Evaluator (BOCLE)

D6379 Standard Test Method for Determination of Aromatic Hydrbon Types in Aviation Fuels and
Petroleum Distillate$ High Performance Liquid Chromatography Method with Refractive Index
Detection

D6890 Standard Test Method for Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimetsg
(Precision Method)

D7111 Standard Test Method for Determination of Trace Elements in Middle Distillate Fuels by Inductiy
Coupled Plasma Atomic Emission Spectrometry (KES)

Table 2.1.3 Summary of Level 2 fit-for-purpose screening standards
for alternative F-76 fuels (Morris, 2011)

ASTM Title

ID No.

D2716 Standard Test Method for Determining Specific Heat Capacity by Sinusoidal Modulated Tempe
Differential Scanning Calorimetry

D2717 Standard Test Method for Thermal Conductivity of Liquids

D2766 Standard TadMlethod for Specific Heat of Liquids and Solids

D6793 Standard Test Method for Determination of Isothermal Secant and Tangent Bulk Modulus
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Table 2.1.4 Summary of Level 1, fit-for-purpose screening standards
for alternative JP-5 fuels (Morris, 2011)

ASTM Title

ID No.

D6379 Standard Test Method for Specific Heat of Liquids and Solids

D1319 Standard Test Method for Hydrocarbon Types in Liquid Petroleum Products by Fluorescent Ind
Adsorption

E659 Standard Test Method for Autoignition Temperatof Liquid Chemicals

D4052 Standard Test Method for Density, Relative Density, and API Gravity of Liquids by Digital Dens
Meter

D6890 Standard Test Method for Determination of Ignition Delay and Derived Cetane Number (DCN)
Diesel Fuel Oils by Cmbustion in a Constant Volume Chamber

D86 Standard Test Method for Distillation of Petroleum Products at Atmospheric Pressure

D4054 Standard Practice for Qualification and Approval of New Aviation Turbine Fuels and Fuel Additi

D2425 Standard Test Mabd for Hydrocarbon Types in Middle Distillates by Mass Spectrometry

D3705 Standard Test Method for Misting Properties of Lubricating Fluids

D971 Standard Test Method for Interfacial Tension of Oil Against Water by the Ring Method

D5001 Standard Test Mbod for Measurement of Lubricity of Aviation Turbine Fuels by the-Beall
Cylinder Lubricity Evaluator (BOCLE)

D1840 Standard Test Method for Naphthalene Hydrocarbons in Aviation Turbine Fuels by Ultraviolet
Spectrophotometry

D4629 Standard Test Methddr Trace Nitrogen in Liquid Petroleum Hydrocarbons by Syringe/Inlet
Oxidative Combustion and Chemiluminescence Detection

D971 Standard Test Method for Interfacial Tension of Oil Against Water by the Ring Method

D2887 Standard Test Method for Boiling Rge Distribution of Petroleum Fractions by Gas Chromatogra

D3241 Standard Test Method for Thermal Oxidation Stability of Aviation Turbine Fuels

D6732 Standard Test Method for Determination of Copper in Jet Fuels by Graphite Furnace Atomic
Absorption Spctrometry

D7111 Standard Test Method for Determination of Trace Elements in Middle Distillate Fuels by Inducti
Coupled Plasma Atomic Emission Spectrometry (KES)

D445 Standard Test Method for Kinematic Viscosity of Transparent and Opaque L{godi€alculation of]
Dynamic Viscosity)

D4809 Standard Test Method for Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimef

(Precision Method)
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Table 2.1.5 Summary of Level 2, fit-for-purpose screening standards
for alternative JP-5 fuels (Morris, 2011)

ASTM Title

ID No.

D6793 Standard Test Method for Determination of Isothermal Secant and Tangent Bulk Modulus

D924 Standard Test Method for Dissipation Factor (or Power Factor) and Relative Permittivity (Diele
Constant) of Electri@ Insulating Liquids

E681 Standard Test Method for Concentration Limits of Flammability of Chemicals (Vapors and Gasé

D4054 Standard Practice for Qualification and Approval of New Aviation Turbine Fuels and Fuel Additi

D2779 Standard Test Methoaif Estimation of Solubility of Gases in Petroleum Liquids

D2766 Standard Test Method for Specific Heat of Liquids and Solids

D1331 Standard Test Methods for Surface and Interfacial Tension of Solutions of SAdee Agents

D2717 Standard Test Methddr Thermal Conductivity of Liquids

D6378 Standard Test Method for Determination of Vapor Pressure (VPX) of Petroleum Products,

Hydrocarbons, and Hydrocarb@wxygenate Mixtures (Triple Expansion Method)

Preliminary review of the methods in Tables 2.10 2.1.5 identified equipment needed to
conduct fuel quality testing. Standard method and equipment requirements are summarized in
Table 2.1.6. Preliminary estimates of total budget needed to purchase the equipment identified
in Table 2.1.6 is $250,000A reduced set of equipment may be justified if only selected quality
parameters are deemed relevant to biofuel research. Preliminary analysis indicates that one post

doctoral fellow and one graduate student would be sufficient to conduct a fuel gesdirch

program.

Table 2.1.6 Summary of special equipment requirements for fuel quality research program needs

ASTM Required Equipment

ID No.

D93 PenskyMartens closed cup flash test apparatus
D130 Copper strip corrosion pressure vessel

D445 Viscometer

D1160 | Vacuum distillation apparatus

D1298 | Hydrometer

D1401 | Water separability test station

D1500 | Fuel Color Comparator

D2500 | Cloud Point Analyzer

D4294 | Energy dispersive Xay fluorescence analyzer
D5304 | Storage stability testing apparatus

D5453 | Sulfur by UV-fluorescence analyzer

D6079 | High-frequency reciprocating rig apparatus
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2.2 Plasma Arc Processing

Under FYOQ7 @inding our lab began research on the-timrmal plasma reforming of methane.

This involved the design and construction of a reverse vortex flow refoffigaré¢ 2.2.) and

subsequent parametric and factorial testing of system parameters to optimizenguecéo for

hydrogen selectivity under FYO8 funding. We achieved 83.3% hydrogen selectivity, had a
specific energy requirement of 144 kJ rhadf hydrogen produced and operated at 43.5%
efficiency. At this point the reformate was comprised of 35.53% Igah00.23% oxygen,

16.58% carbon monoxide, 1.42% carbon dioxide and 5.69% methane. The results were
compiled into a manuscript titled AAn experin
reforming of met hane. 0 Wetiquas ire orderetes rpsobmd then g t o
article for review and publication in the International Journal of Hydrogen Energy.
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Figure 2.2.1 Reverse vortex flow non-thermal plasma reformer image and diagram

Our current work, based onetmonthermal plasma reforming of methane, focuses on the
reforming of liquid hydrocarbons, in particular dodecaneHs), a model diesel compound.

The reforming of liquid hydrocarbons within néimermal plasma presents challenges not
encountered whileeforming gases. Chief among them is the introduction of the liquid
hydrocarbon to the reaction chamber in a suitable form. This dictated the redesign of the
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components of the fuel delivery system, reformer and reformate analysis system. This report
details results of the FY08 effort.

2.2.1 Scope of Work

Objectives of the FY08 effort are described below.

1. To fully characterize the performance of the reformer on methane over a range of
experimental conditions. Independent variables for experimeéesan include plasma voltage,
electrode geometry, reactant volumetric flow rate, fuel reactant ratios (fuelpaste@m, etc.),
reactor temperature as affected by reactor insulation, and use of catalyst. Reformate will be

characterized using gas ayst equipment and data will be used to compute reformate
performance parameters including the yield of hydrogen relative to the methane fuel input.

2. Conduct additional design and selection of fuel system components required to deliver a
suitable fuelflow to the reactor will be conducted. Fuel delivery will be characterized and
preliminary testing using liquid fuels will be conducted.

3. Initiate work on a numerical model of the plasma reactor system.

2.2.2 Technical Accomplishments

Sections 2.2.1, 2.2.2.2, and 2.2.2.3 describe the technical accomplishments corresponding to
the three objectives, respectively, identified in section 2.2.2.

2.2.2.1 Methane Rforming

The results of the methane reforming investigation using the plasma arc aystéescribed in
the following sections. Relevant nomenclature is provided here.

( = vacuum permittivity (A $mkg?)

d = angle between el ectrodes (deg)
> = heat confkWctivity (W m

0 = electricafKYonductivity (W m
U = c¢har a oftare formationi(nes) t i me

¢k = molar fraction of gas componen} (

d = discharge gap (m)

De = electron drift coefficient-§

e = elementary charge (C)

E = electric field (V m)

Ei = transitional electric field from thermal to direct electron impact ionimatio

E. = effective ionization potential (kJ mb)l

H = Standard enthalpy of formation at 298 °K and 101.3 kPa pressure (RJ mol
| = ionization potential (kJ md)

J = electrical current (A)

k=Bol tzmann@s constant (

ki = ionization coistant {)

? = length of arc column (m)
LHV = lower heating value (MJ k)
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M = mass flow rate (kg s&

n = gas concentration (cf)

ne= electron concentration (¢t

p = pressure (atm)

P = power (W)

Qeq = energy @ssipated in equilibrium regime (J)
Qnoneq = energy dissipated in neequilibrium regime (J)

R=power supply serial resistance (q)
Ro= power supply internal resistance (q)
t =time (s)

T = temperature (K)

To = gas temperature along axis of arc (K)

g = velocity f gliding arc (m s
Qarift = electron drift velocity (m-4)

V = voltage (V)

Vo =open arcuit voltage (V)

w = dissipated power per unit length of arc column (V) m

2.2.2.11 Introduction

Environmental impacts of greenhouse gases, rising fuel prices, and a dependency on foreign
sources of fuel have made it necessary to develop alterrsdivees of energyl]. The
electrochemical oxidation of hydrogen in a fuel cell yields power, heat, and water, which has
made it a popular alternative fuel option.

Hydrogen can be produced domestically freaurces such as natural gas reforming, coal and
biomass gasification, and water electrolygly. Large scale industrial processes utilizing
reforming of natural gas and coal are expected to play the laojesin the world production of
hydrogen[l]. The reforming process converts a primary fuel into a desired fuel product, e.g.
methane into hydrogen and carbon monoxide. The delivery from these largendasteial
hydrogen production plants will likely involve three different methodologies. Depending on the
needs of a given area these may include truck delivery in the form of compressed gas or
cryogenic liquid, or pipeline distributidr2]. Hydrogen production viansite fuel reforming can

avoid the need to develop new hydrogen delivery infrastructure-tidomal plasma reforming

of a primary fuel into hydrogen rich gas is a potentiakib@ method.

The research presented focuses on performance evaluatiom-tifemmal, gliding arc plasma
stabilized in a reverse vortex flow. It sought to find éffects of varying system parameters on
the reformerds ability to reform methane.
system parameters, while a fulictorial experiment investigated second order effects, found
optimal operating conditions and operational limits for the reverse vortex flow reformer.

Due to its ability to easily transmit energy to other materials and cause reactions in dilute

reactant mitures[4,5] plasma treatment of fuels has been investigated as a potential method for

fuel refor mi ng [§.i Plasrea rdfonmer perlarmange dépéndsson the type of

plasma, additive gases, the plasma power generator, the utilization of catalysts, water vapor

injection, and the geortry of the reformer[7]. The earliest research focused on thermal

plasmas, in which the temperature of the electrons, ions and neutral particles exist in
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thermodynamic equilibrium. Thermal plasma has the ability to reform the gas, but suffers
significant draw backs, a&f among them, excessive power consumption and the inability to
control the chemical processgl. Nonthermal plasmas in which the ion and neutral particle
temperatures are significantly lower than the electron temperatures allow for good selectivity and
control over the chemical proces4€$. They however, suffer their own drawbacks such as
extremely limited power consumption, and operational pressure gai@je Howe\er,
transitional plasma, also ndhermal, existing between purely thermal plasma and gplomer
density, norhermal plasma can transcend the negative aspects of both the thermal and non
thermal plasmas making them well suited to fuel reforming plasramistry[9]. They have
nontthermal characteristics with electron temperature drighan heavy particle temperature
[8,10], operate at atmospheric pressure, maintain control over the reformicgsgrall while
maintaining significantly high power densities required for industrial reforming of gg%4és

13).

Gliding arc plasma, a transitional plasfpt, has shown promising results within the realin o

fuel reforming. It has very low specific power consumpfiéj even when compared to other
norrthe r ma | pl asma reforming processes as|3seen ir
Their endothermic chemical reactions can absorb up to 80% of the electrical energy provided to
the arc[8]. Where as many different electrode configurations have been ufiligdd-17], the
electrical discharge of a typical gliding arc forms between two or more diverging eledtt6des
Typical gliding arc reactors with two 4plane diverging electrodes produce a thin plasma arc
propagated along the blades by the gas flow, which permits very high gas throJglipdts
However only 10 to 15% of the gas flow has direct contact with the arc and experiences a very
low residence tim§l8] (~10° second$8]). The limited quantity of excited species produced by

the plasma is insufficient to provide energy required for complete reformation of the feed gas
resulting in extremely neaniform gas treatmeifiiL7].

Equation(1) [19] states a general equation for the reforming of methane. When y equals 0 and x
is greater than 0 steam reforming takes plgd following equation(2) [20]. Patial oxidation

occurs when x =0 and y > 0 yet is less than needed for the combustion of methane (equation 3)
[20]. This paper primarily investigates the partial oxidation of methane in a fuel rich
environment, and thus oxygen considered exists in pure form or air and steam is neglected
(equation 4]20Q].

CH, +xH,0+y0, +Q- aCQ, +bCO+cH,O+dH, 1)
CH,+H,0 CO+H, DH =2057kJmol* )

vapor ~

CH,+20,- CO,+2H,0 DH =-8908kJmol* 3

iquid

CH, +050,- CO+2H, DH =-36.1kJmol™* 4)

As opposed to a gliding arc between two diverging electrodes, a reverse vortex flow reformer
can propagate the arc in 3 dimensions (Fig2r22. This can overcome the traditional
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diverging electrd e gl i di ng ar c asifornh gamirdatenént loy nncreading the n
residence time within the plasiit/].
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Figure 2.2.2 Schematic diagrams of two- and three-dimensional plasma arc systems
relevant to reforming

The reverse vortex functions by thengantial injection of gases at the base of a cylindrical
volume with an axial exit at the center of the bege The gas enters the reaction chamber at
velocities between 10 and 50 it and slows as it expands downstrefl0]. Gas flows
between 1 and 10 mlshave the ability to propagate a gliding arc without immedjatel
extinguishing if14]. Incoming gases flow along the cylinder walls spiraling towards the top and
create a barrier between the hot axial zone and the walls of the rgdctat the top, the gas
reverses flow in the axial direction and forms a tighter spiral down the axis of the reactor, exiting
through ahole in the center of the base. This creates what can be imagined as a tornado that
upon reaching the top of the reaction chamber turns around and exits along its own axis. This
increases the thermal efficiency of the reformer 25% over that of a fomweek flow in which

gases are injected tangentially at the top of the reactor and exit axially through thElLBlase
Additionally the swirling, reverséiow vortex flow pattern convectively cools the arc and pushes

it further toward a notthermal regimg10,17].

Kalra et al. reported that the arc initially forms between the cathode and the inner edge of the
axial exit (anode), rotating there indefinit¢li/7]. The arc travels rapidly around the electrodes
and this does not deteriorate the surfag®gl. If the arc extinguishes and the electrodes are
further apart than the initial break wlo gap, reignition can still occur by following a path
through the electric field within the gé&7]. At high flow rates, a plasma jet may form, exiting

the reformer with the axial flow. The majority of reactions take place within the reformer and
the gas comgsition immediately following the plasma jet does not change significantly as the
reformate cools and passes through post reaction chambers and heat exg@langers
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2.2.2.1.2 Material and Methods

Figure 22.3 shows a schematic of the laboratory scale plasma reformer test bed. The test bed
included three main component groups witfiedent functions. The front end of the system
metered reactants and prepared them for input into the reverse vortex reformer. The reformer
section included the reverse vortex reformer and power supply, and the back end of the system
conditioned and amgzed the reformed gas mixture. A National Instruments -$8Rlata
acquisition board (National Instruments, Austin, TX) and LabView software (National
Instruments, Austin, TX) running on a laptop computer controlled the system and monitored and

recorded dta.
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Figure 2.2.3 Schematic of the laboratory scale plasma reformer test bed for methane

Front End

The front end of the system served primarily to meter reactants into the reverse vortex reformer.
Brooks 5850E mass flow controllers metered bottleghjer and nitrogen to the reformer. The
proportions of the two were set to produce a composition very close to air. The air mixture
passed through a fabricated resistance heater and mixed with the steam input stream produced by
an EI dex 38 Mterdng gump pushisg denmizedmvater through a fabricated water
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heater. A hot plate maintained theidrized water reservoir at 50 °C in order to minimize water
heater fluctuations downstream. A thermocouple at the steam and gas mixing point provided
feedback in order to maintain the mixture at 120 °C. This mixture entered the reverse vortex
flow reformer via one of two tangential gas inlets. A 50 mm length of polytetrafluoroethylene
(PTFE) tube between the 316 stainless steel air/steam delivery cemipand the 303 stainless

steel tangential inlet plate, acting as the lower electrode, provided electrical isolation between the
two component groups.

A Brooks 5850EM mass flow controller metered bottled, grade 4, methane to a second tangential
gas inletin the reformer flange via PTREbing.

Reformer Section

The reformer (Figur@.2.4 consisted of a top plate, a reaction chamber, an inlet plate, a post
reaction chamber, a bottom plate, and upper and lower electrodes. The ceramic top plate
(Macof® Corning Inc., Corning, NY) formed the top of the reaction chamber and held the upper
electrode in place. The inlet plate fabricated from-8@&nless steel, served several purposes.
Two tangential reactant gas inlets created a reverse vortex flow in timmeehamber. The

inlet diameters reduced to 1.066 mm upon entering the reaction chamber. The resulting flow
field caused the arc formed between the top ring electrode and the bottom electrode to revolve in
the reaction chamber. The 1.07 mm diametee Waip electrode had an outer ring diameter of 38
mm. The inlet plate conducted electricity from the transformer line to the washer electrode with
an outer diameter of 38 mm, and an inner orifice diameter ranging from 3.4 to 17.4 mm as seen
in Figure 2.25. Inconel was chosen as the material for the electrodes due to its ability to
withstand high temperatures and oxida{i8i2].
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Figure 2.2.5 Outlet orifices for plasma arc reactor system for methane

The 303 stainless steel bottom plate served as the connection point facthera of the
system. The quartz tube, pasaction chamber served as a mixing zone for the treated gases
and electrically isolated the inlet plate from the bottom plate and the back end of the system.
Thermal insulation was placed around the postti@acchamber. Nowwonducting PTFE
threaded rods held the entire assembly together and silieongsosealed the interfaces between

the plates and the quartz tubes of the reaction and post reaction chambers.
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The systembds power sampgnéntg; awdriable awrorathsfotmerqStacoa | o r
model 3PN1410B, ISE Inc., Cleveland), and a neon sign transformer (Lecip Sentry, model
4B15N6CB, Allanson International, Toronto). The Staco autotransformer could step up or
down line voltage of 120 V, 60 Hp a range of 0 to 140 V which was then supplied to the Lecip
Sentry transformer. The Lecip Sentry neon sign transformer stepped up the incoming AC
voltage 125 times and had a maximum output of 400 W at 15 kV, however we throttled this to
250 W via the awtransformer. As the arc was a fixed length between the upper and lower
electrodes, the power consumed by the arc remained relatively constant over time. This allowed
for a meter (Kill A WattE, Mo del p4460) plu
autotransformer to measure the power delivered to the Lecip Sentry transformer. Insulated,
high-voltage wires carried the charge from the transformer to the middle plate and upper
electrode.

Back End

The back end of the system conditioned the produeastrto permit determination of flow rate

and composition. A water condenser (Fisher, Pyrex Graham 300 mm) with a water jacket cooled
by an external immersion chiller (VWR Scientific, Model 1109), and a water separator reduced
the reformate temperature fno~250 °C to ~26 °C and removed liquid water. A coalescing filter
(Balston, Model 31G ) removed any remaining water before the gas passed through a parallel
array of three 2 um pore size filters (Swagelok45%2). A calibrated mass flow meter (Omega,
Model FMA1820S) determined the volumetric flow of the reformate prior to analysis.

A sampling unit (Horiba, model P&00) pulled 2.6 Ipm of reformate from the gas stream and
removed any remaining vapor. The treated flow passed through a membrane filted (Uni
Filtration Systems, model SM105.221) and an additional 2 um pore size (Swagelok, model SS
4F-2) filter. Sample flow passed through threelioe gas analyzers in series. A roispersive,

infrared analyzer (Siemens, model Ultramat 23) measured lbenggercentage of methane,
carbon monoxide, and carbon dioxide, a zircon dioxide based sensor in the second analyzer
(Siemens, model Oxymat 6E) measured the oxygen content, and a thermal conductivity based
measurement was made in the final analyzer (Siepmaodel Calomat 6E) for hydrogen content.

A pump (Air Dimensions 1/6 hp) pulled a 2 Ipm stream from the flow exiting the online
analyzers and directed it to a gas chromatograph (GC) (Shimadzu, Model 14A, Columbia, MD).
The pump started 2 min after t& sampled and ran for 6.5 min, allowing 1.5 min of the 10
min cycle for the gas pressure in the sample valve to equilibrate with atmospheric pressure.

The GC was equipped with a 1.52 m x 3 mm Carb8%&®00 column (SUPELCO, Bellafonte,

PA) and a theral conductivity detector. Tests were run in accordance with American Society
for Testing and Materials Standard D19@®i Standard Practice for Analysis of Reformed Gas

by Gas Chromatography. GC analyses utilized an initial oven temperature of 80 A as t
produced the same results as those conducted with the ASTM recommended 45 °C and allowed
for more rapid cycling of the analysis.

System Variables
The following section outlines both the dependent and independent variables within the system.

Reactor tenperaturé dependent variable
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The power input level, reactant gas inputs, and the length of the arc all affected reactor
temperature.

Volumetric flow ratei dependent variable

The volumetric flow rate in the present work was measured as clean, coajasirflow
downstream of the reactor. This flow rate can be used as a basis to compute a wet, volumetric
flow rate at reactor temperature. As the gas composition, steam input, and temperature at the
inlet changed, the reformate changed in volume, thusguhg the volumetric flow rate within

the reaction chamber. Effects of volumetric flow rate were explored after the parametric and
factorial tests determined optimal system parameters.

Reactor chambérindependent variable: to remain fixed
The geometry bthe reaction chamber affects the flow characteristics and the residence time
within the reactor.

Electrode gap distané¢eindependent variable

Increasing the gap distance, the distance between the top electrode and the bottom washer
electrode, increaseboth the notthermal properties of the arc and the residence time of the gas
within the ard21]. If the gap disince is too small the arc exists in a thermal regime leading to
poor performance. If the gap is too large the arc cannot sustain itself irtlaenoral regime.

Axial exit sizei independent variable

As stated in the literature, the axial exit of the nefimg chamber must be significantly smaller
than the diameter of the chamber in order to produce the reverse vortgd flowThe area of

the axial exit from the reformer was varied in size by changing the axial orifice washer electrode.
As the axial exit dianter decreases, the reformate exits the chamber at a higher velocity.

Oxygen input’ independent variable: to remain fixed

The oxygen flow rate was held constant at 0.56 slpm and the oxygen to carbon ratio changed by
increasing or decreasing the methanevflate. Oxygen and nitrogen flows had the same
proportion as air.

Nitrogen inpufi independent variable: to remain fixed
The N flow rate was set at a constant flow rate of 2 slpm to maintain a ratio withothewD
rate equal to that of air.

Methanenputi independent variable

Methane was the fuel in the experiments. Methane input was varied from 0.4 to 1.2 slpm,
corresponding to equivalence ratios of 0.23 to 0.7, while holding the oxygen flow rate constant.
The equivalence ratio is defined as tweygen to fuel ratio of the reaction divided by the
stoichiometric oxygen to fuel ratj{@2] (Equation 5)).

& 0 ®)
&#%2 0
G CH, +actu al

ant 0
&%, 0
Q CH, +stoichiorrtezic

EquivaleneRatio =

Where His the molar flov rate of each species.
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Steam inpui independent variable

The steam input to the system prevents soot formation and provides for additional hydrogen if
reacted. However, the steam absorbs energy for ionization, reducing the energy available for the
methane conversion reaction.

Power input independent variable

The power input directly affected the length of the arc and the number of electrons available for
ionization of neutral particles. Power greater than necessary for arc formation was appked to t
system to create an initial arc and then reduced to the desired setting for the test conditions.

Parametric Bsts

A parametric test was conducted for each independent variable revealing the effects of system
geometry and individual parameters on referrperformance. Independent variables and their
base case values for parametric tests are shown in Z&le They did not show second order
effects, nor were they employed to find optimal operating conditions. Rather the parametric tests
showed theystems response to changing one variable while holding all other variables constant
regardless of interactions between the parameters.

Table 2.2.1 Independent variables, base case values, and value ranges for parametric tests

Variable Base case value Range of values for parametric test
Reactor Chamber 0.095 L fixed

Electrode Gap Distanci 25 mm 10 mm to maximum achievable arc
Axial Exit Size 17.4 mm 3.2mm, 6.35 mm, 9.5 mm, 12.7 mm
Oxygen Input 0.56 slpm fixed

Nitrogen Input 2 slpm fixed

Methane Input 1 slpm 0.4-1.24 slpm

Power Input 200 w* 1757 250 W

Steam Input (as liquid) 1.6 g min 0.47 2.4 g mint

* The gap distance parametric tests were conducted at two different power levels, 160W and
200W, to identify stable arc conditions.

Factorial Design

Based on the results of the parametric tests, full factorial experiments, utilizihglesign,
explored the effects of four independent variablesethane input, steam input, power input, and
gap distance. Each independent variable asmsgned a high and low level based around a
center point leading to 16 total points per factorial test. Randomization of the test point run order
helped alleviate any test-test drift error. The four factor, factorial design allowed for
determinatiorof optimum values of the four independent variables, estimated the effects of each
variablei showing which variables affected the system the most, identified interactions or higher
order effects between variables and allowed for the determination otiopataystem limits.
Without performing a factorial test it would not be possible to say with certainty that the various
system parameters have no effect on each other.

Table2.22 shows the center point and corresponding step sizes for the firstcmdl $actorial
designs. The center point for the first factorial design was based on data from the literature and
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from results of the parametric tests. Test results from the first factorial design allowed for the
calculation of a path of steepest asagsing response surface methodology in the factor space

I testos
limits of the system as its center point neared an optimal operating condition.

and | ed

Table 2.2.2 Center points for first and second factorial designs with corresponding step sizes

to the

First Factorial Design

second

factori a

Second Factorial Design

Variables center point| step size | units Variables center point | step size | units
Gap Distance 30 2.5 mm Gap Distance 36.5 2 mm
Steam Input 0.8 0.2 g/ min Steam Input 0.4 0.2 g/ min
Methane Input 0.8 0.1 slpm Methane Input 1.35 0.1 Ipm
Power Input 200 10 W Power Input 250 10 W

Data Acquisition

center

Temperature measured at the reformer exit was allowed to reach equilibrium before any
measurements of the reformate composition wererded. Data from the analyzers was
recorded for the last 5 minutes of each 10 minute test condition and averaged. This allowed for
the system to come to equilibrium after system input parameters were changed.
chromatograph sampled at the enceath 10 minute test condition. During the experiments, a
stable condition was maintained at each operating point until a minimum of four ten minute gas
samples were analyzed via gas chromatography (GC). This provided sufficient data to calculate
a mean ad standard deviation at each point.

Data Reduction

The gas

Calculation of performance indicators from data collected from the experiments conformed to
those established by Petipas e{@]. Parametric test performance was based on hydrogen yield,
selectivity, efficieng, specific energy requirements and methane conversion, while the factorial
tests pursued optimal selectivity.

Hydrogen yield is defined by the number of hydrogen atoms in hydrogen gas in the reformate
divided by the total amount of hydrogen atoms inféeel gas (equatiof®) [3].

HydrogenYield =

HydrogenAtomsin H, in reformate,

100

HydrogenAtomsin CH, Feed Gas

(%)

(6)

Indarto described hydrogen selectivity as the hydrogen yield divided by the methane conversion
as shown in equatiof¥). This provides an index of the system's ability to reform methane into
hydrogen with the assumption that any unconverted methane could be recovered or utilized by

other processes.

hydrogen yield or selectivity.
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(7)

molesof H, produced

*100 (%)
2(molesof CH,, converted

Selectiviy =

Equation(8) describes the efficiency of the system as the amount of energy in the hydrogen in
the reformate divided by the total s energy input from both the plasma and the feed fuel
[3]. The lower heating value (LHV) is the heat of combustion measured in ¥Jwkidp the
resulting water products in the vapor phase. The LHV is multiplied by the mass flow rate of the
given species in ordeo find the power associated with the gas flow. The efficiency definition
assumes that any CO present in the reformate can be convertedyothd exothermic water

gas shift reaction (Equatidf) [3]). The water gas shifeaction normally occurs in two stages,
one at 350 °C and a second at 190 to 2123 and has been assumed by other groups to have
0 energy cset [24], which while unrealisti¢25], allows for a direct comparison to the literature
review by Petitpag3].

8
. . I—HVH * (r#Hz + r’ﬂko)reformate ( )
Efficiency A= S *100 (%)
PlasmaPower+ LHV,,, iou™ fen, input
H,0+CO- H,+CQ, DH =-41kJ/mol (9)

The specificenergy requirements (SER) is defined as the amount of plasma energy used to
produce one mole of hydrogen as seen in EqQuétiO3]. The input power is measured in kW,

and ¥ is the molar flow rate. In aneral, as the conversion of fuel to syngas increases, the
specific energy requirement (kJ of electrical energy rhalé H, produced) decreasd47].
Again the assumption is made that carbon monoxide can later be shifted to produce hydrogen.

(10

SER= InputPower

-1
= CRT RN (kJ mol* H, produced

Lastly methane conversion is the amount of methane converted divided by the total methane
input to the system as seen in equaiol).

. (11
MethaneConversion=

’#(-ZH4 in fuel = I#:H[,in reformate 100 (%)
P

CH, in fuel
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2.2.2.1.3 Results and Discussion
This section presents results and discussion for plasma reforming of methane.

Parametric Tests
Gap Distance Parametric Tests

Increasing the gap distance between the electrodes increases the reaction volume and in turn
increases the residence time of the gas within the plé3bha This allows for the production of

more excited speciedlowing for more complete and uniform reactions. Accordingly keeping

the power constant and increasing the gap distance forces the temperature of the gas to decrease
while the electron temperature remains High The increased discrepancy between the electron
temperature and gas temperatuin tandem with the increased convective cooling of the arc
leads to a more netermal plasm&l7] where more of the reactions stem from direct electron
impact ionization as opposed to stepwise ionizgtpn

The gap distance tests ran at two power levels, 160 and 200 W, because with a gapalig¢tnc

mm the gas mixture did not provide enough resistance to pull 200 W of power from our power
supply. The benefits of the increased gap distance can clearly be seen in2RgaireThe
hydrogen vyield, selectivity, methane conversion and efficieadly linearly increase in
performance. The specific energy requirements decreased dramatically over the first few steps
but experienced diminishing returns with the later steps. At 160 W the power supply could no
longer sustain the arc at 30 mm and at @0tailed at 40 mm.

88

Final Technical Report, December 2011
GrantAward NumberN0001409-1-0709 HNEI



N - 425
80 —t— 160VWH2
Yield
A = 200WH2
70 - Yield
—i— 160\ CH4
T 37 Conversion
=8 =200WCH4
60 - Conversion
—— 160W
Efficiency
1 39 —@ = 200W
4 Efficiency
50 ~ s
o
= w
7
40 1 + 275
30 ~
+ 225
20
10 . . . 175
5 15 25 35 45

Gap Distance (mm)

Figure 2.2.6 Summary of gas distance effects on system performance

Steam Input Parametric Tests

Steam prevented the formation of coke in our reformer; however, increasing steam resulted in
poorer performancéFigure 2.2.7). All metrics suffered linearly except for selectivity which
stayed relatively constant within its error bars. As the input steam levels increase, so too does
the amount of hydrogen that could be theoretically yielded by our sy&€m This is not
realized however, because of the increased energy requirefaénstiemming from the steam
absorption of electron energy to increase its vibrational energy| 28#@&te Therefore, ideally the
system would run with the absolute minimgiteam required to prevent coke formation leaving

the bulk of the energy input for methane reforming.
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Figure 2.2.7 Summary of the effect of steam input on reactor performance

Methane Input Parametric Tests

Increasing methane inp while holding all other parameters constant lead to a more fuel rich
mixture and lower equivalence ratio. Fig.2.8shows that as the methane input increased, the
percentage of the methane converted decreased; however, the moles of methane \weitegl con
were still increasing. Selectivity, efficiency and hydrogen vyield all increased while methane
input increased up to 0.8 LPM or an equivalence ratio of 0.71. After this point selectivity,
efficiency and hydrogen appeared to have no definite peafocen changes. Specific energy
requirements were the only metric that saw continued increased performance over the entire
series of tests.
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Figure 2.2.8 Summary of effects of methane input on reactor performance

Orifice Size Paramtric Tests

No previously published results have shown the effects of the axial exit orifice size for the
reverse vortex flow reformer. Five different orifice sizes ranging from 3.2 to 17.4 mm, with an
orifice diameter to reaction chamber diameteioraf 7.62 to 41.42%, were used for the
parametric tests. Figur.2.9 shows that the orifice size had significant effects on methane
conversion, efficiency, hydrogen vyield, selectivity and specific energy requirements. The
smallest orifice size had the postgerformance for all metrics except selectivity and methane
conversion was the most sensitive metric to orifice size. As the orifice size increased the
methane conversion continually increased albeit with diminishing returns. At 12.65 mm
efficiency, hyrogen yield, and specific energy requirements all have their best performance.
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Figure 2.2.9 Summary of orifice size effects on reactor performance

The selectivity dropped fairly linearly over the range of the tests, becaudactkases in
methane conversion realized with increasing orifice diameter did not produce proportional
increases in hydrogen yield. As seen in Figua9as the methane conversion increased the
reformate oxygen percentage decreased and the carbon id®mnwreased. This trend would
suggest that the hydrogen from the increased methane conversion was bonding with the oxygen
to form additional water vapor. At the same time the injected steam did not react with the carbon
monoxide to form C@and H.

Orifice Size Effects on Arc Attachment Location

It was reported that in the reverse vortex reformer, the arc would ignite between the stationary
ring electrode and the axial exit electrode and rotate indefinitely on the inner edge of the axial
exit [17]. Experimerd have shown, however, that as the axial exit diameter decreased the arc
would glide along the upper surface of the electrode rather than the inner edge. This
phenomenon increased in frequency as the axial diameter decreased. The gas medium also
affectedthe attachment location. Figu22.10 shows photographs of a 200 W arc during
operation with the various orifices in a mixture of 2 Ipm nitrogen flow, 0.56 lpm oxygen flow,

and 1 Ilpm methane. As the power level decreased, the arc connection pointtoncvweid the

interior of the washer, but not significantlfhe frequency of the arc strikes on the inner edge of
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the electrode increased significantly when only air was processed; however, not all strikes were
on the inner edge as seen in Figlira11

_Top Electrode__

Bottom Electrode

< P

3.2 mm

E ‘ ‘ A.17.4 mm

Top Electrode— B. 12.5 mm
p . C. 9.6 mm
Bottom Electrode\i F 5 D. 6.4 mm
Axial Exit Orifice— = E. 3.2 mm

Figure 2.2.11 Effects of orifice size on arc attachment point at the lower electrode

The disconnected and inconsistent path of the plasma could have allowed some of the gas to pas
without treatment possibly attributing to the poor performance of the smaller orifices. Also the
increased axial exit velocity could have led to poor performance with the smaller diameter exit
holes, as the gas was in the plasma for a shorter durdtisas originally hypothesized that the
plasma would attach to the inner edge of the axial exit at small orifice diameters and would
contact a larger fraction of the axial exit flow. The disconnected path completely eliminated this
possibility.

Power Irput Parametric Tests

Power input to the system was dependent on both the maximum power output of the power
supply as well as the composition of the gas in the reformer. For example, at standard operating
conditions for the parametric tests, with the algaautotransformer providing maximum power,

and only nitrogen flowing, the system would draw 200 W of power. When the oxygen, steam,
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and methane were added, the increased dielectric strength of the gas allowed for the system to
draw 250 W of power.

Figure 2.2.12shows that increasing the power input to the system increased the values for all of
the metrics. Efficiency, hydrogen yield, methane conversion, and selectivity all increased
favorably while the performance of the specific energy requirementsasstl. The 46% power
increase did not produce the same percent increases in the other metrics with hydrogen yield
increasing 35% while selectivity only increased 8%. Due to the increases in production the
specific energy only increased 9%. By increggime power to the system the power dissipated

per unit length of the arc increases and in turn raises the gas temperature alongsiheTdmis

pushes the arc towards a thermal plasma regime and increases the stepwise ionization. Providing
more electrons increases the number of radicatsiams available for the reforming of the
methane and in turn the system experiences better reforming results at the cost of specific energy
requirements.
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Figure 2.2.12 Summary of the effect of power input on reactor performance

Volumetric Flow Rate Parametric Tests

Figure2.2.13shows the results of the parametric test investigating the effect of volumetric flow
through the reformer. As the volumetric flow rate increased, the gas residence time within the
plasma decreased awdnvective cooling of the arc increased. This was compensated by an
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increase in the electric field strength0,17], which correspondingly increased the electron
temperature. Paired with the lower damperature within the arc, a more rthermal plasma
developed where direct impact ionization played a larger role in the reforming. Z.alde
shows the design of the parametric test, with a dry inlet flow (total of, Ckl and N)
increasing from B to 5.73 slpm and a total inlet flow (total of GHKD>, N2, and HO vapor at 25

°C and 1 atm pressure) increasing from 2.24 to 6.74 slpm. Corresponding outlet flow rates of
2.63 to 6.37 slpm (dry) were measured with temperature increasing in tandenty firzea 140

°C to 314 °C.
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Figure 2.2.13 Summary of reactant flow rate through the reactor on reactor performance
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Table 2.2.3 Input values and reformate flow rates for volumetric flow parametric tests at 260 W
and 34.5 mm gap distance

Inputs Output
CH4 N2 02 H20 Dry Gas Saturated Gas Reformate
(Ipm) (Ipm) (Ipm) (g/min) | Flow (slpm) Flow (slpm) Flow (dry Ipm)
0.63 1.00 0.28 0.25 191 2.24 2.63
0.75 1.20 0.34 0.30 2.29 2.69 3.04
0.88 1.40 0.39 0.35 2.67 3.14 3.47
1.00 1.60 0.45 0.40 3.05 3.59 3.89
1.13 1.80 0.51 0.45 3.43 4.04 4.38
1.25 2.00 0.56 0.50 3.81 4.48 4.78
1.63 2.62 0.73 0.65 4.97 5.85 5.70
1.75 2.82 0.78 0.70 5.35 6.30 6.11
1.88 3.01 0.84 0.75 5.73 6.74 6.37

The volumetric flow had varying effects on the different performance metrics. Methane
conversion and hydrogen selectivity remained relatively unchanged until an input flow of 4.48
slpm, after which they decreaskakearly. Efficiency had a maximum at the 4.48 slpm flow rate
while the specific energy requirements benefited the most from the increase in flow rate. As the
flow increased, the SER logarithmically decayed to a minimum of 126 k3. midiis is due to

the increase in hydrogen and carbon monoxide production while keeping the arc power
consumption constant.

First Full Factorial Test

All of the operating conditions within the first factorial experimental design produced valid data,
i.e. none of the conddns produced inordinate amounts of soot or caused unstable conditions for
the plasma arc. Each point for the factorial test was ran four times to ensure reproducibility.
This allowed for the complete analysis of the factor space around the centerA®is¢en in
Table2.24, which presents the main and interaction effects, the variables changed the metrics at
varying rates. Methane input affected methane conversion, SER and selectivity the most while
the gap distance had the strongest affect on lggargield and efficiency was most susceptible

to steam input. Interestingly increasing the power input had no discernable effect on hydrogen
yield, efficiency and selectivity. Methane conversion experienced an interaction between power
input and gap distece which was 50% higher than the error estimated by the fourth order effect
for methane conversion. Accordingly the affect of increasing the gap distance and power input
in tandem out perform the effects power input and gap distance have on the sysi@emdent

of each other. No other metrics had significant second or third order effects and can be said to
independently affect the system performance.
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Table 2.2.4 Summary of results of the first factorial design showing main and higher order effects

Methane |Hydrogen SER Efficiency |Selectivity

Conversion %| Yield % | kJ/mol % %
A (power) 241 1.90 16.52 0.26 0.40
B (methane) -8.63 -1.28 -41.53 1.47 6.04
C (steam) -3.27 -4.40 21.21 -3.17 -2.24
D (gap) 3.20 4.67 -18.40 2.65 2.94
AB -0.20 -1.31 4.01 -0.29 -1.47
AC -0.01 -1.83 6.75 -0.62 -2.56
AD 1.04 1.62 -8.75 0.95 1.20
BC -0.02 -1.26 5.15 -0.73 -1.27
BD 0.30 1.82 -4.79 0.74 2.04
CD 0.33 1.45 -7.30 0.49 1.73
ABC 0.02 -0.58 2.60 -0.01 -1.48
ABD 0.03 1.61 -6.29 0.70 2.16
ACD 0.29 1.32 -5.32 0.41 1.49
BCD 0.59 0.66 -2.92 0.06 0.98
ABCD 0.68 2.25 -8.48 0.94 2.45

indicates significant effect

Second Full Factorial Test

A path of steepest ascent from the first factorial test led to a center point for the second test
condition, which bordered the physical limits of system operation. This point was characterized
by steam input of 0.4 g mifh, CH4 input of 1.36 Ipm, a gap of 36.6 mm, and power input of 250

W. Because the system operated near the physical limits of the system several combinations of
the independent variables revealed failure methods due to sootiorma arc extinction as

seen inTable 2.2.5 Both of these failure modes are discussed in depth in sections 3.10.1 and
3.10.2 respectively. Test points 6 and 7 resulted in the highest values of the performance
indicators. Because several sets of ajegaconditions could not consistently run for four tests,

a complete analysis of the factor space and interaction effects could not be performed. The main
effects and interaction effects that could be calculated are repofedlmn2.2.6
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Table 2.2.5 Design for second factorial tests and results for performance metrics

Run| A| B C D Methane [H2 Yield| Efficiency SER Selectivity
(W)|(CH4)|H20]| Gap | Conversion % % kJ/ Mol H2 %
A -1 1] -1 77.01 61.37 41.70 141.36 79.68
11 -1 |-1] -1 74.65 59.49 39.98 155.89 79.69
11 1 1| -1 62.58 4751 33.89 154.56 75.92
1 1 1] -1 64.18 49.11 34.46 161.61 76.52
1] -1 1] -1 76.70 62.32 4211 140.54 81.25
1] -1 1] -1 79.77 66.45 43.52 144.11 83.31
111 1] -1 69.18 56.07 38.70 136.43 81.05
1 1] -1 73.11 59.94 40.53 137.92 81.99
A -1 1] 1 76.22 60.44 41.03 143.78 79.30

e =
SEBoom~v~ooaswnr
-

1 -1 -1 1 76.33 63.02 41.67 149.75 82.56
-1 1 -1 1 75.72 38.34 34.67 0.00 50.63
1 1 -1 1 69.91 54.95 38.01 146.51 78.60
131-1] 1 1 1 76.38 62.84 42.31 139.43 82.27
141 1 -1 1 1 79.87 65.85 43.31 144.52 82.44
15| -1 1 1 1 DNR DNR DNR DNR DNR
16| 1 1 1 1 72.21 59.85 40.51 138.28 82.89
Soot Production Fail Best Performance for Metric
Arc Extinction Fail DNR : Did Not Run

Table 2.2.6 Summary of results of the second factorial desigh showing
main and higher order effects

effect (% data Methane |Hydrogen
incomplete) Conversion Yield SER Efficiency | Selectivity
A (power) (37.5) 1.65 2.34 6.13 0.63 1.29
B (methane) (62.5) -7.28 -6.25 -5.52 -3.06 -0.36
C (steam) (50) 2.13 3.28 -5.54 1.71 2.01
D (gap) (37.5) -0.04 0.49 -0.81 0.20 0.71
AB (75) 1.43 0.95 -2.90 0.75 -0.22
AC (50) 2.31 1.66 -3.44 0.98 -0.29
AD (75) 0.13 0.38 -0.50 0.16 0.36
BC (100) NA NA NA NA NA
BD (75) -0.29 0.19 -0.54 0.20 0.60
CD (50) -0.28 -0.67 0.75 -0.26 -0.58
ABC (100) NA NA NA NA NA
ABD (100) NA NA NA NA NA
ACD (50) 0.23 -1.25 2.55 -0.66 -1.92
BCD (100) NA NA NA NA NA
ABCD* (100) -0.05 0.48 -3.00 0.28 0.66

In order to calcudte effects, the differences between the high and low levels at a given condition
must be known. If an effect was defined by 4 high and low sets, yet one low point failed, the
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remaining three points were utilized and the data said to be 25% incomplete,isvhoted in

the first column ofTable 2.2.6 In this way most second order effects could be calculated, yet
most of the third order effects could not be calculated due to missing data. The fourth order
effects are not averaged sets of data. Insthaddifferences between high and low values
comprise them and the missing conditions were simply omitted, which leads to a limited
certainty of the value of the fourth order effects shown*.

As can be seen ihable 2.26 s el ect i vi t y 0 ®urimiependenevarfaldes tvese f or
less than the previous factorial test suggesting that an optimum was being approached. Only
power input and steam input may still have effects on the selectivity of the system. Because of
power supply limitations it was hgossible to further pursue the effects of increasing power
input. Further decreasing steam input was also not possible beyond this point because soot
would be produced as explained in section 3.10.2. Thus as it stands, the best selectivity that can
be achieved with our current system is 83.3 = 0.85% at flow rates of 2 sip@d.$6 slpm @

1.25 slpm CH, 0.6 g steam mih a gap distance of 34.5 mm and a power input of 260 W with

an equivalence ratio of 0.224. At this point a hydrogen to carbon namoaiio of 2.14 was
produced with a total dry reformate flow rate of 4.68 slpm comprised of 35.53%38% CO,

0.23% Q, 1.42% CQ, 5.69% CH, and 40.56% B

Operational Limits of System Reforming

The second factorial experiment identified operatidimits where the system could not operate
successfully. Two different failure modes were encountered. The first occurred when the arc
would extinguish and could not reignite. The second failure mode resulted from excessive soot
production.

As shown in Table 2.2.%he reformer operated initially for points 11, 12, and 15, however, after
times ranging from 3 to 20 minutes the arc extinguished and failed to reestablish. The arc could
be reignited by flushing the system with nitrogen. The extinguishofaghe arc was likely due

to the combination of the large gap distance and high dielectric strength of the gas mixture
caused by the higher methane percentages in the feed gas. Harvey and Lemmon propose a
method for calculating the dielectric constant floy natural gas mixtures. Their method was
employed to determine the dielectric constant for the gas mixture within the reaction chamber

[28]. The densities of t he HHuaddMechanigseRurelamertalsai n e d
and Applications[29]. It was found that increasing the methane percentage within the gas
mi xXture in turn increased the mixtureds diele

rate were atheir +1 value for operating points 11, 12, and.15.

Point 16 fromTable 2.2.5successfully operated for 50 minutes without arc failure whereas the

arc extinguished for point 12. The differences in operating conditions are the steam flows, (0.2
and 06 g min* for points 12 and 16, respectively) and the concomitant flow rates. Increased
steam flow would be expected to increase the dielectric constant of the gas and the increased gas
flow rate would lead to increased convective cooling of the arc lamekfore increase nen

thermal characteristics. Whether the combined effects of these two phenomena are sufficient to
explain the difference in arc behavior observed at the two test conditions warrants further
investigation.

Soot Formation
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Due to the lowemperature nature of the nrtrermal plasma reactid®] and the fast rotatioaf

the gliding arc[9], the soot production is minimized, and almost completdigteal by
introducing steam. Points 3 and 4Tiable 2.2.50f the final factorial test both failed due to
excessive soot production. Both conditions were characterized by high methane input with an
equivalence ratio of 0.193, and low steam input. Pdifitend 12 also shared these operating
conditions however they failed due to arc extinction. Soot deposits could be seen on the reactor
walls during operation of points 3 and 4. After enough soot had stuck to the reactor walls the
plasma arc would attach the carbon deposits instead of breaking down the gas medium. Steady
operating conditions were realized at a slightly higher equivalence ratio of 0.224.

2.2.2.14. Conclusions

This experimental investigation included the design, fabrication, and tedtangeverse vortex

flow nonrthermal plasma reactor to study how system parameters affect methane reforming.
Electrode gap distance, equivalence ratio, steam input, power input and the axial exit orifice
diameter all determined the system performandee garametric test determined decreasing the
axial exit diameter degraded system performance, and an orifice diameter to reformer diameter
ratio of 41% proved optimal. In regards to methane conversion an interaction between power
input and the electrodeapg distance exists. Steam, while preventing soot formation, absorbed
energy from the plasma and became vibrationally excited, thus decreasing steam input increased
methane conversion and hydrogen production.

The factorial tests showed that with an eledé gap of 38.5 mm and an equivalence ratio of
0.193, the 250 W power supply could not sustain a plasma arc. A smaller electrode gap or a
higher equivalence ratio produced conditions where an arc was established and the system
operated. Without sufficigrsteam, soot began to form at gCHo carbon ratio less than 0.4 and
equivalence ratios less than 0.193, which is very low due to théheomal characteristics of the
plasma and low operating temperature of the reformer.  Assuming that atloneared
methane could later be reprocessed or utilized in some way, at inputs of 2:sipfBaNsIpm Q,

1.25 slpm CH, 0.6 g steam mih a gap distance of 34.5 mm and a power input of 260 W, the
best system response was achiewsidg selectivity as the perimance indicator. At this point

the reformate was comprised of 35.53% hydrogen, 0.23% oxygen, 16.58% carbon monoxide,
1.42% carbon dioxide and 5.69% methane. The system operated at a steady temperature of 271
°C with a reactor outlet diameter of 12.5 mrAt this point selectivity was found to be 83.3%
while other performance indicators were as follows: methane convérsi&n8%, hydrogen

yield i 66.5%, efficiencyi 43.5%, and a specific energy requirement of 144 kJnodl
hydrogen produced.

2.2.22 Liquid Fuel Introduction

Introducing liquid fuels into the reformer presents challenges. First, the plasma must uniformly
treat the fuel in order to have a uniform product. If liquid fuel bypasses the plasma it remains
unreformed and has to be retezhor processed as waste. Initial research focused on methods to
introduceliquid fuel to the system. Options included vaporization of the fuel and utilization of a
nozzle to introduce liquid fuel to the system. Vaporization processes were initialtyerkjas

most of them involved partial oxidation of the fuel within the vaporizer. This consumes
additional energy and partially replaces the functions of the plasma.
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Traditional nozzles develop their spray pattern via both high pressure and ligwdyvelbhe

low volumetric flow rates we utilize in our system do not allow for the high velocity needed to
develop small particles. Needing to electrically isolate the fuel stream from the fuel delivery
system prohibited us from pressurizing our fuel dishllowed a constant fuel feed. Thus the
droplets produced by a traditional nozzle were too large to be entrained in the gas flow pattern,
and treated during their short time in contact with the plasma. An effervescent nozzle, where
carrier gas assistbe liquid through the nozzle tip, decreased the droplet size. However large
conglomerates of fuel passed through the nozzle without dispersion. These conglomerates were
too large for the plasma to reform (Figurg.24).

Dodecane introduction to non-thermal plasma in reverse
vortex flow plasma reformer via effervescent nozzle.

Efferevescent
.~ Nozzle

Fuel
Bubble

Top Electrode
Arc Attachment

Eue) iflT('i]:o)[i.iE
g’;

Y

Figure 2.2.14 Fuel globule during effervescent nozzle operation

2lasmatA fombpustingiEue!

Ultimately we arrived at a Sonozap HTNS40K50 high operating temperature ultrasonic nozzle
for the atomization of the fuel. The ultrasonic nozzle can produce droplets typically ranging
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from 1to 56 um in diameter with a median drop size of 7 um at flow rates up to 50 Ml min
This allowed us to attempt to entrain the droplets in a carrier gas and to directly inject the fuel
into the reformer, the latter method being adopted by our systegh-spieed imaging of fuel
injection allowed us to find a power level for the ultrasonic generator which developed a steady
flow of particles (Figure2.2.195 and a narrow particle spray pattern within the reverse vortex
flow which does not excessively cohetreactor tube wall$-(gure 2.2.16).

11% 25% 50% 100%
power power power power

500 FPS at 1.24 ml / min H,0, 0 LPM gas flow

(% power indicates ultrasonic generator power input.)
© HNEI 2011

Figure 2.2.15 Ultrasonic Injection to reformer chamber, no gas flow
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11% 25% 50% 100%
power power power power

500 FPS at 1.24 ml / min H,0, 2.5 LPM gas flow

(% power indicates ultrasonic generator power input.)
© HNEI 2011

Figure 2.2.16 Ultrasonic Injection to reformer chamber, 2.5 LPM gas flow in reverse vortex

Injecting the fuel along the axis of the top reaction chamber allows the fuel droplets direct
contact with the plasma. This is paramount to the experiment and required a redesign of the
reactor chamber to insure the electrical isolation of the nozzle froeldébiodes. The methane

reformer had the top electrode suspended into the reaction chamber through the top plate. The
proximity of the electrode in this position t
electric system, either destroyingethozzle, the power supply, arcing through the fuel lines or

some unfortunate combination of failure methods.

System Design

The redesign included suspending the top electrode within the reaction chamber through a mount
that sits between two quartz tudesming the top reaction chamber. To avoid arcing from the

mi ddl e plate to the top electrodebds | ead out s
reconstructed from zirconia. This allows for electrical isolation of the electrodes while still
providing adequate tensile strength and thermal shock resistance for the middle plate. The
redesigned reactor is seerFigure.
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Figure 2.2.17 Liquid fuel reformer image and diagram

The byproduct of this syste can range from simple hydrogen gas to unreformed dodecane in
liquid form. We redesigned the back end of our system to capture the liquid reformate and to
condition and analyze the gas in real time. The liquid reformate will be analyzed after tests have
run.

We performed thermal and leak testing of the system and found no problems. Currently we are
making final modifications to the back end of the system with only volumetric flow control and
reintegration of the analyzers remainingrigure 2.2.18showsthe entire test bed. With the
addition of the liquid fuel delivery system, we cannibalized the front end of the system from the
methane reforming test bed. The reformer was completely redesigned and fabricated, and the
back end of the system modifiediandle liquid reformate. After final modifications parametric

and factorial tests will be designed to characterize the performance of the reformer.
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Figure 2.2.18 Reverse vortex flow non-thermal plasma liquid reforming test bed

2.2.2.3 Numerical nodeling

The numerical modeling effort for the plasma arc project has been initiated under FY08 funding.
A postdoctoral fellow, DrGautierPicot, has been hired under the supervision of Dr. Marcelo
Kobayashi from the University of Hawaii Department of Mawgical Engineering.
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2.2.4 Papers and Presentations Resulting from Efforts

A manus cr i Antexperimenialtinvestidation idf reverse vortex flow plasma reforming
of methane 6 has been submitted to the I nternati ol
reviews have been received and revisions are underway prior to resubmission.

2.3 Thermocatalytic Conversion of Synthesis Gas into Liquid Fuels

Fischef Tropsch (FT) synthesis is an important reaction of industrial interest for the
development of new energy technologies as well as the productiauiof fuels from natural
resources such as biorsasoal, or nat@l gas These natural resources are converted to
synthesis gas (a mixture ofoHand CO) by gasification and reforming technologieShe
synthesis gas is then utilized to produce liquid fuels by FT and hydrocracking technologies
Biomasshas recently receivetnhcreased attention aspotential source of renewable energy
Among all biomass conversidechnologiesthe biomasgo-liquid (BTL) process is one of the
most promisingor the production ofulfur-free transportatiorfuels From this viewpoint, the
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FT reaction can be applied to produce a clean fuel from biomass through the use of a suitable
catalyst

About 50 percent of primary energy consumptionh@United Stags is derived from imported

oil that contais precursors to theriteria pollutantsSOy, NOx and particulate matterEnergy
policy in the United State has encouragethe development o#lternative fuels to reduce
dependency on foreign fuel impodsdreduceCO, emissiongesponsiblgor global warming

FT fuels prauced from biomass, can contribute to solutiongjfobal energy and environmental
problems As a result catalyst development is strongly desired to produce FT fuels from
renewableresources The overall process includes three main steps includingmefg or
gasification, FT reaction, and product upgradidm illustration of this plarns shown in Figure
2.3.1

sulphur and aromatics

Electricity and free, High cetane
Energy hiurmber, reduction of
Matural resources C0 emissions
(biomass, natural gas [~ ] =
and coal) Light hydrocarbons and
unconyerted syngas M Liquid fuels J
v |
Feforming or
Gasification J*
Froduct recovery _
Hydrocracking
- r and
v - lsomerization
Synthesis gas . .
(GO and Hy) J = Gascleaning J | FT synthesis J Heart of the
pProcess

Figure 2.3.1 Outline of steps necessary in FT liquid fuel production

In the first step, synthesis gas i®guced from natural resources in the process of gasification or
reforming In the second step, this synthesis gas can be utilized for FT synthesstep is the
heart of the process to produce liquid fudis the third stepproduct upgrading is emucted to
maintain carbon chain growth and increase the probability of producing liquid hydrocafbns
fuel can reduce the net emission of 43 well as oxideof nitrogen and siélir, the lattertwo
being EPAcriteria atmospheric pollutantsThis fud is practicallyfree of suffur, nitrogen and
aromatics

FT synthesis is exothermic [CO + 2H 1 (CHz)ni + nH20] andhotspos$ can be formean the
catalyst surfaceduring reaction As a result, the structural integrity of the catalyst can be
damaged, mlting in decreased activity and selectivityrhis is a common proeim in FT
synthesis and a slurpghase reactor can be an effective method of enhancing mixing and heat
transfer from the catalyst, thereby lowering reaction temperatures and inhibitingpbb
formation It is well known that Ru, Co, and Fe can be utilized for FT syntheBreblems
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associated with Co and Fe catalysts include catalyst deactivation, lower activity, and selectivity
A Ru-based catalyst shows promise for FT synthes#sBiiL process due to its higher catalytic
activity, selectivity, and stability when using suitable catalyst supports and additvesetal
however suffers from issues of cost and limited availabilityherefore, there is a continued
need for developnm¢ of catalysts with high and stable activity to produce FT fuels from
biomassderived synthesis gas.

2.3.1 Scope of Work and Approach

This project focuses oreglelopng catalyss and exploring their utility fothe prodution of

clean FT fuels from bioassderived synthesis gasThe objective is to design, fabricate, and
conduct initial evaluation of a laboratesgale FT systeroapable of evaluatintpe effects of
independent variables, reactor temperature and pressure, syngas quality, catalyst type,
contaminants, et@n biofuel synthesis production. Details of the system are described in the
Technical Accomplishments section below.

2.3.2 Technical Accomplishments

To enable research on FT fuels from biorrdssved synthesis gas, an FT reactor eaystvas
designedhs shown in the schematic diagram on Figure 2.3.2

The system consists of three major subsystems:-eepotor subsystem to meter reactants to the
reactors, the reactor subsystérl [K1] and catalyst preparation [K2]), and a poesdctor
subsystem to condition the outlet stream from the reactor and analyze products to permit
evaluation of system performance.

The prereactor system includes compressed gas cylinders of system reactants, mass flow
controllers, and associated valves andnfitt Three cylinders are plumbed to the system
containing N, Hz, and syngas.

The reactor system includes an Autoclave Enging@@® ml EZESeal Pressure Vessel Closure
reactor (reactor K1) rated for 3300 psi at 450 °C. The reactor is equipped witinatimdrive

stirring system, heater system, and systems for controlling reactor temperature and reactant flow
rates, and monitoring reactor pressure and product flow rates. The catalyst preparation reactor is
an Autoclave EngineerSZE-Seal 300 ml Vesseated for 3300 psi at 450 °C. The reactor is
equipped with a temperatuoentrolled heater system. Both reactors are plumbed to be serviced
with the same preeactor system.

The postreactor system includes condensers and filters to remove parti@gteany
condensable species prior to being ported to one of two online gas chromatographs (GC). The
first GC is aModel Arnel 4019 an engineered chromatography system that is installed in
Perkin ElImerClarus 580GC. The Model Arnel 4019 provides aigranteed analysis of:HAr,

02, N2, CHs, CO, CQ, the G& and HS using twothermal conductivity detectors. Detection
limits for each of these analytes are 100 ppm. The second G®lesiel Arnel 4035PPCan
engineered chromatography system that sfalfed ina Perkin ElImerClarus 680 GC This
analyzer features gas samplingvalve (GSV) in an externalalve oven, AIOs PLOT column

and aflame ionization detector.Locating the GSV in a heated oven assures that there is no
sample condensation inglsample loop Also, the column oven can be raised to PLOT column
reconditioning temperatures without damaging the GShis GC is capable of analyzing
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hydrocarbon species in the range fromt&Cio (i.e., methane through decane). Liquid products
thatare retained in the reactor will be analyzed after a test run is complete, with an existing, off
line GC.

vent

GC K2

|

K1 J Vent

Figure 2.3.2 Schematic diagram of FT plan to produce high quality clean fuels from biomass-
derived synthesis gas. Component identification: A. gas cylinder, B. gas regulator, C. two-way
valve, D. filter, E. three-way valve, F. mass flow controller, G. mass flow meter, H. check valve, I.

back-pressure regulator, J. condenser, K1. FT synthesis reactor, K2. catalyst preparation reactor.

The FT reactor system is housed under an area fume hood to vent heat and off gases from the
system. Gas monitors are placed in the vicinity of the reactor and are connected to the control
system to shut down reactant flows should leakdédtected.
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2.4 Novel Solvent-Based Extraction of Bio-oils and Protein from

Biomass
The overall objective of this project is to optimize methau$ @ompositions of ionic liquid (IL)
based cesolvent mixtures for the orstep extraction of bioils andprotein from biomass, and
to further develop the outlines of unit operations that fractionate and purify both products
Outcomes from this research will be used to develop the chemistry underlying the extraction and
fractionation steps, as well as to kxe, modify, and optimize the process integration of unit
operations. Biomass sources to be investigated will include phototrophic and heterotrophic
microalgae, heterotrophic yeast, and-sskds. To execute the overall objective, the follow
specific ativities will be pursued:

1. Investigation of a wide range of polar molecules (BCNbr their ability to catalyze the
extraction of bieoil from microalgae biomass when dissolved in ionic liquids;

2. Optimization of the direct production of fatty acid métegters from microalgal biomass (i.e.,
direct transesterification) dissolved in the ionic liquiekthyF3-methylimmadizolium methyl
sulfate (EMIM methyl sulfate) as a function of the methanol to biomass (w/w %) ratio; and

3. Characterization of the extenf biomass protein partitioned into in the-galvent system, and
the extent to which the extracted protein precipitates or dissolves in-d@vemt, as a function
of the molar ratio of the PCNL ratio.

2.4.1 Scope of Work and Approach

The solvensystem to be investigated will comprise asadvent mixture of an ionic liquid (e.g.,
1-ethyl3-methylimidazolium methyl sulfate) and polar covalent molecules that have been
previously shown to execute ostep extractions of both bmls and proteins dbw pressure

and moderate temperature. This extraction system is currently the subject of UH patent
application 008852803PR2[1]. If successful, this extraction system could play an important
element for development @f biorefinery process that can extract-bils for fuel, protein for
aguaculture, and carbohydrate for charcoal.

2.4.2 Technical Accomplishments

Our work has characterized the ability of asadvent system, comprised of a hydrophilic ionic
liquid (IL) and polar covalent matele (PCM), to extract and aupartition lipids from various
biomass sources. The ionic liquieethyl3-methyl immidazolium methyl sulfate (EMIN1S)

was selected based upon its relatively low viscosity, immiscibility with thdsliand solubility

with selected PCMs The polar covalent molecules are defined as solvents that contain a polar
functional group covalently bonded ® hydrocarbon chain. This esplvent system is in
contrast to traditional esolvent systems, compridef a volatile organic solvent and a PCM,
which both dissolve and extract the 4aib into a sinde phase, or the sole use ofsllas an
extracting solvent. Figure 2.4.1 shows a plot of extraction efficiency for esolgent system

as a function of PCMb IL ratio. It can be seen that optimum extraction efficiency occurs-at co
solvent ratios between 40 and 60%, with lower extraction efficiencies occurring for pure IL
(EMIN-MS) and pure PCM (methanol).

111
Final Technical Report, December 2011
GrantAward NumberN0001409-1-0709 HNEI



Yield vs. lonic Liquid %

45
40

 { ‘ &
35 &
30 A
25 *

Yield (%)

20 | &
15

10
% Canola

¢
5
* \ 4 x A Safflower
0

0% 20% 40% 60% 80% 100%
lonic Liquid (%)

Figure 2.4.1 Extraction efficiency (as Yield % on a mass basis) for bio-oil extraction from canola
and safflower oil-seeds using the EMIN-MS and methanol co-solvent system

As previous work has demonstrated the use of strong solvents with high polarity to aid in the
extraction of oils and fat solublgigments, we have proposed that the action of the PCM is
largely to disrupt the cell wall and to improve the efficiency at which the lipid is contacted with
the solvent. The action of the strongly setkociating IL, the insolubility of the lipids in tce-
solvent and the density difference betweensalvent and extracted lipids is proposed to
promote the rapid transfer of the lipids to gheface interface where they auto partition into a
self associating and separate phase. Both processes are toeadei@ve maximum extraction
efficiency.

With respect to task 1 several PCMs (Table 2.4.1) were paired with EMIM to evaluate their
potential extraction value oDuniella microalgal biomass.Duniellais a biomass source that
possesses a cell wall thatredatively difficult to penetrate and thus represents a good test case.
Methanol (in this work considered our baseline PCM) and isopropyl alcohol produced similar
results. DMSO and acetic acid resulted in lower lipid yields. Acetone and chlorofortedesu

in a larger gravimetric yield than the alcohols. The recovered product was also found to contain
a solid precipitate that was not present in the other samples. Subsequent investigation revealed
that acetone and chloroform had a slight solubilitythe lipid phase thapermitted some
carryover of nodipid extract . When the lipid phase was vacuum dried for measurement of
gravimetric yield, the carryover material precipitated into a visible solid. Consequently, acetone
and chloroform were determide t o fAover extracto and give un
work has been publish¢d].
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Table 24.1 The effect of PCM on extraction yield

PCM Yield (wt %)* Comments
Dimethyl sulfoxide 6.0 Low yield, highly viscous product
Acetic Acid 5.6 Low yield, highly viscous product
Methanol 7.9 Baseline PCM
Acetone 9.2 High yield, with a solid precipitate
Chloroform 84 High yield, with a solid precipitate
Isopropyl Alcohol 8.5 Product very similar to methanol

*The biomass used in this studyuniellamicroalgae, had a lipid content of approximately %
(wt %).

With respect to task 2, direct transesterification of internal lipids was executed on Canola oil
seeds in the presence of the EMiivethanol cesolvent mixture. In this system the methanol
served as both the solvent and the react&igure 2.4.2ashows thedyerof fatty-acid methyl

esters (FAMEs)}hat autepartitioned to the top of the mixture. The color of thesotvent
mixture, shown in Figure 2.4.2& generally much darker than the color of the extractien co
solvent when used only to exttabpids in the absence of added acid catalyst. As the
discoloration would vary among biomass sources (data not reported), the darkening is believed to
be derived from residual pigments in the biomass source that are released into the solvent due to
interactions of the acid catalyst with the bioma$$MR analysis consistently showed a very
clean spectra with very little contaminatjaand compasons between solvents of caneked

DT with that executed in purified steb®ught canola oil showed no diféarce (data not shown).

The solution was centrifuged (20 minutes, 350, 15°C) to clarify the interface between the
FAMEs and the csolvent. The recovered FAMESs prodlis also shown in Figure 2.4.20he

NMR spectra of the recovered product revddleat the transesterification reaction was carried

out to 100% conversion of triglycerides to FAMEs (Figure 2.4.3B).
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Figure 2.4.2 (a) Canola oil seeds suspended in co-solvent system. (b) Lipid layer on the top of co-
solvent extraction of canola oil seeds. (c) Recovered lipid from canola oil seed extraction.
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Figure 2.4.3 NMR spectra of extracted canola oil (a), and NMR spectra of direct transesterification
of Canola seeds (b).

The direct transesterification reaction was applied to several bibmiass sources in the same
EMIM-methanol cesolvent system. The results are summarized in Table 2.4.2. With the
exception of theChlorella microalgae, the conversion from triglycerides to FAMEs was
complete (100%) for all the biomass sources. Theimetvic yields of direct transesterification
were found to be very similar to extraction yields in the absence of the acid catalyst indicating
that cosolvent is equally efficient at direct transesterification for all biomass soubcese(la,
Chlorella, Canola and Jatropha The oil seeds and heterotrophically gro@morella and yeast
yield FAMEs products that were light yellow and of low viscosity. By contrast, the FAMEs
product from the pond growBuniella produces a dark brown highly viscous produdthe
added viscosity of thBuniella extract is a result of the presence of the fat soluble pigments that
concomitantly extracted and partitioned with the lipid phase.

With the exception of th€hlorella microalgae, the conversion from triglycerides-#®MESs was
nearly complete (100%) for all biomass sources investigated, and the gravimetric yields of
FAME product were found to be similar to those in the absence of acid cgBhlyst

Table 2.4.2 Direct transesterification yield from various biomass sources

Biomass Type Sample preparation Conversion Gravimetric yield

R. toruloidesyeast
Duniella-microalgae

Chlorellamicroalgae
Canolaoil seed

Freeze dried
Freeze dried

Freeze dried
Oven dried

100%
100%

85%
100%

28.8%
8.0%

36.0%
34.5%
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With respect to task 3, majovork is underway using jatropha @éeds as the model biomass,
although we have also completed ext@ctwork on the phototrophicalgrown microalgae
Tetraselmis, isocrysis, and Nannochloropsis, as well as the hetercaitbppgrown Chlorella
prototheocoides. In general we have found that despite the amphiphilic nature of the extraction
co-solvent, the protein remains largely with the biomass, and not within teelwent, although

the protein is easily rinsed away (with water) from the extractethdss (Tables 2.4.3 and
2.4.4). This suggests that thesmvent system does treat the biomass tissue in such a way as to
isolate the proteirbut also likely initiates its precipitation in the form of large aggregates whose
density is heavier than the-solvent and thus migrate to the pellet phase during centrifugation.
This work remains in progress.

Table 2.4.3: Protein content of théottom biomass phasater extraction in
EMIMMS/MeOH, co -solvent.

EMIMMS/ Nannochloropsis Tetraselmis Chlorella
MeOH

Freeze dried| Oven dried Freeze dried | Oven dried| Freeze dried

Nitrogen/ % 10 9.5 3.4

Protein/ % 63 21

Expected Protein 56 21
content (%)

Table 2.44: Kjeldahl protein analysis of Jatropha samples extracted using
EMIMMS/MeOH

JATROPHA Kjeldahl / (% protein) Kjeldahl- water wash
(% protein)

Untreated biomass

Bottom biomass phase
EMIMMS/MEOH

Co-solvent phase:
EMIMMS/MEOH

Total protein

Protein balance (above
expected value)
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2.4.3 Papers and Presentations Resulting from Efforts

1. Cooney, M.J. and G.Y. YoungMethod and compositions for extraction and
transesterification of biomass componentsPatent Application Full Text and Image
Database U.S.P.T. Office, Editor. 2009, University of Hawaii: United States.

2. Young, G., F. Nippen, S. Titterbrandt, and M.J. GogrExtraction of Biomass Using an
lonic Liquid coSolvent SystemSeparation and Purification Technolggg?2, 118- 121
(2009).

3. Young, G., F. Nippen, S. Titterbrandt, and M.J. Cooney, Direct Transesterification of
Biomass Using in lonic Liquid e8olvent System Biofuels, Bioproducts, & Biorefining
In Press (2011).
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2.5 Biochemical Conversion of Synthesis Gas into Liquid Fuels

Summary: A new technology was investigated and demonstrated to convert syngasaiito bio
via microbial biosynthesis and tlmal methanolysis The research developed a bacterial strain

of high CO tolerance and efficient G&duction with H. The primary metabolic products were
identified with chemical analysis and 16S RNA sequenchkmergyrich polyester accounting

for more than 50 wt% of cell mass was formed and converted with other cellular components
into liquid compounds in supercritical methandlhe bicoil was analyzed and calibrated with
bio-diesel standards Thermal methanolysis of cell mass gives a high cororerst90%) and

high bic-oil yield (60%) in comparison with cellulosic biomass.

2.5.1 Scope of Work and Approach

The research was conducted with two objectives: (1) to understand the biochemical conversion
of two major energgontaining gases (Hand CO) in syngas, and (2) to convert the major
organic products formed from syngas into liquid fuelde primary achievements are reported
according to the three milestones described in the next section.

2.5.2 Technical Accomplishments

The following setions describe the technical accomplishments for this task.
2.5.2.1 Progress on biochemical conversion of artificial syngas, mechanisms, kinetics, key
enzymes, and role of individual gases

A strain of hydrogen bacterium was developed that could grawnimeral solution on artificial
syngas of broad composition as shown in Table 2 A.tell mass (Chls7Oo.66No.17) was formed
from reduction of CO and/or GQwith H.. The yield of cell mass on total carbon of CO and
CQO varies from 0.07 to 0.54 (g/gdepending on gas compositioQultivation of the strain on
individual CO and CQ respectively, confirms that CAOs the primary carbon source of
microbial conversion.

The research reveals that CO has little toxicity to the cells, but reduces the ahoartion
available in a syngas for biological conversioAs shown in Figure 2.5.1, there is a negative
linear relationship between the cell mass gain and CO content ranging from 0 to 22 mMbis%

fact indicates that CO, like an inert nitrogen gaas la volumetric dilution effect on syngas
composition, but little biological toxicity to the cellsThe biological conversion can be
conducted under a high CO contenThis is amazing since CO can inhibit many metallic
enzymes at a very low concentrationThis important discovery points out two possible
applications of this research in syngas conversiginst, it can be directly used to remove £O
from a syngas to purify CO for high efficiency Fiscfl@opsch(F-T) synthesis or to remove

CQ; after FT synthesis Second, it can be combined with a water gas shift reaction (C&D+ H

A CO: + Hy) to convert CO and COcompletely The later application is in further
investigation.

The primary metabolic product from syngas bioconversion is the badeltiahass consisting of

two major components: about 50 wt% of polyhydroxybutyrate (PHB) and the rest of residual cell
mass (proteins, cell membrane/walls, et®HB is an energy reserve of microbial species and
has a similar energy content of-bised plyester (24 MJ/kg) Figure 2.5.2showsthe time
courses of cell growth and PHB accumulation in a bioreactor fed continuously with an artificial
syngas. The time development consists of an initial growth of cells reflected by the quick
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increase of residli@ell mass, followed by PHB synthesis and accumulatiime maximum cell
growth rate was 0.084 g/g.hr, indicating that cell mass can be doubled in about 8 hours under
optimal conditions The corresponding conversion rate of 8@s 0.57 g Celg cell hr.

The soluble small chemicals in the aqueous medium of syngas fermentation were analyzed by
using aHigh-Performance Liquid ChromatograpliiPLC) device equipped with UV and
reflective index detectors Only one primary metabolic compound was detectedchwivas
released from the cells during growttSince its retention time (4.7 min) is close to that of
glyceraldehyde (CHOH-CHOH-CHO), it implies that C®@ could be reduced via the Calvin

cycle in which three C@unitsare fixed and reduced to form one @dyaldehyde A 16S RNA
analysis of the bacterial strain was conducted and the result indicates that the strain has 100%
alignment withRalstonia eutroph&l16, a hydrogen bacterium that is well known to reduce CO

via the Calvin cycle Although up to 13 ezymes patrticipate in the Calvin cycle, the key
enzymes involved in the initial reactions are hydrogenase and Rubisco, the former responsible
for hydrogen split (A 2H* + 2e) and the latter for carbon dioxide fixatiofihe presence of
hydrogenase and Risco in living cells is confirmed with proteomic analysis.

2.5.2.2 Effects of minor gases on biocatalysis

A small amount of oxygen is needed as the final electron acceptor of biological conversion
Water is the product formed from the combinatidroxygen and hydrogenAs shown in Figure
2.5.3, an optimal ratio of oxygen to €@ 0.5 (mol/mol) to give a high cell yield per gram of
CO. with little residual oxygen. NO and:N can also be used by the cells as the electron
acceptor and releasedMsgas. They are, however, less efficient thapi@formation of energy
carriers such aadenosiné-triphosphateg/ATP), and hence generate a smaller amount of cell
mass and biopolyester based on the same amount of hydrogen.

NHz is used by the bactetieells as a nitrogen nutrient, exhibiting a positive effect on biological
conversion of syngasNo positive or negative effect of GHand BS was observed on cell
growth and biochemical conversion.

2.5.2.3 Report progress of producing liquid fueldrom polyesters by methanolysis and
thermal degradation

The research demonstrated thermal conversion of cell mass into liquid chemicals in calibration

with biodiesel standardsThe harvested cell mass was dried and cracked into liquid products at

240 °C in methanol under near supercritical conditions (MeOH Tc Z3P By using gas

chromatography, the liquid compounds were vaporized at’@2énd separated in a biodiesel

column over a temperature gradient from°@o 250°C. The mass percentage wasetatined

with a flame ionization detectoratty acid methyl esters (FAMES) of C5 to C24 were used to

calibrate the retention time and mass % of liquid producks order to understand the

contribution of liquid products from the major cell components,a#ll mass was separated into

polyester (PHB), residual cell mass, and lipids, and cracked under the same conéigoms

2.5.4 compares the mass distributions of liquid products from the cell mass and its components

after thermal methanolysisThe poducts are primarily distributed in the retention time range of
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C5 to C24 FAMEs This crude bieoil may be further distilled according torresponding
boiling poins.

The research investigated the effect of thermal methanolysis conditions (tempéiratir@nd
methanol/solids) on cell mass conversion anddiigield defined as follows.

I F

m’a_ T
— % 100%
'HI_.F

a

Conversion% =

Wi,
Yield 0 = H_" ® 100%

a

Where W, W: and W. are the weights of initial cell mass, residual solids, and liquiebljo
respectively Figure 2.5.5 elucidates the effect of methandlftelss ratio on the conversion and
yield. A high solvent/solids ratio increases the conversion of cell mass, but generates less
amount of bieoil because of vaporization lasarbonation of cell mass and polyester is the
predominant reaction in the albse of methanol.

The research also compared this technology with direct thermal cracking of cane bagasse, a
typical cellulosic biomass As shown in Figure 2.5.6, more than 90%tioé cell mass was
converted, generating about 60 wt% of-bib A substatial amount of small molecule products

were lost during methanol evaporation and sample dryimgcontrast, less than 27% tfe
bagasse was converted and only about 14#eafellulosic biomass was liquid products.
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Table 2.5.1 Cell mass generated from reduction of CO and/or CO, with H;

H2 CoO CO Total carbon| Cell mass Yield
(%v/iv) (% viv) (% viv) (9) (9) (g cell/g C)
70.0 0.0 20.0 0.67 0.37 0.54
66.5 5.0 19.0 0.81 0.30 0.37
62.9 10.1 18.0 0.94 0.22 0.24
59.4 15.1 17.0 1.08 0.26 0.24
56.0 20.0 16.0 1.21 0.15 0.12
525 25.0 15.0 1.34 0.20 0.15
49.0 30.1 14.0 1.48 0.21 0.14
27.0 26.5 14.7 1.38 0.24 0.18
25.4 30.7 13.9 1.50 0.16 0.11
23.7 35.3 12.9 1.62 0.12 0.07

Note: A liquid mineral solution (100 mL) in 1 L bottles was refilled daily with syngas for 7 days.
The cell mass was recovered with centrifugation and freeze-dried.

0.3 + — 10.0%
M Cell_4d Cell_7d 4 CO2 |

+ 8.0%

- 6.0%

Cellmass (g)
CO, mol%

- 4.0%

+ 2.0%

0+t 0.0%
0.0% 5.0% 10.0% 15.0% 20.0% 25.0%

CO mol%

Figure 2.5.1 A negative linear relationship (R? = 0.98-0.99) exists between the cell mass gain
and CO content of the syngas in microbial conversion for 4 and 7 days, respectively.
CO2 mol% declines with increase of CO mol% in a syngas.
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Figure 2.5.2 Time development of cell density, residual cell mass (CM), optical density at 620
nm (OD620), and biopolyester content (PHB) in a bioreactor (3 L) with continuous feeding of
syngas. The residual cell mass is the difference between the cell mass and biopolyester mass.
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Figure 2.5.3 Oxygen demand in biochemical conversion of COzand H;
into cell mass
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Figure 2.5.4 The mass percentage and retention time of bio-oil components
generated from thermal methanolysis of cell mass (FDCM), residual cell mass
(residual biomass), polyester (PHB), and cellular lipids in supercritical methanol at
240 °C for 2 hours. The results are calibrated against fatty acid methyl esters
(FAMESs) standards (carbon number: unsaturated bonds).
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Figure 2.5.5 The effect of methanol/cell mass ratio on cell mass conversion
and bio-oil yield
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Figure 2.5.6 Comparison of thermal conversion and liquid products yield from cell
mass and cellulosic biomass (cane bagasse)
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2.6 Biocontamination of Fuels

2.6.1 Scope of Work and Approach

Biodiesel is a renewable fuel that is derived from thel§f plants or animals. The lipids are
chemically and physically treated by a transesterfication process to produce the fuel. The first
step in this process is the conversion of a triglyceride into monoglycerides. The glycerin
backbone of the moleculs then separated from the fatty acids. The methyl group from
methanol replaces the three ester bonds in the fatty acid chain to produce fatty acid methyl esters
(FAMEs). The product of this reaction is structurally very similar to petroleum dieseh¢alka

and therefore has similar physical and chemical properties. It is important to understand the
chemical and physical treatments used to produce biodiesel fuels, as they promote
hygroscopicity.

Evidence shows that all diesel fuels are susceptibleottbbtaminations resulting in Microbially
Induced Corrosion (MIC) of fuel system components and fuel degradation, including low sulfur
contents. This is especially prominent when watertaminated bialiesel fuels are used. MIC

is commonly associated witbio-films that include Sulfate Reducing Bacteria (SRB) and other
mixed bacterial and fungal populations 1,3,8. Thesdilons have been found to result in the
rapid corrosion of steels and even maiuise corrosiofnresistant alloys. The purpose ofshi
study is to investigate the associated biological communities with an emphasis on contaminant
isolation. Isolates will give insight into metabolic functions that influence fuel biodegradation,
bio-fouling, and biologically mediated corrosion. This im@tion will be important for
development of rapid contaminant detection methods and potential metabolic pathways for the
maintenance of fuel quality.

There is still conflicting empirical evidence on laulfur and ultrdow-sulfur propensity for
contaminéion. Low-sulfur formulations are increasing in use weutlile in efforts to reduce
pollution. It is believed that the generation of hydrogen sulfide in fuels that contain sulfate
account for a large amount of the biologically corrosive properties assdaovith biodiesel.
Work has been performed that investigates different metabolic pathways for sulfate reduction
that are dependent upon available sulfate (low conc. 0.1 mM / high conc. 1.0usiM),the
novel isolateArthrobactersp. P11. The potentl utility of this novel isolatdor the biological
removal of sulfur compounds from diesel fuels is being studidther investigation of sulfate
metabolisms will be performed for the development of specific inhibitéverk has also been
performed that investigates the subsequent utilization of the biodiesel contaminant glycerin, with
a differentArthrobacterisolate, JS37

Microbiological characterization of different fuels

During the ongoing investigatiorDNA has been extracted from samplastamed through
efforts with the Naval Research Laboratory, the City and County of Honolulu, and Pacific
Biodiesel, and by purchasing from commercial vendors. From these samples, bacterial cell
cultivations were attempted from fuel and, if available, assmtiavater fractions. No
heterotrophic aerobic or anaerobic bacteria were obtained from fuel fractions. The sample
collected from the City and County storage tank was the only sample with a significant amount
of water. While DNA samples and biologicalltotations were not obtained from fuel fractions,
heterotrophic bacterié~1e6 CFU/ml)and DNA were grown and extracted from the water.
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Initial molecular characterization suggests low diversity and stiémtecing bacteria were not
detected through molatar analysis or through isolation techniques.

Experimentation suggests that biological contamination is strongly associated with the presence
of water. Using enrichment media inoculated with fuel fraction subsamples did not result in any
bacterial growh. Development of a DNAased rapid molecular detection method will be
further investigated, with this in consideration.

The purpose of this initial study is: 1) to investigate biocontamination in biodiesel, and 2) to
examine the role of sulfateducingbacteria. Five samples (see Figure 2.6.1) were obtained
from various sources: (1) a B100 sample obtained from the pump at a commercial fuel vendor;
(2) another B100 obtained directly from the
a B100 samm@ derived from soy feedstock provided by NASA; (4) a petrotbased ultrdow-

sulfur diesel sample (ULSD); and (5) a 20% biodiesel sample (B20), obtained from the City and
County (C&C) of Honolulu storage fuel tanks. The latter showed water and microbial
contamination.
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Figure 2.6.1 Collection of the different diesel samples used for experimentation

2.6.2 Technical Accomplishments
The following sections describe the technical accomplishments of this task.

Enumeration

Several methods were used fthre enumeration of microbiological contaminants and are
summarized in Table 2.6.1. Fuel samples from Figure 2.6.1 were used to directly inoculate
enriched media agar plates [Luria Broth (LB) and Y-d4skd (YM) media], incubated at 3TC

for a week. Allfuel inoculations resulted negative for any growth. Fuel samples were also
added to 20 ml of enriched liquid media in Erlenmeyer flasks and incubated®’@ta&8@ 200

RPM for a month. A few samples showed signs of growth. With the assumption theduhg r
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were not due to contamination, a most probable number (MPN) calculation was estimated at
around 0.02 cells/ml for several samples.

The highly contaminated C&C sample was the obvious exception to the aforementioned results.
While the fuel layer othis sample contained no microorganisms, the aqueous layer contained a
high cell titer of ~1e7 CFU/ml on both LB and YM agar plates, which was determined by serial
dilution and plating. Replicates were performed in anaerobic conditions as well, usasgakG
system, with the same results.

Table 2.6.1 Summary of microbiological contaminants in different fuel samples

Sample .02 ml onto agar 20 ml with Serial Dilution Final Cell
plates enriched broth Concentration

B100 (76 Pump) negative One positive ~ 0.02 cells/ml
(MPN)

B100 (Oahu Plant) negative negative ~ 0

B100 (mainland, soy) negative negative ~ 0

ULSD negative One positive ~ 0.02 cells/ml
(MPN)

C&C (fuel layer) negative negative ~ 0

C&C (water layer) ~ ~ le7 CFU/mI le7 CFU/mI

Description of Contaminated C&Csample

The C&C sample had three distinct phases: the fuel, water (aqueous layer) and a distinct water
fuel interface (see Figure 2.6.2). The fuel layer contained no microorganisms, but both the water
and the interface contained cadesiable concentrations of microorganisms. The interface
contains what can -lbiek ade scub dtealn caes;ligaid bigélrhd smemp t
(skinnogen), and direct inoculation of this substance onto an agar plate resulted in a high
concentrabn of mold and yeast, with relatively fewer lactobacillus colonies. The water layer

was brown and murky, possibly indicating metal corrosion from the storage tank. In contrast, the
water layer contained a high concentration of lactobacillus.

Isolation and Identification

Microorganisms were identified by rDNA cloning and direct polymerase chain reaction (PCR)
sequencing for isolates. DNA was extracted directly from the aqueous layer using a
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Biofilm

”

Figure 2.6.2 Contaminated biodiesel sample from the City & County
of Honolulu. The sample shows the different separations including
the interface film.

commercially available kit from MoBio and subsequently used for PCR analysis. Three primer
pairs were used targeting different microangans: 16s primers (1492R/F) were used for the

general identification of bacteria, 26s primers (N\lll4) for the identification of molds and

yeasts, and (DSR1BSR4R) for the identification of SRB. PCR amplification products did not
result in the obseation of rDNA specific for yeast and molds or SRB. Bacterial 16s products
were, however, observed and visualized by electrophoresis. The products were cloned using
Promega TEasy vectors and transformed into JS31 compé&eadlicells. A plasmid minipep

was performed, and sent for sequencing. DNA was also extracted directly from the skinnogen
and the same procedure repeated. PCR products were observed using the 26s primers and only
faintly for 16s primers, nothing was observed specifically for SRB.

Microorganisms were isolated by direct plating using LB and YM agar plates. Random colonies
were picked for isolation and grown in liquid media. DNA was extracted from the media and
16s primers were used to PCR and sequence these colonies direottythErinterface a large
amount of colonies were observed. Colonies wetisalated and sequenced using 16s and 26s
primers.

In total, three microorganisms were identified from the contaminated C&C sample (see Table
2.6.2). All microorganisms that weerdentified were isolated.

Table 2.6.2 Description of the different species of isolated microbial contaminants from a water
contaminated fuel sample

Genus Source Colony Type of micre Blast Homology
Description organism
Lactobacillus Water Layer Wet, translucent Bacteria 99.00%
Moniliella Interface Dry, irregular Yeast 98.00%
Byssochlamys Interface Mold-like Mold 100.00%
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Based on published results in other studies, the low diversity in fuel contamination is atypical.
This brings into questiondw many different microorganisms are truly required for an active
contamination, or for an active biofilm. The results of this study suggest that very low diversity
can still result in an active contamination.

Physiological Characterizations of Isolates

Physiological characterof isolated microorganisms werexamined, ncluding pH and
temperature toleranseand optima The ability to survive in biodiesel (i.e., the fuel layer) and
fuel degrading metabolismgere also examined.

To test whether the itates could survive in biodiesel, 0.02 ml of each isolate were inoculated
into 1 ml of B100 in test tubes. These tedtels were then incubated at“®andagitated aR00

RPM. Viable cells were extracted by mixing the sample efithched media and theculturing

it on LB agar plates. This was repeated for several different lengths of time to obtain a curve of
cell count over time.

This experiment was also performed wkh coli and a noraxenic culture of SRB recently
isolated from soil. This expenent showed that thieactobacilluswill not survive in B100 even

over a relatively short time, and that water is essential for its survizalcoli and the SRB

isolate also did not survive; however, the yeast isolates exhibited fair survival rated bat d
grow after a period of several days.

These findings (see Figure 2.6.3) suggest that many ubiquitous bacteria do not survive in
biodiesel for any extended period. However, the ability of yeast and mold species to persist may
be due to sporulatioor other mechanisms employed to survive in harsh environments.

Surdval In Blodlesel
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Figure 2.6.3 Survival of the different isolates and E. coli in a B100 biodiesel
sample. All of the organisms tested were unable to grow in the fuel. Only the
yeast isolate was able to survive.

128
Final Technical Report, December 2011
GrantAward NumberN0001409-1-0709 HNEI



Temperature and pl&haracteristics

Temperature and pH ranges for the isolates were determined. To test for the ability to grow at
various pH, the isolates were inoculated into test tubes containing 5 ml of enriched media at
different pH. The pl of the enriched media was adjusted using concentrated 5M NaOH or 5M
HCL and sterilized by filtration. Growth was measured daily by serial dilution and plate count.

The ability to grow at various temperatures was tested by first culturing the bactenarable
conditions and then spreading an amount on to agar plates, which were subsequently incubated at
various temperatures (£, 20°C, 30°C, 37°C and 60°C). The results (Figure 2.6.4) were not
particularly surprising: all isolates had a growtlaximum around nominal range (i.e., pH 7 and
30°C). TheMoniellaSp. isolate was not capable of growing at temperatures ,3xhile the

other two isolates were. None of the isolates were capable of growing@t 60

Measurement of Degradation katics

The isolates were tested for their ability to degrade petroleum diesel adéessad, as well as

use as the sole carbon source for growth. Isolates were grown in test tubes of 1 ml of minimal
salt media with either 2% diesel or 2% biodiesel. e reextracted from the test tubes using
hexane. Fuel degradation was determined by the changes in initial concentrations using a gas
chromatograph equipped with a flame ionization detector -F@&) (Figure 2.6.5).
Simultaneously, cell density was detened by serial dilution and plate count.

Moniella Sp. (Yeast) Growth at Various PH
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Figure 2.6.4 Moniella sp. growth curves at various pH. Optimum growth
was achieved at neutral pH.
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Figure 2.6.5 Gas chromatogram profile of a B100 diesel sample

Petroleum diesel was also utilized the yeast isolate, but at a slightly slower rate. The mold
isolate grew comparatively slower and did not degrade biodiesel or diesel as fast as the yeast
isolate. Lactobacillusdid not degrade either biodiesel or diesel, and growth was also not
observedcell counts fell logarithmically). When tHeactobacilluswas inoculated along with

the yeast strain in minimal media containing 2% biodielsattobacillus growth recovered
(whereas alone, it did not grow). These results suggest that the fuel isetly ghroviding an
adequate carbon source for heterotrophic growth and the possibility for symbiosis between the
two species. Figure 2.6.6 shows that after two days the biodiesel was significantly degraded and
used as a carbon source for growth.
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Figure 2.6.6 Measurement of degradation kinetics of biodiesel
by yeast strain. Relative concentration of peaks on the left Y-
axis, CFU/ml on the right Y-axis.

Future work will investigate the potential symbiosis between the eukaryotic and prokaryotic
organisms found in the contaminating water layer. Our investigations strongly suggest that
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minimal biological contamination will occur without the introduction of water and accessible
carbon for prokaryotic growth.

BiodieselContaminant Mdiation andDetection- Sulfate

From a petroleuracontaminated sample, twsolateshave been used to study biodegradation of
sulfur containing compoundsArthrobactersp. P1-1 hasbeen utilized to study the degradation
of dibenzothiophenea compoundnherentlypresent in all diesel fuels. &sults indicate that the
biodegradation of dibenzothiophene is regulatedfate. Dibenzothiophenés a typical model
chemical forbiodegradation studies of suffcontaining chemicals. Tke studies are expected
to offer knowledge and information abolsacterial sulfur metabolismand regulation, a step
toward the development etilfate metabolism inhibitors.

Through proteomic studiesiore than 600 proteins have been found andesulfurization
enzyme DszA, has been identdd. DszA is a potential marker for monitoring biodiesel
corrosion. The proposed biodesulfurization pathway is shown in Figure 2.6.7. A proposed
cellular function including identified cell membrane proteins frémhrobacter sp. P1-1 is
shown in Figure 5.8.
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Figure 2.6.8 Overview of cellular functional systems of Arthrobacter sp. P1-1
fed by DBT. The expression of proteins correlate with biodesulfurization, TCA
cycle, pentose phosphate pathway, fatty acid metabolism, nucleotide and
amino acids biosynthesis, and polysaccharide biosynthesis, etc.

Mass spectrometrigased studies using matrix-assisted laser desorption ionizatibme of
flight mass spectrometefMALDI TOF MS) to develop a novel method for microbial
community fingerprinting at low cell concentrations is still being investigated.

BiodieselContaminantViediation andDetectioni Glycerin

Although biofuels such as biodiesel are thought to represent a secoesyabte, and
environmentally safe alternative to fossil fuels, their economic viability is a major congsrn
biodiesel production by transesterification of vegetable oil with methanol yields glycerol as the
main byproduct (10% by weight), crude glycér@ncluding methanol (82%) and methyl
esters (1818%) as well as :26% alkalis, and -8% water) may be treated as a waste product
with a disposal cost attributedtoK o c si sov8 and Cvengog, 2006

Due to the ample occurrence of glycerol in nature, many known microorganisms can naturally
utilize glycerol as a sole carbon and energy sour@dese microorganisms have attracted
attention to the potential use bioconversion of abundant glycerol produced from biodiesel
(Solomonet al., 1995; Barbirato and Baes, 1997; Menzeét al., 1997). To our knowledge,
examples of possible biotechnological production processes based on glycerol demonstrate that
this simpke chemical is a promising abundant new carbon source for industrial microbiology.
Glycerol may substitute traditional carbohydrates, such as sucrose, glucose and starch, in some
industial fermentation processed$n addition, glycerakich streams geneed in large amounts

by the biodiesel industry preseart opportunity to establish bigfineries Existing bulk product
fermentations such as fermentative amino acid production may be suitable for adaptatein to s
biorefinery approaches.That glycerol mconversion ito valuable chemicals, sh as 1,3
propanediol, dihydroyacetone, ethanol, succinagtc. adds significant value to the productivity

of the biodiesel industry.
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Arthrobacter sp. JS37 isa grampositive soil bacterium isolated from a polybgcaromatic
hydrocarbon (PARcontaminated site (this was aih gasification company site from 1918 to
1965) in Hilo, HI, USA The species can utik a variety of carbon sources, particularly glycerin
(Figure 2.6.9, for growth It has been found tgrow over a wide pH range (631, optimum at
pH 7.1). hvestigations have also shown tAathrobactersp. JS 37 can grow in the presence of
15% glycerin combined ith 5% (v/v) methanol at pH 9.1. I¢&erol utilization byArthrobacter
speciesp untilthis point has not been thoroughly investigated
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Figure 2.6.9 Arthrobacter sp. JS37 can utilize a variety of carbon
sources, particularly glycerin, for growth. Arthrobacter sp. JS37
can grow over wide pH range (6.8-9.1) optimum at 7.1

In E. coli, gycerol transport is facilitated by aquaglyceropoftalpF), and under aerobic
conditions glycerol is then phosphorylatég glycerol kinase (GlpK) to yield glycerol-3
phosphate, which is oxidized by glycerolpBosphate dehydrogenase (Glpi) yield the

glycolytic intermediate diydroxyacetone-phosphate

Our preliminary studies have shown that strain JS37 produces both extra and intracellular
lipases Triglyceride cleavage was achieved using lipase secreted into the growth media and was
estimated with aitration method Initial protein profile analysis has also resulted in the
identification of a Phospholipase C1 precursor (EC 3.1.4.3), and cell surface lipoproteins.

Protein profiling and isolation have been performed. Protein determinations havedr@stihe
identification of enzymes relevant to glycerin utilization (Figure 2)6.1@\ hypothesized
metabolic pathway is also presented in Figure 2.6.11. Through these studies, it is expected that a
potential remediation method may be developed.
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Figure 2.6.10 Main identified proteins from 1-D Gel band
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Figure 2.6.11 Proposed metabolism pathways of glycerin & glucose from Arthrobacter sp. JS37
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2.7 Biofuel Corrosion Research

Renewabl e energy has become ondé&ronnthefluchatingy 6 s | ¢
prices of oil to reducing the greenhouse footprint, renewald¥eggrhas gained considerable
attention.

Biodiesels has begun to emerge as an alternative fuel source for passenger anctiabmme
vehicles Unfortunately, sparse research has been conducted on biodiesel corrosion of storage
tanks, fuel tanks and pipeline8ecause of the organic nature obdiesels, microbiologically
influenced corrosion (MIC) is a potential concern for pipelines and tanks used in the
transportation and storage of biodiesel fuels.

This project will investigate MIC of plain carbon steehiodiesel fuel mixtures.

2.7.1 Scope of Work and Approach

This project is a comprehensive study to elucidate the tefigicbiodiesel on MIC of plain
carbon steel that is typically used for pipelines, storage tanks, and fuel tanks. Corrosion testing
will encompass both biodiestkeshwater and biodiesskawater systems. At this time, only
studies on the biodieséleshwater system have commenced. In a preliminary test, corrosion
specimens were exposed for six weeks under aerobic conditiomsgerterm sixmonth and
oneyear exposures in aerobic or anaerobic environments have commenced.

Plaincarbon 1018 steel was chosen based on similar chemical compositions to that of API Spec

5L X60 pipeline steel and ASTM A36 steel (often used in fuel taokage). Biodiesel and

diesel samples consisted of 100% biodiesel (B120% biodiesel (B20), and ulttaw-sulfur

diesel (ULSD) Biodiesel and diesel samples were split into two categories: filtered and
unfiltered Filtered fuel samples were filtereta 0.22um filter membrane to eliminate bacteria
already present i n the fuel; wher eas, unf il te
from a diesel fuel pump of a local Oahu gas station.

Molecular biological techniques will be the primaryetimod employed to identify bacterial
species As a supplement, biochemical techniques will also be used in characterizing bacteria
species Common techniques employed in biochemical characterization include Gram staining,
enzyme production, and carbohgtl fermentation testsMolecular identification of bacteria

will be performed via 16S rRNA sequencinDNA sequences will be analyzed via the National
Center for Biotechnology Information (NCBI) GenBank and BLAST seafébrrosion of steel
samples will be analyzed by weight loss; optical, scanning electron, and atomic force
microscopies; Raman and Fourier Transform Infrared (FTIR) Spectroscopies; -yd X
diffraction.

The preliminary sixweek exposure tests showed variations in the regions of corr@sigriuel
phase or water phase) based on the fuel type, in addition to variations in the types of rust
products formed.

2.7.2 Technical Accomplishments
This section summarizes the technical accomplishments of the task.
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2.7.2.1 Literature Review

Microbiologically influenced corrosion (MIC) is an electrochemical process where
microorganisms initiate, facilitate, or accelerate a corrosion reaction on a metal surface
(Rajasekaet al., 2009) There are three types of microorganisritiese include baate, fungi,

and agae Bacterial effects will be the focus in this projedBacteria are ubiquitous single
celled prokaryotic organisms, and vary in size and shegeh having its own characteristics
Some bacteria are pathogenic, but the majaibgneficial to life and the environment.

In MIC, sulfurreducing bacteria (SRB) are the most notable and have been shown to accelerate
corrosion (Beech and Sunner, 2004Yhese types of bacteria are anaerobic and produce
hydrogen slfide which acidifies te environment They are also responsible for catalyzing the
penetration of hydrogen into steels, a phenomenon known as solfigeed stress cracking

SRBs are just one type of bacteria which have been shown to accelerate cori©thens
include sultir-oxidizing bacteria, irofoxidizing/reducing bacteria, manganeasedizing
bacteria, and bacteria secreting organic acids and slime (Beech and Sunner, 2004).

The organic nature of biodiesels makes it a prime target for microbial contamination mainly in
the form of bacteriaBacteria are able to survive in these fuels whenever there is the presence of
water Microorganisms start to grow in the water phase, but they feed on fuel at the phase
boundary (Klofutar and Golob, 2007) Contamination of fuel bymicroorganisms causes
biofouling. Whenever biofouling occurs, an extracellular polymeric substac@emonly
known asa biofilm, forms onthe substrate The term biofilm refers to the development of
microbial communities on submerged surfaces in aqueswsronments (Characklis and
Marshall, 1990) Thus a bacterial consortium is formed and corrosion is accelerated due to the
variety of bacteria present.

2.7.2.1.1 Case Studies

There are three notable case studies regarding biodiesel corrosion iolepspedl In one of the
studies, 11 different bacterial species were isolated from a diesel and raph#p®rting
pipeline in India. SRBs are usually the culprits in corrosion of petroleum production systems;
however, this study revealed that no SR&se found in the corrosion products collected from
both pipelines (Rajasekar et al., 2009nstead, ferric compounds, manganese complex, and
FeOs were observed in the corrosion product in the diesel pipeline; whereas, manganese oxides,
and silicon diaides were found in the corrosion product samples collected from the naphtha
pipeline (Rajasekar et al., 2009 he presence of aciidwrming bacteriak. oxytocaACP, B.
cereusAN4, P. stutzeriAP2, andS. marcescen8CE2 was detected, suggesting that thegy

play a key role in corrosion (Rajasekar et al., 200%)us, this study demonstrates other types of
bacteria, besides SRBs, may increase corrosion of diesel and raph#prting pipelines.

Rajasekar et al., 2009 also isolated the bacterial §f&ereatia marcescen8CE2 for a study of

diesel degradation and its influence on corrasieromgas chromatograpliynass spectrometry,

the bacterium was shown to significantly degrade the hydrocarbons present in the diesel samples
The calculated corsmon rates, based on the weidbss method, with and without the bacterium
present in the samplewere found to be 0.068hd 0.0026 mm/year, respectivdigajasekar et

al., 2007).
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A similar experiment was conducted, but instead using the bacterial sBadilus cereus
ACE4 to determine its effects on corrosion of pipeline steghis particular species was a
manganese oxidizer, and corrosion rates wih lbacterium present was 0.20088n/year or
about twice as high when the bacterium was absent @h0%'year) (Rajasekar et al., 2007).

Thus, these new studies indicate that there are other bacteria besides sitheBRBve been
shown to cause significant corrosion in petroleum production and transporting sySibese
other types of bacteria canno¢ ignoredas SRB are not always found and hence are not the
only source of MIC.

2.7.2.2 Laboratory Setup for MIC

Sterility is a major concern regarding the biofuel experiments to be condUct8dAIRE class

I, type A2 biosafety cabinet was purchased teuea a sterile environment when preparing the
experiments This cabinet also ensures a precautionary safety measure in the event of exposure
to biohazaradous substances.

A tabletop Tuttnauer autoclave was purchased to sterilize glassware and equipatnise of

the ubiquitous nature of microorganisms, an autoclave is necessary to sterilize and destroy any
microorganisms An autoclave raises the temperature to A21knd raises the pressure to 1. bar

For maximum sterility, the autoclave is capableading the temperature to 13@ at a pressure

of 2 bar.

A Shel Lab BacBasic anaerobic incubator was purchased in order to culture anaerobic bacteria
Much literature has shown that it is these types of bacteria that are responsible for corrosion in
biofuels This anaerobic chamber will also be used to simulate anaerobic environments where
experimental 1018 steel coupons immersed inviigger mixtures can be exposed.

A Fisher Scientific laboratory incubator was also purchased in order to grow and bastaria
in a laboratory setting.

Identification of these bacterial species was carried out with the use of an Eppendorf
thermocycler polymerase chain reactiofPCR) machine. This machine allows for the
amplification of gene fragments where they camtlve identified and matched to specific
bacterial species.

2.7.2.3Preliminary Biofuels Corrosion Experiment in Potable Water-biofuel Mixtures

The following explains a preliminary experiment that was conducted to assess biofuel corrosion
of 1018 plain carbon stedéor a sixweek exposure period. The experiment also helped to
develop a comprehensive methodology for the {tmmg 6month and 1Znonth exposures.

2.7.2.3.1 Methodology

Plain carbon 1018 steel was chosen as the material to be investigated basediorilait
chemical compositions to that of ASTM A36 steel and API Spec 5L X60, which are often used
for fuel tank storage and pipelines, respectiv@lgble2.71 tabulates the chemical compositions

of these specifications and 1018 grade steel.

The typesof fuel thatwere chosen for this experiment were B100, B20, and ULSD. The 1018
steel coupons were avhined to the following dimensions: 2.25 in. x 1 in. x 0.125 ifhe
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coupons were then acetone washed to remove any oil residue and weighed to oioigied an
mass To prevent oxidation of the steel, the coupons were kept in a dry box (< 1% relative
humidity) prior to the corrosion experiment.

Table 2.7.1 Chemical composition of selected specifications and 1018 steel

Material Chemical Composition
Specifications C, max. % Mn, max. % P, max. % S, max. %
ASTM A36 0.25 - 0.04 0.05
API Spec 5L X60 | 0.28 1.40 0.03 0.03
Material Chemical Composition

C,% Mn, % P, max. % S, max. %
1018 Steel 0.15-0.20 0.60 - 0.90 0.035 0.04

Potable water waadded to facilitate contamination within the fuelhe fuelwater mixture (40
mL fuel, 40 mL water) were stored in 100 mL glass Pyrex media hoffles 1018 steel coupon
samples were placed in these fuglter mixtures at an approximate angle of 45hwespect to
the horizon Figure2.71 depicts this setup.

Figure 2.7.1 Experimental setup of fuel-water mixture with 1018 steel coupons immersed

Triplicates of each fuelvater mixture and 1018 steel coupon were exposed outdaotscaly

for six weeks Another triplicate of the same fuelater mixtures and 1018 steel coupons were
exposed outdoors aerobically for six weeks as a conirieé media bottles of the controls were
capped wi t h a 0. 22 em membr ane i6nifflomee t o
emnvironment Therefore, a total of 9 uncapped samples and 9 capped samples were exposed
outdoors The sample labeling convention of each coupon is tabulated in Zatidoelow.
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To determine the presence of bacteria in the-itagbr mixtues, 1 mL of thevaterfrom each
fuel-water sample were plated aerobically on blood agar plates (BAP) (tryptic soy agar with 5%
sheep blood) and incubated for three days at@5 This was done once every week for the
duration of the experimentAs a contol, the potable water that was used in the experiment was
also tested for bacteria using the same method outlined above.

Table 2.7.2 Summary of 1018 steel coupon labeling convention

Fuel Type Experiment Control
B100 B1E1 B1EC1
B1E2 B1EC2
B1E3 B1EC3
B20 B2E1 B2EC1
B2E2 B2EC2
B2E3 B2EC3
ULSD U2E1 U2EC1
U2E2 U2EC2
U2E3 U2EC3

After six weeks, the steel coupon samples were removed from thewditedl mixtures and
rinsed in an acetone bath to remove excess oil residlia corrosionproducts on the steel
samples were then analyzed using a HitachiSBM S3400N scanning electron microscope
(SEM) equipped with an Oxford INCA EDX350 energy dispersiveaX (EDX) and Rigaku
MiniFlex Il Benchtop Xray diffraction (XRD)system.

The penetation rate (mm/year) was calculated for each sample based on the total ma3® loss
obtain the total mass loss, the samples were cleaned with an acid wash to remove the corrosion
products The acid wash procedure followed ISO 840ii Re mo v al ropgraductsofrom o s i o
corrosion test specimens. 0

2.7.2.3.2 Results

Figure2.72 depicts the 1018 steel coupons after thensirk exposure periodB100 samples
exhibited the least amount of corrosion with corrosion occurring in the water. pinases B20
samples, corrosion primarily occurred in the fuel phase; whereas, the ULSD samples exhibited
corrosion everywhere.
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B100 B20 ULSD

Figure 2.7.2 Photos of 1018 steel coupons after six-week exposure duration. Top row, left to
right: B1E1, B2E1, U2E1; bottom row, left to right: BLEC1, B2EC21 and U2EC1 (control
specimens).

The energy dispersive -y analysis (EDXA) revealed the elemental composition of the
corrosion products on the 1018 steel coupoRmgure 2.7.3 below depicts the analysis for the

1018 steel coupon immersed in the B100 fuel mixtufde corrosion product identified was
possibly iron(l1l) oxide.
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Element | Weight% Atomic%
Fe K 69.94 40.00
O 30.06 60.00

2 4 g a 10 12 14 16 18 20
ull Scale 551 cts Cursor; 0,000 ke

Figure 2.7.3 EDXA for 1018 steel coupon immersed in B100 fuel mixture

Figure 2.74 below depicts the analysis for the 1018 steel coupon immersed in the B20 fuel
mixture Notice the relatively high carbon content.
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Eleme | Weight Atomic
nt % %

CK 2401 3136
FeK |8.42 2.37
@) 67.57 66.27
Totals | 100.00

d 100pm : Electron Image 1

2 4 G g 10 12 14 16 18 20

ull Scale 551 ct= Cur=sor: 0,000 ket

Figure 2.7.4 EDXA for 1018 steel coupon immersed in B20 fuel mixture

Figure 2.75 below depicts the analysis for the 1018 steel coupon immersed in the ULSD fuel
mixture. Also notice the relativelfigh carbon content.
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Eleme | Weight Atomic
nt % %

CK 20.55 28.89
NaK |0.74 0.55
FeK |16.57 5.01
@) 62.13 65.56
Totals | 100.00

’ 100pm L Electron Image 1

o 2 4 G g 10 12 14 16 18 20
Full Scale 551 otz Cur=sor: 0,000 ket

Figure 2.7.5 EDXA for 1018 steel coupon immersed in ULSD fuel mixture

XRD analysis was also performed on th@l8 steel coupons to determine the corrosion
producs. Figure2.76 below depicts the results obtained for a virgin 1018 steel sanijpiis
was used as a comparison to all other steel coupon sanigiesthree peaks correspond to the
element iron.
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Figure 2.7.6 XRD for virgin 1018 steel coupon

The remaining samples except for the B20 revealed results similar to the virgin 1018 steel
coupon Only the three iron peaks were seen with no signs of corrosion proBigeire2.7.7
below depicts the XRDesults for the B100 sample.

Figure 2.7.7 XRD for 1018 steel coupon immersed in B100 fuel mixture

Figure2.78 below depicts the XRD results for the ULSD sample.
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