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DEVELOPMENT OF BIOLOGICAL COAL GASIFICATION
(MicGAS PROCESS)

EXECUTIVE SUMMARY

This report containsa summaryof the researchwork performed by ARCTECH duringthe
period of July 1991 through February 25, 1993 in support of DOE/METC Contract
#DE-AC21-90MC27226, Development of Biological Coal Gasification (MicGAS Process).
The overall objective of this project is to develop a process for the direct biological
convel'sion of low rank coals to methane with an ultimate aim to develop environmentally
compatible fuel for electric power generation systems.

Laboratory and bench scale reactor research carried out during the report period
confirms the feasibility of biomethanation of Texas lignite (TxL) and some other low-rank
coals to methane by specifically developed unique anaerobic microbial consortia. The
data obtained demonstrates specificity of a particular microbial consortium to a given
lignite. For example, while Mic-1 consortium produced higher methane from TxL, the Mic-
4 consortium was more effective with the German Brown coal or Neyveli lignite.

Development of a suitablemicrobialconsortium is the key to the success of the process.
The Mic-1 consortium was developed to tolerate higher coal Ioadings of 1 and 5% TxL
(TxL) in comparison to initial Ioadings of 0.01% and 0.1% TxL. Moreover, the reaction
period was reduced from 60 days to 14 to 21 days.

A significant advancement was made in reducing the cost of the culture medium for
bioconversion by studying the effect of different growth factors on the biomethanation
capability of Mic-1 consortium. By replacing the original yeast extract/Tryp soy broth
mixture with Sheftone-TTM,a 25 fold reduction in the cost was obtained. A further
reduction in the cost of the culture medium will be due to the fact that with the
Shettone-TTMamendment, the addition of B-vitaminsmixture was not required. Attempts
to replace Sheltone-TTMwith higher concentrations of less expensive NH4CIinhibited CH4
production.

While surfactantsdid not enhance the biogasificationof TxL, addition of 10 mM citrate or
1 mM ammonium oxalate did. Nevertheless, these effects have yet to be evaluated in a
bench scale bioreactor.

Biomethanation of any complex substrate is a multi-step biochemical reaction performed
by different groups of bacteria (organisms) that constitute the consortium. Typically,
primary degraders carry out initial breakdown of the substrate. The product of this
degradation is converted to smaller carbon chain compounds by the group of bacteria
called fermenters. These small chain carbon compounds are converted to volatile fatty
acids such as acetic acid (acetate) by acedogens. The acetate is the precursor of



methanewhereby methanogenscarryout the hydrogenationof acetate intomethane and
carbon dioxide. The chemicalcompositionof the TxL indicatesthat this coal is low in
hydrogen content. Therefore, the effect of hydrogen donors on biomethanationwas
studiedby usingmethanolas a sourceof hydrogen. Mass balanceof the substratesand
productsbased ontheoreticalcalculationsandthosewithexperimentaldatashowedthat
methanolindeedenhancedthe netbiomethanationof TxLby the Mic-1consortium. The
laboratoryscale data was confirmedin the benchscale reactorstudies.

Fourdifferentbenchscalebioreactorconfigurations,namelyRotatingBiologicalContactor
(RBC), Upfiow Ruidized Bed Reactor (UFBR), Trickle Bed Reactor (TBR), and
Continuously Stirred Tank Reactor (CSTR) were evaluated for scale up studies.
Preliminaryresultsindicatedhighestbiomethanationof TxLbythe Mic-1consortiuminthe
CSTR, and lowestinthe tricklebed reactor. However,highestmethaneproductionand
process efficiencywere obtainedinthe RBC.
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I. INTRODUCTION

One of the most abundantfossilfuelsinthe USAare the low rankcoals. Yet at its best
this vast reservoir is utilizedin coal gasifiersonly to eventuallyfuel the electric power
plants. Not only is this method of coal utilizationinefficient in terms of coal carbon
convertedto methanegas, it isalsothe majorculpritfor makingthe coal environmentally
unfriendlyand givingthe public perceptionthatcoal is a "dirty fuel'.

In recent years advance coal conversiontechnologieshave led to better coal carbon
utilizationand less emissions of air toxics. This has been achieved through the
modificationof coalgasifiers. Nevertheless,the capitaland operatingcoststogetherwith
the environmentalimplicationsassociatedwiththismethodof powergenerationstillmake
it relativelycost prohibitive.

Lateststudieson coal chemistryhave furtherconfirmedthe heterogenousnatureof coal
and identifieda macromolecularhighermolecularweight,and a lower molecularweight
fractions comprising the lignites. The postulated empirical formula1 for the
macromolecular fraction is C27oH24oN3S1Ogo.More specifically,the macromolecular
fractioniscomprisedof 2, and3- ringfusedaromaticsof a varietyofchemicalsinterlinked
through carboxyl,etheralanddifferentaliphaticlinkages. Further,the nitrogenand sulfur
heterocyclicsare the ones that make the coal most environmentallyunfriendlyin coal
gasifiersas thesecompoundsare oxidizedto SOxand NOx2.

A careful examinationof the elementalcompositionof lignites indicates relativehigh
oxygencontentwhichmakesthemmoreamenableto microbiologicaldegradation.Atthe
same time, biological processes, albeit perceived to be slow, are much more
environmentallyfriendly because of the mild reaction conditions of temperature and
pressurewhichultimatelywouldleadto lesserto noneemissionof airtoxics. The current
awareness for a cleaner environment,stringentenvironmentregulationsand quest to
obtain value added fuels necessitate seeking potentialcost effectiveenvironmentally
friendly technologies. Bioconversionof coals would provide such a technology for
cleaner burningfuels. At the same time,the processby-products
would result intonon-fuelvalue added specialtychemicals.

Studies conducted at ARCTECH have established the technical feasibility of
biomethanationof low-rankcoals by a varietyof unique anaerobicmicrobialconsortia
(eg. Mic-1, Mic-2, Mic-3, Mic-4)3. Thisdirectbioconversionhas been confirmedby other
scientists4,5. The work at ARCTECH has also demonstratedthe specificityof certain
anaerobic microbial consortium to a given lignite5. At the same time, ARCTECH has
developed a conceptual process design and performed the preliminary economic study
of the process based on the laboratory data demonstrating the efficient biogasification of
TxL by the ARCTECH microbial consortium Mic-16.
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ThisTopicalReportsummarizesrecentexperimentalresultsobtainedfromlaboratoryand
bench scale bioreactorsto further enhance the biomethanationof TxL by the Mic-1
consortium. The report also describesthe kineticsof methaneproductionas a function
of physical,chemicaland biologicalparameterstogether with an overviewof planned
future researchtowards developingthis (MicGAS)Processto the pilotscale.

II. MATERIALS AND METHODS

A. Microorganisms
The anaerobicconsortiawerederivedfromhind gutof wood-eatingtermitesfed on coal7.
Mic-1 was derivedfrom Zootermopsis sp., whileMic-4 from Nasutitermes sp. Mic-2 was
derived from a rotatingbiologicalcontactorand Mic-3 was developedat ARCTECH by
mixingconsortiafrom differentsources.

B. General Experimental Procedures
All the manipulationswere carded out under anaerobic conditionsaccording to the
techniques described by Hungate8 as modifiedby Bryant_. The anaerobiccondition
during media preparation, and in reaction as well as stock reservoirvessels was
maintainedby bubblingoxygen-freemixtureof N2 + CO2(80:20). Allsolutions,reagents
and culture media were prepared in boilingwater that was constantlypurged with a
mixtureof deoxygenatedN2 + CO2. Forculturemediumpreparationeach of the solid
components(Table 1) were addedsequentiallyandonlyafterthe one added beforewas
completelydissolved. AJterpreparation,the culturemediumwas dispensedinto either
pressuretubes,serumvialsor Wheatonbottles. Serumvialsand tubes were stoppered
with butyl rubber stoppers and aluminumcrimp sealed. The Wheaton bottleswere
stopperedwith butylstoppersand screw topped.

Forcultivationof pure culturesof methanogens, the medium was prepared in the same
manner as above, but the head space of the serum vials or Wheaton bottles was
exchangedwitha mixtureof H2 + CO2 (80:20). Allmedia containedresazurinindicator
to ensure that the mediumstayed anaerobicduring inoculationand/or other additior_s.
Anaerobicconditionswere furtherensuredby addingto the completemedium0.2 mL of
a 2.5% solutionof N_S.

Yeast extract + Tryp soy broth (YE/TSB) solution or alternate nitrogen amendments,
chelators,or substratesother than coal were alwaysadded as concentratedsolutions
under aseptic and anaerobic conditions. Culture medium volume for any given
experimentwas alwaysconstant(usually40 mL medium in a 60-mL serum vial). The
mediumwas alwaysprepared insucha mannerthatthe mediumcomponentswillnot be
diluted by additionswhere effects of chelators,surfactants,nitrogensupplementations,
vitaminsor substratesotherthancoal wereexamined. In experimentalbottlescontaining
TxL,appropriateTxLconcentrations(0.01% to 20%) were added priorto dispensingthe
culture medium into the bottles. Thus appropriateamounts of coal (Texas or other



lignites)always had to be weighedfor each individualbottle inany givenexperiment. All
experiments were conducted with appropriate controls. Unless otherwise stated, two
controls, one without the nitrogen amendment (eg. YE/TSB) and other without the TxL
but containing nitrogen amendment were a part of each and everyexperiment. All studies
were conducted with -325 mesh (44/_m) lignite (Texasor other) based on the resultsof
previousstudiesat ARCTECH1°.

AnaerobicGlove Box(Coy Corporation,AnnArbor, MI) was used to transfer all microbial
culturesfrom Wheatonbottlesto centrifugebottles,washingthe ceils, or for isolationof
individualcell types from the Mic-1 and Mic-4 consortia. In the glove box, anaerobic
conditionswere maintainedwith O2-freemixtureof N2 + H2 (60:40).

The evaluationof bioconversionof ligniteswas based on the production of total biogas,
concentration(mole%)of each of the gases (CH4, CO2, N2, and H2S) of interest,volatile
fatty acids(VFA), biomassgrowth,bacterialmorphology,totalsolublecarbon,pH of the
culturemedium,and atthe end ofeach experimentalset the proximatecomposition(ash,
carbon, hydrogen, moisture,oxygen and sulfurcontent) of the residualTxL. These
parameterswere monitoredon at leastweekly basisbut dependingon the experiment
even at shorter intervals. The data collectedwere analyzedto obtain kineticsfor the
productionof methane, VFA concentration,solublecarbon, and biomass. These data
were also used to calculate mass and electron balance according to Datta and
Andrews11.

The total biogas production was measuredby either syringe(for tubes, serumvials,and
Wheaton bottles),or water displacementmethod(benchscale bioreactors). The head
space gas composition was determined by gas chromatography using thermal
conductivitydetector (TCD). Concentration of H2S was also monitored by gas
chromatographybutflame photometricdetector(FPD)was used. Samplesforheadspace
gas analyseswere obtainedthrough directlyintroducingthe needle of a pressuretight
gas syringeintothe butyl rubberstoppers. The syringewas flushedwiththe headspace
gas by movingthe plungera few timesoutwardand inward. The samplewas injected
into the gas chromatographby directly insertingthe needle into the appropriateport.
Prior to sampling, the pressure tight syringewas made anaerobic by flushing it with
oxygen free CO2 + N2 mixture.

Gas chromatograph with a flame ionizationdetector (FID) was used to measure VFAs.
The principal VFAs measured were: acetate, butyrate, caproate, isobutyrate, isocaproate,
isovalerate, and valerate. Biomass growth was monitored by measuring total cell counts,
dry cell weight, wet cell weight, absorbance at 660 nm (ODs6o)and total cellular protein.
Because of the interference with TxL particles, cellular protein was found to be the most
appropriate and was the method of choice. The cellular morphology was observed by
phase contrast and confirmed by epifluorescence_2microscopy. Total soluble carbon
was colorimetrically measured as chemical oxygen demand (COD) by a method available
commercially from Hach Company13.";he pH was potentiometricaily measured using an



internalelectrode standard. The proximateanalysis of residual TxL was performed by a
commercial analytical laboratory.

C. Culture Media
The compositionof New TermiteMedium (NTM) used for the cultivationof anaerobic
microbialconsortia is presented in Table 1. This was also the medium utilized for
biogasiflcationof TxL. The compositionofthe culturemediumusedfor the maintenance
of pure culturesof methanogensis presentedinTable2. Unlessotherwiseindicated,the
complete mediumwas alwaysautoclavedfor 20' at 121oC and 15 psi.

D. Culture Maintenance
The stock cultureswere maintainedfrozen in 5% glycerolvialsat -70 °C. The working
stockcultures were preparedby thawingthe frozencultures at room temperatureand
subsequentlytransferredunderasepticandanaerobicconditionsinto60-mL serumvials
containing40 mL NTM + 0.1% or 1% TxL Unlessnoted otherwise,all cultureswere
incubatedat 37 oCina stationaryincubator.Thestockcultureswere incubatedfor 14-21
days. The incubationtimefor allother culturesvariedaccordingto the experiment.

E. Inoculum Preparation
Inocula for all experimentswere prepared by inoculating500-mL Wheaton bottles
containing300-400 mL NTM + 0.1% TxL with the microbial consortia to be tested.
Alternatively,in orderto check the stabilityof consortiaand avoiderroneousresultsdue
to residualTxL from inoculum(a), inoculumwas prepared in bottles containing NTM
without TxL. After appropriate incubationtime (10 to 21 days), the cultures were
asepticallyharvestedunder anaerobicconditions,washed twice withthe NTM (without
YE/TSB), and resuspendedin a quantityof NTM (withoutYE/TSB) that would give
enough inoculum for the experiment to be performed. This method of inoculum
preparationalso provideda meansof keepingthe initialbacterialinoculumsizeconstant
fordifferenttreatmentswithina givenexperiment.The bacterialnumberswere quantified
by measuring the absorbance of the resuspendedbacterial suspension at 660 nm
(O.D.66o).

F. Kinetics of Methane Production
These experimentswereperformedto evaluateinitialbiomethanationof TxLby the Mic-1,
consortium. The experimentswere performed in 60-mL serumvialsor Wheatonbottles
containing0.01% TxLsuspendedin NTM. Methaneproductionas a functionof time was
evaluated.

G. Enhancement of Methane Production
Theseexperimentswereperformedto determineparametersaffectingthe biomethanation
of lignitesby differentMic consortia. Whilemoststudieswere done withTxL and Mic-1,
other Mic consortia (2, 3 and 4) and lignites (Beulah, German brown, TxL and Neyveli)
were also used in order to determine the potential of biogasification process for
commercial application.
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1. Culture Development. The originalculturesof differentconsortiaobtainedfrom the
hindgutof differenttermitespeciesdemonstratedlittlemethaneproductionwithverylong
retentiontimes. Consequently,these cultureswer_ enrichedto enhance the methane
productionand reducethe retentiontime. Mic-1 consortiumwas the one of choice for
further enhancementas it demonstratedthe highestbiomethanationof TxL Therefore,
Mic-1 consortiumwas repeatedly transferred and allowed to grow in to stepwise
increasingconcentration(0.01% to 1%)of-325 mesh(44/_) TxLsuspendedinthe NTM.

2. Coal Microbial Interactions. The methodsdescribedunderthis sectionwere used
to study the parameters that supposedly influencethe biomethanationof TxL. The
parametersconsideredwereTxLchemicalcomposition,additionof chemicalsotherthan
the NTM componentsand biologicalfactors.

a. Effect of Solids Loadings. in order to enhance the economic efficiencyof
MicGAS Process solids Ioadingsof 20% or greater should be used. Therefore,
biomethanationof TxL was studiedon laboratoryscale in serum vials and in two
differentbenchscalebioreactorconfigurations.Sevensets of serumvialscontaining
NTM, NTM withoutYE/TSB (Table 1) and NTM + 0.1%, 1.%, 5%, 10% and 20% TxL
respectivelywereprepared. The controlvialswere not, buttestvialswere inoculated
with Mic-1 consortium.

b. Effect of Trace Elements and Coal Mineral Components. Duringsolidsloading
experimentsmethaneproductionby Mic-1andMic-2consortiawas inhibitedat higher
solidsIoadingsof TxL. Thiscouldpossiblybe due to solubleinhibitorsfound incoaP.
Therefore, it was deemed necessary to identifywhichcomponent(s) of coal causes
these inhibitoryeffects. Severalmetals,includingiron, manganese,magnesiumand
aluminumhavebeen found to occur in Beulahligniteat concentrationswhichcould
affect the growthof microorganisms14.An experimentto evaluatethe effectsof trace
and major elementsof Beulahligniteon biogasificationby Mic-3 was carried out in
22-mL pressuretubes containing 10 mL NTM. The NTM wss supplementedwith
Beulah lignite (0.1%, w/v) and one of the followingtest elements: oxides of iron
(6.2/_'noles/mL), manganese (14.1 pJnoles/mL), magnesium (24.8 /JJnoles/mL),
aluminum(9.8/_noles/mL) and ashfrom Beulahlignite(1.0 rag/mL). Controlswere
prepared in which no metals or ash were added. In addition,tubes were prepared
withtestelementsbutwithoutthe lignite.The tubeswerestopperedwithbutylrubber
stoppers, aluminumcrimp sealed, and autoclaved. After cooling, the experimental
tubes were inoculatedwiththe Mic-3 consortium. All (inoculatedand uninoculated)
tubeswere incubated.The tubesweresampledto determinemethane,cellularprotein
and VFA concentrations.

The experiment was repeated with Mic-1 and TxL The metal oxides were replaced
with metal so as to providebetter solubilityand controlof metal saltsconcentration
inthe experimentalsystem. The metalsaltswere addedas concentratedsolutionsto
give a finalconcentrationof 10 mM.



c. Effect of Agitation. Earlier studiesusingMic-1and Mic-2consortiaindicatedthat
methane productionwasinhibitedby solidsIoadingsgreaterthan 1%3 Thiscould be
due possiblyto less interactionbetweenthe coal particlesand bacteria constituting
the microbialconsortia. It was hypothesizedthat at highersolidsIoadings,agitation
may be requiredto allowoptimalcontactbetweencoal particlesand bacteriaand/or
enzymes. To further examine the effects of solids Ioadings and agitation on
biogasification,Mic-1consortiawere grownin vialsthat containedNTM + 0.1%, 1%
and 5% TxL. These cultures,as well as control(no TxL) were cultivatedwith and
without agitation (gentle mixingat 100 rpm). In addition, samples were examined
microscopicallyto monitorbacterialcell populationsattachedto the coal particles.

d. Effect of Autoclaving on Biomethanstion of Texas Lignite by Mic.1
Consortium. Fivegroups(each composedof foursetsin triplicate)of 60-mL serum
vialswere prepared. The firstgroup of four setscontained onlyNTM. The second
groupof 4 containedNTM withoutYE/TSB. The thirdgroupof 4 sets containedNTM
withoutYE/TSB + 1%TxL,and the fourthgroupcontainedNTM + 1%TxL The final
group of 4 sets contained NTM + 10% TxL Two sets from each group were
autoclavedwhilethe other two sets were not. One set of the two from each group
was inoculatedwith Mic-1 consortiumand otherwas used as abiotic control. The
parametersdescribed in section II B were monitored.

e. Effect of Chelators and Surfactants. The basesfor thisstudy was to enhance
biomethanation of TxL by either pretreating the TxL with these chemicals or
incorporatethem in the culturemedium. The surfactantsused were sodiumdodecyi
sulphate (SDS), TritonX-100 ('iX 100), and IgepalCO-720 (IGP720). The chelators
or sequestering agents used were ethylene diamine tetraacetic acid (EDTA),
ammoniumoxalate(AMMOX), and sodiumcitrate (citrate). TxL (0.1%, 1%, and 10%)
suspended in NTM was supplementedwiththe surfactantsat 0.05%, 0.1% and 0.2%
(w/v). The EDTA, AMMOX, and citrate were used at 1 and 10 mM final
concentrations. All treatmentswere preparedby additionof concentrated solutions
of testsubstancesto completeNTM. Controlsconsistedof NTM withandwithouttest
substances,TxL and Mic-1consortiumrespectively.

f. Development of Efficient and Economic Culture Medium. In orderto develop
an economically viable process and obtain efficient biomethanation of TxL it was
imperative to reduce the cost of the culture medium. As YE/TSB accounted for most
of the cost, alternatives to this amendment were sought. Preliminary studies15
indicated that in general replacement of YE/TSB with Sheffieldproducts resulted innot
only economical but more effective biomethanation of TxL by the Mic-1 consortium.
Therefore, sets of serum vials containing TxL suspended in NTM were prepared in
which the YE/TSB was supplemented with these products (Table 3). Again, the
controls were NTM without 0.2% YE/TSB, NTM, and NTM without YE/TSB + 0.2%
of each of the test products. Based on the resultsof this experiment, the NTM without
YE/TSB was always amended with different concentrations of selected Sheffield





Product(Shettone-T"rM)and was henceforthcalled %SNTM. The number before the
% signwould indicatethe amount (w/v) of Sheftone-TTMused).

In anotherexperiment,the effectof BVitaminssolution(Table 1) on the performance
of most suitableSheffield productwas studied. In thiscase, serum vialscontaining
0.2% SNTM + TxLwerecontrol.The testwas0.2% SNTM without B-vitaminsolution
+ TxL

In orderto further economize the processcost, chemostatculturescontaining0.2%
SNTM supplementedwith 4 timesconcentrationof NH4CI(32 as opposed to 8 g L"1)
present in original NTM (Table 1) and inoculated with Mic-1 consortium were
incubatedat 37 oC. The controlwas 0.2% SNTM. The chemostatswere simulated
from 1 L capacityaspiratorbottles.

g, Effect of Pretreatment on Blogaalficatlon of Texas Lignite. Mic-1 was grown
on TxL. Alter i4 days, the TxL was harvested,washed with tap water, and dried.
This residualTxLwas resuspendedin fresh SNTM, inoculatedwith Mic-1 consortium
and evaluated for products. In anotherset of experiments,TxL was extractedwith
tetrahydrofuran(THF) in a soxhlet. TheTHF solublefraction(mobilephase, MP) and
residualTxLwere separated,driedandstored. The biomethanationof THF residual,
THF mobile and Mic.1 treated residual TxL was evaluated in different sets of
experiments, inoculated with the Mic-1 consortiunl. Abiotic controls were not
inoculatedwith MIc-1, whereas bioticcontrolconsistedof 0.2°,£SNTM + treated TxL
+ Mic-l.

h, Isolation of Individual Bacterial Component= of Mi¢-1 Consortium.
Experimentsto isolatebacteriafrombiomethanationconsortia(Mic-1 andMic-4)were
conducted in NTM supplementedwith agar (2=/o,w/v) and either-325 mesh TxL
(0.5% w/v) or biosolubilizedTxL (i.25%, w/v). This agar "overlay"was meltedand
poured onto Petriplates.Controlplateswere preparedusingoverlayscontainingno
TxL supplements. The samples (diluted10"=or non dilutedMic consortium)were
centrifugedat 12,000 rpmto allowthe bacterialcellsto settledown. The supernatant,
which contained free floating bacteria was removed. The settled TxL was
resuspendedinsterilemediumand inoculateddirectlyinto isolationmediumat 45°C,
a temperatureat whichagar remainedmoltenbut did not adverselyaffectbacteriain
the short time they are exposedto this temperature. By eliminatingthe free floating
bacteria, it was hoped that little or no dilutionwill be required, allowing bacteria
attached to the TxL particles (putative primary TxL degraders) to be isolated. All
manipulations were performed in an anaerobic glovebox.

H. Bioreactor Studies
The purpose of bioreactorstudies was to generate informationthat could be used for
preliminaryeconomic and commercial feasibilitystudies on scaling-upthe laboratory
experiments. In all the bench scale bioreactorstudies,the controlwas NTM containing

10



0.2% of eitherYE/TSB, selected SheffieldProduct, or NTM withoutB-vitami,lssolution +
selected SheffieldProduct. The treatmentscontainedeither 1, 5, 1O,or 20% TxL After
charging the culture medium(in both controland treatmentreactors),all reactorswere
purged with oxygen free N= + C02 (80:20) mixture. Four differentconfigurationsof
bioreactorswere used. Performanceof thesebioreactorswas evaluatedon the basisof
the productionof totalbiogas,the headspaceconcentration(mole%)of eachof the gases
of interest(CH4,CO_,N2, andH2S),the concentrationof VFAs, biomassgrowth,bacterial
morphology, total soluble carbon, pH of the culture medium, and the proximate
compositionof residualTxL

1. Rotating Biological Contactor (RBC), A rotatingbiologicalcontactor (RBC, total
volume7.6 L) wasconstructedand usedforseveralexperiments(Figure 1). Thisreactor
contained 6.2 L of NTM and varying (1-10%) concentrations(w/v) of TxL (1:1, -325
mesh:micronized). Inoculumconsistedof 500 mL of freshanaerobicsewagesludgeand
200 mL of Mic-:, In laterexperimentsthe inoculumwas only Mic.1 or mixtureof Mic-1
and Mic.4.

2. Upflow Fluidized Bed Reactor (UFBR), Anothertypeof benchscale reactor,upflow
11uidizedbed reactor (UFBR) was basicallya cylindricalcolumn. The reactor was
provided with a conicalbottom so as to provideeffectivefiuidizationthrough pumping
eitherthe liquid(culturemedium),or a portionof headspace gas. The advantageof this
reactoristhat itprovidesbetterinteractionbetweenthe microorganismsandthesubstrate
(lignite). In earlier studies at ARCTECH, UFBR constructed of plexiglasswere used
(Figure2). The total volumeof the reactorwas 0,68 L. The workingvolumewas 0.6 L.
Becauseof the largenumberof seamsbetweenvariousparts,these reactorswere prone
to gas leaks. Leaksof thisnaturemake itextremelydifficultto accuratelydeterminetotal
gas production. Inaddition,such leaksmay resultin the introductionof oxygen intothe
anaerobicsystem,which inhibitsmethanogenesis, In orderto alleviatetheseproblems,
new UFBR constructedof glass (Figure3) were obtained. These reactors measure 2
inches in diameter by 24 inches in height. The advantages of using these reactors
include less of a likelihoodof leakage, and easy conversionfrom batch operationto
continuousmode. The totalvolumeof thesereactorswere 1.25 Lwitha workingvolume
of 0.8 L.

Three plexiglass UFBRs, each with working volume of 550-560 mL and headspace
volumes of 140-150 mL were used. Fluidizationwas provided by circulatingthe
headspacegas with peristalticpumps. Texas lignitewas added to two of the reactors,
while the third reactorwas run as controlwith NTM only. All the three reactorswere
inoculatedwith anaerobicsewagesludge + Mic-1 + Mic-4 consortia(200 + 100 + 100
mL). Throughoutthe fermentation,TxLandYE/TSB wereaddedto the two experimental
reactors, and YE/TSB to the control reactor. Thus, after 34 days of reactor run, the
reactorswith TxLcontained0.24% YE/TSB + 1%TxL and 0.25% YE/TSB + 0.5% TxL,
respectively,Thecontrolreactorcontained0,25% YE/TSB. All reactorsweremonitored
for TxL biomethanationproducts.
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Figure 2. Experimental Set-up for Biomethanation of Texas Lignite by Mic.1
Consortium in an Upflow Fluidized Bed Reactor (UFBR) Made of
Plexiglass.
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Figure 3o Experimental Set'up for Biomethanation of Texas Lignite by Mic-1
Consortium ina Modified Upflow Fluidized Bed Reactor (UFBR) Made
of Glass.
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Once the glass UFBR were obtained,two UFBR were set up with 700 mL 0.2% SNTM
and 100 g of TxL A third reactorwas preparedwithoutTxL to serve as control. Each
of the reactorswere inoculatedwith 100 mL sewagesludgeculture,6n mL Mic-4and 40
mL Mic-1 (totalinoculum was 20°/;v/v). The finalvolumewas 1 L, with 10%TxL solids
Ioadings. Alter 5 days, a portion of the headspace gas was recirculatedthrough the
bottomof the reactorto facilitatemixingof TxLwiththe liquidphase. Totalgas, CH4,and
CO2 productionwere monitored over time. In addition, VFA concentrations,soluble
carbon,and cellularproteinconcentrationsinthe liquidphasewere alsomonitored. Alter
a month,the operationof these reactorshadto be discontinuedbecause of the clogging
of the bottom inletport by TxL particles.

To avoid the problemsof cloggingand poorcirculationassociatedwith pulverizedTxL,
the three upflowreactorswere restartedwith 10 mesh (> 1.0 mm) TxL The reactors
containedO,5 or 10% TxL Each reactorwas inoculatedwith 4% (v/v) Mic-1, 4% (v/v)
Mic-4 and 2°/;(v/v) sewagesludge in0.2% SNTM. The headspacegas was recirculated
throughthe liquidphaseto facilitatemixing. The reactoroperationwas carriedfor about
6 weeks and then stopped.

These reactorswere recommissionedwith 800 mL 0.2°/; SNTM + 4X NH4CIto studythe
effect of methanolas a hydrogen donor. Again Reactor 1 was used as controland
contained 0.2°/; SNTM. Reactor 2 contained 0.2°/; SNTM + 5% TxL + 0.5% (v/v)
methanol (4 mL methanolwas added), and reactor3 was chargedwith 0.2% SNTM +
5% TxL

3. Trickle-Bed Reactor. A tricklebed reactor,TBR was constructed(Figure 4). This
reactor had a total volume of 2 L and workingvolume of 1 L. It could be run with or
withoutrecycle. Itwas charged withTxL (300 g of-9 mesh, 4 g each of-325 meshand
micronized)and700 mL NTM. The reactorwas inoculatedwith200 mL of sewagesludge
and 100 mL of Mic-1.

4. Tank Reactors. Three types of tank reactors, continuously stirred tank, simulated
anaerobicchemostatand simulatedtank reactorswere used.

a. Continuously Stirred Tank Reactor (CSTR). A Bioflo(New BrunswickScientific
Co.) fermenterwith 2 Lcapacityvesseland stainlesssteelflange top (Figure5) was
used asa CSTR. Fermentationwas carriedoutatagitationof 25 rpmand 37°C. One
percent TxL + NTM were initiallycharged into the vessel and biomethanation
monitoredfor 34days. PeriodicallyTxLandYE/TSB wereaddedto the vessel. Thus,
at the end of 34 days, the totalTxLwas 5%, and YE/TSB 0.2°/;.

b. Simulated Anaerobic Chemostats (SAC). These were made outof 1-Laspirator
bottles that had a glass aspiratortube at the bottom(Figure 6). The bottles were
stopperedwith a two holed rubberstopper. Oneadditionalhole(port A) ranthrough
onlyhalfof the stopperthickness. PortA was usedto samplethe headspacegaswith
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a pressuretightsyringe. Throughone of the holes (Port B) of the stopper passeda
smallglasstube runningintothe bottleabovethe liquidlevel. This port was used for
measuring total gas productionby the water displacementmethod. Through the
second hole (port C) was passed anotherglasstubingthat ran just belowthe liquid
level inside the aspiratorbottle.

c. Simulated Tank Reactors (STR). One literaspiratorbottles(Figure7) simulating
tank reactorswereset up to monitormethaneproductionfromsewage sludge,0.2 %
SNTM + sewagesludgeand0.2% SNTM + sewagesludge + TxLby the indigenous
sewage sludgemicroorganisms,The STR were incubatedunder staticand agitated
conditions.

Iit. RESULTS AND DISCUSSION

A. Project Planning
A detailed project plan covering all the experimentalprotocols was submitted and
approved by ;,heMETC ProgramManagerat the time.

B. Kinetics of Methane Production
in order to enhanceand optimizethe bioconversionof TxL to methane, itwas essential
to havean understandingof the kineticsofthe biogasificationreactions. Previousstudies
at ARCTECHexaminedthe growthcharacteristicsof Mic-3, andthe kineticsofconversion
of acetate to methane by this consortium. During the period of this report growth
characteristicsof anotherbiogasifyingconsortium,Mic-1, were completed.

1. Preliminary Studies with Mic-1 Consortium, Initialdata on the blomethanationof
TxLby Mic-1 consortiumis presentedinTable4. Ingeneral,naturalmicrobialpopulations
have a basicthresholdfortoleratingcertainconcentrationsof a givensubstrateto make
certain productsfortheir metabolism. Thishypothesisclearlyexplainsand issupported
by the resultspresentedin Table 4.

However, it isalso knownthat ingeneralthe microbiotafrom anygivenhabitathavealso
the capabilityto utilizeother substratesalbeitnot at the same rate at which these can
utilize the substrates in their natural habitat. Because of this capability, certain
microorganismscan be adaptedor "tricked"to utilizea substratesimilartothe one intheir
natural habitat. This was the rationale used for getting the termite hind gut natural
microtlorafromthe TxLfed termites. However,as isevidencedby the scientificliterature
on the role of termite hind gut microflora_6,the microorganismspresent in the hind gut
of soil or wood eating termites predominantly utilize the carbohydrate moieties and only
a limited amount of lignin or humus like material (which are structurally similar to TxL) are
utilized.
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2, Culture Development. Adaptationis a techniquethat enables microbiologiststo
manipulatemicroorganismsso that theycan producehigherconcentrationsof desirable
products from a given substrate. Duringthe process, substrate consumptionand
productionof product(s)are monitoredandquantifiedasa functionof time. At the same
time morphologicalchanges in a givenpopulationare also monitored so as to get an
understandingof the microbialspeciesconstitutingthe consortiumthat givesthe desired
product(s). Thus, during the initial studies on biomethanationof TxL by the Mic-1
consortium, the potential of this consortium to tolerate higher TxL concentrations,
bacterialmorphology,and productsproducedwere evaluated.

a. Enrichment of Mit.1 for Coal Utilization. Mic.1 was obtained as a resultof
enrichmentof microblotafrom the hindgutof termitesbelongingto Zootermopsis sp.
Enrichmentis a techniqueto manipulategrowthand specificsubstrateconversionby
a givengroup of microorganisms.Throughthis techniquean increase in methane
productionfrom 10to 50 mole%reachingupto 193cc/g TxLwas obtained(Table4).
Thus a fivefold increasewas achievedas a functionof adaptation. Furthermore,the
methane productionby the Mic-1 consortiumfrom 1% TxL started at day 3 and
reached a maximumwithin21-28 dayscomparedto approximately2 monthstime in
initiaFexperimentswith 0.01% TxL. The maximumrate of methane productionwas
observedto occur between 11-14 days. These resultsdemonstratedthat the Mic-1
consortium has the abilityto adapt to utilize higher TxL carbon concentrations.
Moreover, the consortiumhas significantlyimprovedduring the adaptationperiod.
This alsoled usto believethatthe Mic.1 consortiumhasthe potentialto tolerateeven
higherTxLsolidsIoadings,a positiveindicationforfurtherimprovementinthe process
research.

b. Bacterial Morphology. Commonlyobservedmorphologiesconstitutingthe Mic-1
consortium (Table 5) were single cells, chains, or clumps of cocci, rods
(predominantly short, < 3 pJ_)of various lengths and thickness,curved and straight _
rods, both motileand non-motilerods, spore formingrods and coccobacUli. Four
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morphologiesof methanogenswere evident:Methanococcus sp., Methanothrix sp.,
Methanosarcina sp., and short rods. The short rods appeared alter two weeks of
incubation. As expected,the overallnumbersof methanogens increasedwith time.
Notable changesoccurringin the consortiumas a functionof timewere an increase
followed by a decrease in the number of short rods, appearance of coccobacilli
(possiblyMethanosarcina sp.), and the appearanceof short curved rods.

I III I ' I I"11 .... " I'11' • I Irl_'i II ,_,b,,, ' II I f__ _l]ll .............................

Table 5, BaOterklrMorphology of M k>l ,_Consortium at the Beginning and
_ _After Two Weeks OfCultivation __ '

' ....... .... il II II' IBIII [ IIIII I I II'li I' IBFIrI "1 I ..................... ,m,

Predominant Methanogena Major Cultural Changes
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cocci short rods (< 3/_'n), Methanococcus sp., increasein "coccobacllli".
long rods, and long Methanosaroina sp., At 2 weeks: appearance of
filaments Methanothrix sp., short curved rods,

short rods increasefollowedby
decrease in the numberof
short rods, increasein
number of methanogens
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o, Products of Biogaelflcatlon. The carboninTxLwasconvertedto CH4 (Rgure 8).
Also, the total solublecarbon concentrationas measured by the chemicaloxygen
demand (COD) of the aqueousphase(broth)of the culturemediumwas lowestat 1%
TxL solids Ioadings (Figure 8B). Moreover, higher COD were observed in the
treatmentswithoutTxL. This indicateslessbiologicalactivityas compared to those
containingTxL. Finally, in TxL containingtreatmentsthe decrease of COD as a
functionof timewas indicativethatthe TxLcarbonwas beingbioutilizedwithvery little
btomassproduction(bacterialgrowth). The cellularprotein(indicatorof blomass)of
the consortia grown in presence of 1% TxL was the highest (Figure 9). The
exponentialgrowthphaseoccurredbetween3-14 dayswith a specificgrowthrate of
0.043. Among the VFAs,the highestconcentrationwas that of acetic acid (Table6)
whichdeclinedwiththe methaneproduction.Thisindicatesthatthe Mic-1consortium
is composed of bacterial species that are different both morphologicallyand
physiologically.Furthermore, the metabolismof one type bacteria is dependent on
the other and each metabolicgroup complementsthe activityof the other.

C. Enhancement of Methane Production by Mic.1 Consortium
Inorder to enhancethe biomethanationof TxLbythe Mic.1 consortiumitwas imperative
to have basicunderstandingof the metabolismof thisconsortiumand studythe process
parameters. TxL is a complex substrataand preliminarystudies showed that it is
degraded into aceticacid by the Mic-1consortium. Itwas decided to compare the
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physiologyan0 metabolismof Mic-1 consortiumon the simpler substrate, Therefore
followingupects were studied,

1. Phyalology and Metabollem of MIo.1 Consortium. The Mic-1 was grownin NTM
supplementedwith eithersodiumacetate(0,5% w/v), solublllzedTxL or particulateTxL
The partk:ulate,and solublllzedTxL were added on an equal carbon basis (0,057%
carbon/bottle, as determined by ultimateanalysis). A set of bottles containing NTM
withoutTxLcarbonor acetatewere alsoprepared. The bottleswere periodicallysampled
to measure the parametersdescribedIn sectionliB.

a. Growth Characterlatice of MIo.! Consortium. Growthcurvesof Mic-1grownon
various subsirates were obtained by plottingthe cellular protein concentrationas
functionof time (Rgures 10 and 11). Thebottlescontainingacetateexhibiteda small
increasein biomassduringthe first4 daysof incubation,followedby a decreaseuntil
day 8 (Figure 10). A period of exponentialgrowth occurred from day 8 to day 18.
This exponentialgrowth phase correspondedto the period of maximum methane
production,indicatingthat methanogensare activelygrowingat this time, The 8 day
lagphaseand simultaneousgrowthandmethaneproductionare similarto the results
obtainedin an experimentperformedearlierwithMic-3. The firstgrowthphase (days
2-4)correspondsto an increaseinacetateconcentrationsintheculture,indicatingthat
an acetogenic populationwas growingat that time. Because a similarIncrease in
acetate concentrationsoccurred In all of the cultures, Including the control, the
acetogenswere probablyutilizingmedium componentssuch as yeast extractand
TSB.

Growth characteristicsof Mtc-1 grown on TxL and solubilizedTxL were similar
(Figure 10), Both cultures demonstrateda short lag phase (3 days), and an
exponentialgrowth phase lasting untilday t4. There was a sharp decrease in
biomass immediatelyfollowinginoculationin the culturecontainingTxL, A similar
decrease was observedin the controlculture, This isprobably due to the fact that
carbon insolidTxL is not readilyutilizedby the bacteria,and isthereforenot ableto
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supportgrowthof certainmicrobialpopulationsImmediately.Biomassincreasedafter
3 days, indicatingthat the TxL was utilizedafter that time. The initialdecrease in
biomass was not observed in the culture containingacetate or solubilizedTxL.
SolubilizedTxL Is more readilyutilizedby microorganisms,and is therefore able to
support more growth earlierthan solidTxL

The cultures containing readily metabolizablecarbon sources (i.e. acetate and
solubllizedTxL)wouldbe expectedto havegreaterbiomassthan the controlculture.
However, there was littledifferencein the amount of biomass of Mic-1 grown on
various substrates. It is possiblethat cellswere lysingduringthe experiments,thus
preventingbiomass from accumulating. Usingthe growthcurvesobtained from the
protein data, it was possible to determinethe specificgrowth rates and btomass
doublingtime of Mlc-1 grown on differentsubstrates. These resultsare shown in
Table 7.

Table _7_i 8peaifio Gr0wth R=I_(/z)ands: Doubling :_Timet(T_ of Mio-1i
Grown Variou= Substratea

:j

Texas lignite (TxL) 3 - 14 0.043 i6,2
i ii J , il iiii ii i i ii i _ii ii,., ] _ i ,iiii i iii li

_lubilized TxL 3 - 14 0.042 16.5
i11 ,,i, , i,. , ,ii,,i i ,, r,,ll , l ,,, ! ],,: ........,, ,

Acetate 8 - 18 0.061 11.4
-- ii ii,i111 ii i i lltrlllllllm i i I 1 i ill 11 i L iiii i i i

MediumControl 3- 11 0.066 10.5
........... ::.... i ., :, : ! _!_,,_,,_,, =u _:_,. ,............. ,,, ,I',_,1,'......... r,,_,,.... ........... -_:_ ,, ,,=_

b. Methane Production by Mic.1 Consortium Grown on Different Substratee.
Methane production in cultures containing each of the substrates is illustrated in
Figure 11 and acetate concentrationsin these culturesare listed in Table 8. The
earliest (between days 8 and 11) methaneproductionwas observed in the culture
containingacetate. Methane productioninculturescontainingsolubleTxL and the
ones containingTxL beganbetweendays11 and 14. The acetatecontainingculture
producedthe highestamountof methane(225 cc/gram of acetate) at day 30. This
was expected,becauseacetateis a readilymetabolizablesubstratafor methanogens.
The culturescontainingsolubleTxL andTxL producedlessmethane.

Methane productioninthe culturescontainingTxLor TxLproductas a substratefell
off after approximately18 days of incubation. This indicatesthat the Mic-1 cultures
experienceda lossof a particularbacterialpopulationat thattime. Becausemethane
production in the acetate-grownculturescontinued untilday 30, it appears that
methanogensare notthe populationbeing lost. The decreasedmethane production
occurredin culturescontainingbothsolubilizedand solidTxL, and correspondedto
a decrease in acetateconcentrationin bothcultures. "l'hisindicatesthat in these
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Days Acetate Concentration (ppm)
in the Culture Broth of Mi¢.1 Grown on

--...... , i i ,, , ,

Control I Acetate J Solubilized TxL" Solid TxL"
I

! 0 25.0 1,823.0 88.0 35.0
, i i i ,, ,i,,,

1 287.0 1,982.0 291.0 279.0
, i ,, , ,

2 368.0 2,311.0 333.0 340.0

3 352.0 2,009.0 340.0 354.0
,, ,ll i

4 356.0 1,933,0 391.0 328.0
i i

8 110.0 1,495.0 160.0 142.0
, ,, ,,,

11 0.0 869.0 55.0 20.0
i

14 0.0 116.0 0.0 0.0

18 0.0 0.0 0.0 0.0
,,, ii i, ,,,,,, , i

22 0.0 0.0 0.0 0.0

25 0.0 0.0 0.0 0.0
,,

a "rxL- Texas lignite

culturesthe acedogenicpopulationwaslessactivethan the methanogenicpopulation.
Loss of primaryTxL degradingbacteriacould also affectmethaneproductionin the
culturecontainingsolidTxL. However,resultsfrom thisexperimentdid not provide
sufficientevidencefor the latterassumption.

The conversionof acetate to methaneby Mic-1 growing in a medium containing
acetate as the primary carbon source is presented in Figure 12. An increase in
acetate concentrationoccurred during the first two days of incubation. This was
perhaps due to metabolismof medium components (yeast extract and TSB) by
acedogens.

Methaneproductionandacetateutilizationoccurredconcomitantly,beginningbetween
days 4 and 8. By day 18, 100% of the acetate had been utilizedand methane
productionceased at this time. Maximum cell growth occurred during this time,
indicatingthat cell growth and methanogenesisoccurred concomitantly. Overall,
approximately70% of the carbon in acetatewas convertedto methaneand carbon
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dioxide,leaving,..,30% of the acetatecarbonunaccountedfor. Thisis verysimilarto
the metabolismof Mic-3. A smallamountof the 30% of the carbon not accountedfor
wasconvertedto VFA and biomass. It is believedthat the remaindermay havebeen
converted to undetectableintermediates.Anotherpossibilityis that onlythe methyl
portion of the acetate molecule was metabolizedby methanogens, resultingin
accumulationof carbonateand/or bicarbonateionsinthe liquidphase. However,if
thiswasthe case the pH of the culturemediumshouldgo up ratherthangoingdown.

2. Coal Microbial Interactions. Effectof solids,coalchemicalcomponents,extraneous
chemicalsotherthancoalcomponents,pretreatmentofTxL,culturemediumcomponents
and constituentsof Mic-1 either individuallyor in combinationwith other Mic-1 isolates
was evaluated.

a. Coal Solids Loadings, Basedon the laboratoryscale studieson biomethanation
of Texas and Beulah lignites an economic study of the MicGAS Process was
performedby Ruor Daniels. Their studyindicatedthat for the MiCGASProcessto be
economicallyviable,a minimumof 20% TxL solidsloadingwillbe required. Data on
TxL biomethanationby Mic-1 consortiumat solidsIoadingsof 1% to 10% showsan
inverse relationshipbetween the TxL solids Ioadings a;ld methane production
(Figure 13). Although not encouraging,these data st;pport previous studies at
ARCTECH with Mic-2 consortium. Postulatedexplanationfor this inhibitioncouldbe
any or all of the following: 1. as TxL carbon is utilizedmore inorganic materials
indigenousto TxLbecomeleachedand dissolvedintothe culturemediumand might
accumulateinconcentrationshighenoughto inhibitmicrobialgrowthandmetabolism,
2. At highersolidsIoadingsthe thicknessof slurrymay not permitcloserassociation
betweenmicrobesandthe TxLparticles,3. Exhausti,_nof availableH2to completethe
biomethanation,and 4. Changes in the pH of the culture medium perhaps due to
release of excessiveCO2. Recent literatureprovidesproof that some of the TxL
componentssuchas Fe,SiO217are inhibitoryto anaerobicmicrobialacidogenesis182°.
Nevertheless,these postulationsneed to be experimentallyverified.

b. Trace and Major Elements of Texas Lignite, Studiesperformed at ARCTECH
have indicated that biogasificationby Mic-1 and Mic-2 is inhibited at TxL solids
Ioadingsgreaterthan 1%. IncreasingTxLsolidsIoadingsto 20% or more isa primary
goal for ARCTECH's MicGASProcess. Therefore, it was imperativeto identifywhich
component(s) of TxL or lignitesin general cause these inhibitoryeffects. Several
metals, includingiron, manganese,magnesiumand aluminum,have been found to
occur in Beulah lignite at concentrations which could affect the growth of
microorganisms14.

Since Mic-3 was found to be the most suitable consortium for biomethanation of
Beulah lignite21,this system was used to test the hypothesis that metallic components
in lignite ash may be inhibitory to microorganisms. Results from the experiment
evaluating methane production by Mic-3 with the various test elements are presented
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in Rgure 14. Methane productionwas significantlylower in the culturescontaining
iron and magnesium oxides as compared to the control cultures. The cultures
containingmanganeseand aluminumoxidesand Beulahash exhibitedslightlyless
methane productionthan the controlcultures. However, this differencewas not
significant. There was no significantdifferencein the cellularproteinconcentrations
inthe cultureswiththe varioustestelements.

Significantlyhigher levels of acetate (120-190 ppm), butyrate (20-40 ppm) and
isobutyrate(20-30 ppm) were observedinculturescontainingmagnesium. Allother
cultures did not contain detectable levelsof these acids. This indicates that the
acetate-utilizingmethanogens present in the Mic-3 consortium are inhibited by
magnesium. These resultsreaffirmthe fact that anaerobicmicrobialacidogenesis,
speciallyof n-butyricacid1_a precursorof aceticacid whichis the basicsubstratefor
methanogenesisis inhibitedby somemetalliccomponentsin lignltes. Therewere no
significant differences in the VFA concentrationsin the cultures containing iron,
manganese, aluminum, ash, or the control cultures. In a recent publication_
aluminum was shown to enhance methanogenesis by providing additional
hydrogenesiswhichisvitalfor methanogenesis,especiallytnlignitesas evidencedby
the recentlyproposedempiricalformulafor the German Browncoal.

The experimentwas repeated with TxL and Mic.!. The metals were used as salts
ratherthan metal oxidesbecausemostmetaloxidesare not readilysolublein water,
and therefore it is difficultto controlthe concentrationof the metal. To avoid this
problem, metal salts (FeCI3, MnC_, MgCI_and AIK(SO4)2)were prepared as sterile
stock solutionsand added to the mediumto give a final concentrationof 10 mM.
Duringa preliminarytrial,itwas foundthatmostof the metalsalts reactedwith sodium
sulfideused as a reducingagent, to form insolubleprecipitates. Thisexperimentwill
be rerunwith cysteineHCI substitutedfor Na2Snormallyused to reduce the culture
medium.

c. Effect of Agitation. Among the three TxLsolids Ioadings(0.1%, 1%, and 5%)
tested,methaneproductionwashighestinbothstaticandagitatedculturescontaining
0.1% TxL (Figure 15) and lowestat 5% solidsIoadings. Both the agitated and the
static culturesproduced ,,, 80-85 cc CH4/g TxL.. However, the maximumCH4 was
produced by day 21 in the static culturesas opposed to day 28 in the agitated
cultures (Figure 15A), Methane productionwas significantlylower in the cultures
containing1%TxL(Figure15B) maximumbeing3 to 5 cc/g TxL. Similarto the 0.1%
Ioadings,the staticculturesachievedmaximumCH4productionsoonerthan the ones
thatwere agitated.Therewasnosignificantdifferencebetweenthe fiuidizedandstatic
culturesin a reactorloadedwith 5% TxL(Figure16).
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The total solublecarbonmeasuredaschemicaloxygendemand(COD) inthe culture
broth of Mic.1 consortiumgrown In static and agitated modes at differentsolids
Ioedingsof TxLare presentedinTable9. Inallcases, the COD decreasedthroughout
the course of the experiment. As would be expected, the control cultures
demonstrated higher COD than the ones containingTxL This suggestedthat even
thoughTxL wouldprovidemoresolublecarbon,the rate of solublecarbon utilization
by the MIC-I consortiumwas hlgherin the cultures containingTxL

II

Soluble Carbon (ppm) ° In the Two Culture Modes
Solids .....................

Loadlnge Day 7 Day 14 Day 21
(%) ............ .................................

Static Agitated Statlo Agitated Statlo Agitated

0.0 1,186 1,100 603 733 441 499
I[ll , II [ ]rT] ................... . ....

O.1 941 866 392 4,54 155 216..... ..... .........

1.0 667 717 238 281 130 138
H , ,, , ,, , ......

5.0 935 993 4!5 369 268 259
................................ 1/11H T ill IIII I[ IIII1[ I I Illilll II I I I , ,, r ......

' measured as ChemicalOxygen Demand
b data representsaverageof three replicates

III I 1 I [I I I I I [ I I E I / I II I

A similar trend was observed for the cellularprotein(Table 10) demonstratingthat
cellulargrowthwas beingsupportedby the TxL solubtlizedcarbon. However,itwas
also evidentthat higherTxL solidslandingsInhibitboth growth(Table 10) and COD
Table 9). The cellularproteindata coupledwith data on COD concentrationsand
observationson methaneproductionby Mic-1at differentTxL Ioadingstested(Figure
13) stronglyindicatethat the methanogenicpopulationwas inhibitedby one or more
componentsat highersolidsIoadings.

Anotherimportantobservationwasthatevenbeforeaddingthe Mic-1!noculumto the
culturevessels,the CO2concentrationin the headspacegasofthe culturescontaining
5% TxL was significantlyhigherthan those containinglesserTxL or in the controls.
This could be attributedto the fact that all serum bottleswere autoclaved(sterilized)
and higher CO2 would be released in the ones containinghigher TxL loading.
Therefore,immediatelybeforeinoculating,allculturevesselswereasepticallyreflushed
with the oxygen free N2 + CO2 (80 : 20) mixtureto ensurethat the headspace gas
was consistentin all the treatments. However,alter 28 days of experimentalperiod,
the CO2 concentrationin the culturesgrown on 5% TxLwas 34 to 36 mole % as
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iTeble 10. Blomeee Production' In the Liquid Phase of Mk:.l
Cultured In $tatk: or Agitated Mode at Different Solids

_ _ _ r _ _ _ + _ r _n ' + r r k L0edlnge.of Teue Lignite
I lIHI IIII IJI,H liriI,

Blomass u in the Two Culture Modes
8ollde .............. +rml i t i ni, rl ]It i

Loedlnge Day 7 Day 14 Day 21
ii [

(%) Statlo Agitated Stalk: Agitated Stalk: Agitated

0.0 47.7 58,6 36,7 51.7 65,3 63.1
D r, lrl i lu , _r.,,,nl [ , __

0,1 67.8 68,6 64,2 69,1 78,8 79,0
Ill I 11rJllI111]L1 - ,.... _ .. i ................

1,0 81.2 84.4 114.1 116.1 87.2 115.1
, u ,m,ut i

6,0 60,8 68,I 72,9 76.I 62.0 69.4
11II_ Jl_

* measured as totalcellularproteinin/_1 mU1
bdata representsaverage of three replicates

....................................... _ I 1]_ J I Hi

compared to 20-25 mole % In other cultures. The concentrationof CO2 in the
headep_e is vital to methanogenesis, However,inspiteof the higherCO2at higher
TxL Ioedlngs of 6% less CH4was produced. Two hypotheses,one that the system
we;, C;,l'¢lentIn H2anotheressentiallimitingfactorfor blomethanation,and the other
lowerculture reed;lurepH could possiblyaccount for thisobservation. These factors
were further investigatedin a sedes of experiments where ablotic,autoclaved,and
unautoclavedconditions wele used for the biomethanationof TxL by the MIc-1
consortium,

d. Effect of Autoclaving on Blomethanatlon of Texas Lignite by MIc.1
Consortium. In general,highermethanewas producedin the presenceof 1%TxL
than in NTM withoutTxL (Rgure 17). However, it was found that at higher _llds
Ioadings (10%) the biomethanationof TxL was inhibitedin the treatmentthat were
autoclavedthan the ones that were not (Figure 18). Furthermore,the pH of culture
medium was much lower in the autoclavedthan inthe non autoclavedtreatments,

The COD was much higher in the autoclaved treatments containing 10% TxL
(Figure 19), These data clearlyexplainthatthe Inhibitionof blomethanstlonat higher
solids loadingis related to TxL componentsone of which could be CO2. Another
important indicationIsthat the pH of culturemediumneedsto be bufferedfor efficient
btomethanationof TxL.
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Figure17, InfluenceofTexasUgnlteandYeastExtract+ TrypSoyBroth(YE/TSB)on
BlomethanatlonofTexasUgniteby MIc-1Consortium.
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e. Effect of Chelators and Surfactants. Coaland someof the coal by-productslike
biphenylare consideredxenoblotics. Literaturereports indicatethat modifyingthe
surfacesof xenoblotics,suchasTxLmakesthemmoreamenableto biodegradationz_,
At the same time chelators/ and or sequesteringagentscan sequestersome of the
trace metalsindigenousto TxL Thechelatingor sequesteringaffinityof a givenagent
isspecifictowardseach metal, ForexampleEDTAhas the highestaffinityfor zincbut
relativelylittleaffinityfor calcium. It so happensthat zinc is one of the metal ion that
does inhibit anaerobic acedogenesls19. The hypothesis to be tested in these
experimentswas that if the metalsare chelatedor sequesteredby additionof these
agents, there shouldbe an increasein biomethanationof TxL by Mic-1. Similarly,
enhancedbiomethanationof TxLby MIc-1intreatmentscontainingsurfactantswould
furtherprove the hypothesis.

Data from these experimentsshowed(Rgures 20 to 23) that at low concentrations
(0.1 mM and 1.0 raM) EDTAhad littleeffecton biogasification(Figure20). This effect
couldbe due to strongerchelatingpropertiesof EDTA. Forthe first 14days,AMMOX
at 0.1 mM and 1.0 mM had littleeffect,whileat 10,0 raM; it inhibitedearly methane
production(Rgure 21). However, by day 21, methane productionwas higher in
culturescontainingeach of three AMMOX concentrations. In contrast,significantly
higher methane productionwas observed in culturessupplementedwith different
concentrationsof citrate (Figure22). Thus, there is a directcorrelationbetweenthe
concentrationof citrate and biomethanation(Rgures22). A comparisonof effectof
AMMOX and citrate showedcitrateto be most effectivesequestrant(Figure 23) for
biomethanationof TxL Nevertheless,at higherTxL solidsIoadings,evencitratewas
not effective(Figure 24). The data presentedare net methane productionfrom TxL
alter deducting the methane producedfrom controls (NTM + citrate, oxalate, or
EDTA).

Methane production was severely inhibited in all cultures supplemented with
surfactantsevenat the lowesttestconcentrationof 0.05%, No methaneproduction
was observed in culturescontainingeither Triton X-100 or SDS. In the cultures
containingIgepal CO-720, the highestmethaneproductionwas 1 mole%. It is quite
possiblethat someor allthe bacterialspeciesconstitutingthe Mic-1consortiummight
have lysedatthe usedconcentrationsof thesesurfactants.At leasttwo of these, SDS
and Triton X-100 are used to break open the bacterialcells for the extractionof
microbialnucleic acids24, These resultsclearly indicate that even at the lowest
concentration,surfactantamendmentwillnot enhancebiomethanationof TxL by the
Mic-1 consortium.

f. Development of Improved Growth Medium. The Fluor Danlels study also
recommendedthat for the MicGAS Processto be economicallyattractive,the NTM
mustbe improvisedto replaceYE/TSB withlowcost nutrientsources. Consequently,
severalalternativesto the YE/TSB were evaluated7, Recent resultsindicatethat at
leastfive of these productssupportedhighermethaneproductionfromTxLthan that
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obtained with YE/TSB. The highest methane production was in the presence of
Shettone-TTM (Table 3 and Rgure 25).

In order to evaluatethe cost effectivenessof a rangeof materialsthat could replace
YEi TSB for the efficient biogasificationof TxL by Mic-1 the followingequationwas
developed.

(P*_,_= $/ #_

where P is the priceof the nutrientin dollars/pound,N is the percent concentration
of the nutrientinthe medium,M isthe methaneproducedper gram of TxL, and C is
the percent concentrationof TxL in the medium. The constant K is a conversion
factor to calculate the cubic feet of methane produced. Using this equation, it is
possible to determine the cost of nutrientrequiredto produce one cubic foot of
methane from TxL. With this information,the mostcost effectiveconcentrationof
nutrient for the MicGAS Processcould be determined. Comparativecosts for the
selected productsthat could replaceYE/TSB are presentedin Table 3B. Shettone-
TTM (SheffieldProducts,Norwich,N.Y.) was foundto be leastexpensive. Hence inall
furtherstudiesthisproductreplacedYE/TSB and NTM was renamed % SNTM. The
number before the % sign indicatesthe quantity (w/v) of Sheftone-TTM used for a
givenexperiment.

Duringscreeningfor potentialalternativesto YE/TSB, the potentialtestmaterialswere
evaluatedat 0.2% (w/v). However, it is desirableto use these nutrientsat a lower
concentration, thereby further reducing medium costs. Resultsfrom an experiment
to determine the minimum concentration of Sheftone-TTM required for efficient
biomethanationofTxL by Mic-1 demonstratedthat atconcentrationsof Sheftone-TTM

< 0.1%, the methaneproductionwas severelycurtailed,and was less cost effective
than when used as 0.2% SNTM (Table3B).

B-vitamins. The above described biogasificationmedium stillcontained a solutionof

B-vitamins(Table 1). However,the manufacturer'sdescriptionof the compositionof
Sheftone-TTM ind=catesthat itmay containadequatevitaminsfor the MicGASprocess.
The cost of SNTM could be further reducedby omittingthe vitaminssolutionfrom it.

As shown in Figure 26, methane production was not effected by the absence of
B.vitamin solution. In fact, after 14 days of incubation, methane production was
somewhat higher in cultures without additional vitamins (198 cc/gram of TxL) than in
culture which contained the additional vitamins (156 cc/gram of TxL). These results
indicate that B-vitamin solution need not be added to the biogasification medium when
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ShettoneTTM JSused at 0.2%, Subsequentto confirmationof these results in a later
study the current formulationof SNTM does not contain B-Vitamins solution.
Comparative ingredientcompositionof NTM and SNTM medium are presented in
Table 11.

Med_
.li|.i r,11,f, i

Major Inltlal Medium (NTM + YE/TSB) Present Medlum
.......Componente ($NTM)

I ,.,i. ,i ,, , • [ ,, ............... __

Organic Nitrogen Yeast extract + TSB Sheftone.TTM
Source

''i_ " JJ II r i i IJll u ] r i i ................... _ ....... - 1, =

Macronutrlents NH4CI,CaCl=.2H=O,NaCI, Same
(Mineralsalts) agCl= .6H=0, KOI,KH2PO,t.............

Micronutrlents H3BO3, CaCI=.H=O,CoCl=.6H=O, Same
(Trace minerals) FeCI=.4Had, MnCI2.4H20, NICI=.6H20,

..... Na=ioO, .2Had, ZnSO4 .7HsO .......... , ........

Vitamins BI=,Nicotinicacid, PABA, Not required
Pantothenate,Pyrldoxlne,Thiamin

............... r ,r , , , ,, , ..............

Other NaHCO3, Na2saO3, resazurin Same
Components

In order to furthereconomize the processcost the SNTM was supplementedwith
4 x (32 g/L comparedto 8 g/L) concentrationof NH4C!, Thiswas based on the fact
that for the production of industrialenzymes, such as protease or !ipase, the
productioncost can be reducedby increasingthe inorganicnitrogenconstituentsof
culturemediumto compensatefor minimizingthe organicnitrogenamendmentsuch
asYE. Resultsobtainedfromthe experimentsconductedinserum vialswereverified
in simulated tank reactors. The data indicatedthat additional NH4CI inhibited
blomethanationof TxL by Mic-1 consortium(Figure27).

g. Effect of Pretreatment of Texas Lignite on Blomethanatlon, Althoughseveral
foldincreaseinthe biomethanationof TxLresultedfrom someof the above described
studies, the inhibitionof biomethanattonof TxL at higherTxL solidsIoadingswas
evident. It has been postulatedthat ligniteshave a micro- and a macromolecular
component. Based on the studiesat ARCTECH,speciallyat highersolidsIoadings,
it is conjectured that the Mic-1 populationwas capable of utilizing only the
micromolecularand not the macromolecularfractionof TxL, This postulationwas
verified by removingthe micromolecularfraction either by biologicalor chemical
treatment. The biomethanationof residualTxLwas carriedout as describedabove.
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The data indicates that methane productionwas 1.5 fold higher in experimental
vessels containingresidue from biologicallypretreatedTxL than those containing
residuesfrom chemically(THF) pretreatedTxL(Rgure27). However,blomethanatlon
was inhibitedinthe THF soluble(mobile)fractioneven thoughthe THF was removed
from the mobile fraction(Rgure 28). The most encouragingdata was that methane
productionwas not Inhibitedat higher(1% vs, 5%) TxL solids Ioadlngs (Figure 27).
These resultsare a significantachievementtowards enhancingblomethanatlonof
TxL Thiswouldalsoprovidebetterprocesseconomicsbsoausethe residualTxLcan
be recycled, Furthermore,this informationmightbe a preludetowardsunfoldingthe
mechanism of blologk:alattack on the TxL In the absence of a detailed molecular
fractlonationof TxL.,the data providespreliminarysupport to our hypothesisthat the
initial population of MIC-I could not attack the mecromolecular fraction of TxL,
Whereas biological pretreatment makes the macromolecularfraction of TxL more
amenable to Mic-I consortium.

h. Isolation of Individual Baoterlal Components of Mlo-1 Consortium. Thirteen
bacterial isolateswere obtainedfrom the Mic-I and Mlc-4 blogaslficatlonconsortia.
In order to determinewhetherthese isolatesare primary TxL degraders, they were
grown in medium containingTxL The degradationof lignitewould produce an
increase in soluble carbon in the liquidphase of the reaction mixture. Therefore,
bacteriaproducinga significantincreaseinsolublecarboninreactionscontainingTxL
could be considered potential primary TxL degraders, However, there was no
significantchange in COD levelsinthe culturebroth from these bacteria (Table 12).
As CH4 and othergaseous productswere not measured, it is quite possiblethat the
bacteria utilizedthe soluble carbon for their metabolismfor CH4 productionwhich
could explainthe reductionin COD. This possibilityIs supported from the data on
VFA analysis(Table13). Alternatively,the anaerobicbiodegradatlonof TxLmay also
be postulated to be the result of synergisticactivity(l.e. activityof two or more
differentbacteria). Nevertheless,the capabilityof these isolatesto biodegrade TxL
needs further Investigation.

Volatilefattyacidanalyses(Table 13)indicatesthateach isolate(exceptfor M4-2 and
M4-8) produced acetate at a concentrationgreater than 100 ppm. The greatest
concentrationof acetatewas producedby M4-I (404 ppm), an isolate from Mlc.4.
The greatest concentrationof acetate produced by an isolatefrom Mlc-1 was 298
ppm, producedby MI-2. SeveralotherVFAswereproducedin smallerquantitiesby
variousisolates, The conclusionfromthesedataisthat mostisohltesare acedogens.

Itwas InterestingtonotethatfourIsolates(MI-4,M4-2,M4.4 and M4-8)produced
detectableamountsofethanol,Certainisolatesproducedsimilaramounts ofthe
same VFAs. Basedon comparisonsoftheproductionofvariousVFAs,as wellas
othercharacterlstlcs(eg,cellmorphology,Gram staln,etc,),itappearsthatthe13
isolatesrepresentsevendifferentbacterlalstralns.Althoughmore comprehenslve

53





__ -_--............'i ..........L--_---_-- ,,i_,__..... , ...... ,,,,, _ . , ,, ,,,,, .....

Table 12, Total 8oluble Carbon, Mell_urad all Chemloal

.............................. COD (ppm)b i i

Isolate" ........ _DnYO............. DaY7 ........... Day14 ...............

With Without With Without With Without
TxL TxL Txl. TxL Txl. TxL

M1-1 2,509 2,660 2,553 2,612 2,714 2929
t_ i1 ]fill ............. I

M1-2 2.292 2,_ 2,359 2,302 2,207 2,335
LL ...... I ......... II II I i I, ,,,, , ...............

M1-3 2,316 2,259 2,288 2,316 2,155 2,264

M1-4 2,297 2,368 2,288 2,316 2,155 2,264
............... n....

II 1 I I I IIIrlT[ II I II

M1-5 2,283 2,420 2,146 2,420 2,127 2,345
.................

M4-1 2,578 2,665 2,412 2,621 2,397 2,568
......... I L i Ill i i 2 II [11 ] [ I I[] II _ __

M4-2 2,273 2,396 2,226 2,382 2,113 2,311
f i i .... _ i iii

M4-3 2,687 2,699 2,465 2,241 2,470 2,607
J_ _ --_ I III I I III II IIII I I I I I II I JIL:

M4-4 2,582 2,587 2,241 2,485 2,558 2,568
L. L [] II _ 1[] I IIII I II [1[ I1,[ I II ,1 II1,1 I I I

M4-5 2,660 2,699 2,456 2,641 2,456 2,802
.... 111111 I I I II I I I J...LJI

M4-6 2,383 2,675 2,763 2,734 2,480 2,831
III ,,1 [] I I I | , IIII I II I II I Ifl I ,1 IIIIIII I .........

M4-7 2,5!4 2,714 2,251 2,490 2,392 2,458
,1, r, II I I [ I I II ' 1. II '1 LIIl'I I I I

M4-8 2,555 2,568 2,051 2,6_ 2,420 2,733
I! I ' I L [ I [ _ I Illll I I I l , I [ I I I I II II! II ,1 .....

a Isolatesderivedfrom Mic-1 are designatedas M1, and those
derivedfrom Mic-4 are designatedas M4

b Data are averageof 2 replicates
I]l I J II 1/11 Ill l j i I .., ...... _ IIIqlllj ..... iii.....
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Concentration (ppm)* After 14 Days of Incubation

Isolate Acetic Butyric Proplonic Ethanol Other
Acid Acid Acid VFAs

.......................... i i

M!-1 268 .... 78 99 ND 204, if i i i i i

M1-2 298 ND 32 ND 149
..................... i .............. t - rl i i i i i i /

M1-3 291 73 96 ND 211
i1 iiiii ii iii ml . i ii i i

M1-4 166 88 ND 29 179
i [ IIl!lllll!J l r!!ll!l! :

M1-5 293 76 92 ND 213

M4-1 404 ND 55 ND 195
...... .: ii r

' M4-2 58 22 ND 27 ND_ .
Jill IIIII !11 L II I[ __ IJ !1111II1! rl Ili[111 III I III Ill I ! II

M4-3 258 ND 120 ND 197
u ,i i ii . i _

M4..4 176 84 ND 46 152

M4-5 357 ND 38 ND 173
! IIIIIIIIIIII I I . [ . I II II I !111[I I J II I I I I iii i

M4-6 272 87 93 ND 215
: _ . i,lira i, , IT ,,,,,,1 ii iii , , , !. !]! H, H LB . HI ,, HI ..

M4,.7 129 104 36 ND ND
.... i iiiii jill i I uI i I i i IHIIII , Ill I

M4-8 64 24 ND 31 ND
,, ,,,,,,,,, - " i , i , n, ,m, ,, , ...., ......... ,T

a Isolatesderivedfrom Mic-1 are designatedas M1, and those
derivedfrom MIc-4 are designatedas M4

ND = Non detectablelevels
I II !11I I I II II II I J i i i __j...: i ....... i i!1L i i .............. ; iiL....... i i , ...... lie
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testing is required to confirm this, for the purpose of this project they will be
consideredas seven distinctbacterialstrains(Table 14).

I I
Strain Isolates = I Strain # I Isolates and Sources

, ii iI i i | = i | ,,,

1 M1-1, M1-3, M1-5, M4-6 5 M4-2, M4,-8
i

2 M1-2 6 M4-3

3 M1-4, M4-4 7 M4-7
, i .... i i

4 M4-1, M4-5 =- Isolatesderived from Mic-1 are
designatedM1, and those derivedfrom
Mic-4 are M4-

Severalof the strainswere foundto be aerotolerant(able to surviveexposureto air)
ratherthan strictanaerobes(killedby exposureto air). In order to test whetherthe
TxL biodegradationin to substratesfor methanogensis brought about by these, a
fresh cultureof Mic-1 consortiumwas aerated. This culture was used to inoculate
medium with and withoutTxL. It was expected that aerating the culture for the
inoculumwould have eliminatedthe strictanaerobes,especiallythe methanogens.
This would result in an increasein solublecarbon in the liquid phase because the
carbon would not be converted to methane. However, there was no increase in
solublecarbon in the culturescontainingTxL (Table 15). Surprisingly,methanewas
produced during incubation. Epifluorescencemicroscopyconfirmed that viable
methanogenswere stillpresentinthe culture. This indicatesthat the aerationdid not
completely oxidize the inoculum. Therefore, complete selection of aerotolerant
bacteriadid not occur.

": ' '(COD) in;the CultUre•BrOth_ofAerated_,,,Mic,l-Consortium_:_,i'_ _ F r

• i _ Grownin Presence andAbsence ofTexas LLignite

Chemical Oxygen Demand (in _ 02/L )
Treatment

Day 0 Day 7 Day 14
, ,..

With Texas Ugnite 1,077.2 1,063.1 537.5

Without Texas Lignite 1,261.8 1,280.8 935.2
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Duringthe courseof this experiment,in severalof the isolatedcultures"I'XLformed
;arge clumps. AlthoughTxL was notdegraded, it is possiblethat TxL was modified
by the bacteria. To verifythisphenomenonmixedsub-populations,ratherthan pure
isolatesneed to be incubatedwith TxL.

D. Bench Scale Bioreactor Studies
The benchscalebioreactorstudieswere initiatedto determinethe potentialof scalingup
the resultsobtainedinthe serumvial. Atthe sametime dataobtainedfromthesestudies
were helpfulin obtainingthe preliminaryeconomicanalysisof the MicGAS Process. As
outlined in the Materials and Methods Section, four bioreactor configurationswere
evaluated.

1. Rotating Biological Contactor (RBC). The maximumrate of methaneproduction
beganat day 4 and proceededthroughday 15 (Figure29). Ratesof CH4productionover
this time period ranged from 496 to 603 cc CH4/day. Control reactionsproducedvery
littlemethane or CO2. Totalgas productionreached11 literswithin25 days. Methane
concentrationin the reactorheadspacereached72 mole%and methaneaccountedfor
more than 60% of the total gas produced.

In a study by Fluor Daniels,it was pointedout that in order for the MicGAS Processto
be commerciallyfeasible, it willbe necessary to use solidsIoadingsof 20% or greater.
In previous studies, biogasificationof TxL at 1% and 5% was demonstratedusing a
rotatingbiologicalcontactor(RBC). Ina latterexperimentthisRBCwas chargedwith10%
TxL solids Ioadings. Initially,methane productionrateswere high (4800 cc produced
duringthe first10 days). However,methaneproductiondecreasedover the nextmonth
(Figure 30). Possibly,this decrease in methaneproductioncould be due to a loss of
methanogens. To test this, fresh Mic-1 was added to the reactoras a sourceof viable
methanogens,and methane productionwas monitoredfor another month. However,
methane productioncontinuedto decline. Operationof this reactorwas discontinued
atter approximatelytwo months.

2. Upflow Fluidized Bed Reactor (UFBR). Initially,significantmethaneproductionwas
observed in all three plexiglassreactorscontaining 1% TxL (Figure 31). Methane
concentrationsof 51.96 mol% in the controland 73.21 mole% inthe reactorcontaining
1%TxLwere obtained. Higherlevelsof butyrateandcaproate(Figure32) were observed
inthe reactorcontaining1%TxL. However,similaramountsof acetate(Figure33A) were
measured in both the reactors,and trace amountsof heptanoicacid in the one with
1% TxL. Furthermore,biomassconcentrationwas lower in the control reactor (Figure
33B). Another important observation was that YE/TSB addition along with TxL was
necessary to maintain the CH4 production. However, addition of all three resulted in an
immediate response. On the other hand, addition of YE/TSB to the control UFBRdid not
result in any substantial enhancement of CH4.
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Figure29. MethaneProductioninaRotatingBiologicalContactor(RBC)with1%Texas
Lignite.
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Figure 31. Biomethanationof 1% Texas Ugnite in an Upflow Fluidized Bed Reactor
(UFBR).
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Ina laterexperiment, 5% TxLwas loaded into the glass UFBR. Methane concentrations
of 48-50 mole%werepresentinthe headspacegasafter4 daysof incubation. However,
gas productiondecreased rapidlyafterthis time. It is hypothesizedthat the circulated
headspace gas was not ableto adequatelymixthe large massof TxL. Thiswas further
evidenced by the fact that one of the reactorscontainingTxL had to be discontinued
becausethe lowercirculationport becamecloggedwithTxL. After 1 monthof operation,
these bioreactorswere stopped. These reactorswere discontinuedafter approximately
one month.

Influenceof addingthe freshanaerobicsewagesludgeon biomethanationofTxLwithand
withoutMic-1additionwasalso studiedinthese reactors, in general,enhanced methane
productionwas observedby adding the TxL The methaneproductionwas even higher
when the headspacegas was recirculated(Rgure 34). This set of data also bringsout
the point that for higher production of a given product, specifically developed
microorganismsprovidehigherprocessefrclencythan the naturalmicrobiota. Further
the complexityof TxL as a blomethanationsubstratecan be very well understoodfrom
thispiece of Information.

in the next experiments,influenceof higherTxL solidsIoadingson biomethanationin
UFBR was examined. There was littledifferenceintotalgas productionbetweenthe two
reactorscontainingTxL (Table 16), The methaneconcentrationin the headspace was
slightly higher in the reactor containing5% TxL (18.2 mole%) than In the reactor
containing10% TxL(16.6 mole%). The carbon dioxideconcentrationwas also highest
in the reactor containing10% TxL. The control(no TxL) reactor producedthe lowest
volume of total gas and containedthe lowestconcentrationsof methane and carbon
dioxide. The lowermethaneproductionin the reactorcontaining10% TxLmay be due
to the lower pH (6.7) of the liquid phase, as rnesophilicmethanogens are generally
inhibitedby low pH. The low pH was probably due to the greater carbon dioxide
concentration.

i ; ,; IL,!, I :; ; lILiil l.il_ ..... , ....... _................;....... ,Li _: : ;;_;_;........... ,,,,I, i i,ll, II ,l

Table 16, Gas Production and pH in Upflow Reactors After 12 Days of
Incubation

[
Total Gas CH4 CO2

Treatments (cc) (mole %) (mole %) pH,,v, , i, ,,,, ,,r 'I 'If' ,"' u'.,,l' "' .......... , |!_ J _ -_. .... ,,,, .

Without Texas Lignite 122 6.6 5.8 7,6
(Control)

, L ,, , , , ,, ,, ,,, ,,, ,,,,,.......

5% Texas lignite 228 18,2 9.7 7.3
i, i rl , ,,,,,,,, ,,

10% Texas lignite 237 16.6 16.1 6.7
r ,, i_,, ,, ,,,, ,, i , , . ,

........................ 'l i i ,,,', ,,, : '"" ,,, i ='''' , _ ,
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Rgure 34, Influenceof AnaerobicSewage Sludge(SS) on Biomethanationof Texas
Ugnite in an UpflowFluidizedBed Reactor(UFBR),
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The data presented in Table 16 indicatesthat acetatewas degraded into CO2 but there
was not enough hydrogento carry out the reactionto convertCO2 to CH4, This data
confirmedourpreviousresultsfrom laboratoryscale reactors,that at TxLsolids Ioadtngs
higher than 1%, methane productiondoes not enhance significantly.This phenomena
could be due to the productionof higherquantitiesof Inhibitorycompoundsor depletion
of factors necessaryfor methanogenesis.

The UFBR were recommtsslonedto studythe effectof methanol(CH3OH) as hydrogen
donor. The data showed thattotalgas and cumulativemethaneproductionIn the head
space of reactorwithCH3OHwerehighest(2321 co and1118cc, respectively).The peak
in methane productionduring the first10 days (Rgure 35A) could be explainedas the
initialeffect of additionof easy to metabolizeoo-substrate. Thus, in this reactor, the
highermethaneproductionobservedduringthe latterpe.rtof the experimentwas due to
biogasiflcationof TxLsolidsIoadlngs. This was confirmedby comparingthe volumesof
cumulativemethane producedin the reactorthatdid notcontainCH3OHand the one that
did !Figure 35B). Total gas productionwas similarin reactorswithoutTxL (containing
only0.2% SNTM) and the one that containedonly5% TxL in 0.2% SNTM, but methane
productionwas observed onlyinthe UFBRcontainingTxL 'Thenet methaneproduction
was highest (1344 cc) in the one containing TxL + CH3OH but significantlylower
(,,.,93 cc) inthe onewithoutCH3OH. Differencesinmicrobialgrowthandsolublecarbon
were notsignificant.As comparedto otherreactors,the additionof extraNH4CIto 0,2%
SNTM showed significantIncrease in acetic, isobutyrlc,butyric and isovaleric acids
productionin the controlreactor. Aceticandpropionicacidswere higherin the reactor
withTxL + CH3OH (Figure36), whileinthe onewithoutCH3OH, the quantityof allVFAs
was lowerand isobutyricand butyricacids were not observed(R_jure 37).

To evaluatethe effectof solidsIoadingsonsurvivalof methanogens,freshinoculum(10%,
v/v) containingmixtureof known methanogenswas added on day 25 to provideviable
methanogens. Methaneproduction(337 cc) increasedonly inthe reactorthatcontained
5% TxL(Figure 35B).

3. Trickle-Bed Reactor (TBR). Withinfivedays of operationmaximum (535 cc) gas
productionwas observed in the reactorwith constantrecycle. Alter this time the gas
productionwas not significant(Table 17). Thecontrolreactor,withno pumped recycle,
produced302 cc of gas over5 daysand continuedto producegas at low levelsover32
days with the headspace methane concentrationsexceeding56 mole%. These data
indicatethat pumpingof the culturebrothdecreasesbiogasificationefficiencyand that a
differentpumpingsystemmustbe put inplace. It is noted, however,that biogasification
does take place even at 30% TxL solids,suggestingthat bioconversionsat highsolids
Ioadingsare possible.
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Figure36. BlogasandVFA ProductionDuringBIomethanationof 5% Texas Ligniteby
MIc-1 Consortiumin an Upflow FluldlzedBed Reactor (UFBR) with 0,2%
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........ ,.... ,, . ,, ,, , ,, ,,,,,, i lu,lllll, _ i i i1,, [i ii i t fliTii II I __ IIIJ[llll

Table 17. _l_ _c*on and Tone Lii_i_j ten.reich _riq Operation of Various JiouJsoto[ a
........ Confilu_=iona

II H I J ............................................................... IlP'f,r,r , ,f,. ,_,,

Total Head Total Gas 8elide T_rL
Bioz_utor Hods of Volume 8pace Pz_iuued Total CH, Losd_nso Conversion

...... Type ........ Operocion (L) (L) (L} (_) (_) (_)'
_ii ................................................... ____ iir i iU

Rotatin s
Bioloaical Batch 7.60 0.70 ll.O 73.0 i 21.600
Concactor

..... ii ......... TillrrlsH, ,ran, , i ir i .............................. ]1_:_ II _. rl __ J I

Upflow liatchm
F1uldlsed Liquid recycle 0.68 0.08 0.007 51.9 I 0.i70
Bed

Gas Recycle 0.68 0.1,4 0.46.5 73.2 1 8.,410

................ _,

Trickle Bed Batch with Liquid Recycle 0,68 0.08 0..5`40 2`4.0 30 0.0.54
,,, , ........ ,,= .......................... , , ,,,,, ........

Coucinuously
8Cirred Tank Beech 2.00 0.8.5 2.2 ° .57.7 1 or .5 23.100r'- iTrlr_fTl, i i i iiii i iii i i[ i i i i......... L.

• - All che reactorswere run ac lq eolids loadlnss
' - Calculatedvalue based on the Octalhead spacevolume and measuredH,
= - Accordin8 co the data presented in Table 18

4. Tank Reactors. As outlined earlier, stirredtank, simulatedtank, and simulated
chemostat reactorswere used.

a. Continuously Stirred Tank Reactor (CSTR). Parametersof methaneproduction
were a littlebit difficultto measure in this reactorbecause of the multipleinletand
outlet lines. However,biomethanationof 1%TxL was calculatedbased on the total
headspacevolume and changes in gas compositionover time. Nitrogenwas used
as the basis in all the determinations.

The data obtainedshowed the highestmethaneproductioninthisreactor(Table 18).
Nevertheless,thisexperimentneeds furtherevaluationonceallother parametersthat
are currentlybeing evaluatedhave been completed.

b, Simulated Anaerobic Chemoatat8 (SAC). Bottle reactors, simulatingtank
reactorsweresetupto n_.onitormethaneproductionfromsewagesludge,0.2% SNTM
+ sewage sludge and 0.2 % SNTM + sewage sludge + TxL by the indigenous
sewage sludge microorganisms. In addition, bottle reactorswere monitored for
methane productionwhen medium, sewage sludge,TxLand Mlc-1 were incubated
understaticandagitatedconditions.Data obtainedfromtheseexperimentsillustrated
that littlemethane was produced from sewage sludge or from sewage sludge +
0.2% SNTM. SignificantCH4 productiontook place only in presence of TxL. The
maximum rate of methaneproduction(7.4 cc CH4/day) was observed between day
11and day 20 whenonlysewagesludgemicroorganismswerepresent. The addition
of Mic-1 resultedinearlierinitiationof maximummethaneproductionrates(7 daysvs.
11 days) when TxL was present(data not Presented). Agitationof the reaction
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Ash 14.0 31.8 + 2.27 + 127.0
i i

Carbon 62.9 42.9 - 1.46 - 31.8
-- , , i illll ,,i i,

Hydrogen 4.5 4.0 - 1.13 - 11.1
i i i

Nitrogen 1.3 2.4 + 1.85 + 84.6
,i

Oxyger (by difference) 16.1 18.1 + 1.12 + 12.4

Sulfur 1.2 0.9 + 1.12 - 25.0
,,,, i,,,,,, ,,

a . = decrease
+ = increase

i

mixtureenhancedthe rate of methaneproductionfrom7.4 to 8.6 cc CH4/day. Total
methaneas wellas totalgas producedincreasedby 41% and 35% respectivelywhen
the reactionmixturewas incubatedwithagitation. These data indicatethe need for
gentleagitationto enhance microbial/TxLcontact to maximizemethaneproduction.

c. Simulated Tank Reactors (STR), The influenceof NH4CIon microbialproduction
of VFAs and CH4 was studiedin chemostatculturescontaining0% and 10°/; TxL
(Figures38 and 39). Gas analysisof the headspace showed highCO2 production
(513 cc) inexperimentswith10°/;TxLandextraNH4CI(Figure38A). However, lower
methane productionwas observedcompared to the ones that did not containTxL
(F!,,_ure38B). This is yet anotherconfirmationof our hypothesisthat at higherTxL
concentrationsthe CO2 production is enhanced. The control (no TxL) reactor
producedlowervolumeoftotalgas andcontainedlowconcentrationsof methaneand
carbon dioxide(data not shown). The lowermethane productionin the 10°/; coal
reactor may be due to the lower pH (6.5) of the liquidphase, as methanogensare
generally inhibitedby low pH. The low pH is probably due to the highercarbon
dioxideconcentration.

J

J
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IV. MAJOR ACCOMPLISHMENTS

The Major accomplishmentsduringthisprojectperiodare summarizedbelow:

, Enhancedmetabolicactivityof termitederivedMic-1 culturesfor methane production.
A five fold enhancementwas observed.

• Reduced fermentation time from 60 days to 21-28 days for maximum methane
production.

• Established that principaJbacterialgroups in Mic-1 consortiumare: Primary coal
degraders, Hydrocarbondegraders,acedogensand methanogens.

• Establishedthat the limitingfactorsat solidsIoadings> 1% are:
• pH of the medium,
• inhibitoryproduct(s)formation,and
• rate and extentof coal degradation.

• Sequesteringagents (10 mM citrate, 1 mM ammoniumoxalate)enhanced methane
productionby 23%, butat 10%solidsIoadingsthe methaneproductionwas relatively
inhibitedeven in presenceof citrate.

• Aluminumenhances, but magnesiuminhibitsbiomethanationof lignites.

• Agitation of staticculturesdoes not significantlyenhance the methane produ,ction.
However fluidizationin a UFBR does.

• Addition of co-substratelikeYE/TSB requiredfor higherreactionrates.

• Methane productionat low rates from up to 20% solids.

• H2Sproductionwas seldomobserved,needsto be confirmed.

• Establisheda formulato evaluatethe efficacyand costeffectivityof co-substrateslike
Sheftone=TTM.

• A costeffectiveculturemedium (SNTM) hasbeen developedby replacingYE/TSB in
the NTM and omittingvitaminsolution.

• Sevenmajorgroupof acedogenshavebeen isolatedas homogeneousculturesfrom
Mic-1 and Mic-4 consortia.

• Four bench scale bioreactorconfigurations(RBC, UFBR, TBR, and CSTR) were
evaluated. Methane productionwas highestin CSTR and lowestin TBR.
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, Highestcoal carbon conversion(up to 36%) was obtainedinthe continuousstirred
tank reactor.

Methanolactsas a H2donorandenhancedfivefoldmethaneproductionwhenadded
at 0.5 % to a reactorcontaining5% TxLsolidsIoadings.

The mass and electronbalancecalculationsindicatea net enhancementin methane
productionfrom TxLcarbon, not from other NTM or 0.2% SNTM components.
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Vl. PLANNED RESEARCH

The extentiontasks on this projectwillcontinueto examine:

1. Enhancementof methaneproductionby improvingMic-1 consortium.

2. Developan alternatecultureas back-upfor the MicGASProcess.

3. Effect of medium components (macronutrients, pH, hydrogen donor, etc.).

4. Effect of substantiating the SNTM with metal salts known to enhance biogasifcation.
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5. Bench scale bioreactorstudies.

6. Developthe solidresiduesfromthe MicGasProcessintoa value added product.
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