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FLUEGASCLEANUP

1.0 INTRODUCTION

The objectiveof the Departmentof Energy's(DOE) Flue Gas Cleanup
Program, under the directionof the PittsburghEnergyTechnologyCenter
(PETC),is to promote the widespreaduse of coal by providingthe technology
necessaryfor utilizationof coal in an environmentallyand economically
acceptablemanner. The program addressesthe reductionof acid rain precursor
emissionsas well as developingtechnologieswith the potentialto meet more
stringentemissionscontrolrequirementsfor S02,NO., and particulatematter.
Activitieswithin the Energy and EnvironmentalResearchCenter's(EERC)
CooperativeAgreementFlue Gas Cleanupprojecthave addressedcontrolof all
three of these pollutantsover the last six years.

Initially,the CooperativeAgreementincludedseparateprojects in fine
particulateemissionsand simultaneousS02/NOxcontrol. The projectswere
later combined into a single projectcalled Flue Gas Cleanup,which included
work in NO. control and fine particulatecontrol.

From April 1983 throughMarch 1988, the focus of the Cooperative
AgreementSOx/NOX Control projectwas investigationof dry sorbentinjection
for SOx controland methods of enhancingSO. sorbentreactivity/utilization.
The primaryemphasiswas furnace injectionof calcium-basedsorbentswith some
experimentsevaluatingback-end humidification(1,2). In April 1988, the
emphasisof the projectwas changedto advancedNO.controlto evaluatethe
potentialof a catalyticfabric filter for simultaneousNOxand particulate
control.

In June 1989,the projectname was changedto Flue Gas Cleanup,and the
scope of projectactivitieswas expandedto includetasks supportingbench-
scale work in the fine particulatecontrolarea. Work in the fine particulate
control area was includedas a separateprojectwithin the Cooperative
Agreementfrom April 1983 throughMarch 1988 and was also funded as a result
of a competitiveDOE award during the period May 1988 throughDecember 1989.

In March 1990, the EERC at the Universityof North Dakotawas notified
that a proposalentitled "CatalyticFabric Filtrationfor SimultaneousNOX and
ParticulateControl,"which was submittedto DOE/PETC,was selectedfor
funding. Therefore,furthercatalyticfabricfilter developmentactivities
were discontinuedunder the CooperativeAgreementFlue Gas Cleanupproject in
July 1991. A task was added in the last year of the CooperativeAgreementto
assess the effectof coal combustionon vlsibilityimpairmentin the
atmosphere. Therefore,in the last year of the CooperativeAgreementthe Flue
Gas Cleanupprojectfocusedon the visibilitystudy and on bench-scaleefforts
to investigatethe relationshipsbetweenfine particleemissionsfrom fabric
filtersand the cohesivepropertiesof fly ash.

2.0 SIMULTANEOUSSOx/NOxCONTROL

Earlierpilot and field tests demonstratedthe potentialto controlSO2
by direct furnaceinjectionof calcium-basedsorbents(3-12). However,
developmentof furnaceinjectionof pressure-hydratedlime as a viable



techniquefor SO2 control requiredevaluationof severalissues,including
optimizationof sorbent reactivityand investigationof the potentialfor
additivesand sorbentrecycle to increasesorbentreactivity/utilization.In
addition,the effect of furnace sorbentinjectionand ash/sorbentinteractions
on sorbentreactivity,rate of ash deposition,depositstrength,particulate
collectiondevice performance,and boileroperabilityrequiredfurtherstudy.

2.1 Goals and Objectives

The overallobjective of the SO./NOxControlprojectwas to expand the
scientificand engineeringdatabasenecessaryfor the developmentof
innovativeprocessesfor the controlof SO, emissionsduring coal combustion.
Dry sorbentinjectionfor SO. controland methodsof enhancingSOxsorbent
reactivity/utilizationwere investigated.The study addressedfactors
impactingboth sorbentreactivityand operabilityof the combustionsystemfor
new and retrofitapplications. Specificfactorsaddressedincluded
I) sorbentproperties,2) sorbentprocessingconditions,3) impactof sorbent
injectionon boiler performance,and 4) operabilityof the particulatecontrol
device.

The SO,/NOxControl projectwas organizedinto the followingtasks to
meet the projectobjectives" Task A, SorbentEvaluation;Task B, Enhanced

Sorbent Reactivity/Utilization,TaskC, CombustionSystemOperability;Task D,NO-_ NO2Conversion; and Task _ Process Economics. Detailed summaries of
the work completed under the SO,/NOxControl project were presented in the
Final Technical Reports for the periods April I, 1986, through March 31, 1987,
and April I, 1987, through March 31, 1988 (1,2).

2.2 Accomplishments

2.2.1 Task A. Sorbent Evaluation

The purpose of Task A was to identify and quantify the effects of
sorbent processing on the reactivity of commercial high-calcium sorbents.
Sorbent processing includes the calcination and hydration conditions that
result in a hydrated lime (calcium hydroxide) product. The sorbent reactivity
of pressure hydrates has been shown to equal or surpass that of commercial
slaked hydrates. Although processing conditions can lead to changes in the
physical properties of a sorbent, the final criterion for determining improved
reactivity is the actual performance of a sorbent in controlling SO2
emissions.

A literature review was conducted to address sorbent characteristics
with respect to flue gas desulfurization (FGD) processes with emphasis on
furnace injection technology. The literature review showed that limestone
properties have been extensively characterized for fluid-bed combustion
applications as _ell as for conventional FGDprocesses. Comprehensive
information on lime and hydrated lime was limited with respect to furnace
sorbent injection technology and FGDprocesses in general.

Based on the results of the literature review, four commercial
limestones and their respective calcination and atmospheric hydration products
were selected for pilot-scale furnace injection tests. The four materials
were Marblehead limestone from the Marblehead Lime Company in lllinois;
Longview limestone from the Dravo Lime Companyin Alabama; Round Rock
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limestone,from the Round Rock Divisionof the Dravo Lime Companyin Titus
County,Texas; and Mercer limestonefrom the Mercer Lime Companyin Michigan.
Sufficientquantitiesof the commercialpreparationsof limestone,lime, and
atmospherichydratewere acquiredfrom each supplierto performcalcination,
pressure-hydration,and sorbent-reactivitytests. Pilot-scalefurnace
injectiontests and chemical and physicalanalyseswere performedto establish
baselinecharacteristicsfor the commercialsorbents. The commercial
sorbents,experimentalcalcines,pressure-hydratedcalcines,and pressure
hydratesproduced from the commerciallimes were evaluatedin the Particulate
Test Combustor(PTC) fired on naturalgas with anhydrousSO2 and ammonia
injectedto produce --1000-ppmS02 and 700-ppmNOx in the flue gas. The
sorbentswere pneumaticallyinjectedinto the combustorat a pointwhere the
bulk gas temperaturewas 1825°F. Sorbentreactivitywas determinedby SO2
reductionand sorbentutilization.

Experimentalresults from the furnaceinjectiontests showedthat the
commercialhydrateresulted in better sorbentutilizationthan the limestone
or lime for all the commercialsorbentmaterials. At Ca/S02molar ratios of
1.0, utilizationvalues for the Marbleheadhydrate,limestone,and lime were
27%, 17%, and 12%, respectively. Pressurehydratesproducedusing the
Marbleheadlime resulted in utilizationvaluesof about 35% at a Ca/S02molar
ratio of 1.0. Resultswith the Longviewmaterialswere somewhatdifferent.
Utilizationvalues for the commercialhydrateand pressurehydratewere
similar,27% at a Ca/S02molar ratio of 1.0. Limestoneand lime also
exhibitedsimilarresultswith utilizationvaluesof 15% observedat a Ca/SO2
molar ratio of 1.0.

At a Ca/S02molar ratio of 1.5, utilizationvalues for the Round Rock
hydrate,limestone,and lime were 24%, 13%, and 11%, respectively. Pressure
hydratesproducedusing the Round Rock lime resulted in utilizationvaluesof
approximately24% at a Ca/S02molar ratio of 1.5. Utilizationvaluesfor the
Mercer commercialhydrate, limestone,and lime were 28%, 15%, and 15%,
respectively,at a Ca/S02molar ratio of about 1.5. At a comparableCa/SO2
molar ratio, the utilizationvalues for the pressurehydratepreparedwith the
Mercer lime ranged from 30% to 35%.

Pressure-hydratedlimes producedin the bench-scalepressurehydrator
using Marbleheadand Mercer limes were better sorbentsfor S02 reductionthan
the commercialMarbleheadand Mercer hydrates,respectively,and far better
than the correspondinglimestonesor limes. Utilizationvalues for the
Marbleheadpressurehydrate,commercialhydrate,limestone,and lime were 35%,
27%, 17%, and 12%, respectively,when injectedinto a pilot-scalecombustorat
1825°Fand a Ca/S02molar ratio of 1.0. Utilizationvalues for the Mercer
pressurehydrate,commercialhydrate,limestone,and lime were 33%, 28%, 15%,
and 15%, respectively,in pilot-scalefurnaceinjectiontests at a Ca/S02
molar ratio of 1.5.

Pressure-hydratedlimes producedin a bench-scalepressurehydrator
using Longviewand Round Rock limes resultedin sorbentutilizationvalues
similarto those observedwith commercialLongviewand Round Rock hydrates,
respectively. However, both the commercialand pressure-hydratedlimes were
better sorbentsfor SOz reductionthan the correspondinglimestonesor limes.
Utilizationvalues for the Longviewhydrates,limestone,and lime were 27%,
14%, and 11%, respectively,in pilot-scalefurnaceinjectiontests at a Ca/S02
molar ratio of 1.0. Utilizationvalues for the Round Rock hydrates,
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limestone,and lime were 24%, 13%, and 11%, respectively,when injectedinto a
pilot-scalecombustorat 1825°F and a Ca/S02molar ratio of 1.5.

Pressure-hydrationexperimentswere performedto evaluatethe effect of
pressure_nd water stoichiometryon the reactivityof Marbleheadand Longview
pressurehydrates. Hydrationpressuresrangingfrom 50 psig to 180 psig and
water stoichiometriesrangingfrom 1.0 to 1.6 were evaluated. Resultsfrom
2 x 2 factorialdesign experimentsshowedthat hydrationpressureand water
stoichiometrywere not statisticallysignificantwith respectto sorbent
utilizationfor either the Marbleheador Longviewpressurehydrates,as
determinedby pilot-scalefurnaceinjectiontests.

Marbleheadand Longviewlimestoneswere calcined at 1850°, 2000°, and
2150°F in a muffle furnace. The Round Rock and Mercer limestoneswere
calcinedat 1800°, 2000°, and 2150°F. The resultingcalcinesshowed
decreasingsurfacearea with increasingcalcinationtemperature. Sorbent
injectiontests showed that utilizationvalues for the calcinesdecreasedwith
increasingtemperaturefor all the limestones. Pressurehydratesprepared
from Marbleheadand Longviewcalcinesproducedat 2000°Fdemonstratedbetter
utilizationthan pressurehydratespreparedfrom calcinesproducedat 1850°
and 2150°F. Pressurehydratespreparedfrom Round Rock and Mercercalcines
produced at 1800°Fdemonstratedbetterutilizationthan pressurehydrates
preparedfrom calcinesproducedat 2000° and 2150°F.

2.2.2 Task B. EnhancedSorbentReactivity/Utilization

Increasedsorbentreactivitydecreasesthe amountof sorbentnecessary
to achievea specificlevel of S02 control. In addition,reducedsorbent
requirementsshould result in reducedcombustionsystem impactsand lower
operatingcosts, thus improvingthe economicsof furnace injectiontechnology.
The use of additivesand sorbentrecyclehave the potentialto increas_
overallsorbent utilization. The objectiveof Task B, EnhancedSorbent
Reactivity/Utilization,was to determinethe effect of selectedadditiveson
sorbentreactivity.

Six additivesto improvethe sorbentreactivity/utilizationof calcium-
based sorbentswere evaluatedusing commercialMarbleheadlime as the base
sorbent. The additivesincluded10% aqueoussolutions(by weight)of NaOH,
NaHC03,NaSi03,CaCl2,and acetic acid, and a 25% solutionJf ethanol. The
NaSi03solutionwas actuallya saturatedmixture of NaSiOzin water that was
weighed as 10% of the final mixture. The aqueoussolutionswere used to
hydratethe Marbleheadlime using 40% excesswater under both atmosphericand
pressure-hydrationconditions. Sodium-basedadditiveswere previously
identifiedas improvingthe utilizationof calcium-basedhydratesand,
therefore,they were includedas a basis for comparisonwith previouswork
(13-15).

Although the atmospheric hydrates appeared to result in slightly higher
utilization than the pressure hydrates in furnace injection tests, the
difference was not significant when the standard deviation for the data was
considered. Overall, the additives had very little effect on sorbent
utilization when compared to the utilization values typically observed for
Marblehead pressure hydrate.
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2.2.3 Task C. CombustionSystem Operability

The applicationof dry scrubbingtechniquesand specificallyfurnace
injectiontechnologyin a commercialboiler is contingenton the overall
performanceof the combustionsystem. Introducinga sorbentinto the system
increasesthe ash loadingwhich affectsash depositionrate, and also places
additionalstress on particulatecontroldevices. Pilot-scalecombustion
tests were performedto characterizethe operabilityof variouscoal/sorbent
combinations. The coals were selectedon the basis of marketability,
geographicallocation,rank, and previoususe in other furnaceinjection
programs. High-calciumpressure-hydratedlime was preparedin the EERC bench-
scale pressure hydrator.

The impact of furnacesorbent injectionon ash deposition,electrostatic
precipitator(ESP) performance,and baghouseperformancewas evaluatedin
pilot-scalecombustiontests using IllinoisNo. 6 bituminouscoal/Marblehead
pressure-hydrate,Monticello,Texas, lignite/RoundRock pressurehydrate;and
PittsburghNo. 8 bituminouscoal/Mercerpressurehydratefuel/sorbent
combinations. Each coal was fired in the ash-foulingcombustorto evaluate
foulingpotential, sorbentutilization,and ESP efficiency. One test was
conductedwith each coal without sorbentinjectionto establishbaseline
characteristics. Two additionaltests were performedwith sorbentinjection,
with targeted SO2 reductionsof 50% and 90%, representingSO2 controllevels
(priorto the 1990 Clean Air Act Amendments)for retrofitand new
installations,respectively. The same test matrixwas also performedusing
the PTC, with emphasisplacedon sorbentutilization,particulate
characterization,and ESP or baghouseperformance.

Ninety percentS02 controlwas not achievedduring tests with Illinois
No. 6/Marbleheadpressurehydratedue to sorbentfeeder limitations. After
the IllinoisNo. 6 tests,the sorbentfeed systemwas modified to allow higher
sorbentfeed rates for tests with high-sulfurcoal and/or inferiorsorbent
materials. A Ca/S02molar ratio of 1.2 was necessaryto achieve50% S02
control, and 75% S02was achievedat a Ca/SO2 molar ratio of 2.2. ESP
performancedecreasedsubstantiallywith increasedsorbentaddition.
Particulatecollectionefficiencydecreasedfrom 96% to 67% as sorbent
injectionincreasedparticulateloadingsat the ESP inlet from 1.6 to
6.5 grains/scf. Correspondingly,bulk ash resistivityincreasedfrom 1012to
1014ohm-cm. Although sorbentinjectionincreaseddepositionrate during
ash-foulingtests with the IllinoisNo. 6 coal and the Marbleheadpressure-
hydratedlime, probe depositscontinuouslysloughedoff the probes indicating
that the deposits were weak and could be easily removedwith conventional
soot-blowingequipment.

For the Monticellolignite/RoundRock pressurehydratefuel/sorbent
combination,a Ca/SO2 molar ratio of 2.1 to 2.3 was necessaryto achieve50%
S02 control, and a ratio of approximately4.8 was requiredfor 90% S02
control. The high ash loadingdue to fuel ash contentand sorbentinjection
resultedin high convectivepass depositionrates,but the depositswere
friableand of the type that would be easily removablewith frequentoperation
of conventionalsoot-blowingequipment. ESP performancedecreased

i
substantiallywith increasedsorbentaddition. Particulatecollection
efficiencydecreasedfrom 95% to 68% as sorbent injectionincreased
particulateloadingsat the ESP inlet from 2.6 to 4.5 grains/scf,and the bulk
ash resistivityincreasedfrom 1012to 1013ohm-cm. Particulateemissionsfrom
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the baghouseduring thP PTC tests actuallydecreasedwith increasingsorbent
injection,but at the expenseof increaseddust cake resistanceand baghouse
differential pressure.

For the PittsburghNo. 8 bituminouscoal/Mercerpressurehydrate
fuel/sorbentcombination,a Ca/S02molar ratio of 1.0 to 1.7 was necessaryto
achieve 50% S02 control, and a Ca/SO2 molar ratio of 3.0 to 4.0 was required
for 90% S02 control. Furnacesorbentinjectionincreasedash depositionrate
to a moderate level, but the depositswere very friable,indicatingthat
conventionalsoot-blowingequipmentwould easily controlconvectivepass
deposition. ESP performancedecreasedfrom 92% to 71% collectionefficiency
with increasingsorbent injectionas mass loadingat the ESP inlet increased
from 1.9 to 9.1 grains/scf. Particulateemissionsfrom the baghousedecreased
with increasingsorbent injection,but again at the expenseof increasing
baghousedifferentialpressure. In this case, the specificdust-cake
resistancedecreasedwith increasingsorbentinjection,indicatinga more
cohesive/porousdust cake.

Flue gas humidificationexperimentswere performedusing the pilot-scale
combustionsystem fired using rlaturalgas with steam as the humidification
medium. In all pilot-scalecombustiontests performed,flue gas
humidificationwith steam increasedsorbentutilization. Sorbentutilization
increasedfrom 30% to 50% with hydrate injectionat 500°F,and particulate
collection in a baghouseoperatedat 190°F when flue gas moisturewas
increasedfrom 15% to 24% by volume. Increasingsorbentresidencetime in the
duct by injectingthe hydrated lime at 1250°Fresultedin 55% sorbent
utilization.

2.2.4 Task D. NO-_ NO2Conversion

Sodium-basedsorbents,specificallysoda ash, have been used for S02
control in utility boiler systemsusing spray dryer technology. Demonstration
projects have resulted in 70% to 80% SO2 controlusing dry injectionof
nahcoliteand trona upstreamof a utilitybaghouse. However,concern
developedwith respectto the associationof sodium-basedsorbentsand plume
colorationdue to the NO2 concentrationin the stack gas. A westernutility,
which employed a soda ash spray dryer, experiencedplume colorationdue to
high NO2 concentrationsin the stackgas (16). A utility-scaledemonstration
of dry sorbent injection,using sodium-basedsorbents,resultedin a brown
colorationof the stack gas due to NO2 formation(17). A bench-scalefixed-
bed reactor study was undertakenin Task D to identifythe mechanisms
responsiblefor the productionof NO2 from NO as it pertainsto gas stream
cleanupprocessesand to developmethodsto reduce/eliminateNO2 emissions.

Initially,screeningtests were conductedto evaluatethe effectof
temperature,humidity,S02 concentration,and 02 concentrationon NO2
formation. A full factorialexperimentaldesign in four variablesand two
levels with 2 conditionsrepeated(for a total of 18 tests)was performedfor
each of four sorbentmaterials: sodium carbonate,sodiumsulfite,calcium
hydroxide,and calciumcarbonate. The independentvariableswere S02
concentration(0 ppm and 3000 ppm), 02 concentration(0% and 6% by volume),
H20 concentration(0% and 20% by volume),and temperature(160°Fand 350°F).
Only sodium carbonateand calciumhydroxideproducedmeasurableamountsof
NO2. The amount of NO2 observedduring the tests with calciumhydroxidewas
only slightly above the baselineNO2 concentration. Formationof NO2 was
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observed at 4 of the 16 test conditionsusing sodiumcarbonate. Analysisof
the data showed that humiditywas not statisticallysignificantrelativeto
the other three variableswith respectto NO2 production.

A three-factorialexperimentaldesign in two levels was added to Task D
in order to I) determinethe most significantvariablein NO2 formation,
2) replicateruns to provideadditionaldata for analysisof variance,3)
screen additionalsorbentmaterials,and 4) provideadditionalinformationfor
determiningreactionmechanisms. The variablesevaluatedwere S02
concentration(1500and 3000 ppm), 02 concentration(3% and 6% by volume),and
temperature (250°Fand 350°F). Three new sorbentmaterialswere evaluatedin
additionto sodiumcarbonatefrom the first experimentaldesign: calcium
sulfite,Muntana DakotaUtility (MDU) fly ash, and ColoradoPower & Light
(CPL) fly ash.

Of the parametersevaluateC,temperature,02 concentration,SO2
concentration,and H20 concentration,only the effect of temperaturewas
statisticallysignificantat tne 90% confidencelevel. Oxidationof NO to NO2
increaseddramaticallyas the reactortemperatureincreasedfrom 250°F to
350°F. The rate of NO2 formationincreasedwith increasedsulfationrate.
Therefore,materialssuch as Na2C03,which are highly reactivewith respectto
S02 at the conditionsevaluated,resulted in the formationof higherNO2
concentrations.

2.2.5 Task E. ProcessEconomics

An engineering/economicevaluationcomparingfurnacesorbentinjection
with a calcium-basedspray dryer system for both a retrofit(50% SO2 control)
and new facility (90%SO2 control)was completedas part of the previous
EERC/DOE CooperativeAgreement. A new economicevaluationwas scheduledfor
completion in the thirdyear of the SimultaneousSOx/NOxControlprojectif
substantialimprovementin S02 controlor sorbentutilizationwas demonstrated
in the first two years of the project. Improvedsorbentutilizationwas not
achieved,and it was concludedthat furtherpilot-scalefurnaceinjectionwork
was unnecessaryunder the EERC/DOECooperativeAgreement. Furtherwork in the
area of furnace sorbentinjectionwould be useful only in supportof site-
specificutilityevaluationsof the technology. Therefore,a new economic
evaluationwas not performed,and the focus of the SOx/NOxControlprojectwas
redirectedto advancedNO. control.

3.0 CATALYTICFABRIC FILTRATIONFOR SIMULTANEOUSNOxAND PARTICULATECONTROL

In responseto restrictiveNO, regulationsin Europe,selectivecatalytic
reduction (SCR) technologyhas been installedon over 30,000MW of full-scale
utility boiler capacityas a postcombustionNOxcontroltechnique(18).
Applicationof conventionalSCR technologyto coal-firedsystemspresents
several potentialproblems,includingpluggingof the catalystsupport
structureby fly ash, deactivationof the catalystby fly ash componentsand
S03,depositionof sulfurand ammoniaby-productson air-heatersurfaces,and
waste product handling/reuse/disposal.

The primarydifferencebetweenthe catalyticfilterbag developedby
Owens-CorningFiberglasInc. (OCF) and conventionalSCR technologyis the
catalyst support. ConventionalSCR technologyuses a honeycombor plate



support structure. The catalyticfabric is preparedby coatingthe surfaceof
an S-glass (high-temperature)cloth, resultingin a catalystbondedto the
surface of the fabric. The catalyticcoatingconsistsof a combinationof
titanium isopropoxideand vanadiumtri-n-propoxideoxide, sometimescalled
"sol-gel"materials. The sol-gelshydrolyzeduring air-dryingof the coated
fabric, resultingin a highly porous layer. The fabric is then cured at low
temperatureto drive off any residualorganicsand partiallydensifythe
coating. The final product is a highly porouscatalyticcoatingstrongly
bonded to the surfaceof the glass fabric.

Initialdevelopmentof the catalyst-coatedwoven fabricswas conducted
in-houseby OCF. Bench-scaleevaluationof the catalyticfabricsusing
simulatedflue gas resultedin NOx reductionas high as 90_ at 660°F and a
face velocity of 2 ft/min. After severalyears of development,OCF contracted
with the EERC to evaluatethe NOxreductioncapabilityof fifteencatalytic
fabrics using a slipstreamof flue gas from the PTC fired with Velva North
Dakota lignite. Based on the resultsof the initialtests, the catalytic
fabric filter conceptdemonstratedover 90% NOx reductionin a flue gas
stream, promisingcatalyst/fabricself-abrasioncharacteristicsand the
potentialfor substantiallyreducedcost when comparedwith conventional
SCR/fabric filtrationtechnology. Catalyticfabric filterdevelopmentwas
discontinuedin the fall of 1986 due to lack of funding.

Developmentof the catalyticfabric filter conceptwas resumedby OCF
and the EERC in April 1988 under the DOE CooperativeAgreement. OCF
activitieswere funded in-houseand involvedthe preparationof catalytic
fabric samplesfor testingat the EERC. The work focusedon bench-scale
experimentsto show continuitywith previouswork and to screensamplesof
catalyst-coatedfabricunder both simulatedand actual flue gas conditions.

3.1 Goals and Objectives

The overall objectiveof the catalyticfabric filterprojectwas the
developmentof a catalyticfabric filter for NOx and particulatecontrolthat
will provide high removalefficiencyof NO_ and particulatematter,acceptably
long bag and catalystlife, and an economicsavingsover a conventionalSCR
system and baghouse. The specificgoal of the programwas the developmentof
a catalyticfabric filterthat will provide:

• 90% NO_ removalwith <25-ppmammoniaslip.

• A particulateremovalefficiency>99.5%.

• A bag/catalystlife of >i year.

• A 20% cost savingsover conventionalbaghouseand SCR control
technology.

• Compatibilitywith SO2 removalsystems.

• A nonhazardouswaste material.

The CatalyticFabric Filtrationprojectwas organizedintothe following
tasks to meet the projectobjectives" Task A, Catalyst/FabricDevelopment;
Task B, Fabric ScreeningTests; Task C, Bag Evaluationand ParametricTests;
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and Task D, Bag Durabilityand ProcessAssessment. Tasks A and B were l
completedas part of the Flue Gas Cleanupprojectunder the Cooperative
Agreement. Furtherdevelopmentof the catalyticfabric filterconceptwith
respect to bag evaluationand durabilityand processassessmentcontinuedwith
pilot-scaletesting under a competitiveaward from DOE/PETCwith commercial
cost-shar_participants. Detailedsummariesof the work completedin Tasks A
and B were presentedin the Final TechnicalReports for the periodsApril I,
1988, through June 30, 1989, and July I, 1989, throughJune 30, 1990, and in
the SemiannualTechnicalProgressReport for the period JanuaryI, 1991,
throughJune 30, 1991 (19-21).

3.2 Accomplishments

3.2.1 Task A. Catalyst/FabricDevelopment

The purposeof Task A was to demonstratecontinuitywith previouswork
conducted for OCF and to screen severalsamplesof catalyticfabric in a
bench-scalefabric filter system using simulatedflue gas. Although promising
resultswere obtainedpreviously,continuedbench-scalework was necessaryto
develop the productthat would give the best combinationof high NOx removal
efficiency,low ammoniaslip, high particulateremovalefficiency,and long
catalyst/baglife. The fabricweave, coatingcomposition,and coatingprocess
were adjusted to develop fabricsfor furthertesting. Two seriesof
parametricexperimentswere completedalong with screeningtests to evaluate
sixteencatalyticfabric samples.

A series of shakedowntests was completedwith the bench-scalefabric
filter system to determinesystem operabilityand repeatpreviousNO_
reductionresults. However,poor NOxreductionwas observedusing three
fabric sampleswhich previouslyhad producedgood NO2 at reduction. After
severalmore tests, catalystaging, overheatingof the catalyticfabric,and
simulatedversus actual flue gas were eliminatedas causesof the poor NO_
reductionresults. Thermaldecompositionproducts (silicondioxideand
siloxanes)from the siliconegasketmaterial used in the fabricfilter holder
were eventuallyidentifiedas the reason for the destructionof the NO,
reductioncapabilityof the fabrics.

After the bench-scalefabric filter holderwas modifiedso that the
siliconegasket materialwas no longerrequiredto obtain a good seal, a full
factorialparametrictest matrix with four factorsand two levelswas
completedusing the same fabric sample for all sixteentests. The independent
variables includedNO_ concentration,S02 concentration,ammonia/NO_molar
ratio, and air-to-clothratio. The dependentvariableswere NO_removal
efficiency,ammoniaslip, and SO3 production. The test matrixwas later
repeatedwith Fabric#2, which had performedwell (94% NOxremovaland 35-ppm
ammonia slip) in the fabric screeningtests describedlater in this section.
Fabric #2 was not textured,and no undercoatv_asapplied. It was prepared
using seven coats of a O.2-M solutionof V/Ti catalyst. In addition,three
center point experimentswere performedto test for curvature,and one test
conditionwas repeatedfour times to increasethe number of degreesof
freedom.

Statisticalanalysisof the resultsof the experimentsshowedthat NO_
concentration,air-to-clothratio, and the interactionbetweenNOx
concentrationand air-to-clothratio had the greatest effecton NOxremoval



efficiency. At a low air-to-clothratio (1.5 ft/min),an increasein NOx
concentrationfrom 300 to 1000 ppm resultedin an increasein NOx removal
efficiency. When the air-to-clothratio was increasedto 4 ft/min,an
increasein NO. concentrationhad no effect on NO, removalefficiency.
Increasingthe air-to-clothratio from 1.5 to 4.0 ft/min resultedin a
decrease in the NO, removalefficiencyindependentof NO. concentration.

The ammonia/NO,molar ratio, the SO2 concentration,and the interaction
betweenthe NO. concentrationand the SO2 concentrationaffectedNO. removal
efficiencyto a lesser degree. As expected,increasingthe ammonia/NOxmolar
ratio from 0.8 to 1.1 increasedthe NOx removal. But due to the limited
range, the statisticalsignificanceof the effectwas small. Althoughthere
was inconsistencyin the data, increasingthe SO2 concentrationfrom 300 ppm
to 3000 ppm appearedto decrease the NO. removalefficiency.

Sixteencatalyst-coatedfabric sampleswere evaluatedat constant
conditionsin fabric screeningexperimentsusing the bench-scalefabric filter
holder and simulatedflue gas system. The tests were performedto evaluate
the effect of cloth type (texturedversus nontextured),fabricundercoat
(none, silica/titanium,or silica/zirconium),catalystquantity(one versus
two coats of 1.0-M 25% V and 75% Ti), and catalystcomposition(V/Ti,V/Ti/AI,
V/Ti/Zr, or CuO) on NO. removaland ammoniaslip. Brunauer-Emmett-Teller
(BET) surfacearea measurementswere performedon all fabric samplesboth
before and after exposureto flue gas.

Prior to initiatingthe fabric screeningtests, the simulatedflue gas
system was modified to includedust injection. Fly ash was not injected
continuouslyduring the fabric screeningtests. It was initiatedat the
beginningof each test to develop a differentialpressureacrossthe fabric
sampleof between2 and 4 inchesof water. Fly ash injectionwas discontinued
when the differentialpressurereached4 inchesof water to preventproblems
with controlof the flue gas flow rate.

Resultsfrom the fabric screeningtests showedthat modificationof the
catalystcompositionby adding small amountsof aluminaor zirconium
refractorycomponentsto the originalcatalystto expandthe operating
temperaturerange substantiallyreducedthe catalyticreactivityof the
fabricstested. Applicationof a refractoryundercoatto improvethe abrasion
resistanceof the glass fabric and to possiblydevelopgreatersurfacearea
had no effect on NO. removalor ammoniaslip.

The NOx removalefficiencyand ammoniaslip data did not indicatean
advantageone way or anotherfor fabric samplespreparedusing multiplecoats
of a low-concentrationsolutionversus a singlecoat of a high-concentration
solution. The reactivityof the catalyst-coatedfabric was improvedby
increasingthe amountof catalyston the fabric. Increasesin NO, removal
efficiencyand decreasedammoniaslipwere observedwhen the quantityof
catalystplaced on the fabricwas increasedthroughthe use of multiple
coatings of the catalyticsolution.

The use of a texturedfabric improvedthe catalyticperformanceof the
catalyst-coatedfabricstested. Fabriccomparisonsin one case showed an
increasein NO. removalefficiencyfrom 82% to 93% and a decreasein ammonia
slip from 56 to 35 ppm. In a second case, comparisonof two fabric samples
that providedessentiallyidenticalNO. removalvalues (84%versus 85%),
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showed that ammoniaslip was substantiallyless for the texturedfabric (2 ppm
versus 53 ppm).

3.2.2 Task B. FabricScreeninqTests

The purposeof Task B was to evaluateeight of the best performing
fabricsfrom Task A, while filteringfly ash from a pulverizedcoal-fired
combustor. In an actual flue gas environment,the effectof submicron
particles,volatilespecies,and trace elementswhich may affectcatalyst
activitycould be evaluated. The O.8-ft2 fabric filter holderand oven used
with simulatedflue gas in Task A were used to filtera slipstreamof flue gas
from the PTC. The criteriafor selectionof the catalyticfabricsused in
Task B were high NOX removalefficiencyand/or low ammoniaslip based on Task
A results. Four coals were used in the fabric screeningtests: a medium-
sulfur,washed Illinois#6 bituminous;a high-sulfurPyro Kentuckybituminous;
a Jacobs Ranch subbituminous;and a South HallsvilleTexas lignite. Each of
the eight fabricswas tested at air-to-clothratios of 2, 3, 4, and 6 ft/min
with the baselinecoal (washedIllinois#6). Ammoniaslip and S03
measurementswere made at each air-to-clothratio, with the ammonia/NO,molar
ratio held constantat 0.9.

There was a substantialdecrease in catalyst-coatedfabricperformance
with increasedair-to-clothratio for all the fabricstested. For the fabric
samplestested, the maximum air-to-clothratio at which 85%-90%NO, removal
could be achievedwas 3 ft/min. Although there was some variabilityin the
data, the NO. removalefficiencyappearedconstantwith time for the short-
term (8-hour)tests completed. Fabric#2 (7 coats of O.2-M 25% V and 75% Ti,
no refractoryundercoat,and a texturizedweave) appearedto providethe best
performancewith respectto high NOxremoval efficiencyand low ammonia slip.
Fabric #13 (i coat of I-M 25% V and 75% Ti, 50% Si and 50% Ti undercoat,and
texturizedweave) also providedgood performance.

Both the concentrationof vanadiumon the fabricand the BET surfacearea
correlatestronglywith NO. removalefficiency. When the catalyst-coated
fabric was exposedto flue gas, both the quantity of catalyston the fabric
and the total surfacearea decreased. However,the percentagedecreasein
surfacearea is greater, indicatingthat a high percentageof the total
surfacearea is locatedat or near the surfaceof the catalystcoating. A
minimum surfacearea of 4.5 to 5 m2/g and a vanadiumconcentrationof 6.5-mg
to 7-mg vanadiumper gram of fabric are necessaryto achieve85%-90%NOx
reductionat an ammonia/NO,molar ratio of 0.9.

Followingthe fabric screeningtests, Fabrics#2 and #13 were selectedto
evaluatethe effectsof coal type on catalyst-coatedfabricperformance. Both
fabricswere tested using each of the three remainingcoals (SouthHallsville
Texas lignite; Jacobs Ranch subbituminous;and Pyro Kentuckybituminous)at an
ammonia/NO,molar ratio of 0.9 and a flue gas temperatureof 650°F. For the
first 6 hours of the test, the air-to-clothratio was heldconstantat 3
ft/min. At the end of each test, the air-to-clothratiowas adjustedto 2
ft/min for I hour, and then to 4 ft/min for i hour.

Althoughthree of the coals, the two bituminouscoals and the
subbituminouscoal, did not appear to affect the performanceof the catalyst-
coated fabric samples,the South HallsvilleTexas lignitedid result in lower
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NO, removaland higher ammonia slip. This was probablycaused by pinholes
that formed in the dust cake, resultingin flue gas channelingthroughthe
fabric.

Two catalyst-coatedfabric sampleswere evaluatedin conjunctionwith the
setup and testing of a nitrous oxide (N20)analyzer. The catalyticfabrics
were evaluatedin a slipstreamof flue gas from the PTC firedwith washed
Illinois#6 bituminouscoal. Nitrousoxide concentratior._were measured at
the inlet and outlet of the fabricfilter holderto verify that N20was not
produced as a result of the NO, reductionreactionsoccurringon the surface
of the catalyst-coatedfabric.

Fabric #17 was similar to a previouslytested fabric (#2),except that a
substantiallyless expensivevanadiumsourcewas used and a high molecular
weight organicwas added. The new catalystcoatingwas highly amorphous,
reducing the potentialfor catalystloss from the fabric surface. The other
fabric (#8) was iron on titania,which may increasethe temperaturewindow for
catalyticactivityor cost less than vanadium-basedcatalysts.

The fabric sample coated with a new and less expensivesourceof vanadium
performedas well as a similar fabricsample coatedwith the originalvanadium
catalyst,which may result in substantialcost savings. The fabricsample
coated with an iron-basedcatalystshowedpotential. A NO, removalefficiency
of 64% at an air-to-clothratio of 2 ft/minwas observedwithout optimizing
the iron-basedcatalystcoating process. The N20 concentrationranged from
3.5 to 6.0 ppm, which is consistentwith resultsobtainedby other researchers
for pulverizedcoal-firedboilers (22,23). There was minimalconversionof
NO. to N20 (<I ppm) across the catalyst-coatedfabric.

4.0 FINE PARTICULATEEMISSIONS/CONTROL

PresentNew Source PerformanceStandards(NSPS) for utilitycoal-fired
boilers limit particulateemissionsto 0.03 Ib/millionBtu and 20% or lower
opacity. The controldevice removalefficiencyrequiredto meet this standard
varies from about 99% to 99.9%, dependingon the heatingvalue and ash content
of the coal. Electrostaticprecipitatorsand fabric filtersare the
technologiesthat have most often been employedto meet the currentstandard.
Although the best proven controltechnologyfor fine particulatematter
appearsto be fabric filtration,if properlydesigned,both of these
technologieshave been successful,in most cases, in meetingthe current
standard. However,the removalefficiencyof both electrostaticprecipitators
and baghousesis significantlyreducedfor fine particlesless than 2 _um.
Furthermore,presentemissionsstandardsdo not addressfine particle
emissions. Emissionsof fine particlesare of concern becausethese particles
are likely to be deposited in the lower respiratorysystemthroughnormal
breathing. The problem is furthercompoundedbecausehazardoustrace elements
such as seleniumand arsenicare known to be concentratedon these fine
particles. Controldevice removalefficiencyis lowest for respirable
particles,so a situationexistswhere the most hazardousparticlesfrom coal
combustionare collectedwith the lowestremovalefficiency. In additionto
causing adversehealth effects, fine particleemissionshave an impacton
atmosphericvisibility. Particleswhich are the most efficientat scattering
light are in the 0.1- to 2-/Imrange. These particlesdo not readilysettle
out of the atmosphereand are subjectto long-rangetransport. When present
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in sufficientconcentrations,these fine particleswill cause serious
visibility impairment. Therefore,the emissionof fine particlesis an issue
because of potentialadversehealth effectsand visibilityimpairmentin the
atmosphere.

Early work involvingfly ash characterizationdemonstratedthe dependence
of fly ash collectabilityin fabric filterson coal type (24,25). Experiments
were initiatedto determineif fly ash characteristicscould be modifiedusing
additivesto enhancefly ash collectability. Results showedthat fine
particulateemissionsand baghousepressuredrop could be reducedwhen small
amountsof ammoniaand S03 were injectedinto the flue gas upstreamof a
baghouse (26,27). An assessmentreportwas prepared to comparethe technical
and economicmerits of flue gas conditioningapplied to fabric filtrationwith
other existing or emergingmethods of fine particulatecontrol (28). From
April 1987 throughMay 1988, the focus of the Fine ParticulateControlproject
was on the completionof bench-scaleexperimentsto study the mechanismsof
the flue gas conditioningprocess. The resultsshowed that flue gas
conditioningreducesemissionsby enhancingthe abilityof the fly ash to
bridge large pores and pinholes and by inhibitingthe reentrainmentof ash
from the dust cake/fabricinterface(29). From May 1988 throughDecember
1989, work continuedunder a competitiveaward from DOE/PETC. The objective
of the projectwas to deraonstratethe effectivenessof flue gas conditioning
for improvedfine particulatecontrolin reverse-gascleanedbaghouses. The
results showed that the benefitsof reducedpressuredrop due to flue gas
conditioningwere retainedover multiplecleaningcycles,with no problems
with dust cake buildupor bag cleaning (30). During the last threeyears of
the CooperativeAgreement,work focusedon bench-scaletests to predictfabric
filter performanceand to model the conditioningprocess (20,21,31,32).The
tests showed that conditioningincreasesthe tensile stengthof fly ash at
constant porosityand also reducesthe packingtendency. Porosity
measurementsshowedthat both aeratedand packed porositiesare significantly
increasedfor conditionedashes comparedto baselineashes without
conditioning. Bench-scalereentrainmentexperimentswere performedto measure
the reentrainmentpotentialof fly ash from the surfaceof a fly ash filter
cake and relate it to the measuredcohesivestrength. A joint ventureproject
funded by the DOE, the ElectricPower Research Institute(EPRI),and the
Canadian ElectricAssociation(CEA),completedin October 1992, evaluatedthe
effectivenessof flue gas conditioningfor improvingthe performanceof pulse-
jet baghouses.

4.1 Goals and Objectives

The objectivesof the Fine ParticulateEmissionsprojectfor the period
April 1986 throughMarch 1987were to I) make a technicaland economic
comparison betweenflue gas conditioningas a method of reducingfine
particulateemissionsfrom a fabric filter and other state-of-the-artor
emergingtechnologies,and 2) determinethe effectivenessof flue gas
conditioningwith ammoniaand sulfurtrioxide (S03)for reducingfine
particulateemissionsfrom a fabricfilter for severalcoals. Work in the
second year of the CooperativeAgreementfocusedon the fundamentalash
propertiesthat control fine particlepenetrationthrougha fabricfilter
includingI) constructionand setup of a bench-scalefabricfiltrationsystem;
2) tests with reentrainedash at ambientconditionsto relate penetration
behavior to coal type, ash characteristics,and conditioning;and 3) tests
with ammonia and S03 injectedupstreamof the bench-scalefilter to determine
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conditioningeffects and the effectof conditioningagent concentrationsand
temperature. Work in the area of fine particulateemissionswas not funded
under the third year of the CooperativeAgreement. However,work continued
under a competitiveaward from DOE/PETCto evaluateflue gas conditioning
appliedto reverse-gasbaghouses. The general objectiveof the fine
particulatecontroleffort duringthe last three years of the Cooperative
Agreementwas to developmethodsto help characterize,control,and model fine
particulateemissionsfrom a fabricfilter. Characterizationgoals included
the developmentof methodsto measurethe cohesive strengthand reentrainment
potentialof fly ashes. Controland modeling goals involvedwork to relate
measured ash characteristicsto the level of fine particle emissionsfrom
fabric filters.

4.2 Accomplishments

The technicaland economicassessmentfocusedon a literaturereview in
the followingareas: I) a reviewof the basis for fine particulatecontrol,
includingdiscussionof the health effectsof particulatematter in the
atmosphere,the effect of fine particulateemissionson visibility,and
currentand possible future fine particulatecontrolrequirements;2) a
technicaland economic evaluationof existingparticulatecontrol
technologies,includingflue gas conditioningappliedto fabric filters;and
3) evaluationof the fundamentalcollectionand penetrationmechanismsin
Fabric filtration,basic ash propertieswhich affect fine particulate
emissions,and previousresultswith flue gas conditioning. Pilot-scale
experimentswere performedto determinethe effect of injectiontemperature
and coal type on the overalleffectivenessof conditioning.

Resultsfrom the pilot-scaletests showed that fine respirable
particulateemissionscould be reducedby up to 4 orders of magnitudeby
injectingsmall amounts of ammoniaand S03 upstreamof a baghouse. This
correspondedto an increasein particulatecollectionefficiencyfrom 90% to
99.999%for some difficult-to-collectashes. Tests with both ligniteand
higher-rankcoals showed that conditioningis an effectivemethod of greatly
reducingfine particulateemissionsfrom a fabric filter. Baghousepressure
drop was also reduced,making the processmore economical. Conditioningwould
add approximately9% to the cost of operatinga conventionalreverse-gas
baghouse;however,this cost could be more than recoveredif pressuredrop
and/or baghousesize are reduced. Possibleapplicationsof flue gas
conditioningappliedto fabricfiltrationincluderetrofitapplicationswhere
emissionsor pressuredrop are higher than acceptableor retrofitor new plant
applicationsto meet strictercontrolrequirements.

Bench-scaleexperimentsin the secondyear of the CooperativeAgreement
confirmedprevious pilot-scaleresultswhich showedthat flue gas conditioning
is an effectivemethod of reducingfine particleemissionsfrom a fabric
filter. Pressuredrop is reducedbecauseof an increasein dust cake porosity
which results in a reducedspecificdust cake resistancecoefficient(K2).
Conditioningreducesemissionsby enhancingthe abilityof the ash to bridge
large pores and pinholes,by inhibitingthe reentrainmentof ash from the dust
cake/fabricinterface,and by reducingK2, which resultsin lower pinhole
velocity. The mechanismsof emissionsreductionare a direct resultof
increasingthe cohesive strengthof the ash throughthe conditioningprocess.
A review of penetrationmechanismsshowed that there is a theoreticalbasis
for lower emissionswith increasedbulk cohesivestrength. Pressuredrop
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reductionas a result of conditioningoccurs due to an increasein dust cake
porosityas theoreticaland empiricalmodels predict.

Work during the last three years of the CooperativeAgreementfocusedon
the developmentof methodsto measurethe cohesivepropertiesof fly ash and
relate those propertiesto filtrationbehavior. The tensilestrength,
porosity,pore-bridgingability,and reentrainmentpotentialof baselineand
conditionedfly ashes were measuredto determineif they could be used as
predictorsof fabric filterperformance.

Most of the availablemethodsfor measuringthe shear or tensilestrength
of bulk powderswere developedfor soil mechanicsstudies,and, therefore,
might not adequatelydescribethe behaviorof fine powderssuch as fly ash.
After reviewingthe availablemethodsfor measuringthe cohesivepropertiesof
bulk powders, an instrumentcalleda Cohetester,manufacturedby Hosokawa
Micron International,was selectedbased on successfultrial tensilestrength
measurementsof baselineand conditionedfly ashes. The Cohetestergives a
direct measurementof the tensilestrengthof a bulk powder sample. The
aeratedand packed porositiesof the fly ash sampleswere measuredwith a
Powder CharacteristicsTester,also manufacturedby HosokawaMicron
International. A descriptionof the PowderCharacteristicsTester and the
Cohetester,along with test procedures,was given in the Annual ProjectReport
for the period July I, 1989, throughJune 30, 1990 (20).

Initialmeasurementsconductedwith the Cohetestershowedthat one of the
effects of conditioningon fly ash characteristicsis an increasein tensile
strengthat constant porosityor an increasein porosityat constanttensile
strength. When tensilestrengthwas plottedas a functionof porosity,the
primaryeffect of conditioningwas a shift in the curve upward (highertensile
strength)and to the right (higherporosity). Initialresultsalso showed
that the tensile strengthmeasurementsmay be affectedby the ambientrelative
humidity.

Reentrainmentand pore-bridgingexperimentswere performedusing
precisionelectroformednickel sieveswith squareopeningsin place of a
fabric. Five differentpore sizes were evaluated: 300 /im,150 /im,75 jum,40
pm, and 20 Mm. Measurementof pore-bridgingand reentrainmentof conditioned
and baseline fly ashes was conductedas a functionof pore size and face
velocity. Resultsof the pore-bridgingtests showedthat conditioning,face
velocity,and pore size are criticalparametersin determiningwhether
complete pore bridgingwill occurwithout reentrainmentor pinholeformation.
The data were well-behavedin terms of establishingthe maximumvelocityat
which bridgingoccurs for a given pore size. Pore-bridgingand reentrainment
tests showed that conditionedash is more effectiveat bridgingpores over the
entire velocity range tested (I, 2, 4, and 8 ft/min). Althoughthe porosity
of the conditionedash is much greaterthan the porosityof the baselineash,
and the tensile strengthat filtrationporositiesof the conditionedash is
lower than the tensilestrengthof the baselineash, the pore-bridgingability
of the conditionedash is superior. An apparentexplanationis that the
particle-to-particlebindingforcesare greaterwith conditioning.
Reentrainmenttests performedsubsequentlywith size-fractionatedbaselineand
conditionedfly ashes suggestedthere may be a change in the pore-bridging
mechanismwhen the particle sizeapproachesthe pore size.
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Additionalexperimentswere performedto evaluatethe effect of particle
size and relativehumidityon tensile strengthand porosity. Measurements
were conductedusing samples stored under controlledconditions in a humidity
chamber. The effect of particle size was evaluatedusing size-fractionated
samplesof baselineand conditionedMonticellofly ash and two pure powders,
ammonium sulfateand calcium sulfatedihydrate.

Test resultsshowed that conditioning,relativehumidity,and particle
size are importantparametersin determiningthe tensilestrength and porosity
of bulk powders such as fly ash. Tests at severalrelative humiditiesshowed
that elevated humidityincreasedthe tensilestrengthat constant porosityfor
some fly ashes, but that the increasewas ash-specific. An increasein
relative humidityfrom 10% to 50% had littleeffecton the tensilestrength
and porosityof pure calciumsulfatedihydrate,but did produce a shift in the
tensilestrengthvs. porositycurve for samplesof ammonium sulfate. The
increase in relativehumidityhad only a small effecton the baseline
Monticello fly ash, but resulted in a major increasein tensile strengthfor
the conditionedfly ash. Therefore,there is an interactionbetween
conditioningand relativehumidity.

The primaryeffect of a smallerparticlesizewas a shift of the tensile
strengthvs. porositycurve toward higher porositiesfor the calcium sulfate
and conditionedfly ash, and a shift toward both higher tensile strengthand
higher porosityfor the ammoniumsulfate. Tensilestrengthmeasurementson
the size-fractionatedMonticellofly ash also showedthat a smallerparticle
size caused a higher tensilestrengthfor eitherthe baseline or the
conditionedash.

Reentrainmenttests conductedat higherrelativehumiditiesshowedthat
increasingthe relativehumidityfrom 15% to 50% did not significantlyaffect
the pore-bridgingabilityof the baselineMonticellofly ash. However,
increasingthe relativehumidityfrom 15% to 50% improvedthe pore-bridging
abilityof the conditionedfly ash, which was consistentwith the tensile
strengthdata. Increasingthe relative humidityfor the conditionedash also
significantlyreducedK2, which was consistentwith the increasedaeratedand
packed porositiesat the higher humidities. Since these correlationsare for
dusts with similarparticle-sizedistributions,they should be valid
indicatorsof fabric filter performancein terms of collectionefficiencyand
dust resistance. For dusts with similarparticle-sizedistributions,the
higher the tensilestrength,the greater the pore-bridgingability,and the
greater the aeratedor packed porosity,the smallerthe K2.

Based on the resultsof the bench-scaleexperiments,the best predictor
of pore-bridgingabilityis tensilestrength,and the best predictorof K2 is
the porositydata. Both tensilestrengthand porositymeasurementscorrelate
with pore-bridgingabilityand K2, but for fly ashes with similarparticle
sizes, tensilestrengthcorrelatesmore stronglywith the pore-bridging
abilityof the dust, and measuredporositycorrelatesmore stronglywith the
K2 of the dust. This impliesthat both measurementsshould be conductedfor
the best predictionof filter performance. The resultsindicatethat any
model for predictingfabric filterperformancemust includeboth face velocity
and particle size.

Bag cleanabilityis anotheraspect of filterperformancethat dependson
the cohesive propertiesof the ash. For dusts with similar particle-size
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distributions,the correlationsimply that the dusts with the highesttensile
strengthsand porositieswill form dust cakes with the lowestK2 values. This
translatesto lower pressuredrop only if the residualdust cake weightdoes
not increase. If a dust has too high a tensilestrength,it may not be
cleaned easily from the bags, and high dust cake weights could result.
Nevertheless,the measured tensile strengthand porosityof a dust can be used
to predictqualitativelypore-bridgingabilityand dust cake resistance,which
are the main indicatorsof filter performance.

5.0 IMPACTOF COAL COMBUSTIONON ATMOSPHERICVISIBILITY/SUMMARYOF LITERATURE
REVIEW ON ATMOSPHERICVISIBILITY

In 1977 Congressadded Section 169A to the Clean Air Act (CAA),which
establishedas a nationalgoal "the preventionof any future,and the
remedyingof any existing,impairmentof visibilityin mandatoryClass I
Federal areas which impairmentresultsfrom manmadeair pollution." The
EnvironmentalProtectionAgency (EPA)defines"visibilityimpairment"as "any
humanlyperceptiblechange in visibility(visualrange, contrast,coloration)
from that which would have existed under naturalconditions." The EPA has
identifiedtwo types of air pollutionthat impairor reduce visibility. The
first is single-sourceimpairmentdefined by the EPA as smoke,dust, colored
gas plumes,or layeredhaze emittedfrom stacksthat obscurethe sky or
horizonand are relatablein a single source or a small group of sources. The
second type is regionalhaze which is widespread,regionallyhomogeneoushaze
from a multitudeof sources,which impairsvisibilityin every directionover
a large area. The EPA has used a phased approachto implementthe visibility
program. Phase I of the program requirescontrolof impairmentthat can be
traced to a single,existing stationaryfacilityor small group of existing
stationaryfacilities. Section 169B was added to the CAA in 1990 to determine
the need for expansionof the visibilityprotectionprogram. It provides
fundingfor continuedresearchon visibilityin Class I Federalareas
includingI) expansionof current visibilityimpairmentmonitoring,
2) assessmentsof currentsourcesof visibilityimpairmentusing regionalair
qualitymodels,and 3) studieson atmosphericchemistryand the physicsof
visibility. Section 169B also calls for the creationof VisibilityTransport
Regionsconsistingof one or more stateswhich, becauseof interstate
pollution,contributesignificantlyto visibilityimpairmentin Class I areas.
After the creationof VisibilityTransportRegions,VisibilityTransport
Commissions(VTCs) (whosemembers includethe governorsof the affected
states)will be formed to address the establishmentof clean air corridors,
restrictionson new construction,and the developmentof long-rangestrategies
for remedyingregionalhaze.

Visibilityhas been the focus of a significantamount of researchfor
over a decade. However,attemptsto accuratelyidentifythe contributionsof
various sourcesto visibilityimpairmenthave been hamperedby the limitations
of air qualitymodels and the lack of understandingof the complexphysical
and chemical processesthat govern the formationof secondaryaerosolsin the
atmosphere.

At the requestof the U.S. DOE-PETC,a task assessingthe impactof coal
combustionon atmosphericvisibilitywas added to the Flue Gas Cleanupproject
of the EERC/DOECooperativeAgreementfor the period July I, 1991, through
June 30, 1992. A literaturereview was conductedto evaluatethe effectof
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fine particulateemissions from coal-firedcombustionsystemson atmospheric
visibility. The followingquestionswere addressedas part of the literature
review"

I. What are the causes of visibilityimpairmentin the atmosphere?
(For example,what sizes and concentrationsof fine particulatesin
the atmospherewill result in significantvisibilityimpairment?)

2. What is the compositionof the visibility-reducingfine particulate
aerosol,and what are the major sourcesof these fine particles?

3. What is the contributionof coal combustionto visibility-reducing
fine particles in the atmosphere?

4. How are pollutants removedfrom the atmosphere,and what is the role
of atmosphericchemistryin the productionof secondaryaerosols?

5. How would reductionof SO2, NO,,and fine particulateemissions

affect visibility?

Visibilityimpairmentin the atmosphereis primarilycaused by light
attenuationby fine particles (<2.5/im). Secondaryfine particulatematter
formed in the atmospherefrom S02 and NOx precursorsis a major source of
these fine particles. Other major constituentsof fine atmosphericparticles
are organics,elementalcarbon,ammoniumion, soil dust, and water vapor.
Water vapor contributesto visibilityimpairmentprimarilywhen the relative
humidity is high enough to cause growth in the size of hygroscopicaerosols
such as ammoniumsulfate. Since coal combustionis a major sourceof SO2
(and, subsequently,atmosphericsulfates),some visibilityimpairmentmust be
attributedto coal combustion. Visibilityimpairmentin the Grand Canyon by
secondarysulfatesand nitrates from the Navajo GeneratingStationis a case
where the visibilityimpairmentwas specificallyattributedto a coal-fired
power plant. In response,the EPA has requiredthat scrubbersbe installedat
the Navajo plant to mitigate this visibilityimpairment. However,the exact
contributionof coal combustionto regionalhaze is generallynot known, and
the benefitsthat may be derivedfrom much stricteremissioncontrolson coal-
fired power plantsare difficultto assess. It appearslogicalthat if S02
and NO, emissionsfrom coal-firedpower plantswere reducedby 50%, there
would have to be an eventual reductionof 50% of the sulfatesand nitratesin
the atmospherethat originatedfrom coal combustion. However,becauseof the
variablecontributionto visibilityimpairmentfrom coal combustionthat might
occur in a given location,the overalleffect on visual range for that
locationmight be small.

Resultsfrom the literaturereview indicatethat there is a complex
relationshipbetweenemissionsfrom coal combustionand visibilityimpairment,
but that coal combustionmay be a significantcontributorin some cases. A
more detailedsummaryof the visibilityliteraturereviewwas presentedin the
SemiannualTechnicalProject Report for the periodJanuary 1, 1992, through
June 30, 1992 (32).

18
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WASTEMANAGEMENT

1.0 INTRODUCTION

The Waste Managementprojecthas involveda number of interrelatedtasks
relatingto the characterization,handlingand treatmentof solid and liquid
waste materialsand by-productsfrom advancedcoal processingand utilization
processes. Specifictasks within the Waste Managementproject have included'

• Waste Characterization
• Fly Ash Liner DevelopmentStudy
• NumericalModelingof Disposal-RelatedSoil Properties
• LeachingTest Evaluation
• ElectrostaticSeparationof Unburned Carbonfrom Fly Ash
• BituminousCoal Fly Ash Data Collectionand Evaluation
• ActivatedCarbon Evaluation
• Coal Ash ConditioningStudy
• Characterizationand Treatabilityof Coal-WaterFuel ProcessWaters
• Waste DepositoryScavengerStudy

Figure I illustratesthe time frame in which individualstudieswere
performed.

TASK

TASKA: WASTECHARACTERIZATION
TASKB: FLYASHUNERDEVELOPMENTSTUDY
TASKC: NUMERICALMODELINGOF DISPOSAL-RELATEDSOILPROPERTIES
TASKD: LEACHINGTESTEVALUATION
TASKE: ELECTROSTATICSEPARATIONOF UNBUFINEDCARSONFROMFLYASH
TASKF: BITUMINOUSCOALFLYASHDATACOLLECTIONAND EVALUATION
TASK(3: ACTIVATEDCARBONEVALUATION
TASKH: COALASHCONDITIONINGSTUDY
TASKI: CHARACTERIZATIONANDTREATABIUTYOF COAL-WATERFUELPROCESSWATERS
TASKJ: WASTEDEPOSITORYSCAVENGERSTUDY

Figure I. Time line of tasks performedunder the Waste Managementproject.



2.0 GOALSANDOBOECTIVES

The overallobjectiveof the Waste Managementproject is to characterize
waters,waste materials,and by-productsfrom advancedcoal preparationand
utilizationprocesses;evaluatepotentialuses for these materials;and
identifypotentiallyadverseenvironmentalimpactsassociatedwith their use
and/ordisposal. Researchis also being done to develop innovativewaste
managementtechniquesfor conventionaland advancedcoal utilizationprocesses
to complywith existingand/or future environmentalregulations.

3.0 PROJECTTASK SUMMARIES

3.1 Waste Characterization

3.1.1 Introduction

Research in this task was conductedover a period of four years to
characterizecoal combustionsolid wastes for evaluationof the waste disposal
requirementsfor advancedcombustionprocessesbeing developedat the Energy
and EnvironmentalResearchCenter (EERC).

The test protocolused for the characterizationstudiesconsistedof
waste analysesfor elemental,mineral, and trace organicmatter content;waste
leachateanalysesfor trace metals and trace organiccompounds;and tests of
physicalpropertiesrelevantto waste disposal.

During the first year, characterizationstudieswere conductedon
fourteenwaste streams. Ten waste samplesgeneratedfrom the atmospheric
fluidized-bedcombustionunit (AFBC) at the EERC were characterized. The
types of waste samplesstudiedincludedfly ashes, spent bed materials,
primary and secondarycyclone ashes, and ash composites. These four samples
representedall of the solid waste streamsproducedby the AFBC system. In
addition,six compositewaste samplespreparedby blendingprimarycyclone
ash, secondarycycloneash, and baghousefly ash were characterized.

The fuels used for the AFBC combustionruns were Sarpy Creek Montana
subbituminouscoal, GibbonsCreek Texas lignite,and Navajo New Mexico
subbituminouscoal. The combustionruns used either limestoneadditionfor

S02 captureor ash reinjectionfor enhancedcarbon burnout.

Two fly ash waste samplesproducedfrom combustiontests which used
pressure-hydratedlime injectionfor S02 controlwere also characterized
during the first year. The fuel used for these runs was an Illinois#6
bituminouscoal. The lime injectionfly ashes were collectedfrom the
electrostaticprecipitatoron a 500,O00-Btu/hr,pulverizedcoal combustion
unit. One of the sampleswas producedfrom a baselinecombustiontest in
which no lime was injectedinto the system,and the other samplewas produced
from a combustiontest which used a 1.0 lime injectionratio (Ca/S02).

Two fly ash waste samplesproducedfrom combustiontests which used
ammonia-sulfite(NH3-S03)injectionto increasebaghouseefficiencywere also
characterizedduring the first year. The fuel used for these tests was a
MonticelloTexas lignite. The NH3-S03fly ashes were c_llectedfrom a



baghouseon a 500,O00-Btu/hr,pulverizedcoal combustionunit. One of the
sampleswas produced from a baselinecombustiontest in which no NH3 or SO_
was injectedinto the system, and the other samplewas producedfrom a
combustiontest which used sufficientNH3 and S03 injectionto achieve
concentrationsof 25 ppm and 12 ppm, respectively,in the flue gas.

During the secondyear, elevendifferentwaste materials,all generated
from coal utilizationprocessesin developmentat the EERC, were charac-
terized. The eleven materialsincludedfour wastes from low-temperaturecoal
gasificationruns performedfor the HydrogenProductionproject;six wastes
from AFBC tests, which used a coal slurryfuel; and one waste from a coal
preparationoperationassociatedwith the hot-waterdrying coal slurry
process. The waste materialswere tested for leachatetrace metals and trace
organics,elementalcomposition,mineralcomposition,and selectedphysical
properties.

The four gasificationwaste samplesincludedtwo gasifier bed materials
from hydrogenproductionruns which used Martin Lake Texas lignite. Both runs
were performedat a temperatureof 800°C and a 3:1 steam-to-carbonmolar
ratio. One of the runs used a limestonebed material_and the other run used
a silica sand bed materialwith a trona catalyst. The third gasifierbed
materialcharacterizedwas producedfrom a hydrogenproductionrun with a
Velva North Dakota lignite. This run used a limestonebed, an 800°C
gasificationtemperature,and a 2:1 steam-to-carbonratio. The fourth
gasifier bed materialcharacterizedwas produced from a hydrogenproduction
run with a Wyodak Wyoming subbituminouscoal. This run used a limestonebed,
an 800°C gasificationtemperature,and a 2:1 steam-to-carbonratio.

The six AFBC waste sampleswere produced in tests performedat the EERC
in a 1,000,O00-Btu/hr,bubbling-bedcombustionunit. The fuel used was a
Sarpy Creek Montana subbituminouscoal which was burned in the form of an
aqueousslurry. The waste samplesstudiedincludeda spent bed material
(silicasand), a primarycycloneash, a secondarycyclone ash, a baghouse fly
ash, and a compositeash collectedfrom the same combustionrun. The sixth
AFBC waste characterizedwas a compositeash producedfrom a slurry combustion
run that used limestoneadditiondirectlyto the coal slurry to increaseSOs
capture. The AFBC compositeash sampleswere preparedby blendingthe various
processwaste streamsin direct proportionto the amountsof materialproduced
during the combustiontest. The proportionsused were 90 wt% primarycyclone
ash, 8 wt% secondarycycloneash, and 2 wt% baghousefly ash.

The coal slurry used for the AFBC tests was producedat the EERC with the
hot-water-dryingprocess. Wastes collectedfrom slurry combustionruns may
have differentcharacteristicsthan wastes producedfrom pulverized,dry coal
combustionruns becausethe slurry prepa_'ationprocessremovessome water-
solublematerialsfrom the coal prior to combustion. To evaluatethe
differencesin waste compositionresultingfrom combustionof the coal in the
form of a slurry,the waste characterizationdata presentedin this reportwas
comparedto characterizationdata collectedin previous studiesfrom waste
samplesproducedwith the same coal burned in a dry form.

The waste sample from the hot-water-dryingcoal slurry processwas
producedfrom a float-sinkrun performedon a Beula_-ZapNorth Dakota lignite.



The float-sinkoperationwas part of the coal-cleaningprocedureused for the

slurryprocess.

Waste materialscharPcterizedduring the thirdyear included fly ashes
producedfrom combustiontests performedat the EERC, in which pressure-
hydratedlime was injectedinto the flue gas for SO_ control,and a solid
waste from an EERC diesel engineburning a coal-derivedliquid fuel. Three
fly ash sampleswere obtainedfrom combustiontests. The fuel used in the
combustiontests was a Pittsburgh#8 bituminouscoal. The fly ash samples
were collectedin an electrostaticprecipitator. The sampleswere obtained
from baselinecombustionruns duringwhich no lime was injected,and from
combustionruns with lime injection,which caused either a 50% or a 90% S02
contentreductionin the flue gases.

The other waste materialstudiedduring the third year was a residualash
from a diesel engine,which was operated at the EERC and designed to burn
coal-derivedliquid fuels. The fuel used was a light coal tar fraction
obtainedfrom the Great PlainsCoal GasificationPlant. The diesel waste was
basicallya high-carbon-contentsoot collectedfrom the engine exhaustgas.

During the final year of this task, the remainingchemical characteri-
zation leachingprocedureswere completed,as were the analysesof the
resultingleachates. Four unreactedlimestonebed materials,generatedfrom
the Hydrogen Productionproject,were also chemicallycharacterized.

3.1.2 Goals and Objectives

The overallgoal of this task was to assess the impactof solid waste
disposalrequirementson the commercialviabilityof severalcoal utilization
processesbeing developedat the EERC.

3.1.3 Resultsand Conclusions

The waste characterizationtest resultsfor the first year are summarized
as follows (I):

• None of the 14 materialstested would be classifiedas hazardous
wastes based on their leachatetrace metal contents,as determinedby
the USEPA EP Toxicitytest.

• There were no trace organiccompoundsdetected in leachatesfrom any
of the 14 waste materials. The trace organicanalyseswere performed
by preparingacid and base/neutralsolventextracts from each waste
leachateand then testingthe extractsusing gas chromatography/mass
spectrometry(GC/MS). The minimum detectionlimit for the test
procedurewas 20 mg/L in the leachate (2).

• pH values of the ASTM leachatesproducedfrom the 14 waste materials
ranged from 10.1 to 12.6. Seleniumconcentrationsin three of the
ASTM leachatesexceededthe primarydrinkingwater standardfor
seleniumby more than a factor of 25.

• The resultsof column leachingtests indicatedthat the principal
water-solublecomponentin the wasteswas calciumsulfate and that



most of this materialwas extractedin the first ten pore volumes
passed throughthe waste.

• Elementalanalyses indicatedthat the 14 ash samplesstudiedwere
principallycomposedof silicon,calcium,and aluminumwith lesser
amountsof sodium,sulfur,and iron also being present.

• The major mineralphases identifiedin the waste sampleswere quartz
(Si02),anhydrite(CaS04),and lime (CaO).

• The aqueous_ermeabilitiesof the waste samplesranged from 8 2 x 10.3
to 1.9 x 10°cm/sec, as measuredby the fallinghead permeability
test.

The characterizationdata generatedfor the 14 waste samplesdid not
indicatethat any major regulatoryproblemswould be encounteredrelatingto
the disposalof these materials. Furthermore,two of the combustion-related
processesdevelopedby the EERC appearedto reduce the environmentalimpacts
of the solid wastes being produced. The EPA-ExtractionProcedure(EPA-EP)
leachingtest results showedthat the 14 EERC wastes would not be classified
as hazardouswastes based on their leachatetrace metal content.
Additionally,there were no trace organicsfound in the leachatesfrom the
wastes at the specifiedminimumdetectionlimits.

Some state regulatoryagenciesmay be concernedabout the relativelyhigh
pH values of the ASTM leachatesgeneratedfrom many of the wastes. The
seleniumconcentrationsin the GibbonsCreek reinjectionash and the two
Monticellofly ashes may also cause concern in some states,from a regulatory
standpoint,since they exceed the primarydrinkingwater standardby more than
a factorof 25.

The resultsof column leachingtests performedon the wastes indicated
that calciumsulfatewas the principalcompoundextracted. Generally,it
appearedthat the bulk of the leachablematerialwas extractedfrom the waste
in the first ten pore volumespassed. Barium (15 mg/L) and chromium
(2.9 mg/L) were the only trace metalsdetected in any of the column leachates.

The presenceof quartz as a major mineralphase in many of the wastes
indicatedthat these materialsare abrasive. Appropriateprecautionswould be
taken with the design of waste-handlingequipmentto minimizeequipment
breakdownbecauseof the abrasivenature.

The waste characterizationdata indicatedthat the use of limestoneand
NH3-S03as combustion-relatedadditivestended to reducethe amountsof
leachableselenium in the ash materials. Since high-seleniumleachate
concentrationis a common problemin western low-rankcoal waste, these types
of resultsmay be importantfactorswhich favor the continueddevelopmentof
these processes.



The waste characterizationtest resultsfor the secondyear are
summarizedas follows (3)"

• EPA-EP leachatesproduced from all eleven of the coal utilization
wastes containedtrace metal concentrationswell below the maximum
allowablecontaminantlevels specifiedby ResourceConservationand
RecoveryAct (RCRA).

• No significantlevels of trace organiccompoundswere detected in the

leachatesproduced from the elevenwastes. I

• The characterizationstudiesindicatedthat no significantor unusual
regulatoryproblems should be encounteredfor the disposalof the
eleven coal utilizationprocesswastes which were evaluated.

The characterizationdata generatedfor the eleven advancedprocess
wastes did not indicatethat any major regulatoryproblemsshould be
encounteredfor the disposal of these materialson a commercialscale. The
EPA-EP leachingtest resultsclearlyshowed that the AFBC, hydrogen
production,and coal slurrypreparationwastes would not be classifiedas
hazardouswastes based on their leachatetrace metal contentsunder the
existingRCRA regulations.

The column leachingtests performedon the compositeashes showedthat
significantreductionsin the permeabilitycoefficientsof these materials
occurredduring the course of the tests,particularlyfor the AFBC ash
producedwith limestoneaddition. The permeabilityreductionswere probably
caused by pozzolanicreactionsbetweenthe ash and the limestone-derived
reactionproducts. The observedbehaviorindicatesthat the permeabilitiesof
the compositeashes may decreaseby severalorders of magnitudeafter the
materialshave been placed in a permanentdisposalsite.

The resultsfor the third year are summarizedas follows(4)"

• With the exceptionof chromium,EPA-EP leachatesproducedfrom the
combustionwastes ashes containedtrace metal concentrationswell
below the maximum allowablecontaminantlevels specifiedby the
regulationsof the RCRA for hazardouswaste classification.

• No significanttrace organiccompoundswere detected in leachates
producedfrom the hydratedlime injectionwastes. It appearedthat
some organicmaterialwas extractedfrom diesel engine ash, but the
materialscould not be identifiedby routineGC/MS analysis.

• The aqueouspermeabilitiesof the 50% and 90% S02 reductionfly ashes
were both well below the 107-cm/seccriteriagenerallyrequiredfor
clay liner materials.

• The fly ash obtained from the 90% S02 reductiontest containeda
significantamountof unhydratedcalciumoxide that caused an
extremelyexothermalreactionwhen the materialwas wetted.

The characterizationdata generatedfor the lime injectionfly ashes
indicatesthat no major regulatoryproblemsshould be encounteredfor the



disposalof these materials. The resultsof the EPA-EP leachingtests clearly
showed that the waste would not be classifiedas hazardousbased on trace
metal contentunder the existingRCRA regulations.

Due to criticismsof the precisionand field applicationsof the USEPA
ExtractionProcedure(EP) test, the ToxicityCharacteristicLeachingProcedure
(TCLP)was developed. The TCLP test officiallyreplacedthe EP test on
September25, 1990, and was mandatedto evaluatewastes for additional
contaminants,particularlyorganics.

The exothermalhydrationbehaviorof the two fly ashes producedwith lime
injectioncould requireimplementationof specialhandlingproceduresif this
S02control processwere implementedon a commercialscale.

The diesel enginewaste does not appearto pose any significanthandling
or disposalproblemsbased on its inorganictrace elementcontent. Although
it was not possibleto identifyany specifictrace organics,there did appear
to be a significantamount of non-chromatographablematerial in the methylene
chlorideextractfrom the diesel enginewaste.

The resultsfor the final year are summarizedas follows (5):

• Chemical characterizationresultsshow the limestonebed materialsto
be nonhazardousaccordingto the mandatedregulatoryleachingtest,
the toxicitycharacteristicleachingprocedure(TCLP). Concentrations
in the leachatefor each bed materialwere determinedto be below the
hazardouslimit as definedby RCRA.

• Resultsfrom the syntheticgroundwaterleachingprocedures(SGLP)and
the long-termleachingtests show these materialsto be nonhazardous
for the RCRA elements as well.

It is importantto note that these procedureswere includedin the
chemicalcharacterizationprotocol to more closely approximatethe leachingof
these materialsas a monofill in a naturalsettingas opposedto a landfill
setting. The TCLP was designed specificallyto approximatethe leachingin a
codisposallandfillsetting. Materialssuch as these limestonebed materials
are likely to be disposedof in a monofill rather than a sanitarylandfill.
Additionalelementswere determinedin the variousleachatesgenerated. These
resultsmay be useful in the future as additionaltrace elementsmay be
regulatedor these materialsmay be investigatedfor potentialutilization
applications.

3.2 Fly Ash Liner DevelopmentStudy

3.2.1 Introduction

A three-yearresearchprojectwas conductedat the EERC to develop fly
ash-basedliner materialsfor waste disposalsites. The researchwas
conductedin three phases. Phase I of the projectwas a bench-scale
laboratorystudy to formulateliner materialsfrom mixtures of fly ash,
hydratedlime, Type-1 portlandcement,and v_ater.
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In Phase I, six differentfly ashes and mixturesof fly ash and scrubber
waste from coal-burningpower plants in five state were tested to evaluate
their suitabilityas liner constructionmaterials. The fly ash sampleswere
suppliedby the Northern States Power Cooperative(NorthDakota),the Texas
UtilitiesGeneratingCompany (Texas),the SouthwesternElectricPower Company
(Texas),the Central IllinoisPublic ServiceCompany (Illinois),and the
Northern IndianaPublic ServiceCompany (Indiana).

Each of the six fly ashes was initiallycharacterizedfor its elemental
and mineralcompositions,relevantphysicalproperties,and leachatetrace
metal content. Experimentswere then performedto developa specificliner
formulafor each ash. The experimentsdeterminedthe smallestamountsof
lime, cement, or a mixtureof lime and cement requiredfor additionto each
fly ash (at a specifiedwater level)to produce a cemented liner materialwith
a permeabilitycoefficientless than 10--cm/secand an unconfinedcompressive
strengthgreaterthan 400 psi.

During Phase II, liner slabs with dimensionsof 4 square feet by 6 inches
thick were preparedusing the formulasdevelopedin the Phase I work. The
slabs were used to test the durabilityof the linermaterialsand to verify
the permeabilityand strengthcharacteristicspredictedby the formulation
experiments. Each Phase II liner slab was placed in a leachate-compatibility
test device and loadedwith 6 inchesof unconsolidatedfly ash and 1.5 feet of
water. Each slab was left in the test device for five months. An attemptwas
made to collectthe leachate Lhat passedthrough the slabs, but no measurable
amountsof leachateappearedduring the five-monthtest period. When the
slabs were removedfrom the test device,permeabilityand strengthtests were
performedon cores cut from each slab.

Three of the six fly ashes studiedin the laboratorywere selectedfor
field tests in Phase Ill. For the field tests, liner sectionshaving
dimensionsof 40 feet by 40 feet by 2 feet thick were constructedat power
plants locatedin Texas, Indiana,and Minnesota. The physical propertiesof
the liner sectionswere monitoredfor approximatelyone year to evaluatetheir
performance.

Three sets of sampleswere collectedfrom each field site over a one-year
period and sent to the EERC for testing. These sampleswere tested for
permeabilitycoefficient,unconfinedcompressivestrength,textile strength,
modulusof elasticity,Poisson'sratio,coefficientof thermalexpansion,
porosity,and dry density. In additionto the laboratorytests, a double-
barrel infiltrometertest was conductedat each of the sites to estimatethe
permeabilityof liner using an in-fieldmethod.

The Texas fly ash liner test was performedat the H.W. Pirkey Power
Plant, owned by the SouthwesternElectricPower Company (SWEPCO). The SWEPCO
liner sectionwas made with a Texas lignitefly ash. Approximately5 wt%
portlandcement, 1.5 wt% hydrated lime, and 18 wt% (dry weight)water were
added to the fly ash to producethe liner material.

The Indianafly ash liner test was performedat the R.M. SchahferPlant,
owned by the Northern IndianaPublic ServiceCompany (NIPSCO). The NIPSCO
liner sectionwas made with approximatelya 50:50 mixture of Illinois#6 fly
ash and lime-basedscrubbersludge. Approximately5 wt% portlandcement,



3 wt% hydratedlime, and 30 wt% (dryweight)water were added to the fly ash
scrubbersludgemix to producethe liner material.

The Minnesotafly ash liner test was performedat the SherburneCounty
Power Plant,owned by the NorthernStates Power Company (NSP). The NSP liner
sectionwas made with a dry-scrubberpowder containingSarpy Creek, Montana,
subbituminouscoal fly ash and a lime-basedspray dryer residue. Approxi-
mately 23 wt% (dryweight)water was added to the scrubberpowder to produce
the liner material. No lime or cement additionwas requiredfor the NSP
liner.

3.2.2 Goals and Objectives

The purposeof the fly ash liner study was to developcost-effective
liner materialsfor utilitywaste disposal sites using'mixturesof fly ash,
water, hydratedlime, and/or portlandcement.

3.2.3 Resultsand Conclusions

The resultsof the Phase I characterizationsindicatedthat the six fly
ashes generallyexhibitedacceptablephysicalpropertiesfor the liner
applicationand that none of the materialscould be classifiedas hazardous
wastes based on their leachatetrace metal contents. The resultsof the
formulationexperimentsshowedthat liner materialswith permeability
coefficientsless than 10.7cm/sec and unconfinedcompressivestrengthsclose
to or exceeding400 psi could be made from each of the six fly ashes. The
minimum lime, cementsor lime and cement additionrate requiredfor the six
fly ash liner materialsranged from 3% to 9.5% (of dry weight). The specific
moisture additionlevel used to preparethe fly ash liner mixtureswas found
to be an extremelyimportantfactor in the developmentof proper permeability
and strengthcharacteristics. Generally,the moisture contenthad to be
within plus or minus 2% of the specifiedvalue to achieveacceptableresults
(1).

The resultsfrom Phase II indicatedthat fly ash liner materialswere
quite stableduring the five-monthexposureperiod. The permeability
coefficientsand strengthsmeasured for the liner cores were all less than
10.7cm/sec and greaterthan 400 psi, respectively. Additionally,none of the
liner slabs developedany visiblecracks,dimensionalinstability,or soft
spots during the exposureperiods (3).

The resultsof the SWEPCO field test generallyindicatedthat the Texas
lignitefly ash produced an acceptableliner material. Permeability
coefficientsmeasured in the laboratoryfor 12 liner samplesvaried from
1.4 x 10.7cm/sec to 3.8 x 10.9cm/sec,and the permeabilitycoefficient
measured in the field was estimatedto be less than 10.7cm/sec. The liner
materialdevelopedan unconfinedcompressivestrengthof approximately
1000 psi after curing in the field for one year. The only visible
deteriorationof the SWEPCO liner sectionduring the field test was the
developmentof some cracks on the liner surface. The cracks appearedto be
limitedto the top six inchesof the liner (4).

The resultsof the NIPSCO field test indicatedthat the liner material
did not meet the target permeabilitycriteria. Permeabilitycoefficients



measured in the laboratoryfor 12 Indianaliner samplesvaried from
8.0 x I0s cm/sec to 2.0 x 10.9cm/sec, and the permeabilitycoefficient
measured in t_e field was estimatedto be 7.8 x 10.7cm/sec. The liner
material developedan unconfinedcompressivestrengthof approximately700 psi
after curing in the field for one year. The only visibledeteriorationof the
liner sectionduring the field test was some crumblingat the liner surface.
The crumblingextendedabout two inchesbelow the surface. Althoughthe
permeabilityof the NIPSCO liner did not meet the target level of less than
10-"cm/sec, it may still be usable for some liner applicationssince Indiana
regulationsonly require that liners for coal combustionwastes have a
permeabilitycoefficientless than 10.6cm/sec (4).

A problemoccurredwith the NSP liner material used for the field test
when shrinkagecracks developedin the initialstage of curing. The shrinkage
was reducedby decreasingthe amount of water added to the liner mix from
23 wt% to approximately20 wt% (dry weight). Unfortunately,decreasingthe
water contentof the liner mix caused its permeabilityto increase. The
permeabilitycoefficientestimatedfrom the in-fieldtest was
1.8 x 10-scm/sec. The unconfinedcompressivestrengthof the NSP liner
ranged between 1000 and 2000 psi (4).

It was not possible to determinefrom the resultsof the field test
whether the shrinkagecracks in the NSP liner were continuous. If the cracks
were not continuousthroughthe full depth of the liner, then the materialmay
have been acceptableas a liner (4).

Mineralogicaland microscopiccharacterizationof the fly ash liner
materialscollectedat the field-testsites producedvaluable information
about their compositionand microstructure. For the SWEPCO liner, the fly ash
particlesappearedto be held togetherby fibrousbridgesand surface-to-
surfacepoint adhesions. The fibrousbridgesmay have been composedof
ettringite. For both the NSP and the NIPSCO liners,the fly ash particles
appearedto be held togetherby a continuous,interparticlematrix composed
primarilyof consolidatedscrubbermaterial. Significantamountsof
ettringitewere also detectedin these two liner materials (4).

A cost analysisof the liner materialsindicatedthat the main factors
which determinedthe unit cost of the materialswere the amountsof lime and
cement added and the cost credit allowed for avoideddisposalcost for the fly
ash. The analysisalso indicatedthat the fly ash liner materialswere
generallyin the same cost range as polymericmembraneliners (4).

An engineeringanalysisof the fly ash liners indicatedthat both
temperature-inducedand load-inducedstressescould cause cracking. The
resultsof the analysessuggestedthat it would be advisableto cover the fly
ash liners with severalfeet of compactedash as quicklyas possibleafter
constructionto protectthe liner (4).

3.3 NumericalModelingof Disposal-RelatedSoil Properties

3.3.1 Introduction

"[histask was conductedto develop a procedurefor identifying
inconsistentpermeabilitydata obtainedfrom laboratorytests on soil
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propertiesfrom candidatewaste disposalsites. Such inconsistentdata can
result from impropersamplecollection,samplestorage,or laboratorytesting.
Having the capabilityto check results for consistencyis criticalbecausea
singlepermeabilitymeasurementthat does not meet the specifiedregulatory
criteria for soil linersmay excludea candidatedisposal site from being
permitted.

A soils data-screeningprocedurewas developedby compilinga relatively
large data set, containinginformationon the permeabilitycoefficient,liquid
limit, plasticityindex,and percentpassinga #200 sieve, of soil samples
collectedat five power stationsin east-centralTexas. The screening
procedurewas based on a statisticalmodel which predictedthe permeabilityof
a soil sample from its plasticityindex and percentpassinga #200 sieve. To
screenthe data set, each of the measuredpermeabilitycoefficientswas
comparedto its predictedpermeabilitycoefficient,and the differencebetween
the two valueswas used as a measure of consistencyfor the data. If it was
found that there was less than a five percentchance that a measured
permeabilitycoefficientwould have been predictedby the model, it was
concludedthat the permeabilitymeasurementwas significantlydifferentfrom
the rest of the data set. This findingcould then be used as a basis for
removingthe inconsistentmeasurementfrom the data set.

3.3.2 Goals and Objectives

The purposeof this task was to develop a statisticalprocedurefor
checkingthe consistencyof permeabilitydata from candidatewaste disposal
sites in the Texas ligniteregion. This procedurecan then be used to screen
newly acquired soils data to identifytest resultsthat appear to be
inconsistentwith other data collectedin this region.

3.3.3 Resultsand Conclusions

The mean values for log permeabilitycoefficient,liquid limit,
plasticityindex,and percentpassinga #200 sieve were all well within the
acceptableranges of the Texas Departmentof Water Resources(TDWR)liner
criteria. All of the soil propertiesdisplayedrelativelywide ranges of
values,and all of the propertiesfollowed skeweddistributions(3).

No strongcorrelationswere found betweenpermeabilityand the other soil
properties. The best correlationwas found betweenthe liquid limit and the
plasticityindex (3).

The data regressionanalysis indicatedthat the plasticityindex was the
variablewhich had the largesteffect on the permeabilitymodel. Percent
passingthe #200 sieve had the next largesteffect,and liquid limit had the
smallesteffect on the model (3).

The data-screeningprocedurewas designedto identifypermeability
measurementsthat are inconsistentwith the rest of the referencedata set
based on the interrelationshipsexhibitedbetweenthe varioussoil properties.
This inconsistencydoes not necessarilymean that a permeabilitymeasurement
is erroneous;however, it does indicatea high probabilitythat the
measurementis in some way differentfrom the other measurements. The
screeningprocedureshould be used along with any other availableinformation
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about the sample to make the final decisionwhetheror not to remove the
samplefrom the data set (3).

3.4 Leaching Test Evaluation

3.4.1 Introduction

This task was conducted as a response to the proposed changes to the
solid waste regulations under RCRASubtitle C amendments, which expanded the
Toxicity Characteristic evaluation procedure to include additional chemicals
and introduced a new extraction procedure to evaluate toxicity.

A study was performedto evaluatethe use of follow-onTCLP tests. This
was done by performingreplicateleachingtests on two coal gasificationtar
samplesusing both MorgantownEnergyTechnologyCenter (METC)and TCL
procedures. The METC leachingtests were used to identifythe variousclasses
of nonvolatiletrace organicsin the waste leachates,and the TCLP tests were
used to quantitativelyidentifythe organicswhich had specificregulatory
criteria.

3.4.2 Goals and Objectives

The goal of this task was to evaluatethe use of follow-onTCLP leaching
tests in responseto changes in the solid waste regulationsunder RCRA
SubtitleC Amendments.

3.4.3 Resultsand Conclusions

The resultsof the study indicatedthat the METC procedurewas an
effectivemeans of screeningthe gasifier tar leachatesfor nonvolatile
organiccompounds(3).

All of the compoundsdetectedduring the METC leachingtests conductedon
the "dry" and "oily"tar sampleswere aromatics,with phenolicspresent in the
highestconcentration. The analysesobtainedusing the METC leaching
procedurefor the two tars were similarexcept that the dimethylphenolsand
naphthalenewere detected only in the dry tar leachate (3).

Some of the compoundsidentifiedwith the METC leachingtest were not
detected in all of the replicates,but the two classesof regulated
nonvolatileorganics,phenol and cresols,were detected in all of the
replicateleachingtests (3).

Six regulatedorganicswere detected in each tar sample. The TCLP
leachingmethod and the associatedanalysesappearedto do an excellentjob of
quantitativelyidentifyingthe phenolicswhich the METC method had indicated
were present in the tar leachates(3).

3.5 ElectrostaticSeparationof UnburnedCarbon from Fly Ash

3.5.1 Introduction

An "off-the-shelf"electrostaticseparationprocesswas modifiedfor use
to reducethe unburnedcarbon content of fly ash. A bench-scaleseparator
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apparatuswas constructedat the EERC and a series of test runs were performed
to optimize the process. After the processwas optimized,a sufficientamount
of low loss-on-ignition(LOI) fly ash was collectedto determineits air
entrainmentcharacteristics.

The fly ash used for the separationtests was obtained from the Allen S.
King Power Plant owned by the NorthernStates Power Company,Minnesota. The
King plant burns a mixtureof Wyoming and Montanasubbituminouscoals and
Illinoisbituminouscoal.

The separatorapparatuswas operatedby dispensingfly ash from a
vibratingpan through a slit onto a grounded,rotatingsteel drum. The high
LOI ash fractionfalls off the drum due to gravityas it rotates. The low LOI
ash fractionsticks to the wheel due to electrostaticforces and is scraped
off at a separatecollectionpoint.

3.5.2 Goals and Objectives

The goal of this task was to reduce the unburnedcarbon contentof fly
ash using a modifiedelectrostaticseparationprocess. Specifically,the goal
was to produce fly ash with an LOI of less than 3% using the electrostatic
separationprocess.

3.5.3 Resultsand Conclusions

The resultsof the separatortests showed that the apparatuswas capable
of splittingthe bulk fly ash, which had an LOI of 7.3%, into two physically
separatefractions. One fractioncontainedapproximately25 wt% of the ash
and had an LOI of 3.6% while the other fractioncontainedthe other 75 wt% of
the ash. Air entrainmenttests performedon the two fly ash fractions
indicatedthat the low LOI fractionrequired13.2% less air entrainingagent
than the bulk fly ash to producean equivalententrainedair level (4).

It was not possibleto achievethe goal of producinga fly ash with a LOI
of less than 3% in the test runs that were performed. However,the ASTM C618
fly ash specificationfor cement replacementonly requiresthat fly ash have
an LOI of less then 6%, which the separationprocesseasily achieved (4).

Based on the resultsof the bench-scaletests, it appearsthat the
electrostaticcarbon removalprocesshas commercialdevelopmentpotential,
since it is mechanicallyquite simple and producessignificantcarbon removal
with a relativelylow energy input. One drawbackof the process is that only
about 25% of the bulk fly ash is recoveredin the low LOI fraction. However,
it may be possibleto increasethis recoverywith furtherdevelopmentof the
process. Furthermore,some power plants may not be able to sell more than 25%
of their fly ash for cement replacementdue to market limitations(4).

3.6 BituminousCoal Fly Ash Data Collectionand Evaluation

3.6.1 Introduction

The WesternFly Ash Research,Development,and Data Center (WFARDDC)is a
researchgroup funded by a consortiumof sponsorsinterestedin the utili-
zationand safe economicaldisposalof coal by-products. A major research
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effort since the initiationof the WFARDDChas been the developmentof a
databaseof informationon the physical,chemical,and mineralogical
propertiesof low-rankcoal by-products,primarilyfly ash. A database,such
as the one generatedby the WFARDDC,providesa valuable sourceof scientific
and engineeringinformation. The format is useful in identifyingtrends and
specificinformationpertinentto currentand potentialutilization
applicationsas well as disposalscenariosand researchprojectsinvolving
coal by-products. The currentversionof the Western Fly Ash Database
containsentriesrepresentingmore than 500 samplesof low-rankcoal
by-products. WFARDDC researchershave begun a statisticalevaluationof the
informationin this database. Informationcontinuesto be entered into the
database,and the evaluationprocess is continuing. The initialevaluationof
the databasehas providedvaluable informationregardinglow-rankcoal
by-productsand has initiatedinterestin researchers,electricpower
utilities,coal by-productsmarketers,and others to extend the databaseto
includesimilarinformationon bituminouscoal by-products. Bituminouscoal
fly ash is of particularinterestdue to the high volume of this material
utilizedand disposed,primarilyin the Midwest and easternUnited States. A
databaseof informationon bituminouscoal fly ash has the potentialto
provide informationvaluableto the electricutility industryas it strivesto
meet regulatorymandates,such as the Clean Air Act, by blendingcoal and
utilizingalternatecoal combustionmethodsand by-productcollectionsystems.

The effort to collect and evaluatephysical,chemical,and mineralogical
informationon bituminouscoal fly ash will result in a databasethat can be
merged with the currentWestern Fly Ash Database or be utilizedas a stand-
alone database. As with the currentdatabase,the informationwill not
identifythe by-productsby electricutilityor companyaffiliationto
guaranteeanonymityto the participantsin this effort.

Interactionwith utilities,coal ash marketersand end users, as well as
researchgroups in the areas of coal combustiontechnologiesand environmental
systems,has indicateda strong interestin the characteristicsof solid by-
productsor residues from advancedcoal combustiontechnologies. In order to
facilitatea scientificand engineeringunderstandingof the characteristics
of these materials,this task was expandedto includethe developmentof a
databaseof informationon the physical,chemical,and mineralogicalcharac-
teristicsof advancedcoal processresidues. This preliminaryinvestigation
will pro'rideinformationon which standardengineeringand analyticaltests
are applicableand what new or innovativetestingmay providemore valuable
and predictiveinformation. It will also providea basis for comparisonof
the residuesgeneratedby various technologieswith each other and
conventionalsolid by-products.

3.6.2 Goals and Objectives

The primaryobjectiveof this task is to collectand evaluate information
on the physical,chemical,and mineralogicalpropertiesof bituminouscoal fly
ash and to generate a databaseof this information.
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3.6.3 BituminousCoal Fly Ash Data Collection
and EvaluationResults

The primaryobjectiveof this task--tocollect and evaluate information
on the physical,chemical,and mineralogicalpropertiesof bituminouscoal fly
ash--isa long-termobjectivethat will continuefor the EERC coal by-products
researchgroup well past the end of this task. During.the time frame of this
specifictask, the primaryobjectivehas been met to the expectedlevel. The
primaryend result of this effort has been the constructionof a databaseof
informationon bituminouscoal fly ash. The constructionof the databasealso
providedopportunitiesto relate the by-productpropertiesand productionto
the overallcoal-firedelectricpower generationfacility. As a result,
severalobservationscan be made that should significantlyimpactthe overall
understandingof the coal combustionby-productutilizationindustry,the
by-productdisposal practices,the functionalrelationshipswithin a utility,
and the impact of researchin these areas. These observations,coupledwith
the technicalexpertiserequiredto generate the characterizationinformation
for the database and the database itself,should provideuseful insightfor
the researchcommunityto address importantwaste management issues (10).

The componentsof the databaseare the major and minor elemental
constituents(expressedas oxides),mineralphases identifiedin the
crystallineportionof the fly ash, selectedphysicalpropertiesand test
resultsrelevantto the utilizationof fly ash as a mineral admixturein
concrete,and informationon the operatingsystem and coal source (10).

The chemicalcharacterizationinformationconsistsof two groups. The
first is the resultsas dictatedby the ASTM C618 (1991). The chemical
compositioninformationrequiredby the ASTM to classifyfly ash is the total
concentrationof silicon,aluminum,iron, sulfur,and Calcium. Magnesium,
sodium,and potassiumare includedin the ASTM proceduresas alternate
information. These have also been includedin the database for as many
samplesas possible. Test resultsfrom the ASTM designatedproceduresfor
moisture (mass of water lost at I05°-110°C),loss-on-ignition(LOI,mass lost
at 750°C),and availablealkali (solublesodium and potassiumreportedas
equivalentsof Na_O)are also includedin the database. The second portionof
the chemical informationin the database includestotal concentrationsof
other minor elementalconstituents. These elementswere phosphorus,titanium,
barium,manganese,and strontium. In keepingwith the ASTM conventionfor
reportingthe concentrationsof major elementsin fly ash, all major and minor
elementalconcentrationswere calculatedand reportedas the common oxides.
ASTM also requiresthe sum of the Si02,A1203,and Fe203values for evaluation
under C618 (10).

In the physicalportionof the database,the tests performedwere
fineness (325 sieve test), specificgravity,pozzolanicactivitytest with
portlandcement (28 day), pozzolanicactivitywith lime (7 day), water
requirement,and autoclaveexpansion. These tests are also includedin the
ASTM C618 "StandardSpecificationfor Fly Ash and Raw or CalcinedNatural
Pozzolanas a MineralAdmixturein PortlandCementConcrete." These
procedureswere performedin accordancewith ASTM C311 (1990) (I0).

Fly ash mineralogywas determinedby a semiquantitativex-ray powder
diffractionprotocoldevelopedby Dr. GregoryMcCarthy at North Dakota State
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University. This method uses the ReferenceIntensityRatio, where rutile
(Ti02)is the internalintensitystandard. Fly ash is composedof crystalline
and amorphousor glassy phases. X-ray diffractiononly identifiesthe
crystallinephases. Future researchmay includethe use of scanningelectron
microscopypoint count (SEMPC)to determinethe chemistryof the amorphous
phases (I0).

Ash fusionwas also performedon most samplesrepresentedin the
database. The ash fusion procedurewas performedaccordingto ASTM D1857
(1968),and ash fusion temperaturesin both an oxygen atmosphere(02)and a
reducingatmosphere(COz)were generated(10).

As noted earlier in this section,some importantobservationsregarding
the understandingof the coal combustionby-productutilizationindustry,the
by-productdisposal practices,the functionalrelationshipswithin a utility,
and the impact of researchin these areas,were made over the durationof this
task. These observationscan be summarizedas follows (10):

• Coal combustionfly ash is an underutilizedresourcein the United
States. Governmentagencies,utilities,and researchorganizations
need to coordinateefforts to promoteash use in currentproven
applicationsand extend ash use to new markets and applications.

• ASTM has set standardsand specificationsfor the use of coal
combustionfly ash in specificapplications;however,these standards
and specificationscan be misleadingand may be misapplied. Industry
and researchgroups need to continueparticipationin ASTM committee
work to maintain appropriatestandardsand to developnew and improved
standardsand specificationswhere needed.

• Regulatoryagenciesshould encouragethe use of coal combustionfly
ash in proven applications. The use of coal combustionfly ash is
consistentwith the currentemphasison reuse and recycle. The use of
this high-qualityand lower-costmaterialcan provide an economic
advantagein rebuildingand expandingthe U.S. infrastructure.

• Coal combustionfly ash shouldnot be categorizedas a waste material
when it is utilized in engineeringor other applications. Coal
combustionfly ash shouldonly be designatedas a waste in the event
the material requiresdisposal.

• Coal combustionfly ash must not be comparedto, or confusedwith, fly
ash resultingfrom the combustionof other materials,such as
municipalsolid waste or refuse. It is incorrectand inappropriateto
regulate"ash" as a single type of material.

• Coal-firedelectricgenerationfacilitiesneed to considerthe
productionof coal combustionfly ash and other solid residuesas an
additionalproductresultingfrom their operations. This will become
particularlyadvantageousas additionalenvironmentalrestrictionsare
placed on air emissionsand solid waste disposal. Productionof a
usable and salablesolid residuewill be highly advantageous.
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• Conventionalcoal fly ash will likely change in characteras advanced
coal combustiontechniques,clean coal technologies,and new emissions
controltechnologiesbecomemore prevalent. These new characteristics !
need to be investigatedfor utilizationpotentialimmediatelyto fit
them into the currentmarket and developnew markets for the future.

3.6.4 AdvancedCoal ProcessResiduesDatabaseResults

A preliminaryspreadsheetdatabaseof informationon residuesfrom
variousadvancedcoal processeshas been generated. The effort requiredto
completethis database is beyondthe scope of this task; however, identifying
and characterizationinformationavailableat the EERC, throughpast and
ongoingresearchprojectsinvolvingthese new coal conversionresidues,has
been collectedand placed in a Lotus® I-2-3® spreadsheetas the initialstep
toward constructinga completedatabasesimilarin scope to the coal
combustionfly ash database (whichnow includesthe bituminouscoal fly ash
database)(I0).

Part of the effort requiredto begin generatingreliableand reproducible
mineralogicalcharacterizationinformationon advancedcoal process residues
was to develop a semiquantitativex-ray powder diffractiontechnique. The
protocolwas developedby Dr. GregoryMcCarthy at North Dakota State
Universityunder a subcontractto the EERC. The protocol uses the Reference
IntensityRatio,which requiresmixing a fixed amount of an internalstandard
with each residue. Rutile (Ti02),the internalstandardused for coal
combustionfly ash, producedpeaks overlappingwith analyticalpeaks of the
new phases in the advancedcoal processresidues. An alternativeinternal
standard,zinc oxide (ZnO),was identified(10).

Futurework should includethe expansionof the AdvancedCoal Process
ResiduesDatabase. It is crucialto develop a solid understandingof these
materialsand to be able to comparetheir propertiesin order to use and/or
disposeof them safely and cost effectively(10).

3.7 ActivatedCarbon Evaluation

3.7.1 Introduction

Activatedcarbons have many uses in industry. Most uses are associated
with manufacturingand water purification,such as color removal and the
removalof toxic or refractorycompoundsfrom waste streams. Additionaluses
are the removalof odorouscompoundsfrom industrialgas dischargesand the
adsorptionof solventvapor after air strippingof contaminatedwater.

Commonmaterialsutilizedfor the productionof activatedcarbon include
ligniteand bituminouscoals, wood, peat, heavy-petroleumfractions,and waste
materialsfrom pulping. In the processof activation,the carbon materials
acquirea high surfacearea that providesa high efficiencyof adsorption.
Typicaloperationsin the formationof activatedcarbon include
devolatilizationat about 590°C,followedby activationwith steam or carbon
dioxideat approximately900° to 10IO°C. Activationresultsin weight loss in
the range of 30% to 60%. The loss of weight followsthe enlargementof the
pores during the oxidationthat causes the increasein activation. Following
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activation,the carbon may be crushed,ground,grated,washed to reduce ash
content,and dried.

A review of the literaturepertainingto methodsof characterizingand
evaluatingactivatedcarbonswas performed. Based on this review,methods
were selectedfor laboratoryevaluation. In addition,commercialvendorsof
activatedcarbonswere contactedand several activatedcarbonswere ordered
for evaluation.

The analyticalmethodsselectedfor characterizingand evaluatingthe
chars and the activatedcarbonsincludedsurfacearea, sieve analysis,iodine
number,molasses number,methyleneglue number,bulk density,real density,
apparentdensity, particledensity,abrasionnumber,hardnessnumber, and ash
content.

Two mild gasificationproducedchars were collected. These includedchar
samplesfrom Red Harmon and Royal Oak lignites. Testingof these chars for
characterizationand evaluationwas initiated. A mild gasificationactivated
sludgeeffluentwas used to evaluatethe treatmentefficiencyof the lignite
chars.

3.7.2 Goals and Objectives

The goal of this task was to characterizeand evaluate chars produced
from the mild gasificationof lignitefor use in the commercialactivated
carbonmarket or for cost-effectivetreatmentof wastes generatedby the mild
gasificationprocess,

3.7.3 Resultsand Conclusions

Preliminarytestingof the Red Harmon and Royal Oak lignitechars
indicatedthat they were not well suited for directuse as activatedcarbon.
A comparisonof lignitechar and activatedcarbon characteristicsis shown in
Table I. The values for effectivesize and uniformitycoefficientfor the
lignitechars are approximately60% less than those obtained using the
commercialactivatedcarbons. The mild gasification-producedlignitechars
tendedto be extremelyfriableand suffered from a high rate of attrition
during handling (8).

The Red Harmon char-treatedactivatedsludgeeffluent showed a chemical
oxygendemand (COD) reductionof 17%, from 808 mg/L to 670 mg/L. Color was
reducedfrom 3600 to 3300 APHA PtCo color units using the Red Harmon char, an
8.3% removalrate. Royal Oak char resulted in a COD reductionof 20%, from
808 mg/L to 645 mg/L. Royal OaK char reducedcolor from 3600 to 2700 APHA
PtCo units, a 25% reduction. An identicaldosage of Calgon F-400 activated
carbon resulted in COD and color removalsof 90% and 98%, respectively(8).

As-receivedmild gasificationlignitechars are not well suited for
direct use as an activatedcarbon. Surface area of these chars is less than
desiredfor high-adsorptionefficiency. Lignitechars exhibiteda high degree
of friabilityand sufferedfrom elevated rates of attritionduring handling.
However,chars producedmay be suitablefor use followingan activationstep.
Continuingresearchunder this task will evaluatethe effects of activationon
mild gasification-producedlignitechars (8).
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TABLE I

Comparisonof LigniteChar and ActivatedCarbonCharacteristics

Red Harmon Royal Oak Calgon° Norit"
Char Char F-400 Hydrodarco

Parameter 12"30 12"30 12"40 12"40

SurfaceArea (m2/g) 211 183 404 271

Sieve Analysis (max%)
Larger than No. 12 0 0 0.6 9.8
Smallerthan No. 30 9.7 5.6 0 0
Smallerthan No. 40 0.4 0.2 0.4 0.4

UniformityCoefficient 1.2 1.2 2.1 2.2

Mean ParticleDiameter (mm) 0.7 0.7 1.1 1.2

EffectiveSize (mm) 0.6 0.6 0.7 0.6

HardnessNumber (I00max) 24 68 73 57

AbrasionNumber (%) 41 67 73 52

IodineNumber (mg/g) 174 151 1150 640

ApparentDensity (kg/m3) 574 556 480 430

Ash Content (%) 20.4 26.9 7.1 19.6

" Values obtainedat EERC laboratories.

Samplesof the Royal Oak and Red Harmon chars were subjectedto activa-
tion by steam and by syngas (H2CO)activationmethods. Neitherof these
methods resultedin a significantincreasein surfacearea. Royal Oak char
exhibitedonly a 4% increasein surfacearea when subjectedto activationwith
syngas. Steam activationof the Royal Oak char resultedin a decrease in
surfacearea from the originalchar (8).

Continuingresearch of activatedchar should includethe examinationof
the processingand handlingof the char material as it is done in the mild
gasificationprocess because it is suspectedthat the char may be exposedto
the atmospherewhile still hot, resultingin the oxygenof the atmosphere
"burning"out the pores of the char particles. Future.researchshould also
includeexaminingthe effect of alteringthe temperaturesof the mild gas
process. Higher temperaturesduring the carbonizationof the material is said
to producea better carbon particle (8).

3.8 Coal Ash Conditioning Study

3.8.1 Introduction

Dry coal utilizationwastes are usually noncohesivematerialswhich flow
freely if not confinedand are readilysusceptibleto dusting. Water is often
mixed with these wastes prior to ultimatedisposalto increasecohesion,
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reduce dusting,and lubricatethe particlesfor better compaction. This
operationis referredto as waste conditioning.

Conditioningof conventionalfly ash usuallyrequiresthe additionof
between10% to 15% water. For wastes from advancedprocessessuch as AFBC
with limestoneaddition,conditioningaccomplishesan additionalfunction
becausethe water serves to hydratethe excess lime (CaO)createdduring the
combustionprocess. Thus for conditioningwastes that containsubstantial
amountsof unhydratedlime, a significantlyhigher water additionlevel may be
requiredcomparedto conventionalcoal combustionwastes.

In additionto controllingdust and increasingcompaction,the
conditioningprocesscan also affect the extent to which cementitiousand
pozzolanicreactionsoccur in the waste after it has been placed at the
disposal site.

During the first year, four coal utilizationwastes were characterizedto
provide baselineelementalcomposition,mineralcomposition,and physical
propertydata for the conditioningprocessevaluation. The advancedprocess
wastes that were studiedincludeda compositecycloneash and baghousefly ash
from the TennesseeValley Authority (TVA) ShawneeAFBC unit, an electrostatic
precipitator(ESP) fly ash from the NSP Black Dog AFBC unit, and a spent-bed
material from the KRW fluidized-bedgasifier. All three wastes were produced
from processesthat used limestoneadditionto the bed for sulfur capture.

In additionto the three advancedprocesswastes, a fly ash from a
Riversideconventionalcyclone-firedboiler burninga westernsubbituminous
coal (WSC)was includedin the conditioningstudy. This ash was included
becauseit exhibitedsome of the same types of problematicbehavioras the
advancedprocesswastes. Moisture-densitytests were also completedon the
Black Dog and Riversidefly ashes.

The wastes consideredfor characterizationduring the secondyear
includedEERC materialsfrom the low-temperaturecoal gasifierand the
circulatingfluidized-bedcombustor(CFBC). Emphasisfor the waste
characterizationtask during the secondyear was on limestonebed materials
from the Hydrogen Productionproject.

Two sets of conditionedfly ash specimenswere preparedfor physical,
chemical,and mineralogicalanalyses. The fly ash was obtainedfrom a Black
Dog AFBC. The specimenswere preparedusing two differentconditioning
moisture levels and four differentcuring times in order to track changes in
the physical,chemicaland mineralogicalpropertiesof the conditionedash for
the first 28 days of the curing process.

A conceptualdesign was developedduring the last year of this task for
an ash-handlingprocessto condition50 ton/hr of self-heatingAFBC ash. In
this process,the ash will be mixed as a slurrywith 55% moistureadded on a
dry weight basis. This conditioningmoisture le'_l was selectedto fully
hydratethe AFBC ash and providea 30% residualmoisture content,which
previousstudieshave indicatedwill be the optimummoisture for producingthe
maximumcompacteddensity. In this conceptualmodel, the conditionedash
would then be stored for a short period to allow the steam releasedby
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hydrationreactionsto dissipateand the ash to cool slightlybefore it would
be transportedto the ultimatedisposal site.

The design of the conceptualash-conditioningsystemwas developedusing
certainassumptions. These includeda 50-ton/hrconditioningrate, continuous
operation,and a maximumtransferdistanceof 100 ft from the main silo to the
feed silo. These assumptions,in conjunctionwith the physicaland chemical
characteristicsof the ash mixture,were the basis for the design of the
system.

The proposedconceptualAFBC ash-conditioningsystemwas brokendown into
four main operations: ash conveying,temporaryash feed storage,and mixer
feed; mixer operation;temporaryconditionedash storagefor hydration;and
conditionedash transportand ultimatedisposal.

Chemical and mineralogicalinvestigationsof the originalAFBC residues
and samplesof conditionedAFBC residueswill be includedin this study to
determinethe chemicalreactionsand mineralogical-phasetransformationsthat
may occur during the conditioningprocess. Major, minor, and trace inorganic
constituentsof the originaland conditionedresidueswill be studied,and
experimentswill be designedto investigatethe mobility of trace inorganic
constituentsin the conditionedresidues.

3.8.2 Goals and Objectives

The purposeof this task was to evaluateconditioningproceduresfor
advancedcoal utilizationwastes and to evaluatetrace elementmobilitywithin
conditionedwastes.

3.8.3 Resultsand Conclusions

A dominant characteristicof all four wastes was a high calciumcontent.
For the AFBC ashes,much of the calciumwas present as free lime. For the KRW
and Riversidewastes, however,only a small percentageof the calcium appeared
to be in the form of free lime. The AFBC ashes liberatedlarge amountsof
heat when mixed with water and displayeda tendencyto self-harden. The
Riversideash liberateda moderate amountof heat when mixed with water, but
displayeda much greatertendencyto self-harden. The KRW waste did not
display significantself-heatingor self-hardeningbehavior (5).

The three advancedprocesscoal utilizationwastes all had relatively
high calciumand sulfur contentsdue to the fact that limestonewas added to
the AFBC and gasifierbeds for sulfur capture. The Riversidefly ash also had
a high calciumcontentdue to the presenceof calcium-bearingmineralsin the
coal rather than to an added sorbent.

Lime was found to be a major componentof both the Black Dog and
TennesseeValleyAuthority (TVA)AFBC ashes. The lime was producedby
calcinationof limestonein the combustorbed.

The wastes were found to containessentiallyno moisture,which was
expectedsince the lime tended to bind any moisture in the waste through
hydrationreactions. The LOI measuredfor the Black Dog and TVA AFBC ashes
were relativelyhigh comparedto conventionalcoal combustionash. The
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extremelylow LOI of the KRW gasifierbed materialwas probablycaused by the
oxidationof sulfideduring the LOI test.

The advancedprocesswastes,particularlythe AFBC ashes, appearedto
contain significantamountsof free lime (CaO) as indicatedby their high
initialpH values and large bufferingcapacitiesin the 11- to 12-pH range.
In contrastto the advancedprocesswastes,the conventualRiversidefly ash
containedonly a small amountof free lime. The Riversidefly ash, however,
displayeda large bufferingcapacity in the pH range of 5.5 to 2.0.

Titrationcurves indicatedthat the advancedprocesswastes had a
differentgross chemicalcomposition,at least in terms of acid-neutralizable
components,comparedto the Riversidefly ash. The titrationof the KRW
spent-bedmaterialliberateda strong odor of hydrogensulfide,indicatingthe
presenceof calcium sulfidein the waste. The resultsof the KRW titration
indicatedthat the calciumsulfidecontentwas in the range of 5 to 10 wt%.

Moisture-densitytests were completedon the Black Dog and Riversidefly
ashes. Based on observationmade during these tests, it appearedthat self-
hardeningreactionsoccurredafter the water was added and caused the
Riversideash to set up after about 15 minutes. As the ash set up, it changed
from a fine powder to a coarse,granularmaterialwhich was much less cohesive
when compacted. The Black Dog ash also hardenedafter water was added, but to
a much lesser extent than the Riversideash.

It was found that if the amount of conditioningwater was less than about
35%, the Black Dog ash heated to I00°C (with an accompanyinggenerationof
steam). When the amount of water was greaterthan 35%, the maximumash
temperaturedecreased. Apparentlythe additionalwater absorbedenough of the
heat liberatedfrom lime hydrationto keep the temperaturefrom reaching
I00°C. The Riversideash showed a gradual increasein maximum temperatureas
the amount of conditioningwater was increasedto about 20%. The difference
betweenthe two ashes is probablydue to the fact that the heat releasedby
the Black Dog ash was principallycaused by lime hydration,while the heat
releasedby the Riversideash was principallycaused by tricalciumaluminate
hydration.

Both ashes consumed some of the water added during the conditioning
tests. The differencebetweenthe water added and the water contained
representsthe water lost to either hydrationreaction,evaporation,or steam
generation. For the Black Dog ash, water loss (about10%) was independentof
the amount of conditioningwater initiallyadded to the ash, but for the
Riversideash the water loss gradually increasedto a maximum of about 10% as
the amount of added water increased.

Althoughthe self-heatingand water-lossrelationshipsindicatedby the
conditioningtests appearwell defined,cautionmust be used when applying
this type of informationto field disposal. The chief differencebetween
laboratorytests and field conditionsis the bulk quantitiesof ash handled.
The relativelysmall amountsof ash used for the laboratorytests will lose
both heat and water more readilydue to evaporationand steam generationthan
the large quantitiesof ash handledin the field. This means that ash handled
in the field may get hotter,stay hot longer,and lose less water than the
laboratorydata indicates.

22



3.8.4 Bulk Chemicaland MineraloqicalCharacterization

In this study, proton-inducedx-ray emission(PIXE) resultswere used to
determinean initiallist of trace elementsfor quantitationin the two
residues. That list includedall RCRA elements,even if they were not
identifiedby the PIXE results. Other highlymobile elementswere also
includedfor completeness.

The chemicalchar_Lcterizationprotocol includedthe quailtitativeanalysis
of the trace elements and the major and minor inorganicconstituents.
Major/minorinorganicconstituents,present in percentageamounts in the
samples,were silicon,aluminum,iron, calcium,magnesium,sodium,potassium,
titanium,phosphorous,strontium,and manganese. Moisturecontent, LOI, and
carbonatewere also determinedin the originalmaterials.

Mineralogicalcharacterizationby x-ray diffractionof the bulk samples
was completed.

3.B.5 Resultsof Trace ElementMobility Investiqations

These tasks involvedthe investigationof trace elementmobility in test
cylindersof the residuesconditionedwith differentlevels of moisture and at
four curing times. Slicesof these conditionedmaterialswere submittedfor .
the trace elementmobility investigations. Two slices,approximatelyl-inch
thick, were taken from the center of each cylinder. One slice was kept intact
for the trace elementmobility study, and the secondwas dried and crushedfor
potentialuse in a future leachingcharacterizationstudy. A split of the
material preparedfor the leachingcharacterizationwas ground to -60 mesh for
mineralogicalinvestigationsto be performedin conjunctionwith the leaching.
All these sampleshave been retainedand are being storedpending future
fundingfor a leachingcharacterizationstudy. The leachingcharacterization
proposedwas determinedto be beyond the scope of this subtask. Additional
sample preparationwas requiredfor the trace elementmobility studies. The
cylinder sectionthat was reservedfor this purposehad samplesdrilledout of
specificregionsof the slice using a carborundumdrill bit. A samplewas
obtainedfrom the center of the slice, from the edge or perimeterof each
slice, and from a concentricring betweenthe two samples. This protocol
resultedin three distinct samplesfor each conditionedsamplethat was
submitted. A carborundumbit was chosenbecause any contaminationof the
samplesby the drill bit would be readilyrecognizedduring the mineralogical
characterizationof these samples. Followingthis samplepreparation
procedure,forty-eightsamplesof conditionedresidueswere submittedfor
analysisof total trace elementsand major/minorinorganicconstituents
analysis. These same sampleswere submittedfor x-ray diffractionto identify
mineralogicalphases present and for comparisonof the mineralogyof the
conditionedversus nonconditionedmaterial. Mineralogywas determinedon the
I- and 28-daycured, conditionedmaterialsat both moisturelevels investi-
gated in the engineeringstudy under this task (10).

The chemical analysesresults,in conjunctionwith the mineralogical
results,indicatethat the mobility of elementalconstituentsin conditioned
AFBC residuesis virtuallynondetectable. Resultsof the total chemical
analysisare the same within the variabilityof the analyticalmethod and the
heterogeneousnature of these residues. Statisticalanalysisof these results
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was not performed,as generalobservationswere adequateto concludethat the
mobility of major, minor, and trace elementconstituentswas very low even at
the lowest curing times and moisture contents. Even the most mobile
constituents,such as chlorideand sodium,showed no trend of mobility in this
study. The only mineralogicalchangesthat were noted betweenl-day curing
and 28 days of curing was the formationof gypsum,which is a hydratedform of
CaS04. Anhydrite,the nonhydratedform of CaS04,was present in the sample at
i-day curing time in all cases. Only one sample,the Black Dog AFBC at 37%
moisture, showed the development of ettringite (Ca6AI2[SO413[OH]I2.26H20)in the
sample that had cured for 28 days (10).

Leaching characterization of these conditioned materials is recommended
for future work. The leaching characterization should include short- and
long-term leaching procedures. This study will provide extremely beneficial
supplemental information regarding trace element mobility in conditioned FBC
ash.

The results and conclusions for the conceptual ash-conditioning system,
developed during last year of this task are as follows (9):

• The optimum moisture content of the 65/35 char/fly ash mixture was
found to be 30% of dry weight (residual moisture). To achieve this
moisture content, a water addition rate of 55%of dry sample weight
must be used to compensate for moisture loss due to hydration
reactions.

• The maximumcompacted density of the ash mixture was found to be
77 Ib/ft 3 at a moisture content of 30% of dry weight. At this
density, a maximum28-day compressive strength of 366 psi was
developed. A permeability of 1.5 x I0 -s cm/sec occurred at the
optimum moisture content of 30% of dry weight.

• Since the AFBC ash began to stiffen shortly after the conditioning
water was added, a limited amount of time was allowed for mixing. The
time from the start of mixing until the ash begins to stiffen was
approximately 2 minutes. Therefore, a mixer was selected with
residence time less than I minute.

• The conditioned ash slurry developed an average short-term (15 minutes
to 5 hours), unconfined compressive strength of 16.6 psi. Minimum and
maximumshort-term compressive strengths were found to be 13.6 and
19 psi, respectively. These data indicated that temporary storage of
the conditioned ash would be possible, since these compressive
strengths would not hinder the removal of the conditioned ash from the
storage areas.

• The conditioning process was chosen to be continuous in order to meet
the assumed 50-ton/hr conditioning rate. A continuous process was
also required to meet the short mixer residence time required for
conditioning.

• In the design, the AFBC ash would be stored in a 23,000-ft 3 combina-
tion silo. The ash would be transported from the main silo to the
mixer silo with a screw conveyor. The mixer-feed silo would be used
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to temporarilystore the ash mixture. Two 25-ft by 25-ft storage
areas would then providetemporarystoragefor the conditionedash
slurry,allowingthe hydrationprocessto be completed,and the ash to
cool. The temporarystorageareas would be fully enclosedto capture
the steam releasedduring the hydrationprocess. After approximately
30 minutes of steamingand cooling,the conditionedash would be
removedfrom the storageareas with a front-endloader equippedwith a
2-yd3 bucket. The ash would then be placed in a landfill.

• Major, minor, and trace constituentsshowedno trend of mobility
within the conditionedAFBC ash. Hydratedmineral phaseswere
identifiedin cured conditionedAFBC ash. Leachingcharacterization
is recommendedfor future work.

3.g Characterizationand Treatabilityof Coal-WaterFuel ProcessWaters

3.9.1 Introduction

Coal beneficiationthroughhydrothermaldewateringhas emergedas one of
the most promisingtechnologiesfor upgradinglow-rankcoals. Hydrothermal
dewateringis a techniqueused to reduce the water content of high-moisture
coals throughheatinga finely ground coal-waterslurry under pressure. The
drying temperatureis high enough to decomposesome carboxylgroups in the
coal, formingcarbon dioxide. The carbon dioxidethen forces the water from
the coal pores into the surroundingmedium. Reabsorptionof water is
minimizeddue to coal surfacemodificationand surfacecoatingwith evolved
tars and waxes.

Conditionsduring hydrothermaldewatering,coal chemistry,and coal type
have a major impacton the characteristicsof coal-waterfuel (CWF) process
waters. Many of the contaminantsare difficultto remove prior to discharge
and may create operationalproblems if recycledback into the process.
Wastewatertreatmentprocess selectionfor coal beneficiationprocessesis a
difficulttask. Great emphasishas not been placed on liquidwaste
management. The need exists for an improvedtreatabilitydatabase and a clear
methodologyfor treatmentof CWF waters. Cost-effectiveproductionof CWFs
can only take place if waste managementtechnologiesare developedprior to
prototypeplant construction.

3.9.2 Goals and Objectives

The purposeof this task was to characterizeand investigatethe
treatabilityof hot-waterdried (HWD)CWF at the bench scale.

3.9.3 Resultsand Conclusions

A survey of chemicalcharacterizationdata for HWD coal processwaters
was conductedand relevant informationwas enteredinto a databasemanagement
system (6). Severalgeneraltrends were apparentwhen a comparisonwas
performedon the chemicalcharacteristicsfor processwaters generatedduring
hot-waterdrying of a varietyof ligniteand subbituminouscoals. Increasing
organiccontaminantconcentrationsoccurredwith increasingprocess
temperatures. A general increasein 4AAP phenolics,five-daybiochemical
oxygendemand (BODs),COD, and total organiccarbon (TOC) occurredwith all
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coal types. Increasingammoniaconcentrationswere observedwith increasing
processtemperature. A generaldecrease in sulfateconcentrationswas seen in
all processwaters,with increasingtemperature. Ash-producingions, calcium
and sodium,followedan increasingtrend with increasedprocesstemperature.
Magnesiumconcentrationsdecreasedwith the ircreasingoperatingtemperatures.
High COD:BOD5ratios indicatedthat high concerltrationsof biorefractory
organicswere presentin the CWF processwater (9).

Based on the resultsof this survey,severaltreatabilityissueswere
identified(9):

• Coal chemistryand coal type will have a major effect on processwater
characteristics,treatability,and reuse potential.

• Differencesin processingtemperatureand pressurehave a p_onounced
effect on processwater characteristicswithin a temperaturerange
between270° and 330°C.

i

• Thorough characterizationof processwaters is necessary.

• Biologicaloxidationwill be a key unit process.

• Future dischargeand/orreuse criterianeed to be defined so that
treatmentprocess limitationsmay be properlyevaluated.

• Verificationof treatmentprocess stability,reliability,and the
developmentor verificationof kineticparametersshouldbe performed
at the bench and pilot scale.

• High COD:five-daybiochemicaloxygen demand (BODs)ratios in HWD CWF
processwaters indicatehigh levels of biorefractoryorganicsthat
will requirefurthertreatmentof secondaryeffluentprior to
dischargeunder most situations.

Processwater used in treatabilitytestingwas collectedduring the hot-
water drying of coal from the Usibelli coal mine near Anchorage,Alaska. A
representativesample from the Usibelli HWD CWF processwater was submittedto
the EERC AnalyticalResearchLaboratory(ARL) for chemical and physical
characterizationprior to treatabilitytesting (9).

Two secondarytreatmentsystemswere selectedfor evaluation,an
anaerobictreatmentsystem and an aerobictreatmentsystem. The anaerobic
system combined anaerobicbiodegradationwith granularactivatedcarbon
adsorptionin a two-stageexpanded-bedreactorconfiguration. The aerobic
systemwas a conventionalactivatedsludge process(9).

An anaerobicbacterialculturewas obtainedfrom the Moorhead,Minnesota,
sludgedigester,and the aerobicculturewas obtainedfrom an activatedsludge
reactortreatingmild gasificationwastewater. Testingwith these two systems
was conductedto evaluatethe removalsof selectedparameters,such as BODs,
COD, ammonia (NH3),and color (9).

In the anaerobicsystem,breakthrough(COD = 400 mg/L) in Column I was
found to occur at approximately34 L of throughput,correspondingto 34-bed
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volumes. Carbon exhaustionwas estimatedto occur after approximately150 L
of throughput,or 150-bedvolumes. Exhaustionwas assumedto occur at a
column effluentCOD of 3200 mg/L, or 1200 mg/L less than the influentCOD.
The 1200 mg/L differencerepresentsthe biodegradablefractionof COD, as
measured by BOD5(10).

Operationof two columnsin series significantlyextendedthe time to
systemeffluentCOD breakthrough. Two-stageoperationresulted in an
increasedutilizationof adsorptivecapacitythat approximatelytripled the
throughputto breakthrough,while only doublingthe amount of carbon (10).

The gas generatedthroughanaerobicmetabolismwas analyzedfor
composition. The methanecontentof the gas generatedaveragedapproximately
over 70 mole percent. The relationshipbetweenCOD loadingand the gas
generatedis representedby the equation: y = 0.156x + 0.0139. Thus for each
100 grams of COD appliedto the system,approximately16 litersof gas are
generated(10).

The aerobictreatmentsystemwas based on the conceptof activated
sludge. BODs removalsof 95% were achievedduring activatedsludgetreatment
of Usibelliprocesswater. The averageinfluentBODsof 1220 mg/L was reduced
to as low as 31 mg/L, but was not consistent. Treatabilitytarget discharge
goals, based on the new sourceperformancestandard(NSPS),were 30 mg/L. The
average influenttotal COD during the operatingwas 4540 mg/L. Average
effluentsolubleCOD was 3730 mg/L, an 18% removalrate. This concentration
is much higher than the target effluentqualitygoal of 400 mg/L. High
concentrationsof refractoryCOD in the activatedsludgeeffluentwill require
furthertreatment. Average influentammoniainfluentwas 13 mg/L. Effluent
ammoniaaveraged2 mg/L, resultingin a removalefficiencyof 83%. Ammonia
removalsduring activatedsludge treatmentare most likely the resultsof air
strippingin the aerationbasin, rather than biologicalnitrification. No
increasein effluentnitratewas detected (10).

3.10 Waste DepositoryScavengerStudy

3.10.1 Introduction

Constructinglarge depositoriesfor municipaland'industrialwaste has
become a standardwaste managementpractice. Monitoringpotentiallyhazardous
leachatemigratingfrom a waste depositoryis a criticalresponsibilityto
preventgroundwaterand soil contamination. Currentmonitoringtechniques,
which consistof samplingand analysisof materialsaround the depository,are
inadequate. This type of analysiscan be inaccuratedue to the heterogeneity
of the materialsand the virtuallyundetectablecompositionalchangeswith
time.

Contaminantsemanatingfrom municipalwaste can includelead, copper,
zinc, and contaminantsmigratingfrom fly ash waste can includeboron,
molybdenum,arsenic,and selenium. Remediationof these types of contaminants
is expensiveand sometimesproblematic. Inexpensivewaste-cellliners
composedof abundant sorptivematerials,such as zeolites,chars, and clays,
could be an economicalway to immobilizecontaminants.
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3.10.2 ResearchScope

A two-phasetest plan was used to determinecontaminantmigrationand
sorptivecapacityof the scavengermaterials. The first phase involvedthe
evaluationof chemicaland mineral propertiesof the proposedscavenger
materials. The second phase involvedthe use of batch testingand percolation
experimentsto determinethe sorptiveabilitiesof selectedmaterials.

3.10.3 Results and Conclusions

Clinoptilolite,a zeolitemineralwith the genera]formulaof
(Na,K)6(A16Si3oO72).20H20,was tested for its abilityto immobilizeions of
selenium,molybdenum,copper,and lead. Ionsof lead and copper were chosen
for initialexperimentsbecauseclinoptilolitehas a strong affinityfor both
of these contaminants,and they are commonlyfound in municipallandfill
leachate. Seleniumand molybdenumwere chosen for the first percolation
experimentbecausethey are common constituentsin fly ash leachate (10).

Clinoptiloliteobtained from East West MineralsCompany,Denver,
Colorado,was analyzedby x-ray diffraction(XRD) techniquesto determine
other phases present. The clinoptilolitewas found to be nearly homogeneous
and containedonly a minor amount of quartz. Scanningelectronmicroscope/
electron probe microanalysis(SEM/EPMA)revealedthat the zeolitewas more
potassium-richthan sodium-rich(10).

Limitedbatch testinghas indicatedthat clinoptilolitewas effectiveat
removing lead from solution,but not an effectivescavengingmaterialfor Se"
(selenium)or Mo"6(molybdenum)(I0).

Furtherresearchin this area will includethe evaluationof other
possiblescavengingmaterials in more complexsystemsthat model field
behavior. The evaluationof other scavengingmaterials,such as chars and
clays, and the developmentof optimummixtures should also be pursued.

Future research shouldalso focus on determiningthe quantitiesof
contaminantsthat are permanentlyimmobilizedand quantitiesthat are able to
be remobilizedfrom the scavengingagents. This will be an importantfactor
in determiningthe environmentalimpactof these materials.
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REGIONALENERGYPOLICYPROGRAMFORTHE NORTHERNGREATPLAINS

1.0 INTRODUCTION

The United SLates is the world's leading consumer of energy. The
production and consumption of energy vary over the country as a function of
climate, the availabilityof naturalresources,economics,and culture. The
northernGreat Plains region (Montana,Wyoming, North Dakota,and South
Dakota) is an area characterizedby many similaritiesin climate,culture,and
physiography. With respect to energy,this region:

• Contains significantconventionalfossil fuel resourcesas well as
nonconventionalenergy resourcessuch as oil shale and geothermal.

• Accounts for over 10 percentof domestic hydrocarbonproduction,a
significantportionof domesticcoal productionby volume (low-rank,
low-sulfurcoal), and a significantamount of coal-firedelectricity.

• Contains significantresearchcapability,particularlywith regard to
coal-conversionand oil shale technologies,and with respectto the
environmentaleffectsof fossilfuel production,conversion,and
utilization.

• Is a net exporterof energy and fossil fuel materials.

• Is a significantconsumerof fuel and fossilfuel by-productsin the
agriculturalsector.

• Receivessignificantrevenuesand economic supportfrom fossil fuel
exploration,production,conversion,and transportationindustries,as
well as from ancillaryindustries.

The fundamentalintentof the federalEnergy Policy is to provide
enablingand restrainingleverageon the market to protectthe public
intereststhat would not otherwisebe well served. These interestsinclude
the protectionof human health and the environment,ensuringan uninterrupted
energy supply,resourcestewardship,and providingfor the nationalsecurity.
Since the first energy shock in 1973, responseto uncertaintyin energy
supply,especiallyfor oil, has varied betweentwo extremes: strong
government intervention,in responseto energy supply crises,or relianceon
market forces.

At the state level, responsibilityfor energy-relatedissuesis
typicallydividedamong a number of agencies. Policy functionsare divided
among economicdevelopment,healthand the environment,consumerprice
regulation,and revenuedevelopment(sourcesincludeseverance,sales, and
propertytaxes). Furthermore,state level activitiesmust be coordinatedwith
federalinitiatives. The developmentand maintenanceof well-foundedenergy-
relatedpolicy at the state or regionallevel requiresbasic knowledgein a
number of subjectareas, includingenergy resources,productionand
utilizationtechnologies,markets,the environment,currentand developing
federaland state initiatives,and local, regional,national,and
internationaltrends.



2.0 PROGRAHOBJECTIVES

The goal of this program has been to develop and managea series of
concise reports and databases intended to enhance the development and
implementation of energy-related policies in the northern Great Plains region.

Computerized database products are summarized in Table 1, while project
reports are summarized in Table 2. The reports are being treated as open-file
documents.

3.0 TASKS/ACTIVITIES

3.1 Task A. Development of an Information ManagementSystem

Objective

The objectiveof Task A was to developan integrateddata management
system for the storage,organization,and manipulationof data, as well as
allowingfor variedoutput includinggraphics,such as maps, tables,and
reports.

Activitiesunder this task includedidentifyingdata types and desired
product formats;screeningcandidatesoftwarepackages and selectingthe
appropriatesoftware;and, followingtesting,developthe appropriatedata
packages. Given the need to foster ready distributionof the computerized
data sets, the softwareselectioncriteriaincluded:

• User-friendly,with wide usage in the marketplace

• Low cost

• Highly interactivewith other softwarepackages

• Personal-computer-based

Followingthe softwareselection,activitiesincludedtailoringthe data
managementsystemsto meet the needs of the overall systemand developing
appropriateformatsfor data entry and management. In order to minimize costs
to the project,softwareand hardwarecosts were sharedwith other projects
when possible.

Accomplishments

ComputerData ManagementSystem Software

Three types of data were identified: those with a geographictie, those
which consistedof items in a list, and numericaldata. The choice of
database softwarewas dictated by the characterof the data as follows:

• Data sets with a strong geographiccomponentincludedregulations,
resource/reserveestimates,production,facilities,utilizationdata,



TABLE1

Summaryof Computerized Databases

Name Task Software Description Records Remarks

ENERBIB B.1 Q&Ae The template contains fields for bibliographic citations end key 1500 records • Records can be sorted on any
words for energy-related publications and data bases, particularly ftald
for the northern Great Platna region. Key references ere
indicated. Key words expedite sorting by energy sector (coal, o11,
gas, electricity, nuclear, btofuela, geothermal, hydroelectric, and
o11 shale) and subject area (resources/reserves, production.
transportation, consumptton/mQrkettng, technology, policy,
environmental), as well as by area (e.g., state, geologic province,
Industry/government region).

ENERCON B.2 Q&A • The template contains fields for names, addresses, key personnel, 1160 records • Records can be sorted on
and descriptions of energy-related organizations. Subsets tnclude any field
state and federal regulatory agencies, lobbyists, energy companies,
and select untverstt_ departments.

PLANT 0 Q&A• Contains information on coal-conversion facilities (coal-fired Z3 records • 22 electrical generating
electrical generating stations; gasification facilities) tn the plants
northern Great Plains region. Template contains fields for
facility identification (name and address, owner), botler/gastfter • 1 gasification facility
specifications, average load, fuel type and source, flue-gas
cleaning, waste types and management, and ftnanc|al information.
Information developed and conf|rmed through interviews with

.... re_ulator_ and industry personnel.

MINE 0 Q&Ae Contains information on coal mines tn the northern Greet Plains 67 records • Records can be sorted on
region. The template contains ftelds for m|ne Identification any fteld

f,t3 (name, address, owner), production, customers, geology,
environments], end financial information. Information developed • Unique combiner|on of
end confirmed through interviews with regulatory end industry information fields
p)raonne!- i

NGPC_P A Atlas GIS e GIS systems are fully relational data mnagement systems that • Attribute files imported
consist of two file formats: geographic and attribute {d-base). from QIkAe and Quettro e Pro
The geographic format consists of three bssic levels of resolution
for the northern Great Plains region: state, state/geologic • Attribute files developed
province, and county. Attribute file templates include fields for under Tasks C,D,E
resources/reserves, production, facilities, consumption, waste
generation, and management. Numerical and statistical products are • Requires a minimum of:
available from the attribute files alone while maps are produced - 486/50! 20014B for
from the interaction of the geographic and attribute files, complete system

386/25; 100 MB for
select attribute files



TABLE2

Summaryof Report Products

Title Task Description

Status of coal resource assessment in the C Profiles the current state of knowledge and activities with respect to coal
northern Great Plains resource/reserve information in the northern Great Plains. Focus is on the

Fort Union Lignite Region (coal-bearing area of the Williston Basin) and the
Powder River Region (coal-bearing strata of the Powder River Basin) which

together account for over 95 percent of the coal reserves in the region. I

Federal Energy Policy 1970-1990 G Contains a summary of federal energy policy initiatives during the period
19/0-1990 and provides concise profiles of the coal, oil, and gas sectors as

they were at the commencement of the National Energy Strategy development

process. Includes a chronology of Energy Policy actions and world events.

Coal-conversion by-products management in the H Contains a review of the waste types, management practices, and research

North Dakota portion of the Fort Union Lignite findings for coal-conversion by-products (fly ash, flue gas desulfurization
Region: A review of the literature wastes, bottom ash). Includes maps of waste generation sites and tables

highlighting management practices, select research reports, and utilization

options.

Surface mining and reclamation in the North H Contains a review of the environmental effects of mining and reclamation

Dakota portion of the Fort Union Lignite activities. Includes maps of active mines, research sites, abandoned mined

Region: A review of the literature lands (AML) and tables highli_htin_ selected research activities and groups.

Oil and gas exploration and production wastes H Contains an overview of exploration activity, wastes, management practices,
in the northern Great Plains: Occurrence, and research findings with respect to oil and gas exploration and production

character, and management wastes (drilling waste, produced water) in the northern Great Plains. Data
portrayed on Atlas GIS map products at the county level includes well
populations, production (oil, gas, and water) injection wells, and other

I waste management sites. Tables show management practices and highlightresearch findings.
i " i



environmental data, and demographics. These data sets were assigned
to the NGPCOMP(northern Great Plains comprehensive) database.

Geographic Information Systems (GIS©) which relate data within a
consistent geographic framework are well suited for analysis of these
types of data and have the ability to provide numerical and
statistical reports as well as mapoutput. GIS was considered to be
the software of choice for NGPCOMP.

Following a screening phase, Atlas GIS© was chosen as the software for
NGPCONP. The development of NGPCONPwas initially delayed, however,
due to problems with the generation of the Atlas GIS© software
originally obtained for testing. In Year 2 of the project, plans were
made to replace Atlas GIS© with MapViewe_, a thematic mapping package
from Golden Software. The acquisition of an Atlas GIS© upgrade and
the hiring of a full-time computer database manager, both in Year 3 of
the project, cleared the way for the development of NGPCORPusing
Atlas GIS©. Since the formatsand files can be readilyrevisedand
the programreadilyacceptsinformationfrom other databaseformats,
the choice of Atlas GIS for NGPCOMPresulted in the potentialfor a
flexible,dynamic, portable,and expandabledata managementsystem.

GIS systems,fully relationaldata managementsystems,functionwith
the interactionof two file formats--geographic(a standardized
geographicreferencestructure)and attribute(d-basefiles,akin to
spreadsheets,which are keyed to locationsin the geographic

i structure)--wheredata are tied to a geographiclocation. Atlas GIS©
databaseconstructionwas initiatedwith the developmentof an overall
geographicstructurefor the northernGreat Plainsregion. The
geographicstructurecontainedthree layers,that of the state,
geologicprovince/state,and county. The county,a geographicunit
con_nonamong the diversedata sets (regulatory,geologic,production,
consumption,environmental),was chosen as the fundamentalgeographic
tie (levelof resolution)for the GIS systemand provedparticularly
useful for portrayingthe occurrenceand distributionof elementsof
the larger attributedata sets such as oil and gas wells. In cases
where populationswere relativelysmall, such as the case for coal
mines, the capabilityexistedfor individualfacilitiesto be plotted
while other types of data, includingregulations,requiredplottingat
the state or state/provincelevel.

In the second half of Year 3, naturalgas-relateddata were used as
the basis for attributefiles which were then used as sampledata sets
for the testingof Atlas GIS© capabilities. With the successful
demonstrationof the system,subsequentactivitiesincludedthe
developmentof data entry attributeformats,entry of selecteddata
sets, and the productionof selectmap products. Data entry was
facilitatedby creating attributefile templatesin Atlas GIS©,
exportingthe templatesto Quattro® Pro for data entry, and then
returningthe completedfiles to the GIS system. Data intendedto
form the basis of attributerecords in NGPCOMPwere acquiredunder
Tasks C, D, and E. The statusof those activitiesis addressedunder
the individualtasks.



• Enumerated items and supporting information, which included
bibliographic citations, contacts, descriptions of technologies, and
policy initiatives, were managedusing Q&A®, a flat file manager.

, Q_A® proved especially useful due to its powerful sorting capability.

• Most of the GIS databases were supported by data sets in a spreadsheet
format, particularly Quattro ® Pro. This was done for two reasons.
The spreadsheet format allowed the rapid input of data and the program
embodied powerful statistical and other analytical capabilities.

• Word processing was handled using WordPerfect®.

Computer Hardware

The software packages selected for the project, particularly Atlas GIS©,
required improved PC capability. Ancillary capability was required to ensure
appropriate products. Costs were shared with other contracts where
appropriate. Hardware acquisitions included the following:

• IBM PC 386 SX; 40 MB hard disk; 8 MBRAM

• Upgrades of two IBM PC machines, including hard disk upgrades

• Purchase of a modemfor access to on-line information sources

• Deskjet (ink jet printer) printer, produces mapproducts for the Atlas
GIS© NGPCOMPdatabase.

3.2 Task B. Information Acquisition

The overall objective of this task was to identify information sources
with respect to the selected energy-related subject areas in the northern
Great Plains and to characterize and assess these sources. Activities fell
into two areas: compilation of an annotated bibliography of publications
(B.1) and a compilation of background information on key energy-related
contacts (B.2).

3.2.1 Subtask B.1 Annotated Bibliography of Enerqv-Related
Sources.

Objective

The objectiveof SubtaskB.I was to identifyinformationmaterials,
published sources,and databases;to acquireand review these materials;and,
finally, to enter and manage these materialsin a computerizedannotated
bibliographytemplatedevelopedusing Q&A® software. Sourcesof the materials
includedtrade and lobbyinggroups, energy-relatedcompanies,and state and
legislativeagencies.

Although the initialintentof this taskwas to producean annotated
bibliography,the formal review and descriptionof each referencewas deemed
inappropriatesince I) the activitywas time-intensive,requiringan
inordinateshare of limitedprojectresources;2) the volumeof materialswas
very large; and 3) annotationswere alreadyavailablein other formats in many



cases (such as on-llnedatabases). Instead,the original Intentof the
annotatedbibliography,that is, the rankingand descriptionof the
informationsources,was largely fulfilledthroughthe identificationof key
data sources in select subject areas.

Accompli shments

• The identificattL_n and acquisition of energy-related sources for the
northern Great Pl,_ins. Sources included computerized data bases,
published materials, and on-line databases.

- Development of a computer-based annotated bibliography template,
ENERBIB, in O_®. Fields include bibliographic information, key
words, and descriptive information.

• Identification of key references by energy sector (coal, oil, gas,
electricity, nuclear, biofuels, geothermal, hydropower, oil shale).

3.2.2 Subtask B.2 Orqanizations Database

Objective

The objective o6 Subtask B.Z was to identify key energy-related
organizations for the northern Great Plains and to develop a computerized data
system for the storage and manipulation o6 these data.

Accompli shments

• Selected energy-related groups at the national and regional levels
were identified and contacted during Years 1 and 2 with respect to
their activities in policy issues. The groups included environmental
organizations, research organizations, government agencies, and
industry trade groups.

• Development of the ENERCONdatabase template in QSA® for the storage
and managemento6 these data.

3.3 Task C. Energy Resource Database

Objective

The objective o6 Task C was to acquire data on the energy-related
resources of the region and to determine the status of resource assessment.

Accompli shments

• Identifying and acquiring data sources, mainly published reports.
These data were prepared for entry into the resource/reserve portion
of the NGPCORPdatabase.

- Information was acquired for coal, oil, gas, nuclear, oil shale,
and geothermal. Attribute sets were filled in for coal, oil, and
gas.



• Preparationof the reportentitled "Statusof Coal ResourceAssessment
in the NorthernGreat Plains." The report focuseson the statusof
resource and reserveassessmentin the Willistonand Powder River
Basins which accountfor over 95 percentof the coal reservesof the
northernGreat Plains.

Informationon the statusof oil, gas, and geothermalresource/reserve
estimatedwere obtainedbut were not formalizedin a report format.

3.4 Task D. EnergyProduction Database

The objective of Task D is to develop a computerized database to provide
informationon currentenergy-relatedproduction. Relateddatabaseswere
plannedto pertainto the storage,treatment,and conversion(i.e.,mines,
power facilities,refineries,gas processingfacilities)of fossil fuels.

Accomplishments

• Identifyingdata sourcesand obtainingproductioninformationfrom the
states and other appropriategroups.

• Developmentof format and entry of the data into the production
portionof the NGPCOMPdatabase.

• Developmentof databaseson coal-relatedproductionand utilization
facilities. These databasesserved as the source of data in these
subjectareas for the Atlas GIS© NGPCOMPdatabase.

- Coal Mines (MINE)

MINE is a Q&A® softwaretemplatewhich containsinformationon coal
mines within the northernGreat Plains region. Each coal mine has
an individualentry consistingof backgroundinformationproduction
figuresand customerdata as well as geologic,environmental,and
financialinformation. Sixty-sevenmines are listrd in the four-
state area, includingtwenty-oneoperationswhich areclosed
temporarilyor permanentlyor have been absorbedinto anothermine
or company.

- Coal Conversionfacilities(PLANT)

PLANT is a Q&A® softwaretemplatewhich containsinformationon
coal-conversionfacilities(coal-firedgeneratingstations,coal
gasificationfacilities)in the northernGreat Plainsregion. Each
coal-conversionfacilityhas entriesconsistingof background
information,boiler/gasifierspecifications,averageload data,
fuel, FGC, waste management,and financialinformation. Twenty-
three entriesare includedin the four-stateregion (22 electrical
generatingstationsand I gasificationfacility).

- Informationon other facilities,includinggas processingplants
and refineries,was not formalizedin a databaseformatsince it
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exists in a number of commerciallyavallableformatsas noted in
the ENERBIBdatabase. Further,waste and waste management
informationfor these facilitleswas not readilyavallable.

3.5 Task E. Energy ConsumptionDatabase

Objective

The objective is to develop a computerizeddatabaseto provide
informationon energy consumptionin the region.

Accomolishments

• Data source identificationand data acquisition.

• Developmentof a database format for the NGPCONPdatabase.

- Consumption-relatedinformationwas not reducedand entered into
the NGPCOMPdata, since it is alreadyavailablein a number of
formats, includingstate and federalpublications,as noted in the
ENERBIBdatabase.

3.6 Task F. Energy Technology Database

Objective

The objective is to develop a computerized database to provide
information on energy conversion and related technologies, focused on low-rank
coal in the northern Great Plains.

Accomplishments

• Preparation of TECH, a database template in Q_® which contains
critiques of low-rank coal conversion technologies based on published
and in-house sources.

3.7 Task E. Government InitiativesDatabase

Objective

The objective was to develop computerized databases and supporting
documentation dealing with energy-related policy initiatives at the federal
and state levels.

Accomplishments

• The compilation of a concise history of energy-related events and
policy initiatives during the period 1970 through 1990 at the
international, national, and regional levels. Information regarding
activities at the federal level is contained in the report "Federal
Energy Policy 1970-1990."

• The identification and, where possible, assessment of past federal and
state policy actions in a historical context. An assessment of



federal actions for the pertod lg70-lggo were originally tncluded tn a
Q&A® database format but thts information has subsequently etther been
tncluded tn the report "Federal Energy Poltcy 1970-1990" or,
alternatively, was found to be readtly available tn more detatled form
tn on-ltne formats and publications as Indicated tn ENERBIB.

• Identification and tracktng of current poltcy initiatives, and, where
available, acquiring supporting documentation at the Federal and state
levels. Data sources included:

- Offices of federal and state legislators and agencies, including
USDOE.

- Industry associations and environmental groups.

- Legislative tracking groups, notably the Environmental and Energy
Study Institute (Weekly Bulletin, Legislation Brtefing Books,
Special Reports).

• Investigation of the use of on-ltne policy-related information
sources. On-line services were available from the states as well as
on the national level from such services as LEXIS/NEXIS and WESTLAW.
However, the cost of the services was prohibitive, and it was decided
that state sources would be sufficient for the needs of the program.

- Database products for legislation at the federal and state level
were deemed inappropriate as originally envisioned. Needs in these
areas are adequately met by published reports and on-line data
services available as indicated in ENERBIB.

3.8 Task H. Environmental Issues Database

Objective

The objective was to prepare summary reports dealing wtth energy-related
environmental issues in the northern Great Plains region.

Accomplishments

Reports were prepared to provide background information concerning the
environmental aspects of the surface mining of coal, the managementof coal-
conversion by-products, the managementof oil and gas exploration and
production wastes, and the ramifications of the 1990 Clean Air Act on coal in
the region. The reports are summarized as follows:

• "Surface Mining and Reclamation in the Fort Union Lignite Region: A
Review of the Literature"

- A review of the literature concerning mining and reclamation in the
coal-bearing area of the Williston Basin. The paper contains
information on abandonedmine land sites, active mining and
reclamation sites, and mine land research sites; a review of
published reports and research programs; and a statement of
research needs.
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• "Coal-ConversionBy-ProductsManagementin the Fort Union Lignite
Region: A Review of the Literature"

- A review of the literatureconcerningthe managementof coal-
conversionwastes (flyash, FGD waste,gasificationwaste) In the
coal-bearingarea of the gllllstonBasin. The paper contains
informationon waste types and their character,a revlew of
publishedreports and researchprograms,managementstrategiesfor
disposaland utilization,and a statementof researchneeds.

• "Oil and Gas Explorationand ProductionWastes in the NorthernGreat
Plains: Occurrence,Character,and Management"

- A summaryof the oli and gas explorationand productionwaste
(producedwater and drillingwastes)generationand management
pictureby county in the northernGreat Plains. The paper contains
informationon waste character,generationsites, estimated
volumes,managementpractices(allowedand actual),and research
projects.

• The decisionwas made not to preparetwo planneddocuments,"The Clean
Air Act in the NorthernGreat Plains'and "LeasingFederalLands in
the NorthernGreat Plains:Energy-relatedIssues,"due to the fact
that such reportswould be premature. In the case of the Clean Air
Act Amendments,for example, activitiesare ongoing in such key areas
as the NOw and air toxics standards.

4.0 TRIPS/INFORMATIONOISSEMINATION

• October I-4, 1989; Rocky Mountain SectionMeeting of the American
Associationof PetroleumGeologists. Of particularinterestwere
sessionson the outlook for the domesticuranium industry,reservoir
heterogeneityand the potentialfor enhancedoil recovery,and oil and
gas resourcesin the northernGreat Plains.

• November6-7, 1989; travel to WashingtonDC. Activities includeda
visit to the Energy InformationAdministrationand attendanceat a
meetingof the DOE-sponsoredCoal AwarenessSteeringCommittee.

• January22-24, 1990; travel to WashingtonDC. Activities includeda
visit to the DOE Office of Policy,Planning,and Analysis (OPPA)for
discussionswith Ms. Sandy Glatt and Mr. Henry Kelly on the form and
status of the NationalEnergy Strategy(NES) and examinationof the
draft NES and testimonyfrom the NES public hearings.

• September11, 1990; attendanceat the PittsburghCoal Conference,
Pittsburgh,Pennsylvania. Of particularinterestwere presentations
by industryand governmentrepresentativesin a formal sessionon the
developingNational EnergyStrategy.

• September12-13, 1990; attendanceat the First InternationalSymposium
on Oil and Gas Explorationand ProductionWaste ManagementPractices
in New Orleans,Louisiana. The conferenceprovided informationon

II



environmentalissuesfor the oil and gas industry,includingNORM, air
quality, and general presentationson explorationand production
wastes and waste management.

• September30, 1991; attendanceat a GeographicinformationSystem
(GIS)workshop at Argonne NationalLaboratory,Chicago, Illinois.

Travel was typicallyundertakenin conjunctionwith other contracts,
where possible,to minimizeexpenses.

Reportspreparedusing informationdevelopedthroughthis project
include:

Energy and EnvironmentalResearchCenter TechnicalStaff, 1990, An analysisof
energy policy and recommendations: Internalreport,22 p.

Groenewold,G.H., Beaver, F.W., Butler,R.D., Daly, D.J., and Schroeder,S.A.,
1992, Overview of mine land reclamationresearchin the North Dakota
portionof the Fort Union LigniteRegion: in Finkelman,R.B., Tewalt,
S.J., and Daly, D.J., eds., Geologyand utilizationof Fort Union
lignites.

Pflughoeft-Hassett,D.F., Daly, D.J., Hassett,D.J., and Beaver,F.W., 1992,
Coal conversionsolid by-productsmanagementin the North Dakota portion
of the Fort Union LigniteRegion: in Finkelman,R.B., Tewalt,S.J., and
Daly, D.j., eds., Geology and utilizationof Fort Union lign_tes.

Sondreal,E.A., and Daly, D.J., 1991, Energypolicy and technologies:
Analysis and recommendations: Groenewold,G.H., ed., Beaver, F.W.,
Jones, M.L., Mathsen,D.V., and Willson,W.G., contributors,Energyand
EnvironmentalResearchCenter, Grand Forks,North Dakota,March 1991.
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HOT.GAS CLEANUP

1.0 _TRODUCTION

The U.S. Department of Energy (DOE) is promoting the development of coal-based
advanced power systems under the direction of Morgantown Energy Technology Center
(METC). Thisactivitycoversa broadrangeoftechnologiesinvolvingcombustion,
gasification,and theintegrationofcombustionand gasificationtechnologies.The
objectiveistoma.ximJzecycleefficienciestoprovidefora stable,secure,and
environmentally sound energy future.

Specificcombustionprogramareasincludethedevelopmentofheatengines,suchas
directcoal-firedturbinesand dieselsandpressurizedfluidized-bedcombustion(PFBC).
Gasi_cationtechnologydevelopmentincludesmildgasificationforcoproductsand
hydrogenand methaneproductionforfuelcellapplications.Integratedgasification
combined cycleCIGCC)technologypromoteshighcycleefficienciesby combiningcoal
gasificationwithdirectproduct-gasfiringinturbines.Inallofthesecases,hot-gas
cleanupsystemsarerequiredtoachieveacceptableprocessperformanceandtomeet
current and furore environmental emission smndarcls.

The Energy and Environmental Research Center CEERC) is currently involved in a
number ofresearchprojectsinboththecombustionand gasificationofcoaland alsoin
gas-streamcleanup.The fundamentalgas-streamcleanupissuescommon tothevarious
advancedconceptsystemsarebeinginvestigatedinthisproject.Emphasisisbeingplaced
on particulatecontroltechniquesand onash/alkaliinteractionswiththefiltermaterials.

The Center has been involved in research related to ash/alkali interactions and slag
behavior for many years. This expertise is being used in studying the effects of alkali
interactions with filter media and possible mitigation options that may improve filter life.
The global or overall objective in this phase of the project is the study of the
thermodynamically equilibrated reaction mechanisms and mineral matter transformations
in advanced coal combustion systems.

2.0 GOALS AND OBJECTIVES

The goals of the hot-gas cleanup project at the EERC are to build and operate a hot-
gas cleanup test loop in conjunction with various pilot-scale advanced systems currently in
operation at the Center, to explore the various ash/alkali corrosion mechanisms for

= ceramic barrier filter materials, and to determine the effects of various mitigation options.
The mitigation options will focus primarily on gettering techniques. Eventually these
techniques will be verified at the pilot scale using the hot-gas test loop.

The Center is currently operating the following pilot-scale fluidized-bed reactors:

• Fluidized-bedmildgasificationreactor
• Fluidized-bedcatalyticreactorfortheproductionofhydrogen
• Pressurizedfluidized-bedcombustor



The Center is also planning to install and operate a transport reactor test unit (TRTU) to
providescaleupdam forthehot-gascleanuptestfacilityinWilsonville,Alabama. Table1
shows thetypicaloperatingparametersofthevariousreactorsystems.

3.0 RESULTS AND CONCLUSIONS

3.1 Particulate Control

Inordertoinvestigateparticulatecontrolmethods,a testloop(Figure1)was
constructedand insertedintotheexhaustpipingoftheadvancedconceptreactorsatthe
Center.The testloopprovidesa means ofexposingvarioushot-gascleanupsys'cemsto
actualproductgasesfromcoalgasificationand combuszionusingfluidized-bedreactors.
Long-termeffectsonhot-gascleanupsystemscanbe studiedeconomicallybypassively
participatinginthevariousresearchgasificationand combustionruns°Filterefficiency,
strengthdegradation,changesinpermeability,and corrosionresistancearebefi'tg
investigated,aswellasotherpervinentissuessuchascleaningtechniquesand
temperature/pressureeffects.

The test loop was constructed using high-a_loy metals with no refractory in order to
minimizemaintenanceand toavoidash/alkali/refractoryinteractionsthatmay occurdue

tothehigh surface-to-volumeratiopresentinsmaller-scalesystems.The alloysusedin
consumctionwereHaynesalloysHR-160 and 556 and 316H stainlesssteel.The piping
usedinthehighest-temperatureregionswas HR-160 and 556.Itisexpectedthatthese
alloyswilldemonstrategoodhigh-temperaturecorrosioncharacteristicsunderboth
oxidizingand reducingconditions.The testloopisdesignedtooperateattemperaturesup
to1650°F and pressuresup to150psig.The systemwas designedinaccordancewith
B31.3pipingcodes.The testloopconsistsofa singleinletpipethatbranchesintothree
differentflowpaths.Each pathiscontrolledby a high-temperaturevalvelocatedasfar
downstream aspossibleinordertominimizethermalstressesinthevalves.Two ofthe
flowpathsareidenticaland areusedasfilterelementtestbays,and thethirdbranchis
usedasa bypassline.Filterelementscan be installedineitherorbothtestbays
simultaneously.The filtermodulesareflange.mountedsothattheymay bereplacedas
necessaryfordifferentfiltertypes.The maximum filterhousingdimensionsareapproxi-
mately72 inchesinlengthand 36 inchesindiameter.Figure2 showsthefilterhousing
currentlyinuse.The flangesusedwillpermitoperatingconditionsup to1500°Fand 150
psig.Inordertoachieveoperatingconditionsup to1650°Fand 150psig,further
engineeringisrequiredtoensurethattheflangedconnectionsatisfiesthecriteriaofthe
B31.3pipingcode.The systemwillnotbeoperatedabove1500°Fand 150psiguntilthis
work has beencompleted.Gas flowramsthroughthevariouspathscan beregulatedby
thedownstream valves.The pipingsystemisheatedelectricallyusingguardheaters.

Pipetemperaturescanbemaintaineda_1650°Fcontinuouslysothattheprocessgas
temperaturecanberaisedormaintainedasrequiredinordertosimulatethedesiredhot-
gasconditions.The systemhasa heatedbackpulsesystemcapableofdelivering
pressurized,heated,inertgastothefiltermodulesforcleaningpurposes.The inlet_,_iping
tothetestloopcanbeconnectedtoa 100-1b/hrfluidized-bedgasifierortootherreac_rs
beingusedforresearchattheCenter.The TRTU isexpectedtobeoperationalsometime
inearly1993 and willbeinstallednearthe100-1b/hrfluidized-bedreactor.The testloop
willbe connectedtotheTRTU when itisreadyforoperation.



TABLE I

Operating Parameters and Specifications for the Hot-Gas Cleanup Test I_op

Operating Mode Mild Gasification Hydrogen Production PFBC TRTU

Gas Flow Rate (sc/h) 2,000 1,300 30,000 20,000
Gas Temperature ('F) I, 100-1,650 1,200-1,500 1,000-1,650 1,400-1,650
Gas Pressure (atm) I-I0 1 I-I0 I-I0

Dust Loading (ppm) TBD TBD TBD TBD
Gasification Combustion

Gas Composition 85% N_ 10% CO.,, 57% H20, 18% II2, 69% N_, 15% CO_, 53% N_ 16.5% CO, 75.5% N_,
(nominal) 5% ll_O 14% CO_ 6% CO, 12% H_O, 4% O_ 11.5% I|_, 9.5% It_O, 15.5% CO_

(see Note 1) fi% N_, 1%-2% CH4 8.5% CO_, .5% CIt4 7% IL_O, 2% Oz
120 ppm H_

Backpuise Cleaning
Gas Composition Nitrogen
Gas Temperature ('F) 1500

Gas Pressure (psia) 800
i_ Co Pulse Duration (see) Variable

Tube_heet Cooling Steam
Steam Pressure (psla) 110
Steam Flow Rate fib/h) 500
Steam Inlet Temp. ('F) 330

Sampling Apparatus TBD

Analytical Apparatus Ti]D

Note 1: There is no single set of operating parameters for the mild gas caiclner since it could vary considerably depending on the heating/fluidising

gas. Ranges to consider should be Na = 65% to 86%; COa = 10% to 30%; H._O = 0% to 10%; CO = 1% to 5%; ll., = 1% to fi%; Cll, = 1% to 2%;
: and I|.jS = 100 to 2000 ppm.

..
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Figure 1. Hot-gas cleanup test loop.
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Figure 2. Filter housing currently in use.

The performance of the backpulse cleaning system was characterized to determine
" the available cleaning capabilities of the system. The actual cleaning requirements will

be dependent upon the hot-gas cleanup system being evaluated. Modifications to the
pulse cleaning system may be necessary as dictated by these requirements.

A high-temperature, high.pressure, particle sampling system is being developed for
use with the hot-gas cleanup test loop. This sampling system must meet the National
Electrical Code (NEC) and B31.3 piping requirements, as well as allowing sampling at the
extreme operating conditions of the test loop. Aside from code-related issues, the particle
sampling system currently in use is slow and cumbersome to use. A separate probe must
be inserted to make flow measurements, then the particulate probe must be inserted to
make dust-loading measurements. It takes approximately 45 to 60 minutes to collect one



samplewiththecurrentconfiguration.Whilethissystemmay beadequateforinter-
rnittentmeasurementson a temporarybasis,itisinadequateforsafe,reliable,long-term
work. The particulatesamplingsystemisbeingdesignedtosampleatpressuresup to
200 psiata temperatureof1800°F underbothoxidizingand reducingconditions.Table2
shows theperformancespecificationsforthesamplesystem,and Figure3showsthe
samplingsystem.A samplingprobeisinsertedintothetestloop,and a particulate
sampleiswithdrawnisokinetically.The sampleprobeisconsideredtobedisposable
(basedon wear).Differentmaterialswillbe usedfordifferentoperatingconditions.The
gassamplewillpassthrougha seriesofcyclonesand a borosilicatefiltertoremoveall
particulatema_er, thenthrougha quenchtraintoremove any condensables,then
throughgas meterstodetermineflow.The probeand cycloneassemblywillbe
electricallyheatedtomaintainthegastemperatureuntilitreachesthequenchtrain.

The testloopisscheduledtobe operationalby thetimethetransportreactoris
readyforshakedowntesting.Recommendationsforfuturework includetestingand
calibratingtheparticulatesamplingsystemandevaluatingvariousfiltercandidatesin
thetestloopinconjunctionwithotherresearchactivities.

3.2 AlkaliGetterTesting

Testsofkaolinasan entrainedalkaligetterinatmosphericand pressurizedcoal
combustionsystemswereperformedwiththeEERC pressurizeddrop-tubefurnace(PDTF)
system.Kaolinisa claycomposedprimarilyofthemineralkaolinite(Al_Si,05[OI-I]_).In
pressurizedfluid-bedcombustiontestsusinggranularfilterbeds,clayshavebeenshown
tobe goodsorbentsforremovingalkalicompoundsfromthegasstream(I).Inlaboratory.
studies, kaolin has been shown to be effective not only at removing sodium compounds
from the gas phase, but also in irreversibly f'ming the sodium (2). Other clays are a/so
believed to absorb sodium compounds from the furnace gas when the clay is added to the
coal feed. Emathlite has been shown to be especially good at gettering sodium (2).

TABLE 2

Specificationsforan IsokineticParticulateSamplingSystem

Maximum Inlet Gas Temperature 1,800°F

Maximum Inlet Gas Pressure 200 psig

Gas Flow Range 2,000 - 30,000 scfh

Maximum Gas Temp. @ Filter 1,003°F

Typical Sample Rate One Sample per Hour

Gases to be Sampled Exhaust Gases from Coal Combustion and
Gasification (reducing and oxidizing)

Electrical Classification (NFPA) Class I, Div. 2, Group B

Applicable Codes AS_[E B31.3 Piping Code
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To be an effectivegetter,theclaymaterialmust notdepositoncethesodiumis
fixed.Thisimpliesthatthegetteringmaterialmust becomposedofsmallparticles,
typically less than 5 _m in diameter, which will not separate from the flow of gas until
collectedintheparticulatecontrolsystem.Sinceclayparticlesnormallyhavediameters
smaller than this, they would appear to be ideal ge_g agents. However, moist clays
can behighlyagglomeratedduetosurfacemoisture,soitisbestiftheday feedisdry
beforefeedingtoreduceagglomeration.

Kaolinwas preferredforthegetteringtestoverothertypesofclaysbecauseitcan
be foundinrelativelypureform,containingless_IlcAlland _Ik_l_neearthelements,
which may flux the material upon heating. Also, kaolinite has a layered structure
composed of a sheet of silica terraheclra bonded on one side to a sheet of aluminum
hydroxide octahedra, so it has a higher aluminum-to.silicon ratio than most other clays.
Because of its higher aluminum content, and alkali fluxed particle will usually have a
higher melting point than i£ it contained more silica. Kaolin is mined in a number of
places in the United States and can be supplied in rock, dried powder, sieved dried
powder, or slurry forms.

Although a small body of data is available about the getters in laboratory
experiments, only limited data are available about the use of kaolin under carefully
controlled coal combustion condltions, and no data are available about its use in
pressurized coal combustion conditions. Therefore, four tests were performed to test the
efficacy of kaolin as a getter in both atmospheric and pressurized coal combustion
conditions, and to determine the mechanism of get-tering. The kaolin used for these tests
was provided as rock by J.M Huber Corporation of Macon, Georgia. It was dried, then
ground with a mortar and pestle. 0nly fine powder was used for the gettering
experiments.

The kaoliny_wderwas mixedwithpulverizedcoal5-omtheSpringCreekmine,
Montana,intheratioofI partkaolinto2 partsASTM coalash.SpringCreekcoalwas
chosen because it has relatively high sodium and low ash contents and because the
sodium is present in the coal as an ion associated with carboxylic acid groups in the
organicsU'uctureofthecoal.Becauseofthisassociation,thesodiumisvaporizedduring
combustion.Vaporizedsodiumthatencountersan ash particleistypicallyabsorbedby
theparticle.However,SpringCreekcoalproduceslittleash,somuch ofthesodium
remainsinthevaporphaseinthehotzoneofthecombustor.Incoolerregionsofthe
boiler,itmay condensehomogeneouslytoultimatelyformsubmicronsodiumsulfate
particles.Thereissomecontentionastowhethersodiumhydroxidecondenses,then
sulfates,orsodium sulfatedirectlycondenses.Bothvaporphaseand condensedsodium
phasesare veryreactiveand couldcauseseverecorrosionofceramichot-$_sparticulate
pollutioncontroldevicessuchascandleorcross-flowfilters.Therefore,SpringCreekwas
chosenasa "worst-case"exampleofa coalthatmay causealkalicorrosionofceramichot-
gascleanupdevices.

Four combustiontestswereperformedinall:one testeachofraw _pringCreekat
atmosphericpressure,coalpluskaolinatatmosphericpressure,raw coalat100psi,and
coalpluskaolinat100psi.The testswereperformedintheEERC PDTF, whichis
describedindetailintheJulythroughDecember1991semiannualtechnicalprogress
reportfortheTurbineCombustionPhenomena projectbeingperformedunderthe



CooperativeAgreementattheEERC. The PDTF iscapableofoperatingunderthe
followingconditions:

Temperature: Ambientto2732°F(1500°C)
Pressure: Ambientto300psia(20.4,atm)
Oxygen: 0 to20 tool%
Gas How:. 0 to 7.8scfm(220L/rain)
ResidenceTime: 0 to5.0sec

• Opticalaccessatany residencetime
• Provisionforcharand ashcollection
• Provisionforashdepositionstudies

For theentrainedkaolintests,flyashsampleswerecollectedand size-segregatedon-
linewitha seriesoftwocyclonesand a finalnylonfilter.To determinetheefficacyofthe
kaolinadditionsingettering,theweightdistributionofelementsamong thedifferentsize
rangesw_ used.Figure4 showstwo combinationbar-linegraphsthatillustratethe
weightpercentofthemajorelementsthatwere collectedforeachtestineachsizerange.
Two graphsareused,oneforthepressurizedtests,theotherfortheatmospherictests.
The barsrepresentthevaluesfortheraw coaltests,thelinesrepresentti_evaluesforthe
testofthecoal/kaolinblend.Foreachelement,thethreedatapoints,fromlefttoright,
areforthelargercyclone,thesmallercyclone,and thefiltersamples,respectively.
Becausedifferentflowrateswereusedfortheatmospherictestsversusthepresstud.zed
tests,thecutpointsofthecyclonesweredifferent,sothedatashouldnotbeusedto
determinechangesinweightdistributionsdue topressure,onlychangesduetothe
additionofthekaolin.Attemptstomeasuretheactualsizedistributionsofthecollected
samplesvialaserlightscattering(Malvern)werenotcompletelysuccessfulbecauseof
particleagglomeration.Ingeneral,however,particlescollectedinCyclone2 (larger
cyclone)had diametersgreaterthan 10microns,inCyclone5 (smallercyclone)the
diameterswerebetweenI and 10microns,and onthefiltertheywerelessthanone
micronindiameter.

Becausethecycloneshad differentsizecutpointsfortheatmosphericversus
pressurizedtests,theeffectsofpressureonthesizedistributionsoftheelementsare
somewhat ambiguous.Itisclearthattherelativeweightdistributionsofallelements
exceptchlorineamong thedifferentparticlesizesarenotstronglyaffectedby pressure.In
each case,silicon,aluminum,and calciumalltendtobepredominantlyconcentratedin
thelargerparticles,withnegligiblefractionspresentinthesubmicronparticles.In
contrast,largepercentagesofthesodium,sulfur,and chlorinearefoundinthesmallest
particles.Sulfurwas bimodallydistributed,mostlikelypresentascalciumsulfateinthe
largestparticlesand assodiumsulfateinthesmallestparticles.Intheraw coaltests,
chlorineshows theonlysignificantsizeshiftdue topressureincrease,f_omlargerto
smallerparticles.The chlorine-containingparticlesinthesmallestsizerangeprobably
formedasthegaswas quenchedduringsamplecollection,indicatingthatathigher
pressuremore chlorine(probablyas chloride)may existinthegasphasethanat
atmosphericpressure.

The mostimportantconclusionaboutthegetteringtestsisthatsodiumisshifted
stronglyaway fromthesmallestparticlesby theadditionofkao_l!n.Ifwe assumethatthe
sodium sulfateinthesmallestsizefractionformedthroughhomogeneousnucleationas

thegascooled(possiblydtt_ingcollection),thenonehalfofthesodiumwasremovedfrom
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the gas phase by the kaolin addition. This result holds both at at: uospheric and higher
pressure. Most of the sodium was shifted to the 1. to 10.micron size range, which is where
the kaolin is concentrated. The concurrent shift in mlfar from the smallest to the largest
size ranges indicates that the sodium was chemically combined with the kaolin, probably
in the high-temperarare zone, and that the kaolin did not merely serve as a condensation
surface for sodium sulfate. Because much of the sodium was removed from the gas phase,
the smlSn"shifted to the larges_ size range by sulfating relatively more of the calcium-rich
particles.

3.3 Thermochemical Equilibrium Modeling:. PHOEBE Database Modifications

PHOEBE (PHase Ordering and EquiliBrium Evaluation) is a computer program
developed at the EERC to calculate the thermochemical equilibrium composition of
combustion products. The following objectives had been set forth for the improvements of
the model for this year:.

la Improve PHOEBE database
2b Run simulations

Both itemswere addressed and are now complete. Item la_the improvements to the
PHOEBE database, required a substantially (approximately 4 months) longer period of
time than had been originally anticipated. However, the database now contains about
850 species, which is a threefold increase from its former size of about 270 species.
Additionally, the database has also been thoroughly cross-checked. Validation tests have
also been conducted and the database modified depending on the results of these tests.
We also wish to emphasize that we expect the updating and validation process to be an
ongoing activity throughout the lifetime of this project.

A list of chemical compounds relevant to advanced coal combustion systems was
compiled. A variety of vapor- and liquid-phase species was specifically chosen to better
represent fluidized-bed combustion systems. The requisite free energy of formation (lrEF)
data for each species were also collated and entered into the database. The current
PHOEBE database contains approximately 370 chemical compounds with an average of
more than t_vo physical phases (gas, liquid, or solid) per compound. This makes a total of
roughly 800 species, which is a threefold increase over the original database.

...

The original PHOEBE database was modified to a free-form 4_CII database (FAD).
This has the advantage that any conventional text_diting soft, rare can be used to edit the
database. Also, since almost any text editor or word processor may be used to update,
modify, or edit the database, specialized software to perform these tasks becomes
redundant.

A database management utility that performs searching, retrieval, indexing, etc.,
was written (in C), debugged, tested, and is fully operational. Although these tasks can
also be accomplished by some of the more advanced word processors, their specialized
nature prohibits their execution by generic text editors.

Routines to curve-fit the FEF data of the species have also been written. These
routines allow a wide variety of representations (linear, polynomial, rational, logarith_c,
etc.). The curve-fit representations of the FEF data can thus be chosen in the most
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optimal manner. In most cases, the curve-fitted FEF data are used, if need be, at the
computation level.

The thermodynamic systems simulations of Item 2b have also been completed.
Initially, very simple systems (like water, gas mixtures, etc.) with well-characterized
thermodynamic behavior were simulated to validate the correctness of the overall
PHOEBE algorithm, as well as to optimize the standard free energy of formation values
for many of the species in the database. A total of about 20 such simple systems were
simulated. During this stage, the algorithm also underwent a few iterations of revisions
and changes. Two systems were selected for the final phase of this task item and their
equilibrium behavior simulated. They were the A1203- SiO2 system and a portion of the
NaoO - A1203- SiO2 system. A comparison of the simulation results with the experimental
phase diagrams shows acceptable results, the largest error in the simulated results being
about 70°C in liquidus temperature for either system tested. Figure 5 is a plot of the
experimental versus predicted phase diagram of a cross section of the ternary system
Na_O - A1203 - SiO2. As can be seen from the figure, the predicted values track the
experimental values well. It should be noted that both these systems were assumed to
behave ideally (i.e., with unit-activity coefficients), so, necessarily, we expect errors in the
predicted values since no system is ideal. Additionally, it must also be borne in mind that
inherent inaccuracies exist in the FEF values in the database. All in all, therefore, it can
be concluded that PHOEBE provides acceptably accurate representations of the
equilibrium behavior of multiphase, multicomponent systems.
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Figure 5. A plot of the experimental vs. predicted phase diagram for a cross section of
the Na20 - Al203- SiO2 system.
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4.O FUTURE WORK

Future work will involve the use of PHOEBE to determine the most efficient
combinations and quantities of alkali getters to use in combustion tests. In addition,
alkali attack of ceramic materials that could be used in the construction of ceramic
particulate filters will be investigatedbothwiththePDTF and inlaboratoryexperiments.

Future opportunities for the EERC to utilize the hot-gas test loop are numerous
The EERC can be utilized in a supporting role for the W_dsonville hot-gas cleanup facility
by functioning as a screening facility for emerging cleanup technologies that lack long-
term operating histories. As additional operational issues arise at WilsonviUe, they may
be addressed economically at the EERC.

The test loop will also be utilized for testing of new filter materials that are
identified as a result of the bench-scale work done investigating _]_li attack issues.

The EERC is also planning on establishing a consortium of hot-gas cleanup device
developers for the purpose of operating the test loop for extended periods to provide
performance data on the candidate cleanup systems.
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TURBINE COMBUSTION PHENOMENA

1.0 INTRODUCTION

The main obstacle to widespread use of low-rank coals (LRCs) for applications other
than minemouth power generation is their high moisture, sometimes over 60%.
Conventional evaporative drying can remove all the moisture and produce a dried fuel
that is acceptable if used immediately. However, no known evaporative process, including
those followed with expensive oH coating, yields a dried bulk LRC that can withstand the
rigors of shipping and handling. Evaporatively dried LRCs act like sponges and reabsorb
moisture when exposed to high humidity. They generate copious amounts of dust when
handled and are prone to spontaneous combustion (1,2,3).

Coal-water mixtures (CWMs) technology is commercially available for high-valued
bituminous coals using costly additives. Adding to the cost of bitllminous CWMs is the
requirement to include expensive micronizing to offset the inherent low reactivity,
particularly for advanced applications. Recent advances Ln hydrothermal treatment of
cheaper, more reactive LRCs at the University of North Dakota Energy and
Environmental Research Center (EERC) have enabled LRCs to be used in CWMs.

Hydrothermal treatment, commonly called hot-water drying (HWD), (4,5) is a high-

temperature, nonevaporative drying technique carried out at high pressure in water,
during which the structure of the LRC is permanently altered. The process can be viewed
as permanent moisture reduction through induced coalification with reuse of the water
removed to slurry the HWD coal. HWD produces a coal-water fuel (CWF) with about the
same energy density as the feed coal, while retaining the high reactivity of the LRC.
HWD low-rank coal-water fuels (LRCWFs) usually do not require costly additives, while

yielding pseudoplastic fluids even at the extreme shear rates seen during atomization.
Estimates of process economics have indicated that a minemouth HWD plant in the
Powder River Basin can produce a LRCWF at around $1.50/MM Btu, including coal costs.

Combustion tests assessing the technical feasibility of burning hydrothermally
treated LRCWF in a atmospheric, bubbling fluidized-bed combustor (FBC) were performed
at the EERC (6). A low-rank CWF prepared from a Powder River Region subbituminous
coal was successfully burned in a 18- x 18-in FBC. The 60 wt% dry solids CWF was

pumped directly into the dense-bed zone of the combustor through a simple, water¢ooled
pipe without the aid of a nozzle or atomizing air. Operation of the combustor was
extremely stable when fh-ing with the CW'F and a coal-water/limestone fuel mixture.
Carbon burnout was very high, ranging from 99.4 to 99.7%, which is equal or slightly
greater than those obtained from screw feeding the same coal. NO x emissions were
significantly lower than those seen burning the "as-received" coal. Limestone utilization
was the same for the limestone added to the CWF as it was for the separate dry limestone
feed.

The combustion behavior of hydrothermally treated LRCV_'F have been investigated
in a 550,000 Btu/hr ash fouling furnace at the EERC (7) and a 400,000 Btu/hr vertical
laboratory-scale combustor at Brigham Young University (8). Essentially complete carbon
burnout (99+%) was achieved in most tests with residence times as short as 1.4 seconds.
The LRC fuel combustion was more stable than high-rank CWFs combusted in both
combustors under comparable conditions. Both projects reported that the LRC fuels were



not as dependent on the quality of the atomization as were the high.rank fuels. The
higher stability of the LRC fuels have been attributed to a higher percentage of volatile
matter, higher reactivity, and nonagglomerating properties. Lower volumetric heat
release rates have been measured with LRC fuels, as compared to the high-rank
bituminous CWF, indicating the need for larger boilers with LRC fuels, which is
consistent with current boiler practice using pulverized fuels. Compared with pulverized
fuels, the flame produced in CWF combustion is distributed further through the furnace
combustion zone with lower peak temperatures. Analyses of deposits produced in
combustion of pulverized LRC fuels were primarily simple oxides and sulfates, while the
deposits from the combustion of CWF were predominantly complex aluminosilicates.

Traditionally, heat engine fuels have been limited to clean fuels, such as natural gas
or distillate fuels, which minimize the interrelated degradation processes of deposition,
erosion, and corrosion. A coal-water shu-ry fuel has the potential of being injected and
burned directly in a gas turbine or diesel engine utilizing injection and fuel handling
methods similar to those employed with heavy petroleum fuels. Burning coal in a gas
turbine is not a new idea, but commercial success has not been achieved. Under DOE
sponsorship coal-water slurry fuels have been investigated as fuels for gas turbine engines
for several years, but the m_jor technical problems inhibiting commercialization are
1) deposits on the pressure and suction sides of the turbine blades reducing the gas flow
area and turbine efficiency, 2) acceptable coal burnout given the short residence times
inherent with gas turbine combustors, 3) corrosion of turbine blades by condensed alkali
sulfates, 4) erosion of turbine blades and other components by ash particles entrained in
the products of combustion, and 5) emissions control of NO., S02, and particulates. The
release of certain mineral matter species found in both raw and beneficiated coals can
lead to ash deposition on surfaces, regardless of the ash content of the fuel. This
deposition can lead to corrosion and metal loss of critical turbine components and,
ultimately, to derating, unavailability, or catastrophic failure of the power generation
system. Alkali metals and sulfur, existing as impurities in coal, have been identified as
key components in the initiation of deposition and the onset of corrosion.

The efficient operation of advanced heat engine combustion systems depends on high
CWF carbon burnout under short residence times. Atomization quality of CWF is an
important parameter related to high carbon burnout in these system_. It has been
reported that atomizing air-to-fuel mass flow ratio, relative velocity between the air and
fuel, fuel velocity, and slurry rheology affect atomization performance. In addition, "
research efforts have indicated that additional factors such as extensional viscosity and
coal particle agglomeration also might be important (9).

Combustion tests to evaluate the combustibility of LRCWF in a pressurized staged
combustor were completed at the United Technologies Research Center (10). Conclusions
from this research were that high levels of combustion efficiency can be achieved when
f'lring LRCWFs, provided an adequate fuel energy density is available. A minimally
processed Eagle Butte subbituminous CWF, which was limited to low coal loading
(42 wt%) and low energy density to preserve acceptable handling, was incapable of
sufficient heat release to sustain stable combustion. HWI) Eagle Butte slurries possessed
higher solids loadings (up to 55 wt%) and achieved stable combustor operation with high-
combustion efficiencies (> 95%). For the combustor used, a minimum heating value of
5000 Btu/lb was required to maintain stable and efficient combustion. Combustion



efficiency was found to increase with increasing energy density of the fuel. A HWD Velva
(North Dakota) lignite also provided stable and efficient combustor operation.

GeneralMotorsAllisonGas TurbineDivision(GM Allison)has completedtwo
combustiontestswithLRCWFs made attheEERC witha PowderRiverBasincoalin

theirfull-scale70-MM Btu/hrrich-quench-leangasturbinecombustor(11).Ash analyses
from.thesetestsindicatethatthecarbonburnoutwas veryhigh,exceeding99.9%inmost
cases.Thisburnoutwas much higherthanthenominal98%+, which hasbeenseenwith
a bituminousCWF. The collectedashwas freeofhardslagagglomeratesorfused
material.Inaddition,a fourhourproof-of-conceptcombustiontestwas conductedon a
Allison501K gasturbinewithexcellentcombustionperformance.A water-washable
depositwas formedon theleadingedgeoftheturbineblades(12).The depositwas
characterized as primarily sodium and sodium-calcium sulfates. Atomization of a
hydrothermally treated subbituminous CWF was conducted at GM Allison, and results
from these tests indicate that the subbituminous CWF atomized as well as or better than
thirteen other CWFs made from bituminous coal atomized in their atomization test
facility (13).

General Electric Transportation Systems has also burned hydrothermally treated
LRCWF using a 7FDL two-cylinder diesel engine (14). The bore and stroke of this
particular engine is 9" x 10.5" and is rated for 1050 rpm. The burnout rates of the
subbituminous fuels used were very high (> 99%), which was slightly higher than the
bituminous CWFs, despite having a mean particle size three times higher than the
particle size for the bituminous coal. No results have been presented on any increased
injector wear caused by the LRCs higher ash levels.

2.0 OBJECTIVES

The overall objective of the Turbine Combustion Phenomena Program has been to
expand the scientific and engineering database for the combustion of LRC fuels in
advanced pressurized combustion systems, such as those found ir.Lgas turbine engine
applications. Fundamental research on the use of low-rank coal slurries for gas turbine J

engine applications has developed data that will 1) quantify the potential advantages of ]
LRC higher reactivity and nonagglomerating tendencies, 2) help in determining fuel ]

specifications, and 3) indicate needed design modifications in the gas turbine engines
themselves. The intent of this research has been to establish the relationships between
LRC properties and gas turbine engine operational parameters and compare these
relationships with those established for diesel fuel and bituminous coal slurries.

The investigation of turbine combustion phenomena at EERC was a multiyear
program. Six-year goals were established and are discussed in the following text.

SIX-YEAR OBJECTIVES

1. Technology and Market Assessment. To ensure that all sources of information
to the project are thoroughly researched, EERC has performed an extensive
survey of all published information concerning the use of coal and coal slurries
in gas turbine applications. This information provided an understanding of the
concerns and needs for the use of coal-derived fuels in these applications. The
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state-of-the-art for these technologies was determined and utilized to provide the
proper direction for this program and limit duplication of effort. This effort has
built upon a similar assessment of the market and technologies that was
performed as a part of the Low-Rank Coal Slurry Combustion program.

2. Reactivity of Fuel in Pressurized Systems. The reactivities of dry and slurried
LRCs are higher than those of bituminous coals, but the magnitude of these
differerces was not well documented. Fast, simple, inexpensive esperiments in
a modified combustion bomb provided very basic information about the
pressurized combustion behavior of LRC and slurries. This information is useful
in determining the fuel specifications of slurries for use in heat eng[ae
applications. Data collected during these tests included the heat of combustion
(calorimetry) of the sample, the sample burning time/reactivity (from pressure
sensors), and the analysis of the products of combustion after combusting the
test fuel under various conditions. Parameters to be studied included coal type,
gas composition (percent oxygen), combustion bomb conditions at fuel injection,
and system pressure. This testing provided semi-quantitative information in a
fast and inexpensive manner.

3. Investigate the Fundamental Characteristics of Burning Low-Rank Coal
Slurries in a Turbine System. A bench-scale gas turbine simulator was
designed to measure the pressure, temperature, conversion, gas composition,
vaporization of inorganics, deposition on simulated turbine blades and other
system components, fuel reactivity, and ash particulate-size distributions
resulting from the combustion of LRC slurries. These fundamental studies
demonstrated the impact of various fuel properties on the combustor and
turbine blades and led to the development of fuel specifications for the
successful operation of low-rank slurries in a turbine application. This task
continued throughout the first three years of the program.

4. Characterization of LRCs Atomization Properties. This task examined the
pressurized atomization characteristics of LRC fuels with a Malvern 2600
particle-size analyzer and still photography in a pressurized spray chamber
constructed at EERC. The combustion behavior of the previous fuels tested in
the spray chamber and new fuels produced for the turbine project were
evaluated under similar air-to-fuel and pressure ratios in the gas turbine
simulator. This task also looked at different atomizer types in a effort to
minimize spray-droplet-size distributions and increase combustion performance
for a given rheology and atomizing air-to-fuel ratio.

5. Evaluation of LRC Fuel Agglomeration. The objective of this task was to
evaluate the agglomerating or nonagglomerating tendencies of LRC fuels by
sampling fly ash generated from slurry droplets at various positions along the
axis of a pressurized drop-tube furnace recently constructed at EERC. Thus
products of combustion particle-size distributions, as a function of residence
time, and the starting particle-size distribution and droplet size can be
measured to determine if the smaller particle.size distributions found in the
LRC fly ash are the result of a gradual burnout of slurry droplet agglomerates
or the result of agglomerate disintegration into its original particle-size
distribution due to the high thermal friability of LRC fuels.
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6. Hot-Gas Cleanup. This effort has assessed available technology to determine
specificneedswithrespecttctheremovalofundesirableconstituentsfromgas
streamsderivedfromhightemperature/pressurecombustionofLRC slurries,
withemphasisoncoal-specificproblemareas.Initialwork hasbeendevotedto
a reviewoftheliteratureon theremovalofcontaminantsfromthecoal-derived

gasstreams.Processeswhicharecapableofremoving> 90% ofsulfurand/or
nitrogenoxides,> 99% ofparticulates,andwhich reducealk-Mivaporsinthe
gasstreamto< 25 ppm aredesired.The reportedwork hasbeenevaluatedto
establishapplicabilitytoLRC slurryutilization.A summary ofreviewedpapers
and reportshas beenpreparedtoidentifyprocessesaccordingtooverall
performance,thermodynamics,economics,and environmentalconsiderations.
Specialconsiderationhasbeengiventogascleaningmethodswhichproducea
salableproductorzerodischargeofwasteand arecost-effective.Work toward
thisobjectivewillcontinueduringthecourseoftheprogram.Thistaskwas
primarilyfocusedon theinvestigationofparticulatehot-gascleanupsystems.
The objectiveofthistaskwas toevaluatepotentialhot-gasparticulatecleanup
techniquesastotheirrelativeprobabilityofsuccessand testthebesttwoor
threesystemsintheturbinesimulator.Thistaskwouldincludea technology
assessmentthatwouldbuildupona previousliteraturesearchperformedonhot-
gascleanuptechniques.Thesetechniquescouldinclude,butwouldnotbe
limitedto,ceramiccross-flowFiltersand filtercandles,nestedfiberfilters,
cyclones,high-temperature/high-pressureelectrostaticprecipitators.Thiswork
involvestestswithvariousCW'Fsinan efforttoreduceflyashparticle-size
distributionenteringthedepositionsectionoftheturbinesimulatortoa
minimum of95% lessthan5 micronsinordertolimittheamount ofparticle
impactionon theturbineblades.

7. Ash TransformationStudies.The objectiveofthistaskwas toinvestigatethe
ash transformationsexperiencedby mineralmatterinbeneficiatedLRC fuels.
Very littleresearchtodatehas investigatedtheeffectsofpressureandcoal
beneficiationon thereactionpathwaystakenby themineralmatterpresent_n
LRC fuels.Thesetransformationsshouldbe dependentonthecleaning
techniquesusedand thelevelofcleaningachievableon thevariouscoaltypes.
MineralmattertransformationsofbeneficiatedLRC fuelsunderturbine

operatingconditionswere/nvestigatedina pressurizeddrop-tubefurnace
constructedatEERC. Thisdrop-tubefurnaceiscapableofcombustingpowdered
coalparticlesundercloselycontrolledconditions.The effectsofresidencetime,
temperature,pressure,atmosphere,and gas/fuelflowratescanbe variedto
examinetheireffectson ashtransformationsand carbonburnout.The drop
tubealsoprovidescarbonburnoutasa truefunctionofresidencetimegiventhe
laminargasflow.The effectsofdepositionprobetemperatureand the
approachinggasvelocityonthemeasureddepositionratescanalsobe
investigated.Anotheradvantageofthepressurizeddrop-tubefurnaceisthe
smallquantitiesoffuel(upto1.0gm/rnin)neededtoconductextensive
depositionand burnouttestingascomparedtotheturbinesimulator
(approximately150Ibs/hr).

Inaddition,highash fusiontemperaturefuelsareneededundertheassumption
thatlowmeltingtemperatureasheswillsticktothe_clonewallortheceramic
materialand willnotbe easilyremovedorcleanedfromthehot-gascleanup

............................. ........................................................_.............._........._...................._ ....................._.............._



device.Technicalwork inthistaskconsL_tedofcombustiontestsusingfuels
dopedwithadditivesselectedfortheirabilitytoincreaseashfusion
temperatures.Thesetestswillmeasuretheeffecttheseadditiveshaveon the
stickingcoefficientand depositionratesmeasuredatconditionssimilartothose
utilizedinpreviousdepositiontests.

8. InvestigationofSlaggingCombustorDesign.Shouldconcurrentbeneficiationof
LRC studiesatEERC indicatethatacceptableash levelsand chemistrynotbe
achievable,a verticallyfiredcombustionzonewould bebuilttoreplacethe
horizontallyfired,richcombustionzoneon thecurrentturbinesimulator.This
modificationwouldenablethecombustortooperateina slaggingcombustor
mode versusthecurrentnonslaggingcombustormode. Work onthistaskwould
bedependenton theresultsofthework inprogressand wouldbesubjectto
DOE approval.

To meet the objectives of the program, a pressured combustion vessel was built to
allow the operating parameters of a direct-Rred gas turbine combustor to be simulated.
One goal in building this equipment was to design the gas turbine simulator as small as
possible to reduce the quantity of test fuel needed, while not undersizing the combustor
such that wall effects would have a significant impact on the measured combustion
performance. Based on computer modeling, a rich-lean, two-stage, nonslagging combustor
was constructed to simulate a direct-Rred gas turbine. This design was selected to
maximize the information that could be obtained on the impact of LRCs unique properties
on the gas turbine combustor and its turbomachinery. This combustor is a horizontally
fired, refractory-lined, water-jacketed, two-stage combustion pressure vessel. This vessel
is comprised of several removal sections for investigating combustor configuration and
residence time effects. The combustor has a nominal 1-MM Btu/hr firing rate and is
designed to operate at pressures up to 250 psig (18 atm) and lean zone exit temperatures
of 2000°F (ll00°C) with temperatures in the rich zone up to 2700°F (1480°C).

An objective which was added later to this project was to provide General Motors
(GM) Allison Gas Turbine division with 20,000 gallons of CWF produced by the EERC's 6-
ton per day (tpd) hydrothermal drying Process Development Unit (PDU). The slurry was
procured in 5000-gallon lots and shipped to GM Allison Gas Turbine division in
Indianapolis, Indiana, to be used in Allison's 70-MM Btu/hr pressurized gas turbine
project. The test slurry characteristics were based on the recommendations of Allison and
EERC personnel to ensure product quality. The main slurry characteristics specified were
ash content, coal particle mean size, heating value, slurry viscosity, and sulfur
concentration.

3.0 RESULTS

During the program, several production runs of LRC CWF were produced in
conjunction with the Department of Energy (DOE) LRC beneficiation program at the
EERC. Beulah lignite from North Dakota and Kemmerer and Spring Creek
subbituminous coals from Wyoming and Montana were selected for pilot-scale processing
because of their ability to be physically and chemically cleaned to approximately 2 wt%
ash on the bench-scale. This treatment scheme includes physical coal cleaning by dense-



media separation, wet grinding, chemical cleaning by nitric acid leaching, hydrothermal
treatment, and final wet micronizing.

The physical cleaning step uses a dense-media separation process which consists
mainlyofclassifyingcoal,feedingitintoan air-actuatedconeseparatorsystem,followed
by a washing and recyclingsection.The cleancoalwas thenpulverizedandfedintoa
continuousacid-leachingcolumn.Thischemicalcleaningwas conductedusinga 30 wt%
slurrymixed witha 4 wt% nitricacidsolution.The samplewas concentratedusinga
solid-bowlcentrifuge,reslurried,and fedintotheHWD PDU.

i

The H'WD treatmentforcesinherentmoistureoutofthecoalstructureusingcarbon
dioxideformedduringthedecarboxylationofthecoal,therebyincreasingtheheating
valueoftheproductfuel.Tarsarealsoexudedfromthecoalstructureduringtreatment,
sealingthe microporestructure,reducingthesurfacearea,and increasingthe
hydrophobiciLTofthecoal.Afterhot-waterdrying,coalproductslurrywas then
concentratedto60 to70wt% ina centrifuge,reslarried,and micronizedtoa CWF. An

anionicdispersant,D319-2(ammonium lignosulfonate),was addedtothef'malCWF.

A two-stage,rich-lean,nonslaggingcombustorhasbeenbuilttosimulatethe
operatingconditionsofa gasturbineengine.Resultsfromcombustiontestson a
1-MM Btu/hrgasturbinesimulatorindicatethattheLRC fuelsexhibitsuperiorburnout
comparedtothebituminousfuelsduetotheirhigherreactivity(15).Duringthecourseof
thisprogram,seventeensuccessfulcombustiontestsusingCWF werecompleted.These
testsincludedseventestswitha commerciallyavailableOtiscaIndustries-produced

Taggartseam bituminousfueland fivetestseachwitha physicallyandchemically
cleaned,hot-water-dried(PC/AC/HWD) Beulah-Zapligniteand a chemicallycleaned,hot-
water-dried(AC/HWD) Kemmerer subbituminousfuel.Analysesoftheemissionand fly

ash sampleshighlightedthesuperiorburnoutexperiencedby theLRC fuelsascompared
tothebituminousfuelevenundera longerresidencetimeprofileforthebituminousfuel.
The LRC fuelsexperiencebetterburnoutthanthebituminousfuels.The LRC flyash
showed a decreaseinparticlesizeascomparedtothestartingfuelwhilethebituminous
fuelshowed an increaseinparticlesizeascomparedtothestartingfuel.Theseparticle
sizeanalysesprovidesome evidenceofLRCs nonagglomeratingpropertiesascomparedto
bituminousfuels.

Statisticalanalysisofthecarbonburnoutdatageneratedina seriesofparametric
combustiontestsproducedsimplemodelstopredictthecarbonburnoutachievableundera
givenrange ofoperatingconditions.These modelsindicatethatfueltypehasa
significanteffectonthemeasuredcarbonburnout.Figures1 through3show the
measuredcar_onburnoutversuscombustionairtemperature,atomizingair-to-fuelratio
and fuelf'zringrate,respectively.ThesefiguresdemonstratethattheLRC fuelshad a
carbonburnoutof98.2+% whichwas notsignificantlyaffectedby combustionair

temperature,atomizingair-to-fuelratioorfuelfiringrate.However,thebituminousfuel
had a maximum carbonburnoutofapproximately97% and decreased2.3%foreach100°F
decreaseincombustionairtemperaturebelow840°F.A decreaseintheatomizingair-to-
fuelratiofrom 1.25to0.75wouldresultina 7.9%decreaseinthecarbonburnout.In
addition,each100,000Btu/hrdecreasebelowthe1-MM Btu/hrmaximum firingrate
resultedina 1.7%decreaseinthemeasuredcarbonburnout.Thisinformationindicates
thatthebituminousfuelcanperformalmostaswellastheLRC fuelsina base-loadedgas
turbinescenario,butlacksthecapabilityforturndownnecessaryina peak-loadedturbine
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Figure 1. Graph of carbon burnout as a function of combustion air temperature for
parametric combustion tests 43-47 (LRT = long residence time; SRT shortresidencetime). =
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Figure 3. Plot of carbon burnout against fuel firing rate for parametric combustion tests
43-47 (LRT = long residence time; SRT = short residence time).

scenario. It should be remembered that this model is only valid between the ranges
studied for the combustion air temperature (400° to 800°F) and fuel firing rate (0.7 to1.0 MM BUdhr).

As might be expected with the relatively high ash in the Beulah.Zap coal and lower
ash fusion temperatures, significant ash deposition and slagging occurred in the turbine
simulator. The x-ray diffraction analysis suggests that the residual magnetite lei_ from
the physical cleaning process remains as magnetite in the reducing atmosphere of the rich
zone but is converted to hematite when it reaches the highly oxidizing atmosphere
encountered in the lean combustion zone. As indicated by material balances, the Iow-rartk
slurries had significantly larger deposits than the Otisca slurry, primary due to its high
ash content and lower ash fusion temperatures. The composition of the constituents in
the ash does not indicate the preferential deposition of any component in a single area of
the turbine. These material balances indicated that the Beulah.Zap lignite fuel had a
much higher deposition potential, as demonstrated by high levels (approximately 70 wt%)
of ash recovered in the combustor. The Kemmerer also showed higher deposition levels
than the Otisca fuel with approximately 12 to 13 wt% of the ash being retained in the
combustor. With the Otisca fuel combustion tests, approximately 8 wt% of the ash was
retained in the combustor while over 40 wt% of the Otisca fly ash was recovered in the
cyclone pot. This is probably the result of the cyclone ash containing high levels of carbon
(60% or greater), thus a large percentage of the Free mineral grains is still tied up in the
char cenospheres and has not been released from the char part/de where it could contact
internal surfaces to form deposits. In addition, the agglomerating nature of the
bituminous fuel tends to increase the efficiency of the cyclone on the exhaust of the
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turbinesimulator,therebycollectinga higherpercentageofparticulateenteringthe 1
cyclone.

An existingpressurevesselhasbeenmodifiedtoincludeobservationportsto
performatomizationstudiesundertypicalturbineoperatingpressuresand airflows.The
main objectiveofthiswork istodetermineifdifferencesinatomizationqualityaccount
fortheimprovementsincarbonburnoutexperiencedwiththeLRC fuels.The designof
thespraychamberinvolvesan existing11.25-inchID pressurevesselwhichhasbeen
modifiedtoprovideopticalaccessperpendiculartothedirectionoftheatomizedspray.
The opticalaccessconsistsoftwo diametricallyopposed3-inchsightportsfortheuseof
high-speedphotography.In addition,a2-inchsightport,oppositeofa 1-inchnational
pipethreadportthroughwhich a sightpipecanbeinserted,has alsobeenadded.The use
ofa sightpipereducesthelengthofthespraywhichtheMalvern2600'slaserbeam must
passthroughand eliminatesthepotentialforvignetting,whichcouldoccurifthebeam
were topassthroughthecompletespraycone.A honeycombcatalystsupportisusedasa
flowstraightenertoprovidea laminarflowofairaroundtheatomizingnozzle.The
heightoftheatomizerinrelationtotheopticalportsisadjustablefromoutsidethe
pressurevessel,thusallowingtheatomizerpositiontobechangedduringa single
atomizationtest.

Atomizationtestingwas completedusinga HWD Creek CW'F withtheDelavan
1.0-gal/minSwirlAirnozzle.Thisisthenozzleutilizedduringmostofthecombustion
testson the1-MM Btu/hrgasturbinesimulator.However,problemswitha flatspray
structurewereencountered.A switchtotheDelavan2.5-gal/minnozzle,whichhas a
largerorifice,gaveacceptableperformanceattheexpenseofa lowerthandesired
pressureratio.Figure4 shows thecorrectedSautermean diameter(SIVID)forthethree
CWF atomizedinthepressurizedspraychamber.Thisfigureindicatesthatthetwo
subbituminousCWFs atomizedsignificantlybetterthantheOtiscaIndustriesproduced
Taggartseam bituminousCWF. Thispresumablyisduetodllatantflowbehaviorofthe
OtiscaCWF ascomparedtothepseudoplasticflowbehavioroftheHWD subbitumJnous
CW'F. The baselinewatertestsprovidedthebestatomizationbehavior.

The emergenceofadvancedcoalcombustiontechnologies,suchascoalslurryfired
gasturbines,requiresfundamentalknowledgeofthefuelcombustionprocessesat
elevatedpressures.Ofcriticalimportanceisthebasiccombustionkineticsandthefateof

coalmineralmatterinsuchsystems.To addresstheseissues,a pressurizeddrop-tube
furnace(PDTF)was constructedtoprovidea low-costtestapparatusforconductingcoal
mineralmattertransformationstudies,deposition,burnouttesting,and hot-gascleanup
studiesundermore controlledconditions.The PDTF iscapableofoperatingunderthe
followingconditions:

Temperature: ambient to 2732°F (1500°C)
Pressure: ambient to 300 psia (20.4 atm.)
Oxygen: 0 to 20 tool%
Gas Flow=. 0 to 7.8 scfm (220 L/min)
Residence Time: 0 to 5.0 sec

A multipurpose sampling probe with provision for char and fly ash collection or for
collecting ash deposits on a cooled substrate is available. A detailed description of the
PDTF system is given in Swanson and others (16).
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Figure 4. Corrected SMD as a function of atomizing air-to-fuel ratio for tested CWFs and
baseline water.

Three scanning electron microscope/electron microprobe analysis (SEM/EMPA)
techniques--computer_ontroUed scanning electron microscopy (CCSEM), scanning electron
microscopy point count (SEMPC), and automated image analysis (AIA)--are presently used
in ash behavior in combustion and gasification systems research at EERC. These
techniques permit the study of transformations of inorganic constituents from the initial
stages of coal conversion through the transformations that occur during ash deposition
and slag formation. Their specific applications include 1) determination of the size,
composition, and association of minerals in coals; 2) determination of the size and
composition of intermediate ash components and fly ash; 3) determination of the degree of
interaction (sintering) in ash deposits; and 4) identification and quantification of the -
components of ash deposits and slags; this includes liquid-phase composition, reactivity,
and rystallinity.

Deposition testing of LRC fuels in the PDTF allowed the sticking fractions to be
calculated for the tested fuels. These tests were all run at residence times of
approximately 700 ms, gas temperatures of 1150°C, substrate temperatures of 900°C, and
gas velocities through the accelerator of approximately 850 ft]s. These sticking fractions
were ranked in the order PC/AC/HWD Beulah-Zap > PC/AC/HWD Spring Creek > HWD
Spring Creek Allison fuel > Otisca Taggart > AC/HWD Kemmerer. Analysis of the
deposits indicates that the Otisca fuel concentrated aluminum in the deposit. In the
Kemmerer fuel deposit, a large increase in the concentration of calcium and sodium was
observed in the deposit. The large increase in the calcium is due to the presence of
calcium aluminosflicates in the coal ash which were not removed during the acid-cleaning
process. The ash chemistry of the PC/AC/HWD Spring Creek fuel did not show any small
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significant increase in the concentration of any species in the deposits. The HWD Spring
Creek fuel prepared for the Allison Gas Turbine Division showed a significant increase in
the concentration of calcium and aluminum in the deposit, again probably due to the
presence of lower melting calcium aluminosilicates and a significant decrease in the
concentration of sodium in the deposit, as compared to the coal ash, probably due to the
formation of volatile sodium species which did not impact and deposit on the deposition
substrate. While the subbituminous fuel's ash chemistry was dominated by the formation
of lower melting calcium aluminosilicates, the Beulah.Zap lignite ash chemistry was
dominated by the low-melting-iron phases which can be attributed to residual magnetite
left on the coal from the heavy-media physical cleaning process.

The fly ash combustion tests using beneficiated LRCs were conducted in the PDTF
at 1300°C, 120 psia, and with a calculated residence time of 2.5 seconds. These high-
pressure tests utilized Cyclones 2 and 5 from a multicyclone set and a final filter to collect
the fine aerosols. The multicyclones were calculated to have cut points of 3.0 and 0.45
_m, respectively. Percent ash of the fly ash was determined using a modified
thermogravimetric analysis (TGA) technique. Residence times are calculated based on
center-line velocities equal to two times the plug-flow velocities.

Both the PC/AC/HWD/micronized _md the Allison HWD/micronized Spring Creek
fuels had lower sodium levels in the final filter fraction than the raw Spring Creek fuel.
This is expected since acid-cleaning and I-IVTDprocesses have been shown to reduce the
sodium levels of the coal ash. However, the data indicates that for the hydrothermally
treated fuel approximately the same percentage of the total sodium collected was
recovered in the smallest-size fraction as was recovered with the as-received Spring Creek
fuel.Thisdataalsoindicatesthatacidcleaningofthefuelresultedina significant
decreaseinthepercentageofthesodiumcollectedinthesmallest.sizefraction.A definite
decreaseintheamount ofsodiumrecoveredassubmicronsodiumsulfateorchloride
aerosolson thefinalfilterwas observedwithdecreasedsodiumlevelsinthecoalash.
Thisdecreaseindicatesthatbeneficationtechniquessuchasacidcleaningand hot-water
dryingcan substantiallydecreasetheformationofthevapor-phasealkalispecieswhich
participateinalkalisulfateinduceddepositionandcorrosionofturbinebladematerialsin
a directcoal-f'zredgasturbine.

Particle-sizeanalysisofthethreesizedfractionswas alsoconductedbySEM. These

analysesindicatethatthefiltercakeconsistsofveryfine(<1 pro)particleswhileCyclor/e
5 consistedofparticlesinthe1-to4-_m sizerangeand Cyclone2 consistedofthelarger
particlesizes.

Testsofkaolinasan entrainedalkaligetterinatmosphericand pressurizedcoal
combustionsystemswereperformedintheEERC PDTF system.The kaolinpowderwas
mixed withpulverizedcoalfromtheSpringCreekmine intheratioofIpartkaolinto2
partsASTM coalash.Fourcombustiontestswereperformedatgastemperaturesof
1500°Cinthemain furnaceandbetween1000°and 1100°Catthesamplingpoint,with
residencetimesofapproximately2 seconds;onetesteachofraw SpringCreekat
atmosphericpressure,coalpluskaolinatatmospheric,raw coalat100psi,and coalplus
kaolinat100 psi.The resultsfromthealkaligetteringtestssuggestthatsodiumis
shiftedstronglyaway fromthesmallestparticlesby theadditionofkaolin.Ifwe assume
thatthesodiumsulfateinthesmallest-sizefractionformedwhen thegaswas quenched

duringcollection,thenonehalfofthesodiumwas removedfromthegasphaseduetothe
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kaolin addition. This result holds both at atmospheric and higher pressure. Most of the
sodium was shifted to the 1- to lO-micron size range, which is where the kaolin is
concentrated. The _ in sulfur from the smallest, to the largest-size ranges indicates
thatthesodiumwas chemicallycombinedwiththekaolin,probablyinthehigh-
temperaturezone,and thatthekaolindidnotmerelyserveasa condensationsurfacefor
sodiumsulfate.Becausemuch ofthesodiumwas removedfromthegasphase,thesulfizr
shiftedtothelargest-sizerangeby sulfatingadditionalquantitiesofthecalcium-rich
particles.

4.0 CONCLUSIONS

General conclusions which can be drawn from the data presented in this report are
as follows:

* SeveralproductionrunsofLRC CWF wereproducedinconjunctionwiththeDO_
LRC beneficiationprogramattheEERC.

* By hot-waterdrying,highmoisturecoalscanproduceCWFs withheatingvalues
equaltoorgreaterthantheirparentcoals.

* Coal-waterfuelsfromHWD LRCs haveexhibitedexcellentrheologicalproperties,
which greatlybeneftthefuelinareasofoverallhandlingperformanceand long-
rangetransportation.

. High-shearresultsindicatedthattheflowbehaviorofSpringCreekCWF does
notchangesignificantly,evenatshearratesashighas200,000sec"_,and with
adjustmentsinsolidsloading.

* Detailedchemicalandmineralogicanalysesfortheraw and hydrothermally
treatedcoalrevealedthatmostofthesaltsoforganicacidgroupsand soluble
mineralsareremovedby thebeneficiationprocess.

* A pressurizedcombustionvesselwas successfullybuilttoallowtheoperating
parametersofa direct-Rredgasturbinecombustortobesimulate&

..

* SeventeensuccessfulcombustiontestsusingCWFs werecompletedinthe
pressurizedcombustionvessel.Thesetestsincludedseventestswitha
commerciallyavailableOtiscaIndustries-producedTaggartseambituminousfuel
and fivetestseachwitha physicallyand chemicallycleanedBeulah-Zaplignite
and a chemicallycleanedKemmerer subbituminousfuel.

• Analysesoftheemissionand flyashsampleshighlightedthesuperiorburnout
experiencedby theLRC fuelsascomparedtothebituminousfuelevenundera
longerresidencetimeprofileforthebitum£nousfuel.The LRC fuelshavehigh.
carbonburnouts,rangingfrom98.2to99.99%,and appeartoberelatively
unaffectedby otheroperatingparameters;however,thebituminousfuelwas
significantlyaffectedby combustionairtemperature,atomizingair.to-fuelratio,
and fuelfiringrate.
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• The LRC fly ash showed a decrease in particle size when compared to the starting
fuel, while the bituminous fuel showed a increase in particle size when compared
to the starting fuel. These particle-size analyses provide some evidence of LRCs
nonagglomerating properties as compared to bituminous fuels.

• Ash material balances for the CWF combustion tests indicated that the Beulah-
Zap lignite fuel had a much higher deposition rate than the Kemmerer
subbituminous fuel and the Kemmerer fuel had higher deposition rates than the
Otisca bituminous fuel.

• Atomization data indicates that the two HWD subbituminous CWFs atomized
significantly better than the Otisca Industries-produced Taggart seam bituminous
CWF, presumably due to the dilatant flow behavior of the Otisca CWF as
compared to the the pseudoplastic flow behavior of the HWD subbituminous
CWF.

• DepositiontestingofLRC fuelsinthePDTF allowedthestickingfractionstobe
calculatedforselectedfuels.Thesestickingfractionswererankedintheorder
PC/AC/HWD Beulah-Zap> PC/AC/HWD SpringCreek > HWD SpringCreek
Allisonfuel> OtiscaTaggart> AC/HWD Kemmerer.

• Both the PC/AC/HW'D/micronized and the Allison HWD/micronized Spring Creek
fuels had lower sodium levels in the final filter fraction than the raw Spring
Creek fuel. This decrease is due to the removal of significant quantities of
sodium cations in the beneficiation process.

• Resultsfromthealkaligetteringtestssuggestthatsodiumisshiftedstrongly
away fromthesmallestparticlesby theadditionofkaolin.Ifwe assumethatthe
sodiumsulfateinthesmallest-sizefractionformedwhen thegaswas quenched
duringcollection,thenonehalfofthesodiumwas removedfromthegasphase
due tothekaolinaddition.Mostofthesodiumwas shiftedtothe1-to10-micron

size range, which is where the kaolin is concentrated. The shift in sulhzr from
the smallest- to the largest-size ranges indicates that the sodium was chemically
combined with the kaolin, probably in the high-temperature zone, and that the
kaolin did not merely serve as a condensation surface for sodium sulfate.

..

5.0 RECOMMENDATIONS

The ability of hot-gas cleanup techniques to control particulte and alkali emissions
entering the expander of a gas turbine to acceptable levels are seen as the biggest
obstacles in commercialization of direct coal-fired gas turbines. Recommendations for
future work include hot-gas cleanup work on the PDTF and 1-MM Btu/hr gas turbine
simulator as potential filters and particulate removal techniques become available. In
addition, further alkali sampling and alkali gettering experiments could be conducted on
the PDTF in order to obtain a better handle on the composition and phases of the vapor
alkali species and to determine ways to control them in a high-temperature environment
before entering the expander of a gas turbine.
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COMBUSTION INORGANIC TRANSFORMATIONS

1.0 INTRODUCTION

The problems caused by the inorganic constituents in coal can have significant J
technological impacts. For example, inorganic constituents can, in some instances, cause

1

severe operational problems in utility boilers. The problems include deposition on heat-
transfer surfaces, formation of fine particulates that are difficult to collect, and erosion
and corrosion of boiler parts. Because of the importance of these problems, there is
voluminous literature on the subject. A precise and quantitative knowledge of the
distribution of inorganic constituents and their chemical and physical transformations
may provide insights leading to solutions to these problems.

The extent of these problems depends upon the abundance and distribution of
inorganic constituents. The inorganic constituents in low-rank coals are distributed
within the coal matrix as cations associated with organic acid groups and clays,
organically coordinated species, and discrete mineral grains. The mineral grains in
pulverized coal are classified as either included (within a coal particle) or excluded (not
associated with coal). The characteristics of the fly ash formed during combustion are
dependent upon the chemical and physical transformations of the inorganic material.

The physical transformations of the inorganic constituents during the combustion
process include 1) coalescence of individual mineral grains, 2) formation of cenospheres,
and 3) evaporation and condensation of flame-volatilized species. The factors that
influence the behavior of the inorganic constituents include combustion conditions and the
form of the inorganic constituents in the coal. In the past, the composition of the coal ash
produced under ASTM ashing conditions has been used to provide a crude guide as to the
behavior of a specific coal during combustion. However, examination of the fly ash shows
that many different types of particles are present, each having its own composition and
probably its own melting behavior. Therefore, in order to understand and ultimately
predict the behavior of the inorganic constituents during pulverized coal combustion,
fundamental knowledge of the mechanism of fly ash formation must be elucidated.

The primary emphasis of this project was to determine and measure some of the
critical inorganic transformations that occur during combustion. After acquiring a basic
understanding of the mechanisms of ash formation, models were developed to predict fly
ash size and composition. There were several critical issues that needed to be addressed
in order to better understand the behavior of inorganic constituents during combustion.
These included the following:

1. A method was devised for determining the abundance and distribution of
inorganic constituents in pulverized coal. The predictive models required
innovative techniques to quantify inorganics in coal. Two techniques were
developed for determining coal inorganics. These techniques included a)
chemical fractionation which involves selectively extracting inorganic elements
based on their association in the coal, and b) computer-controlled scanning
electron microscopy (CCSEM) which was used to quantify and size the mineral
phases in the coal.



2. Sodium volatilization in the coal-fired flame followed by subsequent
condensation in the convective pass is a major problem associated with the use
of low-rank coals in utility boilers. The volatility of sodium needs to be
determined as a function of the association of sodium in the coal and of
combustion conditions.

3. The interactionoforganicallybound cationsand mineralphasesduringthe
combustionofa coalparticleisnotwellunderstood.The interactionofthese
phasesresultsintheformationoflowmeltingpointparticlesthatcanplaya
significantroleintheformationoftenaciousdepositsinboilers.The interaction
ofthesespeciesneedstobe determinedasa functionofcombustionconditions,
gascoolingrates,and theassociationofinorganicconstituents.

2.0 GOALS AND OBJECTIVES

The overallobjectiveofthisprojectwas thedevelopmentofa unifiedpictureofthe
physicaland chemicalchangesthatoccurincoalinorganicmatterduringcombustion.
The researchfocusedon threemajortasks.The Rrsttaskinvolveddevelopinganalytical
methodsformeasuringthechemicaland physicalcharacteristicsofcoalinorganicsand fly
ash.With regardtocoalanalysis,CCSEM was developedtodeterminethedistributionof
discretemineralgrainsinpulverizedcoals,and chemicalfractionation,anexisting
technique,was modifiedand refinedtoprovidequantitiesofinorganicconstituentsthat
aresubmicroninsizeand thusundetectableby thetypicalscanningelectronmicroscope.
Organicallybound inorganics,suchassodiumand calciuminlow-rankcoals,canbe
quantifiedusingthechemicalfractionationtechnique.The CCSEM and chemical
fractionationtechniques,therefore,providea comprehensivemeans ofquantifyingallof
theinorganicmaterialincoalsofvaryingranks.InconjunctionwithCCSEM, an image
analysistechniquewas developedtodeterminewhetherindividualcoalmineralparticles
wereincludedwithinpulverizedcoalparticlesorexcludedfromthecoalparticles.With
regardtoflyash,theCCSEM techniquewas alsodevelopedtomeasurethesizeand
compositionofindividualflyashparticles,and a modifiedversionoftheCCSEM
techniquewas usedtosizeand chemicallyanalyzesubmicronashparticulate.Another
analyticaltechniquethatwas investigatedinthisprojectwas laser-inducedfluorescence
spectroscopy(LIFS).LIFS was specificallyaimedatanalyzingatomicsodiumincoal.The
objectivesofthiswork included1)buildinga LIFS spectrometerthatwas capableof
detectingatomicsodiumabove10-ppmconcentrationsforsolutions,2)assessingthe
feasibilityofthistechniquefordetectingthereleaseofsodiumwhen solidsareintroduced
directlyintoa flame,3)usingthisspectrometertostudythereleaseofatomicsodium
duringcoalcombustion,and 4)developinga detailedknowledgeofhow a varietyoffactors
includingflametemperature/position,sourceofsodium,and gasstreamcomposition
affectsthereleaseofsodiumundertypicalcombustionconditions.

The secondmajortaskofthisprojectinvolvedcombustiontestingofsevencoalsof
varyingrank,onecoalblend,and foursyntheticcoalmodelmixtures,forthepurposeof
studyinginorganictransformations.Allofthecombustiontestingwas performedusinga
laboratory-scaledrop-tubefurnace(DTF).The DTF systemwas constructedattheonsetof
theproject,withtheprimarypurposeofhavingtheabilitytoinexpensivelygenerate
multipleflyashsamplesina veryshorttimewhilemaintainingcombustionconditions
thatmimic key full-scalecombustionconditions.FeedratesfortheDTF rangefromonly



0.1to1.0grams ofcoalperminute;therefore,itisdifficulttomimic allaspectsoffull-
scalecombustion.However,theDTF was designedand constructedtoisolatethekey
operationalparametersofrealutilityboilerssuchasgastemperature,gasvelocity,
particleresidencetime,and excessair.Flyashand time-resolvedcharswereproduced
usingvariousgastemperatures,particleresidencetimes,and gasatmospheres.
Mechanisms offlyashformationwere derivedby analyzingtheinitialcoalinorganicsand
comparingthatdatawiththeflyashcharacteristics,suchasmineraland elemental
compositionand particlesize.

The thirdmajortaskofthisprojectconsistedofdevelopinga modelorexpertsystem
topredictflyashcompositionand sizefrominitialcoalinputdata.Advancedcoal
mineraland organicallybound inorganicanalysismethodscoupledwithextensive
laboratoryflyashformationstudieswerethebasisforderivingbotha mechanisticmodel
and an expertsystemforpredictionofflyashsizeand composition.The mechanistic
modelistermedATRAN1, and theexpertsystemmodeliscalledASHPERT. ATRAN1
combinesthestochasticprincipleofrandom combiningofinorganicsduringcombustion
withthemechanisticprinciplesofcoalescence,fragmentation,and decompositionofinitial
coalmineralsduringcombustion.ASHPERT usesan expertsystemapproachthat
essentiallypredictsthesizeand compositionofflyashgeneratedfroma givencoal,based
on a largedatabaseofknown coalmineraland correspondingflyashparticlesizeand
compositions.The expertsystemgivesa first-orderestimateofflyashsizeand
compositionwhich canbeeasilyintegratedwithotherexpertsystems.Bothmodels,
ATRAN1 and ASHPERT, weretestedusingvariouscoalsand gavepredictedresultsthat
were fairlysimilartoresultsobtainedexperimentally.

3.0 RESULTS AND CONCLUSIONS

3.1 Analytical Methods Development

3.1.1 LIFS Project

Many westernlow-rankcoalscontainsignificantquantitiesofalkali,primarily
sodium,thatisassociatedassaltsoforganicacidgroups.Upon combustion,thesealkali
constituentswillreadilyvolatilizeintheflameand condensedownstreaminthe
combustionsystem.The condensedalkalicomponentscancauseseriousoperational
problemsincombustionsystemssuchasconvectivepassfouling.The flame-volatilized
alkalicancondenseon surfacesofentrainedflyashparticles,forminglow meltingpoint
surfacelayerswhich canaidinthestickingofashparticleson heat-transfersurfaces.
Thesealkali-containingphasescan aidinforming_ liquidthatisresponsibleforthe
developmentofdepositstrengthdue toviscousflowsinteringand forthecaptureof
impactingflyash particles.Inaddition,theflame-volatilizedalkalican condense
homogeneouslytoformverysmallparticlesthatcanbe verydifficulttocollect.These
smallparticleshave alsobeenfoundon theinnerlayersofdeposits.

Becauseorganicalkalies(carboxylates)arerelativelyvolatile,itisgenerally
expectedthatthesealkali_dllvaporizeincoal-firedcombustors.Laboratoryexperiments
havedemonstratedthatvaporizationoccursinan oxygenenvironment.Many ofthepast
studieshavebeenconcernedwiththeanalysisofthereactantsand products.Thisdoes
notprovideadequateinformationon thereleaseofalkaliduringcombustion.A probeis



needed that would perform in situ measurement of the concentration of short-lived atomic
alkali.

LIFS is well suited for probing various locations of flames to examine alkali release.
The high powers and narrow bandwidths available from modern lasers allow their use as
excitation sources in analytical techniques that have very low detection limits and very
high selectivities for particular analytes. The fluorescent emission of sodium atoms
excited by lasers has been studied over the past decade, including the detection of sodium
in flames. As well as establishing the range and sensitivity of the techniq_e, these
studies have also probed the nature of the kinetic and optical processes taking place. The
usual experimental arrangement includes a hydrogen/oxygen or hydrocarbon/oxygen
flame with inert gas diluent and aqueous sodium solutions aspirated into the flame, as for
classical atomic absorption spectroscopy. The most common excitation source is a pulsed
or continuous wave dye laser operating at the wavelength of the sodium D line. A
detection limit of less than 10 sodium atoms/rnL in a flame at one atmosphere pressure
has been achieved using saturated optical nonresonant emission spectroscopy for atomic
detection. This corresponds to about one part in 101_of the flame species. Nonresonant
operation means that the D1 line of the sodium (589.6 nm) is excited to detect emissions at
the D2 line (589.0 nm) or the reverse. This technique is feasible because the two excited
states responsible for the emissions are equilibrated by collisional energy transfer under
the relatively high-density conditions present in the flame.

The goal of this project was to define the variables that affect the release of sodium
atoms from coals and model compounds at temperatures similar to those produced in full.
scale boilers (1). LIFS was chosen for this task due to its high sensitivity for the detection
of gas-phase atoms.

After optimizing the optical alignment and the laser output, work with sodium
solutions began. A study of the effect of sodium concentration on the fluorescence showed
that, at the leading edge of the flame, the fluorescence signal was found to be linearly
dependent on the concentration of sodium.

The distribution of sodium species in the flame was also calculated using
SOLGASMIX, which predicted that 39.8% of the sodium introduced would be present as
atomic sodium at a flame temperature of 1548 K. The measured value using LIFS was
7.0% at 0.42 inches above the flame.

Possible reasons for the difference between the predicted value and the measured
value are:

• The sample introduction efficiency was incorrect.
• The database for the calculation was incomplete or incorrect.
• The system did not achieve a minimum free energy.

The most likely cause of the difference was that the flame did not reach a thermodynamic
minimum.

Horizontal fluorescence profiles were obtained for a number of pure sodium salts:
benzoate, chloride, montmorillonite, sulfate, and carbonate. Sodium benzoate, sulfate, and



carbonate gave fluorescence signals similar to those for solutions. Sodium chloride and
sodium montmorillonite gave signals much smaller than those for solution.

Horizontal fluorescence profiles were obtained for a series of Beulah lignites: plain
Beulah lignite, demineralized Beulah lignite, and demineralized Beulah reloaded with
sodium. The fluorescence signals were much higher for these solids than for sodium
solutions and, at the leading edge of the flame, were linearly dependent on the
concentration of the sodium fed into the flame.

Horizontal fluorescence profiles were obtained for a solid with sodium deposited
upon it. Like the lignites, this solid gave a fluorescence signal much higher than that for
sodium solutions.

The effect of sulfur and carbon dioxide on the sodium atom densities in the flame
was studied. For the conditions used, no significant differences in the fluorescence signal
were found.

Chars from Beulah lignite and solid sodium benzoate were analyzed to determine
the percent of sodium in the solids that was vaporized. Both solids had some sodium
remaining in their chars.

In conclusion, LIFS is a valuable tool in the study of sodium volatilization from
solids in flames. With a LIFS system, sodium fluorescence can be observed from solids.
Different solids did give different sodium atom densities in the flame. This difference is
related to the matrix supporting the sodium. The solids that gave low sodium atom
densities in the flame include sodium montmorillonite and sodium chloride. The
montmorillonite results suggest that sodium tied up in aluminosilicates is not responsible
for fouling in boilers. Solids that gave high sodium atom densities were those which had
their sodium supported by a carbon matrix, including the Beulah lignites and the sodium
benzoate on decolorizing carbon.

The sodium released from the Beulah lignites was linearly related to the sodium
atom densities resulting in the flame from sodium benzoate and the sodium benzoate on
decolorizing carbon.

The addition of elemental sulfur and carbon dioxide had no effect on the sodium
atom densities resulting in the flame from sodium benzoate and the sodium benzoate on
decolorizing carbon.

The analysis of the char resulting from burning a solid in the LIFS burner also
proved to be a valuable technklue for analyzing the fluorescence data. The Beulah lignite
was found to release approximately 30% of its sodium, while the solid sodium benzoate
released 70%. These results emphasize the importance of the carbon matrix in reducing
sodium to its atomic state.

With a LIFS system, it is possible to observe differing sodium atom concentrations
in a flame. This LIFS study has shown the effect of different supporting matrices on the
concentration of gaseous atomic sodium observed in a flame.
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3.1.2 DeveloumentofTechniquesforAnalvzineCoaland FlyAsh In0rganics

3.1.2.1Computer-ControlledScanningElectronMicroscopy

A majoranalyticaldevelol,nentofthepastsixyearshasbeenthedevelopmentof
thecomputer-controlledscanningelectronmicroscopy(CCSEM) method fortheanalysisof
coaland flyash(2-4).ResultsobtainedusingCCSEM havebeencrucialinfurtheringthe
understandingofinorganictransformationsduringcombustion.Stepstakentodevelop
theCCSEM method overthepastsixyearshaveincludedrigoroustestingand
standardizationusingmineralstandardsand well-characterizedcoals(5);adaptationof
softwareand hardwaretoallowforstageautomation,multiplethresholdcapabilities,and
datamanipulation;programmingtoallowimage analysistodeterminemineralgrain
juxtaposition;theeliminationofsizebiasesassociatedwithirregularlyshapedgrainsand
samplepreparation;and theimplementationofa three-magnif'icationmethod coupled
withusinga highervideo-samplingsignaltoimprovetheprecisionofquantifyingcoal
mineralsLy about50% (6-11).FollowingextensivetestingforaccuracyoftheCCSEM
method,correctionfactorswerecalculatedforderivedparticlediametersand forareas
determinedforcross-sectionedashparticles.

Severaladditionsweremade totheCCSEM methodastheprojectprogressed.A
correctionforimprovingtheaccuracyofCCSEM elementalcompositionswas devised(12).
Thisprocedureinvolvestheextractionofk-ratiosduringacquisitionofraw CCSEM data,
followedby correctionofthesek-ratiosforatomicnumber (Z),absorption(A),and
fluorescence(F)effects.ThisZAF correctionresultsinmore accuratequantitative
chemistriesofindividualflyash particlesorcoalminerals.Threebituminouscoalsand
f'iveasheswereanalyzedtotesttheCCSEM-ZAF technique.To determinetheaccuracyof
theCCSEM-ZAF technique,coaland ashcompositionsdeterminedthroughCCSEM were
comparedtobulkcompositionsasmeasuredusingx-rayfluorescence(XRF).Results
indicatetheCCSEM-ZAF datarequirecorrectionsforCa,Mg, and Si,becausethese
elementsoccurinsignificantconcentrationsinthesubmicron-sizefraction.

Additionally,a round-robinCCSEM analysishas beeninitiatedinvolvingseven
laboratories:EERC, Ames LaboratoryatIowa StateUniversity,SandiaNational
Laboratory,theUniversityofKentucky,theR.J.Lee Group,theNetherlandsEnergy
ResearchCenter,and CSIRO ofAustralia.Inordertodesigntheround-robin,information
was gatheredfromeachoftheparticipatingdomesticlaboratoriesregardingtheirCCSEM
systems.The EERC thenprepareda detailedprotocoldescribingthescanningelectron
microscopy(SEM) systemconfigurationforanalysisofstandardcoalsand senttheprotocol
togetherwithsamplesetstotheparticipatinglaboratories(13).ThreeArgonneNational
Laboratorypremium coalswere initiallyselected,includingIllinois#6,Pittsburgh#8,and
Wyodak. AfterpreliminarytestingofthesecoalsusingCCSEM, itwas decidedtousea
higherash CanadianPrincecoalinsteadoftheWyodak. The Princecoalwas acquired
fromtheEuropeanCentreforCoalSpecimens.The resultsoftheround-robintestingwill
beusedtoinitiatestandardizationoftheCCSEM technique.

Particle-by-particlescanningelectronmicroscopy(PBPSEM) analysishasbeen
developedasan automatedtechnique(4).Itusesadvancedimage analysistogetherwith
thestandardCCSEM proceduretoyieldthesizeand compositionofcoalmineralson an
individualparticlebasis.PBPSEM greatlyenhancesash formationand depositionmodels
by providingmuch more comprehensivecoalinputdata.The PBPSEM programuses
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completely automated digital image acquisition, processing, and image segmentation. In
PBPSEM, the major operational parameter affecting the sizing and location of particles is
the determination of the difference between coal and minerals in the grey-level histogram.
The method currently used for determining this difference works best for homogeneous
systems.

3.1.2.2 Mass Balancing to Determine Organically Associated Content

A method has been devised to balance the mass of organically and mineralogically
associated inorganics in coal so that their sum equals the total ash content of the coal
(12). An algorithm to determine the distribution of organically associated inorganics was
created using CCSEM, chemical fractionation, and XRF data. The inorganics are divided
intosolubleminerals,insolubleminerals,organicallyassociatedinorganics,and insoluble
submicronminerals.The techniquewas modifiedtobetterestimatetheamount of
submicronsilica.The mass balancingtechniquewas testedon Kentucky#9,EagleButte,
and Kentucky #9/EagleButteblendcoals.Kentucky#9containedlittleorganically
associatedmaterial,whereastheEagleButtecoalhad largeamountsoforganically
associatedcalciumand magnesium. The quantityoforganicallybound materialinthe
Kentucky #9/EagleButteblendwas intermediatebetweenthatofthetwoparentcoals.

3.1.2.3SmallParticulateAnalysisMethod

A new technique,termedscanningelectronmicroscopywithimage analysis(SEM-
IA),was developedforanalysisofindividualsubmicronashparticles(14).SEM-IA
providesdatasimilartothatoftheCCSEM technique,butforsmallerparticles.A freeze-
drieddispersionmethod was developedasan alternativesamplepreparationtechnique.
Usingthismethod,ashparticlesaresuspendedinpropanoland dispersedontopiecesof
vitreouscarbonmeasuringapproximatelyIcm2.Freezedryingmaintainsan adequate
separationbetweenparticles,asrequiredforSEM-IA. Duringanalysis,size
measurementsoftheindividualparticlesarenotmade inrealtimeastheyarein
CCSEM, butonlyaftera largenumber ofduplicateimagesofa samplefieldofviewhave
beenacquiredand averagedtoremovenoise.Thisadditionalimageprocessingstepis
necessarytoobtainaccuratesizemeasurementsforthesmallestparticles.The image-
averagingabilityoftheSEM-IA techniqueprovidessizeand compositiondistributiondata
forparticleswithdiametersan orderofmagnitudesmallerthanthosethatcanbe
analyzedby CCSEM, orapproximately0.1-/_mminimum diameter.

3.2 Laboratory-Scale Combustion Testing

Coals contain a complex suite of inorganic species that include significant quantities
of both organically associated cations and discrete minerals. Problems associated with
inorganic constituents in coal combustion systems include ash deposition, f'me particulate
formation, and corrosion and erosion of boiler parts. Of specific interest are the
interactions between those inorganic constituents that result in the formation of low
melting point phases during combustion and gas cooling. These phases are often the
cause of ash deposition problems on boiler heat-transfer surfaces. The formation of these
low melting point phases is a result of a combination of complex physical and chemical
transformations of inorganic components associated in and with the coal during the
combustion process. The primary objective of the drop-tube furnace task was to determine
the factors that affect the size and composition of the fly ash. This task was designed to



study changes in the morphology and chemical associations of inorganic components in
coals during combustion in a drop-tube furnace designed to simulate the time-temperature
profile of a pulverized coal-fired utility boiler. The chemical and physical transformations
of the inorganic constituents depend upon their association in the coal and upon
combustion conditions. Volatilization and condensation of sodium was one of the key
transformations investigated to gain insight into the formation of liquid phases in and on
the surfaces of entrained ash particles.

3.2.1 Drop-T_beFurnaceConstructionand ODeration

The drop-tubefurnacewas constructedasa laboratory-scale,entrained-flowtube
furnacewiththeabilitytocombustcoaland produceashundercloselycontrolled
conditions.Combustionparameterssuchasinitialhotzonetemperature,residencetime,
and gas-coolingratecanbecloselycontrolledand monitored(9-11,15-19).

The furnace system is housed in a three-floor laboratory specifically designed for
clean and efficient operation of the system, as shown in Figure 1. The furnaces are
mounted on furnace bars extending through all three levels. The furnaces can be moved
to accommodate specific applications. The adjoining control room provides a clean,
climate-controlled environment for the electronic equipment associated with the drop.tube
system.

The furnace assembly consists of a series of vertically oriented tube furnaces. These
furnaces possess a total of five independently controlled, electrically heated zones. Each
of these furnaces can be used separately or in conjunction with the other furnaces. This
allows for maximum flexibility and precise control over combustion conditions.

Coal, primary air, and secondary air are introduced into the furnace system by
means of a preheat injector. This system injects ambient temperature primary air and
coal into the furnace from a water-cooled probe assembly at the center of the tube.
Secondary air is typically heated to 1000°C and introduced into the furnace through a
mullite flow straightener. Thus the material to be combusted is introduced into the top of
the furnace along with preheated secondary air and travels down the length of the
furnace in a laminar flow regime.

The coal feed system is designed to feed particles of various sizes at rates of 0.1 and
0.5 grams per minute and at primary carrier gas rates of approximately 1 liter per
minute. The basic apparatus consists of a pressurized plastic cone, a stepper motor, and a
feed tube. The cone acts as the coal hopper. As the motor rotates the feed tube, the coal
falls through the small holes in the tubes and is carried out by the gas into the injector.

Flyashiscooledby means ofa flyash-quenchingprobethatisreliableand
versatile.Severalcollectiondevicescan beaddedtotheprobetocollecttheflyash.

Size-segregatingmethodsofflyashcollectioncan alsobeemployed.The
EnvironmentalProtectionAgency SouthernResearchInstitutefive-stagecyclone
(EPAFSC) isusedtomake fiveequallyspacedparticlesizecuts(d_)on a logarithmicscale
withintherangeof0.1to10.0micrometers.The advantageofthissystemisits
capabilityofcollectingtherelativelylargesampleamountsneededforsubsequent
chemicaland morphologicalanalyses.
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In addition to the EPAFSC, the University of Washington Mark 5 source test
cascade impactor (STCI) is used during selected combustion tests. The STCI was
developed as a means of measuring the size distribution of particles in stacks and ducts at
air pollution emission sources. The Mark 5 impactor produces even-size cuts of fly ash
particles by inertial separation. These data will be used for comparison with the EPAFSC
data and to provide more detailed information concerning the effects of combustion
conditions on the size distribution of the fly ashes.

A short residence time probe was designed and constructed to collect ash samples at
any residence time. The probe consists of a series of four concentric, water-cooled, steel
tubes. The outer shell is for introducing the quench gas at the top of the probe. The
innermost shell removes the combustion gases, and the remaining shells carry the cooling
water. The probe is covered with an alumina insulating cylinder 2 inches in outside
diameter.

The probe is inserted in the bottom of the furnace at a set distance that is calculated
from the desired residence time. The quench gas and the vacuum are turned on. The coal
is fed through the preheat injector and collected with a cyclone or with the multicyclones.

3.2.2 Comb_stio_ Testi.n_ of Coals and a Coal Blend

The first step in the combustion testing phase of the CIT project was to select and
prepare test coals. Seven coals were selected including 1) Monticello lignite (Texas),
2) Robinson subbituminous (Montana), 3) Eagle Butte subbituminous (Wyoming), 4) Upper
Freeport bituminous (Pennsylvania), 5) Kentucky//9 bituminous (Kentucky), 6) San
Miguel lignite (Texas), and 7) Beulah lignite (North Dakota). A blend of 70% Eagle Butte
and 30% Kentucky #9 was also tested. The coals were pulverized and sized in order to
obtain a 53- to 74-_m sample and bulk 80% -200-mesh sample for combustion testing. Fly
ash was generated by combusting the coal in an initial hot zone of 1500°C, with
subsequent collection of the fly ash after 2 to 3 seconds residence time in a zone of 1200°C.
The coals were analyzed using chemical fractionation, CCSEM, proximate/ultimate, and
XRF analyses.

The most abundant minerals found in the Monticello lignite were quartz, kaolinite,
Ca-clay, and mixed aluminosilicate (6, 7). Very little pyrite was found. Quartz, kaolinite,
and Ca-clay had grain sizes that were largely in the ;>ll-_m range. Some of the
aluminosilicate clays occurred as aggregates of 1- to 3-_m particles.

Comparisons among original mineral matter, inorganic phases in early stage chars,
and final fly ash show a progressive reaction of organically bound Ca with quartz and
aluminosilicate species derived from kaolinite. Inorganic ash droplets on the surface of
Monticello short residence time char particles were very rich in CaO and consistently
showed an aluminosilicate component with an A1/Si ratio of 1/1. These particles were
generally 1 to 3 _m in average diameter and were often rich in Fe20_.

Analysis of Robinson coal size fractions by CCSEM indicated that quartz, kaolinite,
Ca-clay (montmorillonite), and pyrite were the most abundant mineral grains (7-9).
Quartz was found to be most abundant in the larger-size categories (> 11 _m). The size
distribution of pyrite and kaolinite was variable. Overall, the majority of the mineral
grains were greater than 11/_m.
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Shortresidencetimecombustiontestswereconductedtoproducecharsfroma
Robinson74-to106-/_m-sizedcoalsample(7-9).Itappearedthatafter0.2secondsof
combustion,extensivefragmentationoflarger-sizedmineralgrainsoccurred.The
mechanism proposedforthefragmentationphenomenon inthefirst0.2secondsof
combustionwas basedon thebreakupofaggregatesofaluminosilicateclays.At longer
residencetimesof0.5and 0.8seconds,therewas successivecoalescenceoffiner-sized
inorganicphases.ItisproposedthatCaO, whichwas veryabundantintheorganic
fractionofthecoal,reactedwithaluminosilicateclaysthatwere abundantasdiscrete
minerals.Calciumsilicateformedasa resultoftheassimilationofvapor-orliquid-phase
CaO intothepartiallymoltensurfaceofquartzgrains.Robinsonchardisplaysinitial
inorganicashdropletformationwithinthefirst100 millisecondsofcombustionat1300°C.
The smallest-sizedinorganicashparticlesthatbegintoformon thesurfaceofthecoal
charrangefrom0.1to3 pm insize.TheseinitialcombustionproductsarehighinCa,
and some containsignificantamountsofNa. Robinsonflyashproducedfromthe53-to
74-_m coalhad majorphasesofquartz,amorphouskaolinite-derived,ironoxide,
anhydrite,melilite,and plagioclase.Meliliteand anhydritewere concentratedinthe
smaller-sizedfractionoftheflyash,whileironoxideand quartzwere concentratedinthe
larger-sizedfractions.Kaolinite-derivedphasesweredistributedevenlyinallsize
factions.AveragechemicalcompositionsoftheflyashsizefractionsshowedgreaterCaO,
Na20, and SO3 inthesmaller-sizedfractions.

The majormineralsidentifiedintheBeulahlignitewerepyrite,kaolinite,and
quartz(8).The 53-to74._m fractionofBeulahcoalhad much lesspyritethanthe80%
-200-meshbulkcoal.Minor amountsofgypsum and Ca-aluminosilicatewerealso
observed.Quartz,kaolinite,and gypsum were mostabundantinthe4.4-to8.0-_msize
range,whileCa.aluminosilicatewas more concentratedinthe2.1-to4.4._mrange.Chars
wereproducedforthisligniteinthedrop-tubefurnaceand analyzedusingCCSEM. The
mostcommon phasesidentifiedinthecharswere Ca.aluminosilicate,quartz,
aluminosilicate,gypsum,and ironoxide.Pyritevirtuallydisappearedfromthechars
after200 millisecondsofcoalparticulateresidencetime.

Distributionsofmajorinorganiccomponentsinthecharsand theircomparisonsto
similarcomponentsintheoriginalcoalrevealedsome interestingtrendsfortheBeulah
coal(8).The overallareapercentdistributionoftheinorganicphasesshoweda general
decreaseinmaterialwithcombustionresidencetimeinthelowersizeranges(<8.0_m)
and an increaseinmaterialwithtimeinthehighersizeranges(>8.0_m). Quartzand
kaolinitedecreasedinconcentrationwithresidencetime,and Ca-aluminosilicate
increaseddramaticallywithtime.The abovedatamay be indicativeofcoalescenceof
finer-grainedmineralsand interactionoforganicallybound inorganicconstituentstoform
largerflyashgrains.Inthecaseofkaolinite(oraluminosilicate)particles,thereisstrong
evidencetosuggestthattheseparticlesunderwenta chemicaltransformationfrom
kaolinitetoCa.aluminosilicateparticlesofnearlythesame size.Thisinorganic
transformationresultsinCa-aluminosilicateparticleshavingnearlythesame size
distributionasthekaoliniteparticles(4.4to8.0pm). The infusionofcalciumfrom
organicallybound sites,withthemineralformofkaolinite,may havebeenthe
mechanismby which Ca-aluminosilicatewas formed.

The variation in composition and distribution of phases as a function of particle size
was determined for Beulah lignite fly ash. Each stage of the multicyclone was analyzed
using the scanning electron microscopy point count (SEMPC) technique. Iron oxide and
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quartz-derived particles were found in the larger sizes. Kaolinite-derived particles were
found evenly distributed in Stages 2 through 5. Sodium calcium sulfate was concentrated
in Stage 6 (< 1.2 _m).

Three size fractions and a bulk sample of Eagle Butte coal were analyzed for
mineral content using CCSEM (8). The major mineral phases observed were quartz,
aluminosilicate, a calcium-aluminum-phosphorus mineral (possibly crandallite), gypsum,
and calcite. Minor contents of apatite, K and Ca aluminosilicates, and barite were also
observed. X-ray fluorescence analysis revealed high CaO contents in all of the Eagle
Butte coal size fractions, ranging from 23%-27% CaO. Chemical fractionation revealed
that most of the calcium was organically bound or in a finely sized carbonate or phosphate
form for all three size fractions of the Eagle Butte coal.

The most abundant phases observed in the Eagle Butte fly ash multicyclone samples
were calcium oxide followed by quartz and gehlinite (8). Fly ash that was classified as
less than 6.0 _m in the multicyclone showed very low amounts of crystalline or chemically
ordered phases. The amount of unclassifiable amorphous species seems to decrease with
decreasing size of fly ash. Iron in the Eagle Butte fly ash was more concentrated in the
smaller-size fraction, most likely because iron was associated in the coal as finely
dispersed carbonate or organically bound cations, or because iron particles in the largest
fly ash size fraction were being coated with calcium aluminosilicates or other materials
that mask the identity of an iron-bearing core material. Other trends noticed were that
Fe203 and SOs contents increased with decreasing particle size, and SiO2 increased with
increasing particle size. The SiO_ and A120s contents in the fly ash follow trends observed
with the other test coals.

Chars produced from the Eagle Butte 53- to 74-_m coal were all very high in CaO.
Other major phases produced during the combustion process were calcium silicate,
calcium aluminate, and calcium aluminosilicate. Quartz was drastically reduced in
content in the chars due to reaction with calcium aluminosilicate and CaO. Submicron
calcium-rich minerals or organically bound calcium are the source for ubiquitous CaO-rich
inorganic ash droplets that appear on the surface of early stage chars. By 0.8 seconds of
combustion, 95% carbon burnout had been achieved. The early stage chars show greater
quantities of discrete phases that are 1.2 to 8.0 _m in size, which is evidence for initial
fragmentation of mineral grains. By 0.8 seconds, the char shows greater quantities of
discrete phases or particles that are > 8.0 _m in size, which is evidence for coalescence of
fly ash particles.

The major phases observed in the Upper Freeport coal by CCSEM were quartz,
mixed aluminosilicate (illite), kaolinite, and pyrite (8). Minor amounts of calcite and
gypsum were also noted. The quartz grains were evenly distributed in the various size
ranges except for the 74- to 106-/zm coal size fractions, where there was a high level of
> ll-_m quartz. Illite and pyrite were found most frequently in the > ll.#m.size fraction.
The chars were collected in the DTF at five different residence times for the Upper

Freeport coal. The general form of the mineral particle-size distribution remained the
same through 0.8 seconds of combustion. The coal mineral and the char inorganic phases
were bimodally distributed. Upper Freeport char morphologies were examined using the
scanning electron microscope (SElVl),and qualitative analyses were performed on selected
particles to determine their relative elemental compositions (8). Thermogravimetric
analysis (TGA) was performed on the chars to monitor carbon burnout. Many of the Fe-
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rich particles showed significant quantities of aluminosilicate in their composition, and
illite-derived particles commonly had high Fe_03 contents. Illite in the coal had lower
Si/AI ratios than the illite-derived material in the char. The data suggest that a depletion
of Si in association with Al occurred during the combustion process.

An additional DTF run was made to collect Upper Freeport 0.05-second char,
whereby the char was quenched using the short residence time probe and then collected in
the multicyclone. The major phases present in the Upper Freeport 0.05-second char were
montmorillonite, illite, kaolinite, calcite or calcium oxide, anhydrite, plagioclase
(anorthite-albite), quartz, and unclassified material. When compared to the coal, the char
revealed a depletion of calcite, mixed aluminosilicate, illite, and pyrite; most likely
because of melting and interaction with other liquid- or gas.phase inorganic components.
The char showed an enrichment of quartz and kaolinite as compared to the coal.

Upper Freeport fly ash was generated from a 53. to 74._m coal size fraction and
analyzed for inorganic phases using SEMPC. Illite-derived was the most abundant phase
recognized by SEMPC. Illite.derived is an amorphous K-aluminosilicate derived from the
clay mineral illite.

Fly ash particle-size distributions were determined using the multicyclone and

impactor for Monticello, Beulah, Robinson, Upper Freeport, and Eagle Butte ashes
produced in the drop-tube furnace. The size distributions indicated that mineral
coalescence was a dominating influence on the particle.size evolution. CCSEM analyses of
coal minerals and bulk fly ash showed a similar result.

A fly ash particle classification scheme was developed based on particle morphology
and composition. Four general types of particles have been initially classified for Beulah

and Upper Freeport. Type 1 particles are spherical with a relatively smooth surface and
are usually composed of Fe-, Ca-, and Na-rich aluminosilicates. Type 2 particles display

complex crystalline patterns at the particle surface and are composed primarily of Fe with
minor amounts of Ca and Na. Type 3 particles are aluminosilicates with Al/Si ratios
similar to kaolinite and have irregular surfaces. Type 4 particles have angular shapes
and are rich in Si.

Electron spectroscopy for chemical analysis (ESCA) was used to determine the form
of selected elements and the composition of the surfaces of particles in the multicyclone
size cuts for the Beulah lignite ash produced in the drop-tube furnace (8). The highest
level of sodium was found on the surfaces of the particles in Stage 6 (< 1.2 _m).
Aluminum and silicon levels were relatively constant, but dropped off in Stage 6. Sulfur
levels increased with decreasing particle size. The forms of sodium, calcium, and sulfur

were determined for each stage of the multicyclone. Sodium was in a silicate form in
Stages 1 to 5 and a sulfate form in Stage 6 (< 1.2 _m). Calcium was found to be in a
silicate form in Stage 1 and a sulfate form in Stages 3 through 6.

Combustion testing was also completed for Kentucky #9 coal, an Eagle Butte
75%/Kentucky #9 25% coal blend, and San Miguel coal (9). The coals were combusted at
1500°C. The coal was sized with Malvern analysis, and the fly ash particles and the
minerals in the coal were sized with CCSEM.
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The combustion of Kentucky #9 is highly dominated by the fragmentation process,
with slight amounts of coalescence and possible fragmentation of a few of the larger
mineral particles. Kentucky #9 coal contained about 15% ash and had high iron (20%)
and moderate calcium (3%)and potassium (3%) contents on _ normalized oxide basis. The
most abundant minerals were quartz, aluminosilicate (degraded illite or mixed clayS, illite,
pyrite, and, for the 74- to 106-#m and unsized fraction, siderite. Ash content decreased
with increasing coal size, but mineral sizes increased. Variability in mineral content was
noted for the different coal sizes analyzed by CCSEM. An increase in pyrite with coal size
corresponded with an increase in iron oxide in the coal ash.

Kentucky $9 fly ash showed interaction between iron in the pyrite with
aluminosilicate to form Fe-aluminosilicates (9). Pyrite transformation was evidenced by
reduction from 28% to 0%, and iron oxide was increased from 8% to 22% of the minerals.
Kentucky #9 minerals that were < 10 #m underwent coalescence to a size range mostly
between 22 to 46 #m, while the largest Kentucky #9 minerals (> 46 _m), which include
pyrite and illite, underwent fragmentation. Time-resolved studies showed that K-
aluminosilicate and iron oxide increased with time. Quartz content remained fairly
constant from the coal to 0.8-second residence time char. The finest fraction of the
Kentucky #9 size-segregated fly ash was enriched in CaO, SO3, and TiO2.

Analysis of the Fly ash resulting from combustion of the Eagle Butte/Kentucky d9
blend revealed def'mite interaction between the mineral components of the two different
coals (10, 11). Viscosity distributions of liquid phases in the fly ash under slagging
conditions for the blend were intermediate between that of a weighted average of the
parent fly ashes and the Kentucky #9. The base deposit of the blend grown under
slagging conditions was effectively the same as that of the Kentucky//9. Viscosity
distributions of the main portion of the deposits grown under fouling conditions were
similar for the blend and the parent coals. Iron-rich particles derived from the pyrite in
the Kentucky #9 coal experienced only limited interaction with aluminosilicates, most of
which had sources in the Kentucky//9.

The combustion of San Miguel demonstrates partial fragmentation followed by
coalescence (9). San Miguel lignite had about 53% ash on a dry basis and was very low in
iron (1.9%) and calcium (3.5%). Sodium content was intermediate at 2.5% of the ash.
Sodium and calcium were 65% and 72% organically bound, respectively. The m_jor
minerals in the San Miguel lignite, as determined by CCSEM, were quartz, clinoptilolite,
and an unknown aluminosilicate that was probably mixed clay or montmorillonite.
Mineralogic compositions on a mineral basis were similar for 38- to 53-, 53- to 74-, and 74-
to 106-/zm coal fractions; however, larger minerals were observed with increased coal size.
The total ash contents and elemental oxide chemistry were similar for the different coal
size fractions.

Analysis of San Miguel short residence time char revealed that quartz and K.
aluminosilicate contents remained fairly consistent through the combustion process,
relative to their content in the original coal. Aluminosilicate was slightly reduced, and
Fe-aluminosilicate and calcium silicate were slightly increased. The particle-size
distributions of the inorganic phases in the chars showed coalescence with increased
residence time. Smaller minerals between 1 and 10 _m decreased in abundance, and
large inorganic phases between 22 to 46 _m increased in abundance progressively until
0.5 seconds into combustion. The 0.5- and 0.8-second chars were nearly identical in
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particle size and composition. This observation may be a result of near 100% carbon
burnout by 0.5 seconds of combustion.

Fly ash was produced at a residence time of about 2.6 seconds at 1500°C gas
temperature and collected on a bulk filter for the San Miguel 53- to 74-_m and unsized
coals (9). In general, the fly ashes were similarly composed. Aluminosilicate and
K-aluminosilicate decreased with combustion because of interaction with the other
mineral components. SEMPC analysis of the size-segregated fly ash from the
multicyclone showed major phases of quartz or silica, amorphous illite, and amorphous
montmorillonite. The amorphous illite was evidently the derivative of potassium-rich
zeolites in the coal. Most of the fly ash mass (89%) was greater than 22 _m in average
diameter. It was observed that SiO2 and K20 oxides increased with increasing fly ash
particle size, corresponding to greater amounts of the amorphous illite-derived phase. The
finer fly ash fraction had more CaO and A1203.

Fly ash generated from combustion testing of the Kentucky #9, Eagle Butte/
Kentucky #9, and San Miguel coals was collected on bulk filters and also aerodynamically
size-segregated in a six-stage multicyclone (9). The Kentucky #9 multicyclone and cascade
impactor data showed no change in particle-size distribution for different coal sizes or
combustion temperatures. The San Miguel size distributions changed with both coal size
and combustion temperature. The impactor and multicyclone data showed larger particle-
size distributions for smaller initial coal sizes. Coalescence seems more prevalent for
smaller coal sizes and lower temperatures, while fragmentation may dominate at higher
temperatures and larger coal sizes. For the Eagle Butte/Kentucky//9 blend, the fly ash
revealed very little interaction between the mineral components of the two different coals.

3.2.3 Combustion Testing of Synthetic Coal Model Mixtures

Synthetic coal model mixtures provide an excellent means of studying inorganic
transformations in a physically and chemically controlled system because the complexity
of inorganic reactions that occur in real coal systems is minimized. Accurate quantities
and sizes of known minerals can be included in a synthetic organic matrix in order to
isolate specific reactions and transformations of selected inorganic constituents. A
controlled combustion environment, such as a drop-tube furnace, is used to combust the
model mixture. Additional key phenomena to be studied include fragmentation of the
synthetic coal grains and coalescence of the inorganics within the synthetic coal particles.

The goal of the model mixture studies during this project was to produce and
perform combustion testing on four model mixtures, including:

i. Sodium-silica-sulfur system (organically bound Na simulation).
2. Calcium-silica-sulfur system (organically bound Ca simulation).
3. Calcium-silica-sulfur system (mineral-bound Ca as calcite).
4. Iron-aluminosilicate system (using pyrite and kaolinite).

Initial experiments were performed simulating the reaction between organically
bound calcium, quartz, and sulfur (10). Tests of sodium bicarbonate, quartz, and sulfur in
the drop-tube furnace showed progressively more chemical interaction between Na and
silica with increasing temperature. With increasing temperature, the sodium-silica
particles not only increased in abundance, but also showed marked increase in the
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amount of Si being incorporated into Na-Si particles. Auger surface analysis of Na-Si
particles from the highest temperature run (1500°C) showed that Na was present as a
surface enrichment product and that no deeper reaction had taken place.
Semiquantitative results from an ESCA survey scan of the same material showed atomic
concentrations of 43.3% carbon, 43.7% oxygen, 4.0% sodium, and 9.0% silicon. The
interaction of sodium with sulfur was noted at temperatures between 900 ° and 1100°C at
longer residence times. This result was compared with SOLGASMIX calculations, and it
was found that SOLGASMIX predicts the same general trend.

Synthetic coals containing sodium, silica, and sulfur; calcium (inorganic and
organic), silica, and sulfur; and pyrite and kaolinite were produced and combusted in the
drop-tube furnaces (10, 11). Fly ash was collected and analyzed using CCSEM to examine
interactions among mineral species. The results obtained show that the Na(org.)-Si-S
system exhibits interaction among species at 900°C to produce sodium sulfate-silicate
phases; above 900°C, silica dominates due to the loss of sodium and sulfur by
devolatilization and decomposition. The particle-size distribution of the fly ash decreased
with increasing temperature, as the result of either char fragmentation or the loss of low
melting point sodium silicate or sulfate species which tend to "glue" or cause coalescence
of the ash particles.

The Ca(org.)-Si-S and Ca(min.)-Si-S systems exhibit interactions, primarily between
calcium and silica, throughout the 900° to 1500°C temperature range. Unlike the
Na(org.)-Si-S system, the calcium-containing system exhibited increased levels of Ca
silicates with increasing temperatures. This is primarily due to the lower volatility of
calcium as compared to sodium, allowing for more calcium to be retained on the char
particle during combustion. Some anhydrite was formed, but was probably the result of
SO2 reacting with the surface of the calcium or quartz grains in the cooling zone of the
ash quench probe. Particle agglomeration was seen at the highest temperature studied
for the Ca(org.)-Si-S and Ca(min.)-Si-S systems.

Interaction between ash components occurs over a broader temperature range for
calcium-containing ash than for organic sodium-containing ashes. However, softening and
rounding of the particles occur at lower temperatures for the sodium-containing ash. An
enhanced rate of carbon conversion was observed for the Ca(org.)-Si-S over that of the
Ca(min.)-Si-S at 900°C. This is in agreement with previous studies showing the catalytic
effect of organically bound calcium during combustion. The Ca(org.)-Si-S and Ca(min.)-Si-
S systems give generally similar compositional diagrams over the temperature range
examined, except for the scarcity of calcium-sulfur species in the Ca(org.)-Si-S system.

The Fe(min.)-A1-Si system loses nearly all the sulfur from the pyrite at 900°C,
leaving kaolinite and iron oxide. The system shows only a small degree of interaction
between the kaolinite and iron until 1500°C, when an increased amount of iron
aluminosilicate components form.

i

3.3 Prediction of Fly Ash Particle Size and Composition

Two models have been developed to predict fly ash particle size and composition
from initial coal composition: 1) a stochastic model, ATRAN1, which combines coal
inorganics in a random manner and outputs a predicted fly ash particle size and
composition; and 2) an expert system model, ASHPERT, which gives a first-order estimate

16



offlyashsizeand composition,relyingheavilyon a largeempiricaldatabase.Both
modelsinputdataobtainedthroughCCSEM, chemicalfractionation,bulkelemental
composition,and proximateanalyses.

3.3.1 DevelopmentofMechanistic/StochasticModel:ATRAN!

The stochasticmodel,ATRAN1, usesCCSEM coaldata(10,11,20,21).Itisusedto
predictthepartitioningofinorganicsduringcombustion.The lockedmineralsare
randomlycoalescedby ATRAN1, basedontheirconcentrationinthecoaland thedegree
offragmentationofthechar.CCSEM datafortheliberatedmineralsarethenaddedto
thedataforcoalescedmineralstopredictflyashparticlesizeand composition.A mass-
balancingalgorithmisalsoincludedtoextendATRAN1 tolower-rankcoals.

Four coalswere usedtotestATRANI: Upper Freeport,EagleButte,KentuckyU9,
and a blendofEagleButte(70%)and Kentucky//9(30%).Overall,thepredictedand
experimentalflyashsizedistributionsand compositionscomparedfairlywell.The
predictedEagleButteflyash containeda largeramount ofnucleatedsubmicronparticles
due tothelargeamount oforganicallyassociatedconstituentspresentinthecoal.
Experimentalflyash-producedusingparticleresidencetimesand temperaturesassociated
withfoulingand slaggingconditionsina boiler,was generatedfromthecoalsinorderto
compareexperimentaland predictedflyashcompositionand size.Slaggingconditions
includeshorterparticleresidencetimesand highergastemperaturesatthepointof
collectionthanfoulingconditions.The CCSEM mineral-phasecompositionofthe
experimentalblendflyash comparedfairlywellwiththatofthepredictedcompositions.
Particle-sizedistributionsoftheexperimentaland predictedflyashalsocomparedfairly
well.

3.3.2 DevelopmentofExuertSystemModel:ASHPERT

The expertsystem,ASHPERT, isthef_rststepindevelopinga rigoroustheoretical
predictivemodel(10,11,21,22).The informationinputtoASHPERT consistsof
proximate/ultimate,chemicalfractionation,XRF elementalcompositionand CCSEM data
fora particularcoaland correspondingflyash.The flyashincludedintheASHPERT
databasecan originatefromdrop-tubefurnacetestsorfrompilot-orfull-scalecombustion
sources.

Predicted (ASHPERT) versus experimental (drop-tube furnace) fly ash particle-size
distributions and compositions were compared for Eagle Butte and Kentucky//9 coals.
The particle-size distributions were in error by approximately 15% to 25% at any given
point along the particle-size distribution curve. Compositions were more in agreement,
showing only 5% to 20% error for any given element. These results are fairly good,
considering that only ten coals were loaded in the database at the time ASHPERT was
run. The ASHPERT database presently includes 45 coals and ashes.

The mineral particle-type classification program MINER has also been incorporated
into ASHPERT (11). This addition considerably enhances the applicability of ASHPERT
in other areas of combustion modeling.
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4.0 SUMMARY OF CONCLUSIONS

The resultsofthis6-yearprojectrepresentsignificantadvancesintheunder-
standingofinorganictransformationsduringcombustion.The continuousimprovement
and modificationofanalyticaltechniques,aswellasthedevelopmentand applicationof
new techniques,isessentialtotheprogressofcombustionresearch.Analyticaltechniques
havebeenemphasizedintheCombustionInorganicTransformationsproject,withthe
resultthatthemethodsdevelopedaspartoftheprojecthavebecome establishedasthe
standardforadvancedcharacterizationsofcoalsand combustionproducts.Laboratory-
scalecombustiontesting,an efficientalternativetofull-scaletesting,hasbeenanother
areaofemphasis.As a resultofthesedrop-tubeexperiments,ourbaseknowledgeof
combustionreactionshasincreasedsufficientlytoallowthedevelopmentofpredictive
computermodels,thethirdareaofemphasisintheCIT project.Work iscontinuinginall
threeareas,asappropriatepartsofsmallerindustry-sponsoredprojects.

Some of the major accomplishments and contributions to combustion technology that
resulted from this project are listed below:

1. Numerous reports, presentations, and publications have been generated through
CIT which have contributed significantly to academic and industrial combustion-
related technologies and knowledge bases. Appendix A contains a compre-
hensive bibliography of reported accessible literature related to the CIT project.
Highlights of this list are entries for nine peer-reviewed journal articles and six
published book articles which incorporated CIT funds and base research findings
for deriving the major parts or all of the scientific results described in the
publications. Also included in Appendix A are bibliographies of six final reports
that describe in detail the results of the research conducted for a particular year.
Appendix B gives the Table of Contents for each of the CIT final reports for each
of the 6 years of the project.

2. Several major joint DOE-commercial industry research programs have resulted
primarily due to the fundamental research efforts of the CIT project. Some of
these projects include:

* Project Calcium (consortium of ten private companies and DOE)--This program
studied lower-temperature ash deposition noted in the Rring of many high-
calcium fuels. A computer model was devised that predicts ash deposition
rates in the cooler regions of a utility boiler convective pass, based on boiler
configuration, operating parameters, and coal mineral content.

• Combustion Characterization of Beneficiated Fuels (ABB-CE/DOE/PETC)--This
program examines the combustion behavior of beneficiated coals. The EERC's
work involves characterization of the minerals behavior of these fuels during
combustion.

• Coal Ash Behavior in Reducing Environments (consortium of four private
companies and DOE)--This is a 3-year program studying inorganic transfor-
mations that occur in reducing environments, such as in an entrained flow
gasifier.
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• Clean Coal Technology I Program (DOE/PETC, ABB-CE, EPRI)--This is a
3-year program that will determine the effects of coal cleaning on utility
boiler performance and assist in the development of a model to predict coal
behavior in combustion systems. The EERC's role is to characterize coal, ash,
and deposits generated at full and pilot scale and to develop algorithms that
describe inorganic transformations, ash deposition propensity, and ash deposit
removability in a utility boiler during combustion.

• Development of Fireside Performance Indices (consortium of four private
companies, EPRI, and DOE)-.The objectives of this project are to utilize
advanced analytical methods of analysis, fundamental knowledge of the
distribution of coal inorganic constituents, and experience in combustion ash
transformation and deposition mechanisms developed at the EERC to
formulate a series of fouling indices for low-rank coal, especially Powder River
Basin coal.

• Over ten projects with utility and coal companies seeking information on how
inorganics in their coals could be causing ash deposition and opacity problems
in utility boilers during combustion.

3. Several pieces of software have been developed as a result of work performed in
CIT, including a) PARTCHAR, a program that manipulates raw CCSEM data
into meaningful tables of coal or ash particle sizes and mineralogies; b)
ATRAN1, which predicts the particle size and composition of fly ash based on
CCSEM analysis of a coal; and c) ASHPERT, an expert system model that
predicts combustion fly ash composition and size based on CCSEM and
proximate/ultimate data on a coal.

4. Finally, funds and resources provided by the CIT project have resulted in
educational opportunities and scientific work experience for 12 undergraduate
students, two masters students, and one doctoral student.
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LIQUEFACTIONREACTIVITYOF LOW-RANKCOALS

1.0 GOALS AND OBJECTIVES

Direct liquefactionof low-rankcoals has been investigatedat Grand Forks
and other laboratoriesfor severaldecades. Some of the reasonsfor this
interestare the massive reservesof low-rankcoals and the low cost of mining
these coals. The mine-mouth cost is about 0.3 times that of bituminouscoals.

Low sulfur and nitrogen contentsmean that less hydrogenis requiredto
effectivelyremove these elementsduring liquefactionand upgradingto an
environmentallyacceptabledistillateproduct. The low-rankcoals containmore
aliphaticmaterialwhich resultsin the formationof more paraffinsin the
product.

There are, however, some inherentproblems in low-rankcoal liquefaction.
The high moisture contentmay requirepreliminarydrying. The high oxygen
contentof the low-rank coals increasesthe amount of hydrogenrequiredduring
hydrotreating. The oxygen-containingcompoundsmay be factorsin retrogressive
reactionsleadingto coking. Solid deposits,such as those that formedduring
the Wilsonvilletests, could severelyhinder operationwith low-rankcoals.
High ash content,especiallycalciumsalts,can result in very rapid
deactivationof catalysts. The expenseof cleaningthe coals prior to
liquefactionmay be prohibitive. Low-rankcoals are convertedmuch more slowly
to the asphaltene/preasphaltenestage than the bituminouscoals.

The objectivesof this projectwere to investigatethe liquefaction
reactionsof low-rank coals and intermediateproductsformedduring
liquefactionsand develop a scientificdatabaseso that problemsof slow
solubilization,retrogressivereactions,and catalystdeactivationcan be
evaluatedand solved. Methods for deashingwere developedbased on a two-step
process,so that solublematerial is producedin high conversionin a first
stage (with CO as an effectivereducinggas), and the deashedsolublematerial
is catalyticallydepolymerizedand hydrotreatedin a secondstage so that
catalystdeactivationis minimizedand hydrogen is not wasted on carbondioxide
reduction. Novel catalystsfor both the first-stagesolubilizationstage and
the second-stagehydrocracking/hydrogenationprocessingwere developed. These
investigationsrequired the developmentof new methodsfor analysisof polar,
very high molecularweight, first-stageintermediatesand the highly complex
heteroatom-containingdistillatecompositions,as well as the initialcoals.

The first-stagereaction in carbonmonoxide convertscoal to a soluble
form with minimal crackingand hydrogenation. This processingcan be
accomplishedwithout any catalystor promoterother than the coal mineral
matter present,but additionof hydrogensulfidewas found in earlier projects
to promotethe solubilization. A disadvantageof this methodwas that a
substantialamount of sulfur was incorporatedinto the first-stageproduct.
Removalof this sulfur consumed hydrogenin the second-stagehydrotreating.
Objectivesof this projectwere to understandhow the carbonmonoxide functions
during the first-stagereactionof low-rankcoals and what catalystscan be
added to increaserates and conversions.
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The efficientproductionof environmentallyacceptabledistillatefuels

requirescatalystsfor hydrogenationand cleavage(depolymerization)of the
coal macromoleculesduring the second-stagereactionand removalof oxygen,
nitrogen,and sulfur heteroatoms. The chemistryof this processingcan be
examinedmore cleanly using the solubilizedcoal intermediatesfrom the first
stage. The catalystscurrentlyused in direct coal liquefactionare the same
as those used in conventionalpetroleumrefining;however,this applicationhas
not been very successful. Improvementsin efficiencycould be obtained if
catalystswith longer life and better activityand selectivitywere available.
Rapid deactivationof the conventionalCo-Mo and Ni-Mo catalystson an alumina
supporthave been attributedto coke formation(I),metals deposition(2), and
inhibitionof the active center by chemisorbedcompounds(3). Objectivesof
this researchproject are to develop and test novel heterogeneouscatalystsfor
hydrotreatmentupgradingof first-stagecoal liquefactionproducts. The new
hydrogenationcatalystsare based on pillaredclays and hydrotalcites,which
have very large microporedimensionsto accommodatethe coal macromolecules,
but yet do not possess strongaciditieswhich lead to coking at high
temperatures. Another objectiveis to developa solid acid catalystfor
depolymerizationof coal macromolecules. The acid catalysisprocessfor coal
liquefactionis believedto operateby ionicmechanisms. Some molten acids
have successfullydepolymerizedcoal, but the poor efficienciesof catalyst
recoveryand the corrosivenature of the catalystmade the processuneco-
nomical.

2.0 ACCOMPLISHMENTS

2.1 Development of New Analytical Methods

2.1.1 Characterizationof Oxyqen FunctionalGroups

Oxygen functionalgroups are presentin large amounts in low-rankcoals
and even in the first-stageliquefactionproducts. These moietiesare
believedto be importantto both coal structureand coal reactivity.
Informationon the loss of the oxygen as water, phenolics, or carbondioxideor
the transformationto other groups is importantobtain if we are to understand
the reactivityof low-rank coals. Acc.uratedeterminationsof oxygen functional
groups is thereforeessential. Progresswas made in the methodsfor
determinationof carboxylicacid groups,and the basis for a new hydroxyl
determinationhas been established.

Accuratemethods for the quantitationof carboxylicacid groups is very
important,since the number of these is large and changes considerablyduring
coal processingabove 300°C. The new method is a modificationof the barium
ion-exchangemethod but uses high-speedblendingwhich allows for a rapid and
reliabledetermination. The blendingmethod gave resultssimilarto those
obtainedwith the Schafer barium exchangemethod.

The quantitativeanalysisof hydroxylgroups in coals and coal lique-
factionproductshas been studiedby esterificationmethods. It is extremely
importantto have accuratedeterminationsof hydroxylgroups since these are
the major oxygen functionalgroup present,and any large errors in the hydroxyl
contentvalue will thus significantlyaffectthe values obtainedfor other
oxygen functionalgroups, especiallyethers,which have been determinedby



differencebetween total oxygen and oxygen in hydroxy,carboxy,and other
carbonylgroups. The acetylationof coals with acetic anhydrideusing
dimethylaminopyridinewas shown to proceedto completion. Similarly,the
hydrolysisof the acetatederivativealso proceededto completion,and the
liberatedacetic acid was reliablydeterminedwithout interferenceby an
isotopedilution/gaschromatography/massspectroscopy(GC/MS)method. However,
considerablevariancewas obtained in the determinationof hydroxylgroups
using this method. The acetylationmethod of Given,where the acetylation,
hydrolysisof excess acetic anhydride,and the titrationare done in one pot,
was shown to produce substantialerrors becauseof the hydrolysisof the
acetateesters in the coal in the pyridinewater mixture. This method is still
being used elsewhere,but the resultsare far from the true values.

sA novel method was developedfor the determinationof hydroxylgroups incoal . The new method involvespreparationof the acetyl-1-13Cderivative,
equilibriumexchangewith a known quantityof acetyl-2-13Cchloride,and
determinationof the exchangeratio (acetyl-1-13C/acetyl-2-13C)in the coal
derivativeby solid-statecross polarization/magicangle spinning_3Cnuclear
magnetic resonance (NMR),and in the recoveredreagentby GC/Fouriertransform
infrared (FTIR)of the dimethyltert-butylsilylacetateesters. The acetyl
concentration,and hence the hydroxylcontent,was calculatedfrom the
determinedexchange ratio and the known amount of acetyl-2-_3Cchlorideused in
the exchange. The NMR was calibratedusing integratedintensitiesfrom spectra
of derivatizedcoal samplespreparedwith knownmixtures of C-I- and C-2-
labeledacetyl. These were simpletwo-peakspectrauncomplicatedby the
natural abundancecoal peaks. The GC/FTIRwas similarlycalibratedusing silyl
esters from known mixturesof labeledacetylchloride. Correspondenceof the
values from the NMR and the GC/FTIRdeterminationsprovideda test of the
completenessof the exchange. The hydroxylvalue for a Beulah lignitewas
determinedto be 8.00 mmol/g (maf) by the NMR and 7.80 by the GC/FTIR. The
closenessof these values (2% difference)indicatesthat the exchangewas
complete.

A new method was developedfor moisturedeterminationsin coals. It is
extremelyimportantto have accuratemoisturecontentdata in order to be able
to accuratelytrack the oxygen groups and hydrogenin coals during processing.
Such data may not be providedby the ASTM dryingweight loss method. An
isotopicdilutionmethod was tested,where a known amount of _80-enrichedwater
was added to the coal, the water was allowedto equilibrateat I00°C,and the
isotopedilution ratio was determinedby reactionwith trimethylorthobenzoate
to give methyl benzoatewith the water oxygen appearingin the carbonyloxygen.
GC/FTIR/MSanalysisgave the isotopicratio from the ratio of the integrated
intensitiesof the carbonylstretchingfrequenciesin the infraredspectraof
the labeledand naturalester and the (M-31). ions in the mass spectraof the
labeledand naturalesters over the elutedpeaks. A linear calibrationwas
used for the mass spectraldeterminationand a nonlinearcalibrationwith
polynomialfittingwas used for the infrareddetermination,since therewas a
small amount of overlapbetweenthe carbonylbands of analyteand standard
water. The method gave very low errorswith water with known concentrationsof
labeledoxygen. With an Argonnepremiumsampleof Illinois#6, a moisture
contentof 12.2% was obtainedby the infraredmethod and 12.4% by the mass
spectralmethod. Low-rankcoals gave values a few percenthigher than the ASTM
fast-dryingmethod.



2.1.2 Developmentof a New Instrumentfor Analysisof Depolymerized
Coal Products

The analysisof liquefactionproductscontainingoxygen functionalgroups
was significantlyadvancedby the developmentof combined instrumental
techniqueswhich separatedcomponentsof complexmixturesby GC and obtained
infraredand mass spectraof the elutingcomponents. A serialGC/FTIR/MS
system has been developedusing an ion trap detectoror mass analyzerwhich is
interfacedto the light pipe in the FTIR spectrometer. A modificationof the
manufacturer-suppliedopen-splitinterfaceto the ion trap was requiredto
obtain chromatographicresultsfree of discriminationand activationeffects.
The flow rate of the helium makeupgas in the light pipe was used to control
the amount of materialwhich enters the ion trap. Hydrogencarriergas was
used for the chromatographicseparationswith no adverseeffectson the mass
spectraobtained.

The quantitativeanalysisof polar carboxylicacids has been advancedby
the use of isotopicdilutionwith standardsenrichedin deuteriumand
oxygen-18,followed by GC/MS with an ion trap MS. Reliableand accurate
analyseswere performedon a seriesof aliphaticand aromaticpolycarboxylic
acids found in coal oxidationproducts. The GC/FTIR/MSsystemwas used in
investigationsof variousoxygen-containingfractionsfrom liquefactiontests.
It was very effectivein characterizingdifferentphenolic-typecompoundsand
in distinguishingdibenzofuransfrom aryl and alkyl ethers.

Analyticalmethods for oxygen compoundidentificationwere further
developed. A new method for ionizationin an ion trap MS was devised. The
mass spectrometerin our GC/FTIR/MSsystemhas been modifiedwith an automatic
gain control so that the amountof ions being analyzedis controlled. This
allowsa greaterdynamic range,more sensitivity,and the abilityto vary the
storagetime (cool time) of the ions. Thus spectrawhich closelyresemblethe
libraryelectron impact (El) spectraobtainedwith sector or quadrupole
instrumentscan be obtainedwith short cool times, or useful spectrawhich
resultfrom self-chemicalionizationcan be obtainedwith long cool times. The
modified instrumenthas been useful in the identificationof esters of the
oxidationproducts from low-rankcoals and in the identificationof polar
oxygen-containingcomponentsof liquefactionproducts,such as ketones,
alcohols,lactones,phenols,ethers,and quinones.

Significantimprovementswere made in the techniquefor quantitative
analysisby isotopedilutionGC/_TIRspectroscopy. These improvementsin the
analysisof carboxylicacids found in the productsof low-rankcoal processing
and oxidationresultedin a better statisticalbasis for the method. In the
calibrationcurves now being used, integratedintensityratios from the
absorbance-reconstructedchromatogramsare plottedversus the more precisely
measuredweight ratios. The methodwas more accuratethan a GC/MS method
developedwith the same standards,analytes,and range of concentrations.

The additionof a helium afterglowdischargedetector(HEAD)to the
existingGC/FTIR/MSsystemresultedin a powerful analyticaltechnique,which
can providehigh-confidenceidentificationand quantitationof essentiallyany
organiccomponent. Couplingthe four instrumentsplus a flame ionization
detectorrequiredthe developmentof a multipleopen split interface. The HeAD
instrumentgeneratesan afterglowplasmaby radio-frequencyirradiationof



helium,which then excites and decomposesthe analytemolecules. Atomic
emission lines for carbon,sulfur,and phosphorusin the far ultravioletare
measured with an enhanced-sensitivityphotodiodearray, and hydrogen,chlorine,
oxygen, and nitrogenare detectedwith a near-infrared-sensitivediode array.
Sensitivitiesfor the latter two elementsare not yet satisfactory. The HeAD
has been used in conjunctionwith the other instrumentsfor qualitative
analysisof liquefactionproducts. The interfacingwas perfectedfor the novel
coupled GC/FTIR/MS/atomicemissiondetection(AED)/flameionizationdetection
(FID) system and recentlypatented.

2.1.3 AccurateDeterminationof MolecularWeiqhtsof Liquefaction
Intermediates

A more accuratemethod was developedfor determiningmolecularweight
distributionsby gel-phasechromatographycoupledwith low-anglelaser light
scattering(LALLS)and differentialrefractiveindex (DRI)detection. In this
method, the secondvirialcoefficientswere determinedin each of 100 equal
time incrementsacross the entiredistributionof macromoleculeselutingfrom
the gel-phasecolumn. Concentrationand Rayleigh scatteringfactordata sets
were obtained at each incrementin successiveanalysesat four different
concentrationsof the analyte. Thus the molecularweightsfor each increment
were determinedfrom the incrementdata sets, ratherthan from one
concentrationand Rayleighfactor and a secondvirial coefficientfor the whole
sample (A2),which was determinedby static LALLS. The methodwas testedwith
polystyrenestandardsand appliedto supercriticalmethanolextractsfrom
coals. Weight averagemolecularweights obtainedfrom the molecularweight
distributionof the coal extractswere close to those obtainedby staticLALLS,
whereas the gel permeationchromatography(GPC)/LALLSvalues for a single
concentrationof samplewere significantlylower than the static LALLS value.
The distributionof the incrementalvirial coefficients(A21)showedthe
expected inverseexponentialrelationshipwith molecularweights in the case of
polystyrene,but the relationshipwas more complexfor coal macromolecules.

A second advancein the determinationof accuratemolecularweights of
coal macromoleculeswas the findingthat light is scatteredhighlyaniso-
tropicallyfrom all coal macromoleculesin THF solution,in contrastwith most
syntheticpolymers,and that the scatteringfactorsdeterminedfor molecular
weight determinationsmust be correctedfor this anisotropicscatteringin
order to obtain acceptableresults. The degree of anisotropyis directly
related to the rank of the coal.

Severalexperimentswere conductedto elucidatethe discrepancybetween
molecularweight determinationsby light scatteringand size exclusion
chromatography(SEC). These investigationsused the model coal polymer
poly(2,6-dimethylnaphthaleno-1,4-dioxybenzene).The polymerwas heated in
tetralin to convertmost of it to a soluble form. The hexane-insolubleproduct
was shown to have a high molecularweight by light scatteringand a very low
molecularweight by SEC (lessthan 1000 daltons). The latterresultwas then
proved to be erroneousby attemptedGC in a 2-m column under high-flow
conditionswith on-columninjection,which showedthat none of the materialwas
volatile and could not have molecularweights in the 300- to 800-daltonrange.
The polymer liquefactionproductpossessedhigh depolarizationratios,high
dn/dc values, and high Rayleighscatteringfactorssimilarto the nonvolatile,
coal-derivedliquefactionproducts.



2.1.4 HydroaromaticGroup Determination

The method for determinationof hydroaromaticgroups in coals and coal
liquidswas furtherdeveloped. This method involvesdehydrogenationwith
dichlorodicyanobenzoquinone(DDQ),followedby rutheniumoxide oxidationand
quantitativedeterminationof the resultingaliphaticpolycarboxylicacids. A
new, highly accurate,quantitationmethod for the acid productsthat utilizes
GC/FTIRwas reported.

2.2 First-StageLiquefaction

2.2.1 The Nature of the First-StaqeReaction

As discussedabove in the objectivessection,severedifficultieshave
been encounteredin low-rankcoal liquefactionthat may be relatedto the high
concentrationof calciumand other possibleinorganicsin these coals. Rather
than cleaning the coals, this projectused an approachwhere the coal is
convertedto solubleform in a first-stagereaction,and most of the inorganic
matter of the coals can then be easily separatedas an insolubleresiduealong
with a small amount of insolubleorganicmaterial. The solventor vehiclefor
the initialreactioncould be almost any stableliquid. Organicsolventssuch
as aromatics,hydrogenatedaromatics,recycledproducts,petroleumresids,
alcohol,and water have all been investigatedin this and other liquefaction
projects.

Conditionsfor optimumproductionof solublefirst-stageintermediate-
liquefactionproducts from three low-rankcoals,Texas (BigBrown) lignite,
North Dakota (Beulah)lignite,and Wyodak subbituminous,were obtainedby
runninga matrix of temperature/solvent/moistureconditions. Productsobtained
after removal of solventwere extensivelycharacterizedwith respectto oxygen
functionalgroups, molecularweights, hydroaromaticgroups,etc.

Initialwork in this projectdeterminedthat a hydroaromaticsolventsuch
as tetralin gave superiorconversionsto THF-solubleproducts. Current
liquefactionprocessesgenerallyutilize a hydrogenatedrecyclesolvent
containinghydroaromaticsthat could serve as hydrogendonors. The tetralin
used in the experimentsabove was iatendedto model this behavior. Reactions
carriedout in water and in tetralin/watermixturesgave good conversionsat
higher pressureswhen carbon monoxidewas used as the reducinggas. Later
studies in first-stagecatalysisused these aqueousconditions.

Carbon monoxide was successfullyused as the reducinggas in these tests.
Hydrogenwas not effectiveas the reducinggas unless a transitionmetal or
metal sulfidewas used in the first stage, but we wished to avoid adding this
type of catalyst becauseof its rapid deactivationby the coal mineralmatter.
Thus the majority of the studies in this projectutilizedcarbonmonoxideas
the reducing agent. Initialstudiesdemonstratedthat additionof hydrogen
sulfideto the CO gave 5% to 10% higher conversionsof low-rankcoals to THF-
solubleproducts. Some of this sulfurwas incorporatedinto the first-stage
product,however. This sulfurcould be removed in the second-stage
hydrotreating(at the cost of hydrogen). Becauseof the better product
quality,all the reactionscarriedout in this projectwith carbonmonoxide in
organicsolvents used hydrogen sulfideas the promoter.
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The effectsof reactiontemperaturewere determinedfor the coals.

Reactions at 325° and 360°C gave poor conversions to THF solubles (<60%),
whereas reactions at 385° and 400°C gave high conversions (>90%) to THF-soluble
materials. Minor portions of the products were soluble in hexane or
dichloromethane. After removal of the solvent, very little of the product was
distillable.

Molecular weights were determined for several of the reaction products.
The dark colored materials required dilution of the sample to concentrations
lower than usual, but since the molecular weights were very large, scattering
was still easily observable. The weight average molecular weight of the THF
solubles obtained from reactions at 363°C was 1.3-million daltons. Products
produced at higher temperatures were an order of magnitude lower in molecular
weight.

The high molecular weights observed for the first-stage products were
indicative that the initial solubilization stage is highly successful in
breaking down the cross-links between the coal macromolecules. Part of this
may be due to the fact that the products obtained at >360°C are completely
decarboxylated and partially dehydrated, thus ionic and hydrogen bonding are
significantly lowered and the macromolecules are considerably less polar.
Reduction of ketones and aromatic groups also occurs (see discussion below),
which will reduce the polarity. It is doubtful that much hydrocracking of the
C-C bonds occurred; however, cleavage of aryl-benzyl ether bonds is very
likely. Evidence presented below suggests that cleavage of some diaryl ether
bonds may also occur in the presence of a suitable catalyst. Since the changes
to the coal structure are significant in the first-stage reactions, a term for
the process that is more representative than "solubilization" is needed. Thus
the term "degelation" is used to indicate loss of the gel structure in the low-
rank coal during the first-stage reaction.

A set of reactions was conducted with the Big Brown lignite in tetralin to
determine the effect of moisture content on the reaction. Reactions were
carried out with as-received, 15% moisture, and <5%moisture feed coal. The
coals were dried by distilling water from the slurry after addition of the
solvent. The 15%moisture coal gave the highest conversion to THF solubles.
All subsequent first-stage reactions were conducted at this moisture level.

Aqueous liquefaction reactions that utilize carbon monoxide as the
reductant gas have been extensively investigated in this and other laboratories
over many years (4-6). Basic catalysts have been employed to achieve higher
conversions. The CO/water reduction was shown to be superior to hydrogen/water
for the first stage of liquefaction. The CO/water first-stage reactions were
performed mainly in the presence of homogeneouscatalysts (see discussion
below) or other added reductants, such as formate.

An interesting facet of these investigations was the discovery of unusual
and unexplored products from liquefaction of low-rank coals in aqueous media.
Products consisted of numerous lactones and ketones, in addition to phenolics.
These products can help elucidate coal structure and formation. This work was
reported in ACSDiv. of Fuel Chem., Preprints 1989, 34, 832-838.

A study of acid-catalyzed reactions of low-rank coal in phenol solvent was
completed. Results indicated initial dispersion followed by slight



repolymerization,then slightdepolymerization.Three coals gave similar
productswith high molecularweights (over I million). This work was reported
in ACS Div. of Fuel Chem.,PreprintsIg8g, 34, 597-600.

A flow-reactorwas constructedto investigatereactionsof coals in
aqueousand alcohol systemscontainingvariousother oxygen-containing
components(phenols,isopropanol,formaldehyde,formate)at temperaturesup to
400°C. Interfacingof the reactoreffluentstream (underpressure)with an
ultravioletspectrometerwas accomplishedso that on-linemeasurementsof rates
of formationof solublecoal productscould be obtained.

2.2.2 Pretreatmentof Low-RankCoals

The effectsof pretreatingthe coals for the purposeof breakingapart the
gel structureprior to heatingwere also investigated. If the coal could be
easilyconvertedfrom the gel to a sol (colloidalsolid dispersedin a liquid),
the mass transferlimitationsof reductantsaccessingthe coal moleculeswill
be minimizedand the removalof reactiveportionscleavedoff the coal
moleculeswill be more easily accomplishedwithout reversereactionsoccurring.
High-shear/high-flowmethodswere developedfor conversionof low-rankcoals to
hydrosolsin high yields. Coals were blended in base in inert atmospheresto
give the humate sols. Liquefactionexperimentswith the blendedcolloidalcoal
materialsgave exactlythe same conversionsas the raw coals under similar
conditions. Thus no advantageappearsto result from this type of pretreatment
for liquefaction. When oxidizedcoals were used or when air was admitted
during the blending,high yields of humateswith a much greaterdistributionof
molecularweightswere obtained,but these more solublematerialscontained
more oxygen than desired for the coal feeds. Other uses of the blendedhumates
are currentlybeing explored.

2.2.3 Catalystsfor First-StaqeDeqelation

Catalysisof the first stage of coal liquefactioninvolvesimprovingthe
rates of bond-cleavagereactionsleadingto breakdownof the gel structureof
the coal (degelation)and of preliminaryreductionreactionsso that oils and
asphalteneare producedwithoutextensiveretrogressivereactions. The
catalystsshould be able to effectivelyinteractwith the solid and colloidal
coal matter, catalyzingthe conversionto solubleoils at moderatetemperature
and pressure,while minimizingproblemsdue to low surfaceareas or mass
transfer. Thus the catalystscurrentlybeing investigated,re basically
homogeneouscatalystsfor preliminaryreductionand other reactionsthat lead
to solubilization. Thus various inorganicagents that are solublein the
reactionvehicle or solventwere investigated. Some of these (eg. sodium
aluminate)are polymericat the reactionconditionsand are precursorsfor the
clays and zeolites that are currentlyunder investigationas second-stage
liquefactioncatalysts.

Coal liquefactionhas been effectivelycarriedout in a number of
laboratorieswith carbonmonoxidereductantin a water solvent(CO steam
process). Australianworkersdemonstratedthat sodium aluminateis able to
catalyzethe conversionof Australiancoals in the CO/watersystem and in
water/hydrogendonor solventmixtures (7,8). This projecthas focusedon
demonstratingan economicalprocessfor liquefactionof Wyodak subbituminous
coal, and aqueoussodium aluminatehas been utilizedas the catalyst. The



conversionof Wyodak subbitumino_=scoal to THF solublesin the aqueous/CO
liquefactionwith sodium aluminatewas 89%. This was substantiallyhigher than
that obtainedwith no added sodiumaluminate. This high conversionwas
comparablewith those obtainedwith hydrogen-donorsolventsand hydrogen
sulfide. Reactionsutilizinghydrogen as the reductantgave low conversions
with sodium aluminate.

The compositionof the distillate,oil, and asphalteneproductobtained
after First-stageliquefactionof Wyodak coal in aqueousCO was determinedfor
comparisonwith that obtainedpreviouslyin organic solventswith CO or with
hydrogen. As shown in Table I, the toluenesolublesamountedto 20% of the maf
coal, and 42% of the coal was convertedpentanesolubles,CO2, and HzO. The
asphalteneand oil fractionsare suitablefor second-stagecatalytic
hydrogenation.

A large portionof the productcould be distilled. The major products in
the distillatewere oxygenatedcompounds,such as methanol,2-propanol(from
acetone),and phenolics. In addition,there were hundredsof typicalcoal-
derived hydrocarboncomponentspresent in small amounts. These studies
indicatedthat the volatilefirst-stageproduct From aqueousliquefaction
containedlarge amountsof phenolicsrather than hydrocarbons. This result
offers the possibility,in coal processing,of removingthe distillateand
using it elsewhere,so that hydrogenneeded for liquefactionis not wasted in
deoxygenationof phenols.

The use of a mixed-solventsystem for the CO reductionwas investigated.
A solventcomposedof water and tetralingave somewhatlower conversionwith
the Wyodak coal, but the pressurewas lowered by a large factor. Hydrogenwas
donated to the coal from the tetralin,as well as from the water. Substituting
an aromatic solventor an alcoholsolvent for the hydroaromatictetralingave
lower conversions. CO/waterreductionsof Blind Canyon bituminouscoal in both
water and water/tetralinmixturewere also successful,but less so than the
reactionsof the Wyodak coal.

A nonhydrogenatedsolventcould be used if it gave equivalentconversions
and product qualityin the CO/mixedwater-organicsolventliquefaction. In
order to determinethe effectsof the type of organicsolventon yields and
productquality in mixed water-organicsolventliquefaction,the reactionsof
Wyodak coal were carriedout in mixed solventscomposedof water plus
1-methylnaphthaleneand water plus ethanol, under reactionconditionssimilar
to the water/tetralinreactiondescribedabove. Sodium aluminate-catalyzed
liquefactionof Wyodak coal in water/1-methylnaphthaleneand water/ethanol
solventsystemsgave 71% and 75% conversions,respectively. Comparedwith the
water/tetralinsystem,water/1-methylnaphthaleneand water/ethanolgave lower
conversions. The reducedyields obtainedwith the aromaticand alcohol
solventsmean that better resultswill probablybe obtainedin a processthat
uses a hydrogenatedrecyclesolvent,as in the currentWilsonvilleart. It
should also be pointedout that in the water/tetralinsystem,some of the
tetralinwas convertedto naphthalene(seediscussionbelow);thus the tetralin
played some role in donatinghydrogensto the first-stageliquefactionproduct.



TABLE I

CatalyticLiquefactionof Coals

ReactionTemp. - 400°C,Reaction Time - 30 min
............. Reductantgas (CO)- I000 ps,! (at room temp.l:)

Catalyst Coal (as-
(mmol/g received, Solvent(s) Conv." Products (%)

..........coal) g) (g) (%) Tol-S THF-S PenL-Sb

NaAl02 Wyodak Water (20.0) 89 20 27 42
(o.5) (5.o)
NaAl02 Wyodak Tetralin (5.2) 79 19 30 30
(0.5) (5.0) Water (3.5)

NaAl02 Wyodak 1-MeNaph(5.0) 71 11 27 33
(0.5) (5.0) Water (3.5)

NaAl02 Wyodak Ethanol(5.1) 75 14 28 33
(0.5) (5.0) Water (3.5)

NaVO3 Wyodak Tetralin (5.0) 72 14 30 27
(0.5) (5.0) Water (3.5)

NaAl02 Blind Water (20.0) 47 5 30 12
(0.5) Canyon

NaAI02 Blind Tetralin (5.4) 58 14 25 19
(0.5) Canyon Water (3.6)

.......... (5"4).................

" Conversionsare based upon the amountof initialcoal (maf).
Pentanesolublesare by difference,also includesthe productsextractedby
ether from the distiIIate.

An understandingof how carbonmonoxide reducescoal in first-stage
liquefactionis essentialfor implementingimprovementsto the processand
designingeffectivecatalysts. Why does CO give better conversionsto soluble
materialsthan hydrogen? After severaldecades,little is understoodabout the
mechanismof the aqueousCO reactionwith coal or even with model organic
compounds. Jones and others have shown that an aryl ketone (benzophenone)and
an aryl carbinol are reduced (9). Bases were requiredfor reductionof the
ketone,and higher conversionswere obtained for the carbinolreductionin the
presenceof base. Reductionof anthraceneand quinolinewere also effected
with aqueousCO; however,higher conversionsof anthracenewere obtainedin the
absenceof base (10). The reductionof ketoneswith CO in aqueoussodium
carbonatewas explainedby sodium-ionactivationof the CO to give an
intermediate,such as formate,that can donate hydrideto the carbonyl.
Reductionof anthraceneor other hydrocarbonswould appear to proceedby a
differentmechanism.
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A better understandingof the activationof CO for both ketone and
aromaticsreductionand the nature of the sodiumalumlnatecatalysisis needed.
Sodium alumlnatecould probablyactivateCO for hydridereductionof ketonesas
well as sodium carbonate,perhaps better. But does it also activateCO so that
hydrogenationof hydrocarbonsoccurs? Can it lower activationenergiesfor
cleavage of bonds, such as in ether and carboxylategroups? The reactionsof
numerousmodel compoundswere investigatedin water/COconditions,and the
resultswere comparedwith those obtained in the absenceof the sodium
aluminate.

Naphthalenewas not reduced by the CO/water systemat 400°Cwith or
without the additionof sodium alumlnatecatalyst (ll). In contrast,
anthracenewas quite reactiveunder these conditions. This work demonstrated
that higher conversionsof anthracenewere obtainedwith sodiumaluminatethan
without this catalyst. But lower conversionswere obtainedwith sodium
hydroxide,which was consistentwith Stenberg'sresultsat highertemperatures.

Reactionsof polycyclicaromatichydrocarbonsin the CO/water/NaAl02
system showed that those aromaticswith linear arrangement(annellation)of the
polycyclicrings are readilyconvertedto hydroaromatics. The reactivitiesof
the aromaticscorrelatewith the abilityto acceptelectrons(electron
affinity)and form the radicalanion intermediate. Thus a processinvolving
single electrontransfer (SET) from CO or a CO aluminatecomplexto the
aromatic substrateis consistentwith the reactivitydata. With some aromatic
compounds,the resultingradical anion may react rapidlywith a water or
hydroxyl such that a hydrogenion (H+) is transferred. The rate of this
protonationreactionmay differ considerablyfor the variousanion radical
intermediates. In fact, the rate constantsfor protonationof peryleneand
fluorene radicalanions are much lower than those of other aromatics(12).
This may explain their lack of reactivityin the CO/waterreductiontests
discussedabove. As in some other SET reactions,the hydrogenion could begin
bonding synchronouslywith the electrontransferin the more reactivearomatics
(13). The radicalresultingfrom the H+ transferwill then react furtherwith
an electrondonor to give the carbanionintermediate,which is again
protonated. Furtherstudy of structure-reactivitydata is neededto refinethe
SET concept for CO/waterreductions. The role of the sodiumaluminatemay
involveforminga complexwith the carbon monoxidethat can more effectively
donate electronsin the reaction. The effect of the sodiumaluminateis not
large, but it may be very importantin optimizingthe conversionof coal
aromaticstructuresinto hydroaromaticand other alkyl-bridgedstructuresthat
are importantin subsequentthermalor catalyticreactions.

These reactivitydata suggestthat (linear)aromaticsystemsin coals will
be reduced in a first-stageliquefactionprocessthat uses CO as the reducing
gas. Hydrogen is added at critical sites in the structuressuchthat the
resultinghydroaromaticstructurescan effectivelypromotefurtherreactions,
such as radical capping,and prevent retrogradereactionsthat may occur during
thermal processing. The effectsof substituentson the reactivityof the
aromaticswere not studied,but since reactivitiesare usuallyaffected
significantlyby substituents,especiallyheteroatoms,the reductionof these
types of structuresin coal in the catalyticCO/watersystemmay be
significant.
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The reactionsof ketoneswith CO/waterwere also investigatedas models
for possiblereactionsthat would occur in coal liquefaction. Sincemost of
the aryl ketoneshave a high electronaffinity,the reactiontemperaturewas
reducedto 350°C,so that structure-reactivityeffectscould be more easily
distinguished.

The reductionof anthronein CO/waterwith sodium aluminatecatalystwas
slightlygreater than in the reactionwithoutsodium aluminate. The major
productswere anthraceneand dihydroanthracene.The intermediatealcohol
reductionproduct (anthrol)was not obtained,becauseit very rapidly
dehydratesto anthracene. The reductionof other aryl and diaryl ketonesin
the absenceof sodium aluminatewere lower than that observedfor anthrone.
Reactivitydata for reductionof the variousketonesalso showed a correlation
with the electronaffinitiesof the ketones.

The resultsof the model ketone reductionssuggestthat the
CO/water/NaAl02reductionof coals that are believedto containsignificant
amountsof aryl ketoneswill also produce significantreductionto less
oxygenatedand perhapshydroaromaticstructures. The presenceof these
structuresmay significantlylower the tendencyof coal materialsto undergo
retrogradecondensationreactionsduring furtherthermaland catalyticcracking
reactions. Furtherwork with quinonesis plannedto that we can determine
whether the products from these reactionswith CO/waterwill also be less
likely to participatein the retrogradereactions.

The hydrocrackingactivityof the sodium aluminate-catalyzedCO/water
system was investigatedusing bibenzyl,diphenyl sulfide,and diphenylether as
the test compounds. The reactionof bibenzylwas carriedout at 425°Cfor 2
hours with aqueous sodium aluminatein the presenceof 1000-psiginitialCO
pressure. A higher temperaturewas used, since the amountof hydrocracking
observed in the studiesdiscussedabove was very small at those temperatures.
The conversionof bibenzylwas 37%, which is comparablewith sodiumcarbonate
catalyzedreaction (14). The major productswere benzene,toluene,and
ethylbenzene.

Stenberg and coworkersreportedthat CO/watereffectivelycleavesaryl-
sulfur bonds in diphenyl sulfide(64.4%conversion)at 425°Cin CO/waterfor
2 hours. Addition of sodium carbonateresults in lower conversion(47%) of
diphenylsulfide (15). However,we found conversionsof only 18% for diphenYl
sulfide in reactionswithout sodium aluminateunder above conditions. Addition
of sodium aluminatesignificantlyimprovedthe cleavageof the aryl-sulfurbond
(28% conversion). Benzenewas the only reactionproduct.

The reactionof diphenylether in CO/waterwith and without sodium
aluminatewere carriedout at 350°Cfor 2 hours in the presenceof 1000 psi of
initialCO pressure. The resultsindicatedthat CO/water,both with and
without sodium aluminatepromoter,did not cleave aryl-oxygenbond.

Reactionsof carboxylicacids in the CO/water/NaAlO_were investigatedby
using severalmodel compoundsto determineif there are any catalyticeffects
on decarboxylationor other reactionsin this system. The reactionof
naphthoicacid in CO/watergave 10% and 18% conversionsof 1-naphthoicacid
into products at 300° and 350°C,respectively. The additionof sodium
aluminateincreasedthe conversionto 17% and 37% for 300° and 350°Creactions,
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respectively. The dramaticcatalyticeffect of the sodiumaluminateon
decarboxylationmay have a very importantrole in first-stageliquefaction,and
more effortsto understandthis effect are in progress. In additionto
naphthalene(majorproduct),trace amountsof tetralinwere also formed in the
sodium aluminate-catalyzedreactions. It is not known whetherthe naphthalene
reductionoccurredbefore or after decarboxylation. It is clear that higher
temperaturesare requiredfor better decarboxylationkineticsfor this type of
acid. Thus futurework will be conductedat 385° and 400°C.

The CO/waterreactionwith sodiumhydroxidein place of sodium aluminate
gave lower conversions(9%) of acid into naphthaleneat 300%. Also, sodium
hydroxidewas added to the naphthoicacid to form sodium-l-naphthoate,and this
salt was tested with sodiumaluminateto give 12% and 19% conversionsat 300°
and 350°C,respectively. These reactionsexhibitthe lower reactivityof the
carboxylatesalt comparedwith the carboxylicacid form.

Besides catalyzingthe decarboxylationof carboxylicacids,sodium
aluminatemay also have an effect on reactionsof polyfunctionalgroups in the
coal. There is also the possibilitythat the aluminatecould moderatethe
allegedcross-linkingeffectsduring thermal treatmentsof coal. Therefore,
carboxylicacids that have the potentialfor cross-linkingor undergoingother
reactionswere investigated.

In contrastto the reactionof naphthoicacid, the reactionof
2-phenoxybenzoicacid with CO/water at 350°Cfor 2 hours (no sodium aluminate)
resulted in almost completedecarboxylation. The phenoxygroup thus increases
the decarboxylationreactivityof the acid group by an electronicsubstituent
effect. The reactionwas accompaniedby a small amountof reductionof the
diaryl ether linkageto give benzeneand phenol. No productsresultingfrom
addition of speciesderivedfrom the carboxylategroup to the adjacentring to
give a cyclic structure,such as dibenzofuranor xanthone,were observed. Thus
no evidence for a cross-linkingtype of activityduringdecarboxylationcould
be obtained.

In the CO/waterreactionof 2-phenoxybenzoicacid with added sodium
aluminate,a large portionof the substrateunderwenta hydrolysisreactionof
the diaryl ether to give phenol as the major product. Since the hydrolysis
reactiondid not occur in the sodium aluminate-catalyzedreactionof diphenyl
ether (see discussionabove),the significantchange in the reactivityof the
ether oxygen could be attributedto the effect of the ortho-carboxylategroup
in the presenceof sodiumaluminate. Perhapsthis large synergisticeffect on
diaryl ether hydrolysisresultsfrom formationof a complexof the aluminate
with the carboxylatethat can catalyzethe hydrolysisreaction. Again, no
cyclic structurewere found in the products.

The reactionof 2-benzylbenzoicacid with CO/watergave only 5% conversion
of acid to diphenylmethane.Addition of sodium aluminateincreasedthe
conversionto 10%. Althoughdecarboxylationwas slow for this substrate,the
addition of sodium aluminateimprovedthe reactivityby a large factor. No
crackingof the arylmethylenebond of the 2-benzylbenzoicacid occurred in
these reactions,and only a trace of anthracene,resultingfrom cyclization,
was found.
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2.3 Catalysts for Coal Depolymerization

After the thermaldegelationand dissolutionof the coal, the intermediate
productsmust be depolymerizedand hydrogenatedto producethe distillate
product. This step requireshigher temperaturesand/orcatalyststo be
effective. Coal liquefactionprocessesmay conductthese steps either
separatelyor combined into a single operationalstage as in the Wilsonville
Process. However, when low-rankcoals were heatedwith the hydrogenation
catalystpresent during the Wilsonvilleoperation,the catalystswere rapidly
deactivatedby deposition. Thus, in our project,the solubleproductsfrom the
thermaldissolutionstep are separatedfrom the mineralmatter and then
subjectedto extensivedepolymerizationand hydrogenolysisin a secondstep in
order to convert the high molecularweight coal moleculesto volatiles.
Conversionto environmentallyacceptabledistillatefuels also requires
catalystsfor upgradingthe distillateand removalof oxygen, nitrogen,and
sulfur heteroatoms.

The catalysts currentlyused in coal liquefactionfor depolymerizationand
hydrogenolysisof the solubilizedcoal macromoleculesare the same as those
used in conventionalpetroleumrefining;however,this applicationhas not been
very successful. Improvementsin liquefactionefficiencycould be obtainedif
catalystswith longer life and better activityand selectivitywere available.
Rapid deactivationof the conventionalCo-Mo and Ni-Mo catalystson an alumina
supporthave been attributedto coke formation(I), metals deposition(2),and
inhibitionof the active centerby chemisorbedcompounds(3).

Two types of hydrocrackingcatalystswere investigatedin this project.
These are i) solid supportedacid catalysts,and 2) metal sulfidesdispersedon
an acidic layered support. These are di_ -_ed separatelybelow.

2.3.1 Solid SupportedAcid C _s

In the precedingdecade,molten zinc chloridewas demonstratedto be an
effectivecatalyst for the productionof clean gasolinefuels; however,some
disadvantagesrelatingto its corrosivenessand loss during regenerationwere
noted. We have extensivelyinvestigatedsupportedforms of zinc chloridewhich
may overcome these problems (16). Silica gel-supportedzinc chloride(SZC)was
shown to be an effectivecatalystfor hydrotreatingfirst-stagecoal
liquefactionproductsto a distillatefuel containingno sulfur. Higher
conversions(53%-68%)were obtainedwith this catalystthan that with a
commerciallyavailableNi-Mo catalyst (35%). Extensivestudieswith model
compoundswere carriedout with the objectiveof achievinga better
understandingof the chemistryof hydrotreatingcoal liquidswith solid strong
acid catalysts. These studiesshowed that the SZC catalystcleavesaryl
sulfides,ethers,phenols,nitrogenheterocyclics,and alkylaromaticcompounds.
Alkyl transfer reactionsalso occur very readily. Molecularhydrogenis not
utilizeddirectly in the cleavagereaction,but it is needed to preventcoking
and condensationreactions,and is indirectlyincorporatedinto products.
Productsare consistentwith a mechanism involvingformationof carboniumion
intermediates,which are convertedto productsvia hydrideabstraction. The
sourcesof the hydrideions apparentlyare variousaromaticcondensation
intermediates. Tertiaryalkanesare not effectivehydridedonors. Polynuclear
aromaticsare hydrogenatedand cracked, but singlering aromaticsare not.
This is one of very few catalyststhat can hydrocrackpyrene.
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Characterizationof the SZC catalystwas carriedout to providefurther
informationon the nature of the zinc chloride in the catalyst. The acidic
propertiesof the SZC catalystwere determinedby severalmethods. Hammett
aciditiesobtainedby titrationswith variousweak bases demonstratedthat the
catalystcontaineda relativelylarge number of highly acidicsites. Total
acidities(BrSnstedand Lewis)were determinedby thermogravimetricpyridine
adsorption-desorptionexperiments. Infraredstudiesof the pyridine-adsorbed
catalystalso gave relativelylarge amountsof BrBnstedand Lewis acid sites.
Elementalanalysisshowedthat very little of the chloridewas lost in the
preparationof the catalyst. Scanning electronmicroscopy/energydispersive
analysis (SEM/EDA)studiesshowedthat the zinc chlorideis evenlydistributed
over the surfaceof the silicagel support. X-ray diffractionindicatedthat
recoveredcatalystsfrom hydrotreatingtests had incorporatedpart of the
sulfur releasedfrom the substratesas zinc sulfide(the rest becomeshydrogen
sulfide). The zinc sulfidemust be microcrystallinesince it appearedin
SEM/EDAmaps to be evenlydistributedon the surfaceof the silica gel support,
rather than as crystals.

The optimumloadingof zinc chlorideon the silicagel supportwas
investigated. Resultsfrom hydrotreatingtests with loadingsof 5%, 16%, and
50% zinc chloride,by weight on the silica gel, indicatedthat the 16% and 50%
catalystshad essentiallythe same activity,whereasthe activityof the 5%
catalystwas substantiallyless. The 16% compositionmay representclose to
exhaustivesurfacecoverageby the zinc chloride. Becauseof the slow rates
for some of the hydrotreatingreactionsat temperaturesless than 400°C, a
catalyst-to-substrateratio of 0.5 was found to give decentconversionsin a
reasonabletime period. Carbon tetrachloridehas been found to be a better
solventthan water for the preparationof the silicagel-supportedcatalyst.

A catalystwas preparedby supportingzinc chlorideon montmorillonite
clay. This catalystwas effectivein cleaving sulfidesand alkybenzenes,
however,condensationreactionsto oligomericproductswere more extensivethan
those with the silicagel-supportedcatalyst. Three hydrotreatingtests with a
low-severityliquefactionproduct from Wyodak subbituminouscoal gave
conversionsof 53%, 57%, and 62% to distillableliquids. Pumice-supportedzinc
chloridewas a considerablyless effectivecatalystthan the silicagel-
supportedcatalyst.

2.3.2 Metal SulFideson Acidic LayeredSupports

Catalyticfunctionsrequiredfor hydrotreatmentare hydrogenationof
aromaticsand hydrocrackingof C-C bonds as well as C-S, C-O, and C-N bonds.
Thus metal or metal sulfidesites provideactivationactivityfor additionof
hydrogento aromaticrings or for hydrogentransfer,and acidic sites are
essentialfor bond cleavageactivityin coal liquefactioncatalysts. High
surfaceareas for the metal sulfidesites are desiredfor high activity,and
this can be achievedby dispersionof the metals on a supportingmaterialwith
some acidicproperties.

Novel catalystsfor hydrotreatmentof initialsolubilizedcoal lique-
factionproductswere developedand tested in this project. The new
hydrogenationcatalystsutilizepillared clays as the supportsfor the metal
sulfidesites. The structuresof these supportmaterialsfeaturevery large
interlayerspacingsthat have the potentialfor generatingspaciousmicropores
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that could accommodate the large coal macromolecules. Although the supports
can possess strong acidities which could lead to coking at high temperatures,
these effects are moderated by the presence of the bimetallic sulfide.

Acid smectite clays have been used as catalysts in petroleum-cracking and
various other reactions. Unfortunately they dehydrate and collapse at
temperatures above 200°C. Acid zeolites are more stable at high temperatures;
however, the pores are too narrow to be useful for coal macromolecules, and
they are not effective in upgrading as compared with conventional Ni-Mo or
Co-Mo catalysts. In the pillared clays, large polyoxymetal cluster cations are
exchanged (intercalated) between the negatively charged clay layers in place of
the hydrated metal ions. Whencalcined to drive off the water, the
polyoxymetal cations form pillars that maintain the clay layer structure, thus
creating large spacings between the layers. These structures are stable to
450° and 500°C. Hypothetically, the micropore volumes will be large enough to
accommodate macromolecules of the feedstock, which will be hydrocracked.
Chromia-pillared clays, which have interlayer spacings somewhat larger than
those present in alumina-pillared clays used in petroleum refining, have
considerable potential for coal liquefaction.

The catalytic hydrocracking activities of various der'vatives of natural
montmorillonite clay were investigated. These derivatives included both
pillared and unpillared forms of the clay, as well as the catalysts obtained by
impregnating nickel-molybdenum sulfide on the pillared clay as a support.
These tests were carried out in a rocking microreactor (tubing bomb) under I000
psi of hydrogen at temperatures of 300° to 400°C. Bibenzyl
(1,2-diphenylethane), diphenyl sulfide, diphenyl ether, and other hydrocarbon
compounds were utilized as substrates to model the structural moieties of the
coal, especially the bridging groups that are believed to link the aromatic
clusters together. Someof the catalysts were then tested with first-stage
coal liquids (low-severity Wyodak liquefaction product), and conversions to
distillate materials were determined.

In order to study the effects of acidic sites present on a clay, the
concentration of acidic sites on montmorillonite was maximized by converting
the clay to an acid-exchanged form. This form of montmorillonite was prepared
by washing the cleaned sodium form of the clay with hydrochloric acid. The
reaction of the acid-washed clay with bibenzyl at 350°C gave a 75% conversion
of bibenzyl, whereas a blank hydrogenation reaction of bibenzyl with no clay or
catalyst gave only 1% conversion to toluene. The yield of benzene resulting
from the clay-catalyzed hydrocracking test was only 34 wt%. The yields of
ethyl benzene and toluene were very small (1.9% for each). A two-step reaction
of the bibenzyl is believed to occur, producing benzene and ethylbenzene in the
first step, with ethylbenzene further cleaved to benzene and ethane in the
second step. _ields of the gas products such as ethane were not measured.
Toluene is produced in a different type of reaction. The higher yield of
benzene compared with toluene in the montmorillonite reaction indicates that
Br_nsted acid catalysis (ipso protonation mechanism) is more important in the
reaction than Lewis acid catalysis (17,18). Much o_ the bibenzyl was converted
to condensation products such as phenylethylbibenzyl. These products are
formed from addition reactions (Friedel-Crafts reactions) of the carbonium ion
intermediates with bibenzyl or products. The large amounts of condensation
products observed in the reaction of bibenzyl with the clay indicate that the
selectivity of the acid-washed clay for condensation versus cracking is poor.
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In previous liquefactiontests with coals that had been acid-washed,much
lower conversionsto solublematerialswere obtained. The reasonsfor the poor
yields from acid-washedcoals may not be completelyunderstood;however,the
resultsobtained for acid-washedmontmorillonitewith bibenzylindicatethat
increasingthe acidity of the clay mineralsin coal by acid washingmay
increasethe amount of condensationoccurringduring the liquefaction,leading
to formationof insolublesand coke.

Chromia-pillaredmontmorillonitewas preparedwith two different
concentrationsof chromiapillars. The low concentrationchromia-pillaredclay
gave an 80% conversionof bibenzyl,but as with the acid-washedclay, low
yields of benzene (27 wt%), toluene (I wt%), and ethylbenzene(3 wt%) were
obtainedfrom hydrocracking. Condensationproductswere abundantin the
reactionproducts,indicatingpoor selectivityfor hydrocracking. Resultswith
the clay having a high concentrationof chromiapillarsgave somewhathigher
conversion (93%) and more benzene (47 wt%). Formationof cyclohexanesby
single ring hydrogenationreactionswas not observedwith eitherof the
chromia-pillaredclays or with the unpillaredacid-washedclay.

A silica-pillaredclay was also preparedand testedwith bibenzyl. The
reactiongave only a 38% conversion. The productswere the same as obtained
with the chromia-pillaredclay: benzeneand ethylbenzene. The relativelypoor
resultwith the silica-pillaredclay discouragedfurthertestingand suggested
that new methods for pillaringwith silica shouldbe attempted.

Nickel and molybdenumwere impregnatedin the high chromia-pillaredclay
and sulfidedto give the active clay-supportedcatalyst,and the hydrotreatment
reactionwith bibenzylwas conductedto determinethe effectiveness. A
conversionof 91% was achievedat 350°C. This conversionis significantly
better than the 64% conversionobtainedwith the high chromia-pillaredclay
support,which did not containthe nickel and molybdenumcatalyst. The
conversionincreasedto 99% when the reactionwas carriedout at 400°C.

The products from the reactionsof bibenzylcatalyzedby the nickel-
molybdenum high chromia-pillaredclay (NMHCPC)were found to be a mixtureof
aromaticsand cycloalkanes. The major productswere benzeneand ethylbenzene,
and the minor productswere cyclohexane,methylcyclohexane,and alkylbenzenes.
These productsresulted from hydrocrackingas well as hydrogenationof the
aromaticcompounds. In contrastto the reactionscarriedout with high
chromia-pillaredclay, the amountsof oligomericcondensationproductsformed
during the reactionwith NMHCPCwere negligible. From these data, we conclude
that the introductionof nickel and molybdenumhas moderatedthe activityof
the supportso that selectivityfor hydrocrackingrelativeto condensationis
obtained. The high conversionmay be attributedto bimetallicsulfide
activationof hydrogento effect at least partialhydrogenationof the aromatic
rings. Activationenergies for bond cleavagereactionsmay be lower in the
reducedintermediates. Carboniumion intermediatesare more easilyreducedby
hydridetransfer reactionsfrom the hydrogenatedintermediatesor dissociated
hydrogen on the metal sulfide. Thus the carboniumions are rapidlyreducedand
do not survivelong enough to undergoadditionreactionsto aromaticrings that
result in condensationand coking.

Reactionsof the low chromia-pillaredmontmorillonitewith other
alkylbenzeneswere investigatedto determineif the reactionswere consistent
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with the proposed carboniumion mechanism. Isopropylbenzene(cumene)reacted
very rapidly,giving 100% conversion. Benzenewas the major product. The more
rapid reaction is expectedfor a reaction involvingcleavageof the aryl-alkyl
bond of the ipso protonatedring intermediateto give the secondaryisopropyl
carboniumion plus benzene. The reactionwith phenyldecaneoccurredwith 81%
conversionto give benzeneas the major product. A large number of various
alkylbenzeneand indan productswere formed in the reactionas a result of
carboniumion rearrangementsand cleavage reactions. Cyclohexaneswere not
observedin the reactionproducts.

Although single aromaticrings were not hydrogenatedby the clay supports,
it was interestingto find out whethermultiringaromaticsystemscould be
hydrogenatedas they are with other acid catalystssuch as zinc chloride. Thus
pyrenewas reactedwith the chromia-pillaredmontmorilloniteto determineif
acid-catalyzedhydrogenationof the multiringsystemscould be effected. The
conversionof pyrene to a hydrogenatedpyrenemixturewas found to be 15%,
which is considerablyless than that observedfor zinc chloridecatalysts. For
catalyststhat containmolybdenumand other transitionmetals, hydrogenationof
multiringsystemsoccurs readily, and the clay support-catalyzedhydrogenation
observedhere is probablynot going to be significant. The reactionat 350°C
did not result in hydrocrackingor rearrangementsof the pyrene or hydropyrene
rings to phenanthreneor other ring systems.

Ether cleavagerGactionswere investigatedto determinethe potentialfor
catalytichydrodeoxygenationreactions. In reactionsof diphenylether to
benzeneand phenol,similarconversionswere obtainedwith low chromiaPC (30%
and 38%), high chromia PC (35%),and acid-washedmontmorillonite(29%). Lower
conversionwas obtainedwith silica-pillaredmontmorillonite(10%). When the
silica-pillaredclay was used as a supportfor zinc chloride,the conversion
improvedto 20%. These resultsare far inferiorto that of zinc chloride
supportedon silica gel which gave 60% conversion.

Reactionsof diphenyl sulfidewere extensivelyinvestigatedin order to
determinethe effectsof pillaringand nickelmolybdenumsulfideloadingon
hydrodesulfurizationactivities. The acid-exchangedform of montmorillonite
gave a 99+% conversionat 300°C. The productswere benzene and thiophenolin a
molar ratio of 9.3:1. The relativelyhigh benzene-to-thiophenolratio shows
that the catalyst is effectivein cleavingboth carbon-sulfurbonds of the
diphenylsulfide;that is, the thiophenolintermediateis furtherconvertedto
benzeneand hydrogensulfide. The blank hydrogenationreactionsof diphenyl
sulfidecarriedout with no clay or catalystpresentresulted in conversionsof
i% at 300°Cand 10% at 400°C. The excellentconversionobtainedwith the acid-
exchangedclay may be attributedto the high acidityof the catalyst. The
anionicaluminosilicatelayers of the clay may also have some abilityto
stabilizecationic intermediatesprior to a reductionstep in the
hydrodesulfurizationmechanism.

The catalyticactivityof sodium-exchangedmontmorillonitewas also tested
at 300°Cwith diphenylsulfide, and a conversionof only 11% was obtained.
Both benzene and thiophenolwere formed (molarratio of 6.9:1). The _;odium-
exchangedclay has some residual Briinstedaciditydue to polarizationof the
water of hydrationof the sodium cationsand to hydroxylgroups of the clay
layers.
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Our hydrodesulfurizationstudieswere then extendedto the chromia-
pillareQmontmorillonites. Hydrogenationof diphenylsulfidewith the low
chromia PC resulted in a conversionof 95% to benzeneand thiophenolin
equimolaramounts. The high conversioncan again be attributedto the high
BrGnstedacidityof the pillaredclay. Catalyticacidic sites may be present
on the polyoxychromiumcation pillars,since they retainsome hydroxyl
functionality (19).

Formationof equal moles of benzeneand thiophenolin the pillaredclay-
catalyzedreaction suggeststhat cleavageof only one carbon-sulfurbond of the
diphenyl sulfide occurred. In order to determineif the second carbon-sulfur
bond can actuallybe cleaved in this catalyticsystem,a reactionof thiophenol
was carried out with chromia-pillaredclay under the same conditionsused for
diphenyl sulfide. Analysis of the reactionproductsshowed 95% conversionof
the thiophenolto benzene. These resultssuggestthat duringthe hydrogenation
of diphenyl sulfide,the acidic sites in the clay may be poisonedby the
hydrogen sulfideproduct. Further studiesat higher temperaturesare in
progressto determineif the deactivationcan be reversed.

The high chromia-pillaredclay was also tested in the reactionwith
diphenyl sulfide. This catalystgave a conversionsimilarto that obtained
with the low chromia-pillaredclay, but a much highermolar ratio of benzeneto
thiophenol (12:1)was found in this test. Thus the final step of the reaction,
which involveshydrogenolysisof the thiophenol,proceededmuch more completely
with the high chromia-pillaredclay catalyst.

Hydrotreatingdiphenyl sulfidewith the nickelmolybdenumHCPC catalyst
resulted in a 98% conversion. A nearly quantitativeamount of benzenewas
formed,with only a trace of thiophenoland small amountof cylcohexanefrom
reductionof the benzene.

Informationabout the numbers,type, and strengthof the acidic sites on
the chromia-pillaredclay and on the chromia-pillaredclay-supportedsulfided
nickel molybdenumcatalystwas desiredin order to achievea better under-
standingof the reactivityand selectivityin hydrocrackingreactions.
Thermogravimetrictechniqueswere used to determineaccuratelythe total number
of acid sites. In the TGA experiment,the weight increasedby 5.9% for
chromia-pillaredclay and 4.69_ for sulfidedcatalyst. The weight increaseis
due to the chemicaladsorptionof the pyridineat both Lewis and BrGnstedacid
sites and is a measureof the total acidityof the materials. The total
acidityfor chromia-pillaredclay was calculatedto be 0.75 meq/g and that of
the Ni-Mo catalystwas 0.60 meq/g. Slow heatingof the catalystat 2°C/min
resulted in desorptionof all of the chemicallyadsorbedpyridineby a
temperatureof 300°C. The majority of the pyridine,4.16 wt_ for chromia-
pillared clay and 3.31% for the Ni-Mo catalyst,was desorbedbetween105° and
140°C,while the remainderwas desorbedbetween140° and 202°C. The inflection
points at 105° and 140°Care taken to representthe onset of pyridineloss from
weak and strong acid sites, respectively. From these data, the ratio of weak
to strong acid sites is calculatedfor chromia-pillaredclay to be 2.42 and for
Ni-Mo catalyst to be 1.79. Thus the Ni-Mo catalyst,which has the lower total
acidity,has a larger proportionof strong acid sites.

Infraredspectroscopyof the pyridinecomplexwas used to determinethe
relative proportionof Lewis and BrGnstedacid sites in these two materials.
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In the infraredspectrumof the pyridine-adsorbedchromia-pillaredclay, the
bands at 1444 and 1541 cmI are assignedto the pyridine-Lewisacid
coordinationbond and the pyridine-BrBnstedacid bond, respectively. Similarly
in the chromia-pillaredclay-supportednickel molybdenumcatalyst,the bands at
1460 and 1530 cmI were assignedto the pyridine-Lewisacid and pyridine-
Br_nstedacid bonds, respectively. The relative intensitiesof these bands
were convertedto the concentrationratio by using the respectiveextinction
coefficients. The ratiosof the concentrationsof Lewis sites to BrBnsted
sites were 1.8 for chromia-pillaredclay and 2.3 for the supportedNi-Mo
catalyst. This change in the distributionof acid sites may be attributedto a
decreasein the concentrationof BrBnstedacid sites. We do not yet know how
these findingsare relatedto the numbersof weak and strong acid sites and the
relativereactivityof various supportedcatalysts. Much furtherwork is
neededto elucidatethe role of acidity in determiningcatalytichydrogeno]ysis
activity.

Coal liquefactiontests were carriedout with the first-stageproductfrom
Wyodak subbituminouscoal (LSW)and 1000 psi hydrogenat 400°C in rocking
microreactorswithout added solvent, and the productwas distilledto determine
the conversionof the nonvolatileportionof the LSW to distillate. Acid-
washedclay, pillaredclay supports,and pillaredclay-supportedNi-Mo sulfide
catalyst,as well as a commercialsilica-alumina-supportedNi-Mo catalyst,gave
resultsparallelingthe reactionswith the test substratesdescribedabove.
With a commercialnickel-molybdenumcatalyst,the conversionto distillatewas
only 20% under the conditionsused. The LSW in the presenceof acid-washed
montmorillonitegave a conversionof 10%. The low chromia-pillared
montmorilloniteand high chromia-pillaredmontmorillonitewith LSW gave very
poor conversions(2% and 8%, respectively)to distillate. Thus the supportsby
themselvesare evidentlytoo acidic or too nonselectiveto be useful for coal
liquefaction,but the additionof metal sulfidesto the supportmodifies this
behaviorsubstantially. A conversionof 29% to distillatewas obtainedfor the
nickel-molybdenumsulfidesupportedon the high chromia-pillaredclay. This is
a significantimprovementover the conversionobtainedwith the commercial
catalyst. Furthertestingis requiredto determinewhetherthe catalysisis
actuallyoccurringin the interlayermicroporesor simplyon the outer surface
of the clay. Higher conversionsof the LSW to distillatewere reportedearlier
for montmorillonite-supportedzinc chloride catalyst(16). Zinc chloride
complexcatalystsare exceptionallyactive and efficientin crackingcoal, but
suffersome disadvantagessuch as deactivationand emissionof hydrogen
chloride in the presenceof sulfur.

Elementalanalysesof the hydrotreatedLSW productsobtainedwith the
variousclay supportsand catalystsindicatethat sulfur and nitrogenwere
totallyremoved in the distillateobtainedby hydrotreatmentwith all of the
materials. All of the sulfurwas removedfrom the bottomsby the treatment
with the HCPC and the commercialcatalyst,and most of the sulfur in the
bottomswas removedby the NMHCPC catalyst (0.2%remained). Nitrogencontent
was reducedsomewhatfrom the value originallypresentby treatmentwith the
HCPC and NMHCPC. The hydrogencontents in the bottoms fractionswere increased
by treatmentwith the commercialcatalystand NMHCPC,but lower hydrogenwas
found in the bottomsproductfrom the acid-washedand HCPC clays.

Hydrotalciteswere also investigatedas supportsfor metal sulfide
catalysts,and as catalyststhemselves. Both the pillaredhydrotalcitesand

20



molybdenum-loadedpillaredhydrotalciteswere ineffectivein hydrocracking
alkylbenzenes. However,both catalystswere highly effectivefor hydro-
desulfurizationof aryl sulfidesand benzothiophenes. Hydrotalciteand
pillaredhydrotalcitegave benzeneas the major product,whereasthe
molybdenum-loadedhydrotalcitegave cyclohexanein additionto benzene.
Promisingresultswere also obtainedfor hydrodeoxygenationof aryl ethersto
benzeneand hydrodenitrificationof quinolineto variousproducts.

3.0 CONCLUSION

First-stageliquefactionof U.S. low-rankcoals was effectedconveniently
and efficientlywith carbon monoxideand added homogeneouscatalystin a
solventsystemcomposedof water or a hydroaromaticcompoundor a mixtureof
the two. The reactioninvolvesbreakingdown the gel structureof the coal
into very high molecularweight macromoleculesby a combinationof reduction,
decarboxylation,dehydration,and other deoxygenationreactions. The reduction
mechanismis consistentwith a singleelectrontransfer step from the carbon
monoxide-catalystcomplex. This procedureallows the solubleintermediate
productto be obtainedfree of inorganicspeciesthat will deactivate
heterogeneousor dispersedcatalystsrequired for depolymerizationand
hydrogenationof the coal material.

Hydrotreatmentof first-stagecoal liquidsand model compoundswith a
selectionof acidic and pillaredclays with and without incorporatedbimetallic
hydrogenationcatalystsshowed that the combinationof supportacidityand
hydrogenactivationcatalysiswas effectivein cleaving C-S and alkyl-aryl
bonds and hydrocrackingcoal materials. Some differencesin the activitiesof
the supportwere noted that dependedon the nature and concentrationof
oxymetalion used in pillaringthe clay. Furthereffortsare needed to clearly
understandthese differences.
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COALSCIENCE
EARTHRESOURCEEVALUATIONANDMANAGEMENT

1.0 INTRODUCTION

The general "Coal Science"objectiveof the Energy and Environmental
ResearchCenter (EERC)North DakotaMining and Mineral ResourcesResearch
Institute(NDMMRRI)was directedtowards a fuller utilizationof energy and
associatedenergy-relateddata, availableas publishedand unpublished
documents,to better evaluateresourcepotentialthrougha thoroughknowledge
and understandingof the geologiccontextof the resource. This objectivewas
implementedthroughcomputer-baseddata managementsystems involvingspecific
field examples. Much of the coal data for the nonmarineUpper Cretaceousand
Paleoceneo_ the Western Interiorof North America is locked into a historic
formatthat inhibitsreinterpretation.Resourcecalculationsare thus
necessarilymade on data that have typicallyI) never been reevaluated,
2) been based on land surveysprior to the U.S. GeologicalSurvey (USGS)
7.5-minuteseriesmapping program,3) been based on coal bed correlationsthat
lack regional synthesis,4) been based on coal bed correlationsthat lack
temporalcontrol,5) been based on coal bed correlationsthat have not
integratedsurfaceand subsurfaceobservations,and 6) been based on geologic
observationsthat predatemore rigorous approachesto stratigraphic
nomenclatureand field practices.

The initialdevelopmentof the Coal Scienceprojectwas based on previous
knowledgeas to the generalizationand underutilizationof a considerable
amount of coal data in far-westernNorth Dakota of the WillistonBasin.
Earlierwork (Hartman,1984) clearly indicatedthat the only expedientmeans
of evaluatingthe numerous availablegeologicobservationswas to establish
varioussystemsthat would allow for a wide varietyof geologicobservations
to be easily cataloged,upgraded,and maintained. The Coal Scienceprogram
was begun with these objectives.

Within the last three years, the central focus or theme of the Coal
Scienceproject has remainedconsistent. The focus was o developand
implementa (nonmarine)coal-orienteddatabasemanagementsystemthat would
permit (and document)the reevaluationand incorporationof a wide varietyof
data types (and qualities)to produce a uniformmeans of upgradingour
understandingof the stratigraphiccontextof coal observations. A paramount
objectiveof this system was that access to databases,their subsequent
modifications,and the input and output of data be under the controlof the
primaryuser. The key word exemplifyingthe design of the computersystem
would be flexibility. In addition,the developmentof the databaseswould be
based on a varietyof test-caseexamples specificallychosen for their utility
and variation. With this approach,databaseswould be revisedor modified
numeroustimes to meet specificprojectdemands. Eventually,with the
stabilizationof the databasedesign and field structure,databaseenhance-
ments were added,such as improvedrelationaldatabasemanagementfeatures,
that providedthe user with considerablymore computingpower in the analysis
and displayof information.

In summary,the variousdatabasesof the Coal Scienceproject,developed
for the managementof diverse coal-relatedstratigraphicand geochronologic



information,have evolvedfrom relativelysimple usefuldesigns to a systemor
complexof relativelysophisticateddatabasesthat are still fundamentally
simple to operate,fulfillingthe goal of maintaininguser compatibility.
Becauseof the basic softwareprogrammingand the databasedesign,established
databasescontinueto grow and be utilizedfor a wide range of energydata
managementtasks.

2.0 GOALSANDOBJECTIVES

A summaryof the tasks undertakenthroughthe course of the Coal Science
project representsa number of basic objectives. These includeA) reviewof
availabledatabasesystems;B) acquisitionof hardware;C) databasedesign of
the primarydatabases(e.g.,*MNOS, *UNIT,*LOC, and *SPP [see Section3.3,
Task C]); D) databaseinput and augmentation;E) drillingproject,used to !
assess and characterizedatabase managementof subsurfacedata througha
specificcase study; F) database design assessmentand modification;G)
geochemicaldatabase studies;H) data presentation,includingvariousform
designs,reports,export to graphicprogramming,and map display;and I)
database implementation. Each of these letteredtasks was accomplishedas
part of an evolvingprocesstowardsrefiningthe capabilityof documentingand
assessingthe geologiccontextof coal bed data. There has not been, to my
knowledge,a comparableapproachto the reevaluationof historiccoal
stratigraphywithin the context of modern geologicterminologyand current
field studies.

3.0 ACCOMPLISHMENTS

The followingsectionwill brieflydetail the resultsof the various
tasks as listed above. This approachwill show the continuityof the
developmentof databasemanagementsystemswith the incorporationof old and
new data to producea synthesizedproductfully capableof resolvingcurrent
resourceassessmentproblems. As differenttasks were assignedfor each
projectyear, the followingtask letters (e.g.,"A") do not conformto
previoususage. As enumeratedhere, these tasks representa compositeor
synthesisof the goals and objectivesof the Coal Scienceproject.

3.1 Task A-Review of DatabaseSystems

Previousexperiencesuggestedthat currentlyavailable"off-the-shelf"
data managementand relatedprogramswere sufficientlyrobustto form the
basis of the developmentof a Coal Sciencedata managementsystem. The
followingfactorswere considered in this decision: I) the rapid and likely
continueddevelopmentof sophisticatedcommercialdatabasemanagement
programs,2) the substantialcost of in-housedevelopmentof computer
programming,and 3) the difficultyof assessingthe NDMMRRI'soveralllong-
term computerprogrammingneeds. Thus variousprogramswere acquiredand
tested to determinethe best data managementsystem for use at the NDMMRRI.
The generaldata managementphilosophywas to grow into a system,ratherthan
force an approachbecauseof programminglimitations. The basic requirements
of the systemwere that the I) programdesignsbe easily modifiable,and
2) data once enteredbe transferrableto other programsas new applications
arise.



The initialapproach taken in databasedesign and programmingwas to
utilize a combinationof a flat or semirelationaldata managerwith a fully
relationaldata managing system. This approachprovideda powerful,yet
easily modifiable,programmingfoundation,compatiblewith the then-current
NDMMRRI user needs. The programschosen for this purposewere Q&A® by
Symantecand PARADOX® by Borland. Both programsare powerful,but differ in
their approachto data managementapplications. Q&A® is essentiallya flat
file managerwith semirelationalcapabilities. PARADOX® is a fully relational
data managementsystem with its own programminglanguage.

Q&A® has served as the main program for inputting,manipulating,and
reportinglignite,stratigraphic,and paleontologicdata. QS_A® differsfrom
many programs (consideredboth a weakness and strengthdependingon the
application)in its use of the "form" (versustable design) as the basis for
data retrieval. The main strengthsof Q&A® are its I) ease of data manipula-
tion (withinand between forms or as reportedin tables),2) availablescreen-
length fields,3) use of internaland multipleexternal (semirelational)
lookup tables,4) simple but powerfulprogrammingprocedures,5) full-feature
use of macros, 6) specialfunction keys for data entry replication,and
7) integrationof file data with word processingand form merge capabilities.
In regards to this later feature,Q&A® containsa word processor,known as the
Write Module,that can be employedto utilizeinformationfrom databases
within Q&A®'s File Module. Thus text and data can be merged in any numberof
formatswithoutredesigningFiles. Enhancementfeatures(e.g., bold, italics,
font scale) availableto word processorscan be added to data to clarifyand
augmentdata presentation. Bitstreamfontwarewas acquiredto permit the
constructionof Prestigefonts of any size and style (e.g.,bold, italic,
etc.) to allow for greaterdisplay power.

The clevernessof the overalldesign of Q&A® permittedthe effectiveuse
of its most advancedfunctionswithoutdelay. Relationalandprogrammable
programs,such as PARADOX®, which are also simpleto use at their basic level,
become relativelycomplicatedto achievecomparableQ&A® results. For
interactivedaily use, where applicationneeds change frequently,a computing
systemthat is easilymodified is required. Q&A® works well as a flexible
on-line system for data inputting,updating,and retrieval. PARADOX®, which
is ultimatelymore powerful,representsapplication-orientedprogramming,
which at this point in NDMMRRIdata managementconsiderations,is less
importantthan flexibility. Comparedto major-marketdatabase systems,such
as dBASE®, rBASE®, and PARADOX®, Q&A® providesthe on-lineuser with the
opportunityto controlthe data environmentwithoutelaborateritualor
protocol. In addition,the cost of Q&A®, throughthe Universityof North
Dakota, is inexpensive,and has now been acquiredby a numberof NDMMRRIusers
interestedin expandingtheir databaseapplications. PARADOX® was initially
used with Q&A® for certaindata filing maintenanceapplications. PARADOX® and
Q&A® data fileswere exchangedusing a commondBASE or ASCII interface. With
the subsequentreleaseof version4.0 of Q&A®, there has been no need for the
continueduse of PARADOX® within the developedCoal Sciencedata management
system. New Q&A® programfeatures includeI) extendedrelationaldata
managementcapabilities;2) extendedprogramminglanguage;3) increased
(effectivelyunlimited)field length,with the capabilityof designingforms
with portions of lengthyentries "hidden";and 4) the abilityto selectdata
from pop-upwindows for ease of databaseentry. Importantsecondaryfeatures
include I) word processingcapabilitiesin the File module (e.g.,within a



given field),2) spell checking in the File module;3) the abilityto change
field names ("Set Field Names") for the purposesof programmingand designing
new forms in the Write module;4) expandedmacro programfacilities,including
creation of custommenus to manage accessto directoriesand data; 5) new
export and importcapabilitieswith other databasemanagers;6) greaterfont
control in the variousmodules; 7) a new compressionbackup utility;and
8) the abilityto check for duplicateforms. Substantialuse of these
featureshas been made in the currentdesign and implementationof NDMMRRI
Coal Sciencedatabases.

3.2 Task B-Acquisitionof Hardware

The decisionwas made early on that purchasedcomputerswould have to
provide the most computingpower for the availabledollar. At the time the
Coal Scienceprojectwas undertaken,computingpower, rated as machineclock
speed, availableRAM, cachingsystems,and availablehard disk memory,was
improvingas the price was coming down. In effect,personalcomputers
purchasedthroughdiscount houseswere never more powerful and, for the power,
never cheaper. Through the course of the Coal Scienceproject,computing
power has continuedto increase,and price has continuedto drop. The major
decisionwas to decide on the manufacturer. Gateway2000 was chosen for the
Coal Scienceprojectbecause,at the time, the prices of its computerswere
the least expensive,and the company'sreputationwas comparableto other
discount mail-orderhouses. The more expensivecomputers,such as those
manufacturedby IBM,were as much as three to four times more expensiveto
achievecomputingparity. In addition,there was no guaranteethat the IBM
machines would be more durable. An importan:earlierquestionwas whetheror
not programmingmanufacturedto run on IBM machineswould properlyrun on IBM
clones. To a large extent,these compatibilityproblemswere becominga thing
of the past and were not found to be a problemusing Gatewaymachines.

Through the course of the first year of the project,a computingsystem
was establishedthat used old and newly acquiredcomponents. The main data
managementcomputerwas a Gateway2000 386-25mHz machine,with a math
coprocessor,150-MBhard drive, and memory and disk caching. A previously
acquired EERC NDMMRRIcomputerwas used for data input by NDMMRRIstaff. This
machine was a Standard286, with a math coprocessorand 40-MB hard drive. The
computersof the Coal Sciencedata managementsystemwere cabled togetherfor
the transferof files (not representinga true network). Data from either
computerwere outputtedto either a Epson LQ-I050wide carriageline printer
or to a Hewlett-PackardLaser Jet II. Bitstreamfontwarewas acquiredto
extend the flexibilityof the output format to data managementprograms. The
data and programmingon the main data managementcomputerwas archivedusing
an Everex externalcassettetape backup system. Inputdevicesincludea
previouslyacquiredlarge format GTCO 2436L digitizingboard and a video
capture systemby Jandel and ImagingTechnology. Communicationdevices
includeda hardwarelink to the mainframecomputingsystem at the University
of North Dakota and a previouslyacquiredMultiTech1200-baudmodem.

The above computingsystem has remained fully functionalthroughoutthe
course of the project. Importantchangesto the system have been upgradesto
various componentparts to improve performance. These changesbasicallykept
pace with changesin technologyand advancesin softwarecapabilities,which
almost requiredfastermachineswith bigger hard drives. The current



operatingsystem employsa Gateway486-33 mHz machinewith a 650-MBhard drive
and cachingcapabilitiesas the main Coal Sciencedata managementcomputer.
The 386-25 mHz machine is used in softwareprogramdevelopmentand data input,
as well as in generatingreportsand other documents. In addition,a Gateway
386s× and a Standard286 computerserve as data inputtingdevices,most
frequentlystaffedby students. Upgrades to the computersincludeanother
150-MB hard drive for the 386 machine and another40-MB hard drive for the 286
machine. In additionto the large-formatGTGO pad, used primarilyfor
digitizinglarge maps, a small-FormatSummagraphicsSummaSketchTM II
digitizingtablet was installedto functionwith varioustypes of software
used to constructcharts and maps (see Task A). In addition,the Hewlett-
PackardLaser Jet II was replacedwith a Laser Jet Ill to improvegraphic
capabilitiesand providefor significantlygreater font control.

To explorethe capabilitiesof image analysis,which representsan
importantdevelopingtechnology,a video systemwas acquiredto captureand
analyzea varietyof image types that would otherwisehave to be manually
digitizedor be treatedqualitatively. The video system hardwareruns on the
main data managementcomputerutilizinga PCVISIONplusTM framegrabberfrom
ImagingTechnology. This video image is derivedfrom a Cohu CCD camera,lens
(12.5-to 73-mm zoom), and TOYO diopters and is displayedon a high-resolution
SONY Trinitronmonitor. Photographsof capturedor live video imagesare
acquiredfrom a SONY UC-850 video graphic (thermal)printer. The video system
uses specializedprogrammingto capturegray tone imagesfor digitizingand
numericalanalysis. Initialhardwaresystem incompatibilityproblems
consistedof memory conflictsbetweenvideo cards, captureprogramming,and
the EVEREXtape backup system. These problemswere initiallyresolvedby
establishingappropriateprotocol(programming)to reconfigurethe hardware
for differentapplications. Thus the video systemruns under its own
configurationto resolveits hardware-specificrequirements. In addition,
high-contrastimage problems,resultingprimarilyfrom camera low-lightover-
sensitivity,were resolvedthroughthe acquisitionof programmingthat permits
controlof image contrastoutsideof the imagingsoftwareenvironment.
Subsequently,both the captureboard and software(see Task A) were upgraded
to take advantageof significantlyimprovedimage capture featuresand
extendedanalysiscapabilities. The older capture board will be installedon
a differentcomputer and used for macroimaging(discussedbelow)when
laboratoryspace becomesavailablewith the completionof a current
constructionproject at the EERC.

As developed,the video systemcan captureimages for analysisat three
scalesor levels of magnification: I) large or macrosizeobjects (from 10 to
500 mm in length),2) small three-dimensionalobjects (from i to 50 mm in
length),and 3) very small or microsize,effectivelytwo-dimensional,objects
(less than I mm in size). Large-scaleobjectsare vieweddirectlywith the
Cohu camera system. The camera and attachmentsare mounteddirectlyto a
modifiedKodak MP3 copy stand. To facilitatethe controlof lightingduring
video photography,the copy stand was rewiredso that each of the four high-
intensitylamps could be individuallyregulated. Relativelysmall specimens,
or the closeup study of large specimens,requiremacrophotography.To achieve
the abilityto examinesamplesof this small size, a video-readyOlympus
stereomicroscopewas acquiredand integratedthrougha couplerto the video
camera. This video system providesmagnificationfrom about 2.5x through
about 50x and was used for image capture analysisand photographyof nonmarine



mollusksand mammals used in the environmentalreconstructionand
biochronologicorganizationof coal strata. Objects of microsizeare studied
under thin-sectionwith high-poweredstereomicroscopes.An EERC Zeiss
microscopehas been availablefor the purposeof video imagingof pollen for
analysis. A video/microscopecoupler,specificto Coal Scienceimaging
research,was manufacturedby DiagnosticInstrumentsto permit video numerical
analysisof objectsmagnifiedup to 500x.

3.3 Task C-Database Design and Modifications

Severalpurposes are served by databasemanagementprocedures. The
foremostis the utilizationof data in an effectivemanner. "Effective,"
however,is relativedependingon goals and means of analysisavailableat a
person'sdisposal. An understandingof coal resourcesand their litho- and
chronostratigraphiccontextwere "effectively"met 70 years ago under the
goals of the time. Today'sgoals are differentonly in that we require(or
want) greater precisionin our assessmentsof resourcecharacterizationand
context,which necessitatesmore data more rigorouslycontrolledto serve
specificpurposes. Resourcemanagementis in a state of flux, in part,
becausethe techniquesof databasemanagementare undergoinga revolutionfor
the individualuser due to advancesin computertechnologyand software
development. Computer-baseddata managementapplicationsrequireflexibility
(and transportability)while we take advantageof developmentsin off-the-
shelf data acquisition,management,and display programming.

The data managementprogramQ&A® by Symantec is particularlywell-suited
to the nature of geologicdata where I) a wide range of informationtypes are
employedto manage closelyrelatedand disparatedata types;2) applications
vary, and form and report modificationsare made frequently;and 3) extended
documentationis necessaryto track on inputtednumericand descriptivedata.
The primaryQ&A® form design is more appropriatethan a table designemployed
by most other data managers.

Four main Q&A® databasescontrolNDMMRRIdata types: I) geologicsection
or observationlocation information(*MNOS),2) geologicsectionunit
descriptions(*UNIT),3) paleontologicspecimenlocationand stratigraphic
information(*LOC),and 4) taxon identificationinformation(*SPP). The
prefix "*" denotes a specificfile name, such as "WB" for WillistonBasin. A
number of other databasesare employedto "feed" basic informationto these
primarydatabases. These secondarydatabasesserve severalusefulfunctions
in promotingcontrolover frequentlygeneral (descriptive)information.
Examplesof secondarydatabasesincludeEPCODES (chronostratigraphic
terminology),FMCODES (lithostratigraphicterminology),COLOR (colorcoding,
as per the GeologicalSocietyof America'sRock Color Chart (withMunsell
color standards),and MAPS (U.S.GeologicalSurvey 7.5-minute,1:24,000-scale
topographicquadrangles).

The *MNOS files containinformationon the locationof geologic
observations,such as surfaceand subsurfacemeasured sections. The *MNOS
form contains 141 fields,representingfour major types of field data:
I) referenceinformation,includingnumberingsystems;2) locationand
landownerinformation;3) litho- and chronostratigraphicinformation,
includingsectionthicknessand elevationdata; and 4) sample and specimen



information. A detaileddescriptionof *MNOS field types, along with examples
of forms and data, was presentedby Hartman (1992).

The companionfile to the *MNOS database is the *UNIT database. Like
*MNOS files, a number of *UNIT databasesuse fieldsdesigned for restricted-
value internallookuptables. *UNIT files have 84 fields specificto the
reference,measurement,and descriptionof a unit (or bed) in a geologic
section. A "unit"is a stratigraphicinterval,identifiedby the geologist,
that is sufficientlydistinct from lithologiesabove and below to representa
discrete portionof the overallgeologic section. *UNIT databasescan be
relatedto *MNOS databasesthroughthe creationof derivedfields in the
Report Module of Q&A®, thus expandingthe capabilityof sorting*UNIT files on
additionalreferenceand location information. The majority of the *UNIT
fields concernthe naming,measurement,and descriptionof unit data. As
examples,the unit (bed) name and formationalassignmentare given also with
necessarycommentson revisedlithostratigraphy.The unit thicknesscan be
directly inputtedin English (includingnondecimalentries)or metric units,
with automaticconversionto respectivefields,or the thicknesscan be
calculatedfrom scaledmeasurementstaken fromdrawingsor photographs. Unit
thicknesscan also be calculatedfrom originalstructuraldata (e.g.,pace and
compassmethod)associatedwith the measurementof either the unit itselfor
the section in which it is found). The unit (or bed) descriptioncan be
quoted in full from the original source and can be separatedinto its
componentparts to permituniform interpretationand sortingon specificdata
types (e.g., fresh and dry colors, as per the GeologicalSociety of America).
*UNIT files use the COLOR and STRATCOL/STRATAfiles as external lookuptables
to import color valuesand graphic and weatheringsymbol codes directlyinto a
*UNIT database. Other fields manage informationto provide uniformcoding
proceduresfor specificprojects (e.g.,NCRDS data fields)or computer
programs (e.g.,STRATCOL/STRATA).For example,the *UNIT database is designed
to generate reportsfor the programSTRATCOL/STRATA.With only minor
modifications,these files can be directlyread by STRATCOL/STRATA,thus
quickly producinga graphicrepresentationof the geologicunit. A detailed
descriptionof *UNIT field types, along with examplesof forms and data, was
presentedby Hartman(1992).

*LOC files containrecordson fossil localitiesand are specifically
designed for micro-and macrofossilspecimens. The *LOC file is similarto
*MNOS files in generaldesign,containingthe nearlythe same fields for
referenceand locationdata. Like the *MNOS form design,*LOC files containa
number of coding fieldsthat are used for sortroutinesof age-related
informationand use the MAPS file as an externallookuptable for map
reference information. Also like *MNOS databases,*LOC databasesuse fields
designedwith restricted-valueinternallookuptables (see discussionunder
Q&A® file modifications). *LOC files contain138 fieldsorganizedinto the
followingmajor field types: I) referenceinformation,includingnumbering
systems,and a number of specializedfields for recordmanagement;2) location
systems, includingelevationdata; 3) litho- and chronostratigraphicinforma-
tion; and 4) paleontologicdata. The *LOC databasestratigraphyfieldsdiffer
from *MNOS databases,in part, in that fieldsare designedto permit precise
referenceof a fossil localityto an intra- or extraformationalstratigraphic
marker or horizon. In addition,a localitycan be placed in referenceto the
base or top of the enclosingformation. Variouscode fieldsdocumentthe
predictederror associatedwith the placementof a localityrelativeto any of



these horizons. Besides these "relative" stratigraphic fields, the elevation
of a locality and its interpreted error can also be inputted. All of these
fields can be entered in either English or metric units, with automatic
conversion to respective fields. *LOC database fields specific to
paleontology are primarily concerned with the record of fossil discovery,
collecti_n, and identification. A detailed description of*LOC field types,
along with examples of forms and data, was presented by Hartman (1992).

The *SPP database is a companion to *LOC files' and records' detailed
information on the identification of taxa from a particular locality. The
*SPP database can be used as an external lookup table to combine taxon
identifications with stratigraphic and location data. Field types of the *SPP
database include I) taxon identification, 2) a simplified classification of
the taxon, 3) repository and specimen numbers, 4) number of specimens, and
5) identification comments. Both old and revised identifications are recorded
to provide a history of study on specific specimens and taxon names. *SPP
uses the database MCLASSas an external lookup table to extract classification
data. With *SPP, *LOC, and MCLASSdatabases, the stratigraphic range of taxa
can be determined through a merge of the data from the three files.

3.4 Task D-Database Input and Augmentation

The geologic exposures of far-western North Dakota are largely derived
from the drainage patterns produced by the Little Missouri and Missouri
Rivers. The relatively good outcrops along these rivers and some of their
tributaries have been the source of many independent coal and noncoal studies.
Much of these data has never been assimilated for the purposes of detailed
coal correlation, and is, for the most part, not part of any database system.
As part of this Coal Science database design and management program for
Williston Basin, selected stratigraphic data were cataloged and computerized
from data sources relevant to exposures along the Little Missouri and Missouri
Rivers in western North Dakota and adjacent areas in the drainage of the
Yellowstone and Missouri Rivers in eastern Montana. Input study areas in
North Dakota included I) Bowman, Slope, and western Adams and Hettinger
Counties; 2) Billings and Golden Valley Counties; and 3) McKenzie and Williams
Counties. These county-based areas represent, to a certain extent, well-
defined input data sets, based on the nature of available outcrops and county
surface and subsurface studies. The input coverage in the adjacent counties

,, in Montana is less comprehensive, which.simply reflects project goals focused
in North Dakota. Coverage in Montana included Roosevelt, Richland, Dawson,
Wibaux, and Fallon Counties. The stratigraphic data inputted for North Dakota
represent primarily the Fort Union Group, which includes the Ludlow,
Cannonball, Slope (upper Ludlow of some authors), Bullion Creek (= Tongue
River in adjacent Montana), and Sentinel Butte Formations. The following
M-number geological observations have been recorded in North Dakota: I) 609
in BowmanCounty, 2) 49 in Adams County, 3) 1675 in Slope County, 4) 63 in
Hettinger County, 5) 423 in Golden Valley County, 6) 344 in Billings County,
7) 178 in McKenzie County, and 8) 203 in Williams County. In Montana,
M-number geological observations have been inputted as follows: I) 64 in
Roosevelt County, 2) 72 in Richland County, 3) 151 in Dawson County, 4) 110 in
Wibaux County, and 5) 56 in Fallon County. In addition to these records,
geologic observations were also recorded in the Williston Basin of north-
western South Dakota and east-central Montana. As part of this research, an
annotated bibliography of unpublished and published coal-related observations



has been compiledto facilitatecomputerization(seeHartman, 1992). In
total, over 33,000 *UNIT forms were entered as part of the data input and
augmentationportionof the Coal Scienceproject.

Although *MNOS and *UNIT informationis computer-accessible,data manage-
ment procedureswere facilitatedfor a number of purposesby the creationof a
paper-based"library"of computerizeddata. This entails, as necessary,the
assembly of the originalpublishedand unpublishedsourcesof the M-numbered
sections (*MNOSand *UNIT databases)and orderingthem in a set of (currently
30) ring binders for archivalpurposes. An archivedhard copy systemprovides
a permanentmethod of verifyingthe use of the M-number assignedto a
particulargeologicalobservation.

3.5 Task E-Drilling Project

The drillirg and loggingof test holes in far-westernNorth Dakotawas
undertakento I) providefundamentalinformationon data managementproblems
associatedwith subsurfacelitho-,bio-, and chronostratigraphiccorrelation
of Paleocenelignite-bearingstrata in westernNorth Dakota and easternmost
Montana, and 2) determinethe most useful means of incorporating,managing,
and interpretingthe derivedinformation. The two sites chosenwere in
northwesternSlope County (M2187)and in southwesternGolden Valley County
(M2188),North Dakota. The strata representedby these sites include
uppermostCretaceousFox Hills and Hell Creek Formationsand the lower and
middle PaleoceneLudlow,Slope, and basal BullionCreek Formations. One of
the sites (M2187)is locatedin the immediatevicinityof the stratotypeof
the Slope Formation. Both sites are on U.S. ForestServicepropertyand
required permits for access and drilling. As per permit requirements,
geophysicaland lithicdata were submittedto the U.S. ForestServiceas part
of permit obligationsassociatedwith the drillingof two holes in Slope and
Golden Valley Counties,North Dakota.

Hole M2187 was drilledthroughstrata of the Slope and Ludlow Formations
of the Fort Union Group, the Hell Creek Formation,and into the Fox Hills
Formationto a depth of 1040ft. Hole M2188 was drilled from a higher
stratigraphiclevel, intersectingstrata of the BullionCreek, Slope,and
Ludlow Formationsof the Fort Union Group and ended in the Hell Creek
Formationat a depth of 760 ft. A record of lithicsamplesand a driller's
log were made at both holes. Subsequently,both holes were pluggedand
restored.

During the course of the drilling activity,two surfacesectionswere
measured adjacentto the drill sites (M2252for holeM2187, and M2253 for hole
M2188). These sectionswere completedspecificallyto providecontrolon
subsurfaceinterpretationof the geophysicaland drill sample record. A
detailed comparisonwas made of the variousoverlappingportionsof these
records (see Hartman, 1991a). The primary data associatedwith drilling
project included i) the driller'srecord,2) the lithic log, and 3) the
geophysicallogs. As a resultof the drillingprogram,minor modifications
were made to *MNOS and *UNIT files (designedunder the programQ&A® by
Symantec). Data from both drill holes were incorporatedintogeologiccross
sectionssummarizingthe coal bed stratigraphyof Slope, GoldenValley,and
Billings Counties. Secondarydata derived from the drill hole were the
palynomorphanalysesof "mud"lithic samples. Selectedhorizonswere



processedfor palynomorphsto derive biochronologicaland environmental
informationon the coal-bearingstrataassociatedwith the transgressive-
regressiveevents associatedwith the CannonballSea and the coal strata
generallymarking the Cretaceous-Tertiary(K/T) boundary. Palynomorphand
associatedsedimentologicalstudieswere undertakenby Mr. TimothyJ. Kroeger
of the Universityof North DakotaDepartmentof Geologyand Geological
Engineering(additionaldiscussionunder ResearchStudies).

3.6 Task F-Database Design Assessmentand Modifications

The designsof all of the Coal Sciencedatabaseswere assessedand
redesignedessentiallyon a continuousbasis. Early changesin *MNOS, *UNIT,
and *LOC databasedesigns usuallywere the result of the determinationof the
need for a new field based on implementationof a database (as per examples in
Task I, Section3.9) and the drillingproject (Task E, Section3.5) Thus
user needs were clearly definedby test case examples indicatingwhat type of
data controlwas required to producethe desired results. The designsof
databaseswere also modified as a resultof databaseaugmentation. The need
for faster and more accuratemethodsfor data entry produceda numberof
substantialimprovementsin both field structure,nomenclature,and associated
programming. Many of these improvementswould probablynot have been
developedif relativelylarge and varieddata sets had not been part of the
Coal Scienceprogram. Many advanceddata entry features,such as lookup
windows for restricteddata entry, requiredmore initialsetup on the part of
the systemsoperator,but these effortswere more than repaid by the reduction
in subsequenteditingof inputteddata.

Selectedmodificationsto Q&A® *MNOS, *UNIT, and *LOC databasesincluded
the followingtypes of programmingstatements: I) referentialstructure
within a database,2) set initialvalues,3) data managementof forms,4) data
managementof forms between relateddatabases,5) conversionsof varioustypes
of numericdata for ease of data entry and reporting,6) numericcalculations
to acquirestandard input values,7) internallookups for data entry, and
8) externallookupsfor data entry. "Referentialstructurewithina database"
refers to the existenceof the appropriatenumberingsystem (e.g.,M-number)
and referenceoccurringat the top of each screen (e.g.,five screensare used
for the *LOC database). "Set initialvalues feature"refersgenerallyto
log-on dates, enterer,or other consistentinformationfor a data set to be
entered in a form. This informationis automaticallyenteredupon adding a
new form to a database. "Data managementof forms" refersto date and time
fieldsthat automaticallyrecord any changesoccurringto a particularform.
"Data managementof forms betweenrelateddatabases"refersto externallookup
checks to determineif certain forms or values of importanceto relatedforms
in differentdatabaseshave been enteredand/or enteredcorrectly. "Conver-
sions of varioustypes of numericdata" refers to I) English-metricconver-
sions for elevation,distancesfrom sectionlines, relativestratigraphic
horizons,unit and sectionthickness;2) letteredsectionsubdivision(e.g.,
abcd sec. 2) conversionsto legal subdivision(e.g.,NE¼ NW¼ SW¼ SE¼ sec.
2); and 3) generalizedlegal subdivisionconversionsfrom given distancesfrom
sectionlines. "Numericcalculationsto acquirestandardinput values"refers
to I) the (automatic)determinationof cumulativefootages (in *UNIT
databases)of geologic sections;2) the determinationof unit or section
thicknessesfrom strike,dip, and pace information(varioustrigonometric
calculations);and 3) the determination(undercertaincircumstances)of the
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stratigraphichorizon (such as the bottom of a unit) from othergiven values.
"Internallookupsfor data entry" refers to the use of popup windowsfor the
selectionand entry of (restricted)field values. Internallookupsof this
type have been designedfor STRATCOL/STRATAlithic categories,names of forma-
tions, crew chiefs,collectors,discoverers,referencecitations,institu-
tions, states,field areas, and regions. "Externallookupsfor data entry"
refers to the use of external (other)databasesto enter specifiedvalues into
appropriate(programmed)fields. Externallookupsare used in access
quadrangle data (e.g.,year, series,contour interval,etc.),color
nomenclature,codes for series (epochs),stages (ages),formations,levels,
and STRATCOL/STRATAgraphicparameters.

Besidesthe *MNOS,*UNIT, and *LOC file modificationsmentionedabove,
database "form"design modificationswere made to a numberof Write module
output forms. Also, databases,such as SPEC, were constructedfor the purpose
of controllingdata associatedwith collectedsamplesand for printing
collection labels. The greaterfont control,availablewith Version4 of
Q&A®, makes possiblethe printingof the necessarilysmall formdesignsand
associateddata. Multiplecopies of appropriateforms (for samplesfrom the
same location)are then easily producedin the merge-dataportionof the Write
module.

3.7 Task G-GeochemicalDatabaseStudies

In the contextof the presentCoal Scienceprogram,the purposeof
designing a coal geochemicaldatabase,or any other similaranalysis-type
database,was to place such observationsinto a geologicframework. Thus
geochemicallyorienteddata can be integratedwith stratigraphicand
paleontologicdatabasesto better facilitatethe reconstructionof
paleoenvironmentsand producemore definitivecoal-relatedstratigraphic
correlations(e.g.,coal bed finger printing). Such abilitiesthus afford a
more comprehensiveand meaningfulinterpretationof geologichistory.
Isolatedcoal analyses,withoutgeologiccontext,have limited(almostno)
value in providinga means to correlatecoal beds and coal-forming
environmentsor to interpretdepositionalor diagenetichistories.

For the purposesof presentdatabaseconsiderations,coaland rock
geochemicaldata were downloadedfrom a mainframedatabaseconstructedfor
another project by LeFeverand Murphy (1983). This data set was chosen
because it was originallyconstructedusing mainframeprogrammingfor the
purpose of posingquestionsof concernto individualsin coal resource
assessment. These databasesincorporatestandardanalyticaldata (e.g.,Btu
value, sulfur content,etc.) along with stratigraphicand geographicdata.
Utilizing Q&A®, *MNOS, and *UNIT files and formats,relatablegeochemical
databaseswere designed for 1) geographic,geologic,and bibliographicdata;
2) lithologicdata; and 3) coal chemistrydata (see Hartman,1992 for
discussionof databasesand examples). All of the availabledata, repre-
senting several thousandinitialobservations,were incorporatedinto the
above specificallydesignedQ&A® databases. Unfortunately,very few chemical
observationscan be tied to specificstratigraphicsections,let alone their
placement relativeto specifichorizons. The use of the LeFeverand Murphy
(1983) database clearlyillustratesthe problemsattendantin the taking,
recording (in the field),and trackingof geochemicaldata by earliercoal-
oriented projects. A very low percentageof the "coal geochemistry"data can
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be specificallytied to a specificcoal bed or even to a specificpoint on the
ground. Thus much good geochemicaldata is of immediatelylimitedvalue
beyond its o_iginalintent.

3.8 Task H-Data Presentation

Display of informationin maintaineddatabasesis the most important
aspect of databaseutilizationfor the researchscientist. Database
management programs,such as QSu_®, providea means to show data in various
output formatsused to organizedata for researchand generalpublications,
technicalreports,presentations,and for the constructionof illustrations,
tables, and slides. Data are most commonlydisplayedin tables,as rows and
columns of observations,or in forms,dependingon the natureof the intended
use. In addition,graphicalrepresentationof data is particularlyimportant
where data are inherentlyvisual (e.g.,geologicsections)or numeric(e.g.,
analyses). Of considerableimportanceto data visualizationis the ease with
which the data can be displayed. The visualizationof data shouldbe used as
a tool in data analysisand not as an _nd in itself. The more easilydata can
be viewed, the more likely it will be used as a tool to permit the researcher
to make better interpretations.

Along this line of reasoning,a numberof modificationswere made to the
public domain programSTRATCOLby Peter Guth (nowreferredto as
STRATCOL/STRATAto denote the substantialnumberof changesthat have been
made to the program). STRATCOL/STRATAproducesa graphicpresentationof
geologic logs from Q&A® *UNIT databasefiles. Improvementsthat have been
made to STRATCOL includeI) a more comprehensiveand realisticsymbol library,
maintained as the Q&A® externallookup file STRATCOL;2) an accurate
representationof metric or Englishscale (at whatever scale chosen);3)
availablechoicesof geologiccolumn width; 4) appropriatecolumndisplayfor
either surfaceor subsurfacesections;5) two columnsfor unit annotations;
and 6) eliminationof restrictionson input file size and scale selection.
Through the use of Q&A® and STRATCOL/STRATA,a graphicrepresentationof a
geologic column can be producedwith a laser printerin a matter of a few
minutes. Severalhundredstratigraphiccolumnswere producedat a varietyof
scales for numerouspurposesthrough the courseof Coal Sciencestudies(see,
for example,Hartman, 1991a).

A dual base map systemwas also developedto displayand documentCoal
Science projectdata for detail and generalpurposes. Geologicaland
paleontologicalobservationsin *MNOS and *LOC databaseswere plottedon U.S.
GeologicalSurvey (USGS)1:100,000-and 1:24,000-scaletopographicmaps
covering far-westerncountiesof North Dakota and adjacentareas in Montana.
Most locationswere plottedon linen-backedmosaicsof 0.5° x I°, 1:100,000
topographicquadranglesfor generaldisplaypurposes. These mosaicswere
constructedto best reflectthe likelydistributionof data for certainstudy
areas, includingI) the Fort Union corridorof Williamsand McKenzieCounties,
North Dakota, and Rooseveltand Richland Counties,Montana;2) the northern
portion of the LittleMissouri River,McKenzieCounty,Montana;3) the main
north-southdrainagesystemof the LittleMissouriRiver in Billingsand
Golden Valley Counties,North Dakota; and 4) additionalnaturaloutcropand
subsurfacestudy areas in Slope and BowmanCounties,North Dakota. Large-
scale maps (i.e., 1:24,000scale) have both utilityfor both displayand
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documentationof location and topographicinformation. Note that many coal-
related observationswere originallycollectedwithout regardto elevation.
Plottingon large-scaletopographicmaps providesthe opportunity,given the
nature of the observations,to closelyapproximatethe elevationof a
particularobservation. Such controlledinformationis of considerable
importancein attemptingto correlateand contoura varietyof geologicaldata
types. These maps can also be used as the basis for digitizingcoal and
relatedgeologicalobservationsfor use in geographic informationsystem
programmingand geologic software.

In addition,numerousQ&A® Write module form reportswere implemented
throughoutthe course of Coal Science studies. These reportsconstitutea
combinationof primarytext and merger of informationfrom selecteddatabases
(for examples,see Hartman, 1992). Write module forms providean additional
means of catalogingselecteddata into whatever project-specificformat is
appropriate. Effectively,databasescan be redesignedto meet any display
need without affectingthe primaryform of the database file.

3.g Task I-Database Implementation

Implementationor utilizationof a databaseis the best means to realize
the requirementsfor its effectiveuse. Field, laboratory,and computer-based
activitieshave greatly facilitatedthe diverserequirementsfor the
constructionand revisionof Coal Sciencedatabase systems. The use of
databasesas tools in research,rather than as a means simplyto gather data
for the purposesof generalization,providesa much more rigorousbasis for
testing their design and utility. A few selectedprojectsare discussedin
the followingsection (see the sectionon InformationDisseminationfor a
comprehensivelist of projects utilizingCoal Sciencedatabases). In
addition,I have includedgraduateand undergraduatestudentprojectsthat
have substantiallybenefittedfrom Coal Sciencedatabases. These projects
included sedimentologic,lithostratigraphic,biochronologic,and
paleoenvironmentalresearchdirectedtowardsestablishinga more rigorous
basis of interpretingthe coal-bearingstrataof the northernGreat Plains.

Researchwas undertakenin preparationof a manuscriptwith Dr. Alan
Cvancaraof the Universityof North Dakota Departmentof Geologyand
GeologicalEngineeringon the "PaleoceneStratigraphyand Molluscan
Paleontologyof the Cannonball(Brackish)and Ludlow (Nonmarine)Formationsin
SouthwesternNorth Dakota." This work representsthe essenceof coal-based
data managementfor the purposesof coal correlation. The above project
representsthe correlationof coal-bearingstrataof the Slope (Ludlowof some
authors) Formationin southernGolden Valley and Slope Counties,southwestern
North Dakota. This work summarizesthe stratigraphicoccurrenceof coal-
bearingstrata relativeto the occurrenceof brackishwater and freshwater
fossils. All of the 110 plus sectionsand isolatedgeologicalobservations
are managed in Q&A® databasesand have been graphicallyillustratedthrough
modificationsto the programSTRATCOL/STRATAdevelopedover the last one and a
half years. On the basis of the stratigraphicframeworkI) revisedcoal
correlationshas been proposed,2) coal bed nomenclaturehas been revised,i

3) the distributionof the tonguesof the CannonballFormationhas been
graphicallyillustrated,4) the tonguesof the CannonballFormationwill be
formallynamed, and 3) the stratigraphicdistributionof over 150 fossil
localitieshas been plotted,providinga temporaland environmentalcontext
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for interpretingthe geologic historyof the area. This work permitsthe
constructionof coal isopachand structurecontourmaps for the area. This
study thus providesa foundationfor the stratigraphicand paleoenvironmental
interpretationof lower and middle Paleocenecoal-bearingstrata in
southwesternNorth Dakota.

Research presentedat an annual meetingof the GeologicalSocietyof
America (GSA) summarizedresearchconductedon the stratigraphyand molluscan
paleontologyacrossthe Cretaceous-Paleoceneboundaryin the northernGreat
Plains (Hartman,1991b). Informationutilized in the preparationof this
paper was derived from databasesmaintainedin Q&A® for the Williston,Powder
River, and Crazy MountainsBasins in the northernGreat Plains of the United
States and Canada. Researchdelimitedthe occurrenceof certaintaxa through
the uppermostCretaceousHell Creek and Lance Formationsand PaleoceneLudlow,
Tullock, and Bear Formations,providingbiochronologiccontrolfor temporal
correlationsacross North Dakota,Montana,Wyoming,and Saskatchewan.

A publicationwith Dr. Allen J. Kihm of Minot State Universitywas
presentedas a poster sessionat the Sixth InternationalWillistonBasin
Symposium (and Fourth SaskatchewanPetroleumConference)in Regina,
Saskatchewan. This paper concernedthe stratigraphicand biochronologic
context of pantodonts(vertebrates)in North Dakota. By more rigorously
defining the stratigraphicand geographicpositionof a number of localities,
the stratigraphicdistributionof this group has been shown to be more
temporallyrestrictedthan previouslyunderstood. This type of information
permitsmore precisetemporal (biochronologic)correlationof the coal-bearing
strataof the upper BullionCreek (TongueRiver of some authors)and Sentinel
Butte Formations. All of the stratigraphicand paleontologicdata used to
constructthis paper and associatedfigureswere organizedthroughQ&A®
databasesdevelopedand tested throughCoal Sciencefield and laboratory
research.

Collaborativeresearch,undertakenwith Dr. David Krause of the State
Universityof New York at Stony Brook, has resultedin a numberof ongoing
projectsconcerningthe temporalorganizationof coal-bearingstrata in the
northernGreat Plains. Such informationbears on the developmentof an
understandingof the chronologyof the Cretaceous/Tertiarytransition,
representinga shift in paleoenvironmentsfrom noncoalto coal-dominated
settings in this area and in the timing of the advancesand retreatsof the
CannonballSea and associatedcoal-formingenvironments.

Research of T.J. Kroeger. Mr. Kroeger, a Ph.D. candidatein the
Universityof North Dakota Departmentof Geologyand GeologicalEngineering,
undertookdissertationstudiesentitled "Paleoecologyof Palynomorph
Assemblagesin the Upper Ludlow Formation(Paleocene),SouthwesternNorth
Dakota." Mr. Kroeger'sresearchhas made extensiveuse of Q&A® Coal Science
databases, includingthe *MNOS and *UNIT databases,as well as others that
have been specificallydesigned for samplerecord keepingin the laboratory
and as accessionrecords into the collectionsof the Universityof North
Dakota. Hr. Kroeger is in the processof analyzingand interpretingthe
palynomorph-bearingsediment samplesfor brackishand marine indicatorsto
provide greaterresolutionin interpretingthese environmentsin the western
Slope and southwesternGoldenValley Counties,North Dakota,and in Dawson
County, Montana. In additionto his dissertationstudies,his researchhas
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identifiedthe Cretaceous-Tertiaryboundary in surfaceand subsurfacesamples
in Slope County,North Dakota,and in surfacesamplesfrom MakoshikaState
Park, Dawson County,Montana. This informationwill be used in conjunction
with age informationinterpretedfrom the nearby Hiatt mammal localityfor the
purposes of establishinga chronostratigraphicframeworkfor the transition
between largelynonlignite-bearingto lignite-bearingstrata along the
YellowstoneRiver and elsewhere.

Research of W.D. Peck. Mr. Peck completedhis Master of Sciencedegree
in the Departmentof Geology and GeologicalEngineeringat the Universityof
North Dakota. His projectwas entitled"The Stratigraphyand Sedimentologyof
the Sentinel Butte Formation(Paleocene)in South-CentralWilliamsCounty,
North Dakota." Mr. Peck made extensiveuse of Q&A® *MNOS and *UNIT databases
for his stratigraphicand sedimentologicstudies. As a part of current
related studies,Mr. Peck, with Dr. Allen J. Kihm and this writer,has
attemptedto constructa coal-basedcorrelationframeworkfor the area between
the Nesson Anticlineand Fort Union. This effort utilizesthe relatively
numerous isolatedreportsof coal along the Missouri River that have been
computerizedinto *MNOS and *UNIT databases. Aspectsof our study were
incorporatedinto Mr. Peck's thesis research.

Researchof M.M. Rolland. Ms. Rollandhas undertakena seniorthesis
project, under this writer'ssupervision,in the Departmentof Geologyand
Geological Engineeringat the Universityof North Dakota. The projectis
entitled "A FaunalComparisonof SelectedFreshwaterMollusksfrom the Upper
Cretaceous (Edmontian?)FruitlandFormationof the San Juan Basin,New Mexico,
with the Hell Creek Formation(Lancian)of the WillistonBasin,Montana-North
Dakota." Ms. Rolland'sstudy involvesthe paleontologicand stratigraphic
study of nonmarinemollusksfrom the coal-bearingstrataof the Williston
Basin of North Dakota and Montana and the San Juan Basin of New Mexico.
Researchwill be directedtowards understandingthe evolutionaryhistoryof
selectednonmarinemolluscantaxa to providea more rigorousbiochronologic
frameworkfor the correlationand paleoenvironmentalinterpretationof
nonmarinestrata in the Upper Cretaceousstrataof the western interiorof the
United States. Studiesto date have utilizedCoal Sciencedata management
systems(i.e., *LOC database)to revisegeologic and paleontologicdata
concerningrelevantstrata in North Dakota.

4.0 FUTURE STUDIES

Coal Sciencedata managementresearcheffectivelyrepresentsan ongoing
processof developmentand utilization. The Coal Sciencedatabasemanagement
system serves and can serve in the future as I) a means of trackingcoal-
orientedgeologicdata, regardlessof currentprojectneeds; 2) a means of
utilizingthese data for projectsthat can be specificallygeneratedwithin
the frameworkof establishedor possibleQ&A® databaseprogramming;and 3) a
front end for generatinginformationin a format acceptableto other programs
that may inherentlynot be well suited for data management(e.g.,various
types of graphics,or modeling,mappingprograms). The approachtaken in the
Coal Science programhas shown considerablesuccessin all aspectsof the
three avenues of future studiesgiven above. In almostall ways, these uses
of Coal Sciencedatabasemanagementresearch are mutuallycompatibleand
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necessarypathwaysto productiveand rigoroususe of any and all geographi-
cally and stratigraphicallyoriented coal data.

5.0 SUMMARYAND CONCLUSIONS

The general Coal Scienceobjectiveof the EERC NDMMRRIwas directed
towardsmore effectiveand efficientuse of geologicobservationsspecificto
the correlationand assessmentof coal-bearingstrata. The utilizationof
these observationsrequiredstreamlinedbut flexibleuser-orienteddata
managementprogramsthat incorporatedstraightforwarddata inputtingand
output in the form most convenientfor the user. Substantialamountsof
currentlyuseful and historicallyinvaluablegeologicdata bearingon the
correlationof coal beds are availablefor most coal-bearingareas. This is
certainlythe case in the lower Tertiarystrataof the northernGreat Plains
in general and in western North Dakota specifically. This informationexists
as publishedand unpublishedbut accessibledocuments. The specificobjective
of this projectwas to implement,throughcomputer-baseddata management
systems, site-specifictest-casefield studiesthat utilizedall currently
availableinformationfor the assessmentof efficientdatabasemanagement
techniquesin the evaluationof specificcoal correlationproblems. This
projectwas fundamentalto coal resourceand geologic studiesundertakenby
the EERC. By its very nature,the Coal Scienceprojecthas been unique in its
blend and utilizationof I) historic and currentcoal-orientedgeologic
observations,and 2) in its use of litho-,bio-, and chronostratigraphicdata
to forge a geologic frameworkfor refinedcoal correlation. The approachhas
been multidisciplinaryand aimed at resolvingspecificquestionsbeyondthe
scope of narrowlyfocusedvested interests.

The focus of the first phase of this projectwas to establishthe
computerizedbasis for reevaluatingNorth Dakota'sligniteresourcein a
stratigraphicand paleontologiccontext. The goal of the second phase of the
projectwas to establishrealisticdatabasecase studies,includingsurface
and subsurfacedata specificallytaken with the design and constructionof
stratigraphicand paleontologicdatabasesas a resultingproduct. The third
phase was to set new and greater demandson the stratigraphicdatabasedesign.
Severalthousandsurfaceand subsurfacedata entrieshave been compiledfrom
the uppermostCretaceousand PaleoceneFort Union coal region of the Williston
Basin, includingfar-westernNorth Dakota and adjacenteasternmostMontana.
Databasedesigns have continuedto be modifiedto reflecta greaterknowledge
on the demands and needs of the end user. Unlike other databasesthat are
constructedto summarizethe data compiled,databaseresearchunder the Coal
Scienceprogram has attemptedto design a flexibledata managementsystemthat
serves an ongoinginteractiveneed to answerpreviouslyunconsideredresource-
based questions.

6.0 REFERENCES

Hartman,J.H., 1984, Systematics,biostratigraphy,and biogeographyof latest
Cretaceousand early Tertiary Viviparidae(Mollusca,Gastropoda)of
southern Saskatchewan,western North Dakota,easternMontana,and
northernWyoming [Ph.D.thesis]: Minneapolis,Universityof Minnesota,
928 p., 19 pls.

16



Hartman,J.H., 1991a,Coal science: Earth resourceevaluationand management:
Semiannualtechnicalreport for the periodJanuary-June1991: DE-FC21-
86MCI0637,EERC publication.

Hartman,J.H., 1991b,The stratigraphicdistributionof nonmarineMollusca
acrossthe Cretaceous-Tertiaryboundaryin the northernGreat Plains, in
the theme session"Nonmarinefossil record at the Cretaceous-Tertiary
boundary": GeologicalSocietyof America,Abstractswith Programs,v.
23, no. 5, p. A359 (includespresentation).

Hartman,J.H., 1992, Coal Science: Earth resourceevaluationand management:
Semiannualtechnicalreportfor the periodJanuary-June1992: DE-FC21-
86MCI0637,EERC publication.

LeFever,R.D., and Murphy, E.C., 1983, Mining resourcesand potentialproblems
associatedwith mining of Cenozoicrocks of the Willistonand Powder
River Basins,northernGreat Plains: North Dakota Mining and Mineral
ResourcesResearchInstitute,BulletinNo. 83-09-MMRRI-01,170 p.

7.0 INFORMATIONDISSEMINATION

The followingprofessionalpublications,presentations,poster sessions,
and reportswere producingduring the three-yearCoal Scienceprogram. The
list of entries is arranged in chronologicalorder and is annotatedto
indicatepresentations.

Hartman,J.H., 1989a,The T Cross Coal Bed (Paleocene,North Dakota): The
importanceof reevaluatinghistoricdata in geologic research: North
DakotaAcademy of Science,Proceedings,81st Annual Meeting,v. 43, p.
49 (includespresentation).

Hartman,J.H., 1989b,Stratigraphyof uppermostCretaceousand Paleocene
nonmarineMollusca in the Crazy MountainsBasin, south-centralMontana:
MontanaGeologicalSociety,1989 Field ConferenceGuidebook,Montana,
CentennialEdition,GeologicResourcesof Montana, v. I, p. 163-172.

Hartman,J.H., 1989c,Coal science: Quarterlytechnicalprogressreport for
the period July-September1989: DE-FC21-B6MCI0637,EERC publication.

Hartman,J.H., Buckley,G.A., Krause,D.W., and Kroeger,T.J., 1989,
Paleontology,stratigraphy,and sedimentologyof SimpsonQuarry (Early
Paleocene),Crazy MountainsBasin, south-centralMontana: Montana
GeologicalSociety,1989 Field ConferenceGuidebook,Montana,Centennial
Edition,GeologicResourcesof Montana,v. I, p. 173-185.

Hartman,J.H., Krause,D.W., Buckley,G.A., and Kroeger,T.J., 1989, Paleocene
biochronologyin the northernGreat Plains: NonmarineMolluscaand
mammals from the Crazy MountainsBasin: MontanaGeologicalSociety,
1989 Field ConferenceGuidebook,Montana,CentennialEdition,Geologic
Resourcesof Montana,v. II, p. xii-xiii (includespresentation).

Hartman,J.H., 1990a, Coal science: Quarterlytechnicalprogressreport for
the period October-December1989: DE-FC21-86MCI0637,EERC publication.

17



Hartman,J.H., 1990b,Paleoceneand Lower Eocenenonmarinemolluscan
biostratigraphyof the Powder River Basin,Wyoming-Montana:Geological
Society of America,Rocky MountainSection,Abstractswith Programs,v.
22, no. 6, p. 14 (includespresentation).

Hartman,J.H., 1990c,Coal science: Quarterlytechnicalprogressreport for
the periodJanuary-March1990: DE-FC21-86MC10637,EERC publication.

Hartman,J.H., 1990d,Coal Science: Annualtechnicalprogress report for the
period July 1, 1989, throughJune 30, 1990, includingthe quarterly
technicalprogressreport for the period April throughJune 1990:
DE-FC21-86MC10637,EERC publication.

Hartman,J.H., 1990e,Coal science: Earth resourceevaluationand management:
Quarterlytechnicalprogressreport for July-September1990: DE-FC21-
86MCI0637,EERC publication.

Kihm, A.J., and Hartman,J.H., 1990, Chronostratigraphicimplicationsof the
mammal and nonmarinemollusk record of the PaleoceneFort Union Group in
North Dakota: North Dakota Academyof Science,82nd Annual Meeting,
v. 44, p. 70 (includespresentation).

Hartman,J.H., 1991a,Coal Science: Quarterlytechnicalprogressreport for
the period October-December1990: DE-FC21-86MCI0637,EERC publication.

Hartman,J.H., 1991b,The stratigraphicdistributionof nonmarineMollusca
across the Cretaceous-Tertiaryboundaryin the northernGreat Plains, in
the theme session"Nonmarinefossil record at the Cretaceous-Tertiary
boundary": GeologicalSocietyof America,Abstractswith Programs,
v. 23, no. 5, p. A359 (includespresentation).

Hartman,J.H., 1991c,Biochronologyand evolutionof early and middle
paleocenenonmarineMollusca of the NorthernGreat Plains: Final report
to National ScienceFoundation: EERC publication,January.

Hartman,J.H., 1991c,Coal science: Earth resourceevaluationand management:
Semiannualtechnicalreport for the periodJanuary-June1991: DE-FC21-
86MCI0637,EERC publication.

Hartman,J.H., and Kihm, A.J., 1991, Stratigraphicdistributionof Titanoides
(Mammalia: Pantodonta)in the Fort Union Group (Paleocene)of North
Dakota, in Christopher,J.E., and Haidl, F.M., eds., Sixth International
WillistonBasin Symposium: SaskatchewanGeologicalSociety,Special
Publicationno. 11, p. 207-215(includesposter session).

Kihm, A.J., and Hartman,J.H., 1991a,Titanoidesprimaevus,the first
describedPaleocenemammal from North Dakota: North DakotaAcademyof
Science,83rd Annual Meeting, v. 45, p. 31 (includespresentation).

Kihm, A.J., and Hartman,J.H., 1991b,The age of the SentinelButte Formation,
North Dakota: Societyof VertebratePaleontology,Journalof Vertebrate
Paleontology,v. 11, supplementto no. 3, p. 40a (includes
presentation).

18



Hartman, J.H., 1992a, Fossil as a resourcein research,education,and
economicsin North Dakota: North Dakota Academyof Science,v. 46 (84th
Annual Meeting),p. 2 (includespresentation).

Hartman, J.H., 1992b, Fossil invertebratesas a resourcein research,
education, and economicsin North Dakota: North Dakota Academyof
Science,v. 46 (84thAnnual Meeting),p. 4 (includespresentation).

Hartman, J.H., 1992c, Biochronologyof uppermostCretaceousand lower Tertiary
nonmarineMollusca of the northernGreat Plains,U.S.A. and Canada, in
the Fifth North American PaleontologicalConvention(Chicago),Abstracts
with Programs: The PaleontologicalSociety,SpecialPublication,No. 6,
p. 123 (includesposter session).

Hartman, J.H., Igg2d,Coal Science: Earth resourceevaluationand management:
Semiannualtechnicalreport for the period January-June1992: DE-FC21-
86MCI0637,EERC publication.

Hartman, J.H., 1992e,Coal Science: Earth resourceevaluationand management:
Semiannualtechnicalreport for the period July-December1991: DE-FC21-
86MCI0637,EERC publication.

Hartman, J.H., and Kihm, A.J., eds., 1992,A symposiumon the "Paleontologyin
North Dakota: Fossilsas a resourcein research,education,and
economics": North DakotaAcademyof Science,v. 46 (84thAnnual
Meeting),p. 1-10.

Hartman, J.H., and Kihm, A.J., (in press, 1992),Chronostratigraphyof
Paleocenestrata in the WillistonBasin, in Finkelman,R.B., Daly, D.J.,
Tewalt,S.J., eds., Geologyand utilizationof Fort Union Region
lignites" UND Press, Environmentaland Coal Assoc.

Krause, D.W., Wunderlich,R., Hartman,J.H., and Kroeger,T.J., 1992, Latest
Cretaceousand early Paleocenemammalsfrom MakoshikaState Park,
WillistonBasin, easternMontana: Journalof VertebratePaleontology,
Abstractsof Papers,52nd Annual Meeting,Royal OntarioMuseum
(Toronto),v. 12, supplementto no. 3, p. 38a.

Krause, D.W., Wunderlich,R., Hartman,J.H., Kroeger,T.J., and Peck,W.D.,
(for 1992 submission),LatestCretaceousand early Paleocenemammals
from MakoshikaState Park, WillistonBasin, easternMontana.

Hartman, J.H., (forJanuary I, 1993 submission;invitationaccepted),
Cretaceousand Paleocenestratigraphyand paleontologyof eastern
portion of the Crazy MountainsBasin,Montana: Road log and overviewof
recent investigations: MontanaGeologicalSociety,Energy and Mineral
Resourcesof CentralMontana,1992 Field ConferenceGuidebook.

Hartman, J.H., Roth, B., and Kihm, A.J., (for 1993 submission),Stratigraphy
and paleontologyof a diverseassemblageof nonmarineMolluscafrom the
Sentinel Butte Formationof North Dakota (for submissionto the North
Dakota Academy of Science).

19



Hartman, J.H., Peck, W.D., and Kihm, A.J., (for 1993 submission),Paleocene
stratigraphyof the Nesson Anticline: Placementof the Bullion
Creek-SentinelButte formationalcontact (for submissionto the North
Dakota Academyof Science).

Hartman, J.H., (for 1993 submission),Type and other historicmolluscan
localitiesfrom the Upper CretaceousFruitlandand KirtlandFormations,
San Juan Basin,New Mexico-Colorado: New Mexico GeologicalSociety,
Annual Field Guidebook.

Hartman,J.H., and Cvancara,A.M., (for 1993 submission),Paleontologyand
biostratigraphyof the brackishand freshwaterMollusca of the Paleocene
Slope (Ludlow)Formationof southwesternNorth Dakota and southeastern
Montana, in Belt, E.S., and Daly, D.J., eds., Geologyand depositional
environmentsof the PaleoceneFort Union Group, southwesternNorth
Dakota [in preparation].

20



4.0 COMBUSTION RESEARCH



4.1 Atmospheric Fiuidized-Bed Combustion



ATMOSPHERICFLUIDIZED-BEDCOMBUSTION

Final TechnicalProgress Report
for the PeriodApril 1, ]986, throughDecember31, 199_

by

Michael D. Mann, ResearchSupervisor
Ann K. Henderson,Research Engineer
Thomas A. Moe, Research Engineer

Energy and EnvironmentalResearchCenter
Universityof North Dakota

P.O. Box 8213, UniversityStation
Grand Forks, North Dakota 58202-8213

Task ContractingOfficer'sRepresentative: Dr. Art Hall

for

United States Departmentof Energy
Office of Fossil Energy

MorgantownEnergyTechnologyCenter
3610 CollinsFerry Road

P.O. Box 880
Morgantown,West Virginia 26507-0880

December 1992

Work Performedunder CooperativeAgreementNo. DE-FC21-86MCI0637



TABLEOF CONTENTS

Paqe

LIST OF FIGURES ............................. ii

LIST OF TABLES ............................. ii

1.0 BACKGROUND ............................ I

2.0 OBJECTIVES ............................ 2

3.0 CHARACTERIZATIONOF COALS .................. 3
3.1 Comparison of Coal Properties ................. 3
3.2 Descriptionof Equipment ................... 3 •
3.3 Thermal Performance...................... 6
3.4 EnvironmentalPerformance................... 7

3.4.1 Sulfur Oxide Emissions ................ 7
3.4.2 NitrogenOxide Emissions ........... 9
3.4.3 ParticulateEmissionsand Characterization ...... 9

3.5 Bed MaterialAgglomeration .................. 10
3.6 Summary ............................ 11

4.0 COAL-WATERSLURRY ....................... 12
4.1 Test Description". ...................... 12
4.2 Coal-WaterFuel Properties .................. 13
4.3 Resultsand Discussion .................... 13
4.4 Summary ............................ 16

5.0 CORROSION,EROSION,AND DEPOSITIONOF FBC BOILERTUBES ...... 16

6.0 ADVANCED CONCEPTS: COAL PRETREATMENTCELL ............ 20

7.0 SYSTEM SIMPLIFICATION ....................... 24

8.0 AGGLOMERATIONAND DEPOSITION ................... 25
8.1 Agglomeration......................... 25
8.2 Depositionon Tube Surfaces ...... 26
8.3 Incidentsin Full-ScaleSystems .... 28
8.4 Agglomerationin Full-ScaleUtilitiesDue to Operational

Upsets ............................ 29
8.5 Summary ............................ 30

9.0 REFERENCES ............................ 31



LIST OF FIGURES

Fiqure Paqe

I Coal pretreatmentcell with CFBC (IO0-MWcapacity) ....... 23

LIST OF TABLES

Table

I Effectsof Coal Propertieson AFBC System Design and Performance. 4

2 Analysesof Coals Used in EERC ComparativeStudy ........ 5

3 CWF CombustionTest Matrix ................... 13

4 AverageTest Conditions and Results ............... ,14

5 Summaryof Test Data from 1000-HourTests ............ 18

6 ComparativeStatisticson Deposit/ScaleThickness ........ 28

ii



FLUIDIZED-BEDCOMBUSTIONOF LOW-RANKCOALS

1.0 BACKGROUND

The main driving forces behind the use of fluidized-bedcombustionhave
primarilybeen environmentalconcerns,fuel flexibility,and compatibility
with low-cost fuels. Both bubbling and circulatingdesignshave been
developedfor operationat atmosphericpressure,and many industrial-scale
units of both types are currentlyin operation. A limited number of larger
utility boilershave recently been commissioned. In addition,pressurized
fluidized-bedcombustion(PFBC) is making its entrance on the utilityscale
with the PFB installedat the Tidd Station.

Even though fluidized-bedcombustiontechnologiesare being commer-
cialized,a number of areas requirefurtherresearch. An integratedapproach
should be taken toward fluidized-bedcombustionresearch,interrelatingthose
problems genericto bubbling,circulating,and pressurizedfluidized-bed
combustion systems. The program shouldalso be designedto address specific
problemsrelatedto each of these areas. Major issues facing fluidized-bed
combustionare listed below:

• Methods are needed to minimizecorrosionand erosionof in-bed and
convectivepass tubes, refractoryand supportsurfaces,and expander
turbines. Work should focus on the following:

- Understandingmechanisms involving
Mineralogicalpropertiesof the bed and coal
Fluid mechanicsof the bed
Corrosionversus erosion
Stress forces on tubes

- Assessingacceptablewastagelevels
- Identifyingcost-effectivemethodsof combatingtub_ wastage
- Developingsystematictest devices

• Retrofit applicationsshould be addressedfor all types of FBCs.
Accordingto informationfrom the AmericanBoiler Manufacturing
Association(ABMA),approximately200 existing units are candidates
For retrofittechnologies. The FBC retrofitsat Northern States
Power's (NSP) Black Dog Station,Montana-DakotaUtilities (MDU)
HeskettStation, and ColoradoUte's Nucla Station have demonstrated
the Feasibilityof such applicatinns.

• Fuel flexibilityand characterizationissues should be addressedto
help users understandconstraintsof fuel switching,design
considerations,and, most importantly,the economicsinvolvedin
having fuel Flexibilityfor the FBC.

• Agglomeration/sinteringof bed materialand depositionon tubes,
supportsurfaces,and refractory,has been identifiedas a problemby
both manufacturersand users of FBC technology. Problemshave been
documentedfor both bubblingand circulatingbeds, using a varietyof



fuels, includingcoal. The Universityof North Dakota Energy and
EnvironmentalResearch Center (EERC)has extensiveexperiencein this
area to help understandand solve this operationalproblem.

• Scaleupeffectsneed to be addressedso that vendorsand users can
take pilot-scaledata and be assuredthat the large-scalesystemwill
performas anticipated. This databasehas been growingrapidlywith
all of the new units startingoperation;however,much informationis
still required.

• Advanced systems should be designedto resolveproblems and improve
overallFBC performance. These systemsshould:

- Increasevolumetricheat releaserates.

- Improveoverallboiler efficiency.
- Simplify Fuel Feed and ash removalsystems.
- Decreasecapital and operatingcosts.
- Improveturndown.
- Decreasethe size of units to enablemodularconstruction.

• Severalproblemsrelated to emissionsfrom FBC systemsneed to be
addressed:

- Better sorbentutilizationwould improvethe economicsof FBC.

- NOx control is currentlynot a major problem,but could become more
difficultwith bubbling beds if standardsbecomemore stringent.

- Informationindicatesthat particulatecontrolproblemsmay exist
for certaintypes of ash. These ashes should be identified,and
specificequipmentand conditioningof other methods shouldbe
appliedto resolve the problem.

- Hot-gascleanup is requiredfor PFBC to meet turbine
specifications,in additionto new sourceperformancestandards
(NSPS).

These problems and concerns could limit FBC from reaching its full potential.
Special efforts should be taken to performthe necessaryresearchto help FBC
evolve to a mature technology,meeting the technical,economic,and
environmentalneeds of the future.

2.0 OBJECTIVES

A number of major issueshave been identifiedthat warrant further
research. The EERC has the capabilityto investigateseveral issues in
bubbling atmosphericfluidized-bedcombustion(AFBC). Some of these issues
are proposed in this work plan. Other FBC researchshouldbe funded, at least
partially,by the industrialsector,either throughElectricalPower Research
Institute(EPRI)or private companies. Effortsshouldcontinue to transfer
the expertisegained under previousCooperativeAgreementsto the private
sector.



The overallgoal of the low-rankcoal (LRC)FBC programat the EERC is to
develop a technologydatabase so that industrycan introduceeconomicallyand
environmentallyacceptableCoal technologyoptionsto the marketplace.
Researchwill addressthose areas where data gaps exist in fuel flexibility
and performance,potentialoperatingproblems,environmentalcompliance,
advanced concepts,and system simplification.

3.0 CHARACTERIZATIONOF COALS

The main purposeof the coal characterizationportionof the programwas
to examine the differencesthat exist betweendifferentcoals, both as a
functionof rank and as a functionof ash propertiesindependentof rank, and
to relate these differencesto the design and performanceof an AFBC.
Knowledgeof specificpropertiesis critical in the design phase, while an
understandingof other propertiesis more criticalduring operation. The
informationpresentedhere was obtainedfrom the publishedliteratureand is
supportedwith test resultsgeneratedon the pilot-scaleAFBC test Facilities
at the EERC. Since all of the data was generatedwith differentfuels burned
in the same unit, the differencesin performanceshould be a clear depiction
of the effectsof coal properties,independentof systemdesign. A summaryof
the effects of coal propertieson AFBC systemdesign and performanceis
presentedin Table I.

3.1 Comparisonof Coal Properties

Coals are ranked based on establishedASTM guidelines,accordingto their
heatingvalue, amount of volatiles,and fixed-carboncontent. The low-rank
coals are characterizedas having low heatingvalue,high volatile content,
and high moisture. Conversely,the higher-rankcoals are characterizedby
high heating values and a high fixed-carboncontent. Generallyspeaking,the
reactivityof the fixed carbon,or char, increasesas rank decreases.

The quantityand nature of ash can vary widely,and is more a functionof
the region of the countryand the geologicalconditionsunder which the coal
was formed, ratherthan a functionof rank. Many westerncoals have
relativelyhigh alkalinecontent as comparedto their easterncounterparts;
however,many of the coals in the Southwesthave severalof the same ash
componentsas typicaleasterncoals. Sulfur,anothercriticalcoal property,
is also more dependenton locationthan on rank, althoughmost easterncoals
have higher sulfur contentsthan do westerncoals. Therefore,when comparing
the effects of coal propertieson AFBC performance,it is critical to compare
performancebased on individualcoal parameters,independentof rank.

The EERC has built an extensivedatabasecharacterizingthe performance
of a variety of coals of all ranks. The analysesof these coals are shown in
Table 2.

3.2 Descriptionof Equipment

A bubblingAFBC design was used for the evaluationof the generalsystem
effects describedhere, and all pilot-scalework was performedin the bubbling
mode. The systemconsistsof:



TABLE I

EfFectsof Coa] Propertieson AFBC System Design and Performance

Effect on System Effect on _,ystern Effect on System

Coal Property Requirements and Design Thermal Performance Environmental Performance

Heating Value Determines size of feed subsystem, combustor, Efficiency impacted by moisture and ash Size of particulate collection devices.
particulate collection equipment, and hot duct. content (see below).

Moisture Content Can impact feed system design and capacity Higher moisture lowers thermal efficiency. Very high moisture can increase CO emissions due
and size of convective pass. to afterburning.

Ash Content Determines size and type of pe_culate-control Higher ash towers thermal efficiency via None, with proper design.

subsystem and size of ash-handling heat losses from hot solids removal.
subsystems.

Volatiles/Fixed Impacts fuel feed method. Lower combustion efficiency for fuels with None, with proper design.
Carbon Content low V/FC content.

Sulfur Content s Determines required capacity of sorbent Higher sulfur can lower thermal efficiency None, or proportional, b if regulated by site and
subsystem and ash-handling subsystem, via heat losses from added solids for SO, system size Determines SO= emissions (in
Higher sulfur usually dictates use of solids control (see ash content above), conjunction with alkaline ash) if uncontrolled.
recycle.

-I_ Nitrogen Content None, with common designs and typical None, with common designs, c Impacts NO= emissions.
regulations.C

Chlorine Content Can impact selection of materials for cool end Typically none. Very high chlorides can Impacts HCI emissions.

components. May cause higher corrosion rates lower thermal efficiency by requiring
of in-bed tubes, operation at higher exhaust temperatures.

Alkaline Ash Can reduce size of sorbent subsystems. None. Higher ash alkalinity lowers uncontrolled SO,emissions.
Content

Sodium and Hig,_ sodium can dictate fouling prevention Higher sodium can lower thermal efficiency Higher sodium lowers uncontrolled SO. emissions.
Potassium measures and allowance for agglomeration via tube fouling and heat losses from more Sodium tends to reduce fly ash resistivity for ESP
Content (e.g., soot blowing, frequent bed draining), frequent hot solids removal, performance improvement; may also enhance fabric

filter performance.

Ash Fusibility Low-fusion temperatures can impact design, Lower fusion temperatures impact thermal Typically none.
due to allowance for fouling and agglomeration efficiency in the same way as higher

potential, sodium.

" The forms of sut|ur can have an impact, with high pyrite content requiring longer gas residence time in the bed. The result may be increased operating pressure and

blower capacity.
b Sulfur content can determine SO, emissions, depending on which regulation applies (e.g. NSPS regulations stipulate fractional removals).
c For low-NO, regulations, a staged combustion or postcombustion NHz-based suppression design may be required. Staged combustion designs can have higher CO

emissions. Postcombustion NO. suppression subsystems can lower the thermal efficiency slightly and do emit NH=.



TABLE 2

Analyses of Coals Used in EERC ComparativeStudy

Coal Name: Gibbons S. Halleville Beulah Sarpy Creek Navajo River King #I
Creek

Source: Texas Texas N. Dakota Montana New Mexico Illinois

Formation/Field: Jackson Wilcox Fort Union Tongue River Fruitland Herdn #6

Region: Gulf Coast Gulf Coast Great Plains Powder River San Juan Basin Illinois Basin

Rank: Lignite B Lignite A Lignite A Subbituminouo B Subbituminous A High Vol. C
Bituminous

Proximate Analyois,
% As-Fired

Moisture s 32.9 29.1 23.2 24.2 13.4 7.3
Ash 25.0 12.4 I0.8 I0.0 21.2 20.3
Volatile Matter 25.3 29.5 31.0 28.6 29.6 29.8
Fixed Carbon 16.8 28.9 35.0 37.2 36.7 42.8

HHV, Btu/Ib 5026 7268 8037 8843 8771 9724

Ultimate Analysis,
% Dry Baals

Carbon 41.9 58.6 62,2 65.8 66.6 54.1

Hydrogen 3.8 4.8 2.7 4.6 4.3 4.6
Nitrogen O.6 1.6 0.8 0.8 1,1 1.0
Sulfur 2.2 1.7 3.O 0.8 0.8 3.8

Oxygen 13.6 16.6 17.2 15.1 12.5 16.1
Chlorine -- 0.02 -- 0.02 0.03 --

Ash 37.9 17.5 14.1 13.2 24.6 20.3

Ash Analysis,
% of Ash

SiC2 62.0 38.0 28.5 33.0 59.4 50.5
AI1OI 18.5 16.0 8.1 19.2 27.1 18,5
Fa203 3.6 12.0 9.9 4.1 4.1 14.1
TiO_ 1 .O 1.2 1.1 1.1 1.2 1.0
P_Os 0.2 0.5 0.9 0.9 0.2 0.6
CaO 6.2 13.0 15.4 20.4 2.6 6.4

MgO 1.4 3.9 5.7 3.3 1.5 1.8

Na20 0.5 0.2 4.0 2.9 1.4 0.8
K20 0.8 0.9 0.2 0.4 1.0 2.7
SOs 5.9 14.8 26.2 14.7 1.8 4.8

Calculated Values

Ca/S Molar Ratio O.61 O.76 0.89 1.92 0.46 O.16
Na/S Molar Ratio 0.04 0.O1 0.30 0.25 0.22 0.02
Abls Molar Ratio 0.65 0.78 1.39 2.17 0.68 O. 19
BaeelAcid ° 0.2 O.B 1.1 0.6 0.1 0.4

FCdNolatiles O,7 1.0 1.1 1.3 1.2 1.4

s As-mined rno,sture levels are higher for several of the coals tested.
b Ca + Na.

o (Fa + Ca + Mg + Na + K)I(Si + AI + Ti).
d Fixed carbon.



• Fuel feed--screw-feedunderbedor gravity-feedoverbed.

• Sorbent/additivefeed--solidsorbentwas either fed separately,via
gravity-fedoverbedpipes, or premixedwith the coal.

• Combustor--heat-exchangetubes in the bed, on-line bed draining
capabilities,and with or without recycle subsystemfor recycling
elutriatedsolids/ashback to the combustorvia cycloneand pneumatic
reinjection.

• Particulatecontrol--multicyclones/cyclones,baghouse,and
electrostaticprecipitator,alone or in combination,followedby a
stack.

• Associatedequipment, such as: blowers,fans, pumps, hoppers,bins,
tanks, ash conveyors, instruments,and controls,to permitoperation
of the system.

The typical operatingrangesof the EERC pilot unit for these tests were
1400° to 1700°Fcombustor-bedtemperature,4- to 9-ft/sec superficialgas
velocity,17- to 26-inch static bed depth, ash recycle ratio of 0.0 to 1.0,
sorbent add rates of up to 5.5 alkali-to-sulfurratio, and 0.5 to 2 secondgas
residencetime. Detailed descriptionsof the EERC AFBC test facilitlesare
provided elsewhere (1,2).

3.3 Thermal Performance

In comparingthe propertiesof some common solid fuels, the ligniticand
subbituminouscoals fall betweenthe high carbon content and heatingvalues of
the higher-rankfossil fuels and the more reactive,high-volatilecontent
biomass. Reactivityof the low-rankcoals is relatedto porosityand surface
area, volatiles-to-fixedcarbon ratio, partiallyoxygenatedorganicstruc-
tures, and catalyticeffects of metalliccationswithin the coal structures.
Thus the lower-rankcoals will burn more completelyand more rapidlythan will
a bituminouscoal under similaroperatingconditions. Higher reactivitygives
greater combustionefficiency,as measured by carbon conversion. Typical
combustionefficienciesfor low-rankcoals range from 95% to over 99% in an
AFBC, even without solids recycle,while bituminouscoals typical]yhave lower
combustionefficiencies(3,4). Combustionefficienciesfor all coal types are
greatly improvedwith ash recycle.

As the bed temperatureincreases,more carbon is burned out in the bed
and combustionefficienciesincrease. This is true for all the coals tested.
At the higher bed temperatures,differencesin carbon burnoutbetweenthe
varioustypes of coals decrease.

Thermalperformanceis also influencedby the amounts of moistureand ash
in the fuel. About 1000 Btu are requiredto evaporateeach pound of water
enteringwith the feed coal. Since low-rankcoals contain higher levelsof
moisture than do bituminouscoals,more heat is lost during the combustionof
low-rankcoals as a result of evaporation. When operating at a specific
temperatureand excess air, the high-moisture,low-rankcoals generate
increasedmass flows through the systemper deliveredBtu than the lower-
moisturecoals, resultingin a higher fractionof the energy being recovered



in the downstreamconvectivepass heat recoveryunit. The overallsystem
thermalefficiency is reduceddue to greaterstack losses for the high-
moisture coals. Overall system thermalefficiencyis also reducedby heat
loss in the dischargedash of high-ashcoals. Unrecoverableheat losses due
to moisture effectswere as high as 10.4% for the Gibbons Creek lignite,but
only 3.8% for the River King bituminous. Heat lossesdue to ash and spent
sorbentare much lower and depend on the total ash content of the coal
relativeto its heating value and sorbentrequirementsneeded to meet NSPS.
System efficiencycan be improvedby beneficiationof the coals and by ash
removaland drying before combustion,but any modificationsto improvecoal
qualitywould need to be determinedbefore the design of the combustionsystem
to take Full advantageof the improvements.

Coal rank will have an effect on the initialdesign of an AFBC and the
operationof an existing system. For example, a system designedfor a low-
rank coal would require a larger fuel feed system to generate the same amount
of steam or electricityas a unit designedfor a bituminouscoal. Downstream
heat transferarea would have to be greaterfor higher-moisturefuels to
accountfor the higher flue gas flow rates due to the moisture. Units
designed for bituminouscoals would likely be requiredto utilizeash recycle
to obtain acceptablelevels of carbon burnout,while carbon burnoutof many of
the more reactive lower-rankcoals are acceptablewithout recycle.

3.4 EnvironmentalPerformance

Emissionsfrom an AFBC operatingwith a given coal can generallybe
controlledusing proper systemdesign and operation. While system
requirementsare dependenton coal properties,the actual emissionsare
dependenton the system design and operation. It is currentlypossibleto
meet all presentor proposednationalstandardswith state-of-the-artAFBC
technology.

3.4.1 Sulfur Oxide Emissions

While firing coals in an AFBC, the amount of sulfur capturedis primarily
determinedby the total alkali-to-sulfurratio. The alkali (predominantly
calcium and sodium)is providedby the mineralmatter and cationscontained
within the coal and any added sorbent. The forms of alkali occurringin the
coal and combustoroperatingconditions,especiallytemperature,are also
important. Once the coal and sorbentpropertiesare known, systemdesign and
operatingspecificationscan be set to achievevirtuallyany level of sulfur
capture. Although theoreticalsulfurcaptures approaching100% are possible,
only 90% to 95% capture is consideredeconomical(5). This is more than
adequateto meet currentNSPS.

The quantity of availablealkali,from the coal itselfor added sorbent,
largelydeterminesthe sulfuroxide emissionsgenerated from an AFBC. Most
coals have some alkali in the ash materialor as cations in the organic
structurethat is availablefor sulfurcapture. Inherentalkali-to-sulfur
ratios ranged from 0.2 for River King bituminouscoal to 2.2 for Sarpy Creek
subbituminouscoal. This inherentalkaliaccountedfor sulfurretentionsof
up to 55% in the case of the Beulah ligniteand as low as 5% for the River
King coal under optimal conditions. The optimalconditionsfor maximum sulfur
capture vary with coal.



Althoughthe total amount of alkali is indicativeof how much sulfur
capture to expect, it is the degree of availabilityof the inherentalkali and
total sulfur in the coal that reallydeterminesthe rate of sorbentalkali
additionrequired to meet a particularemissionstandard. The form of the
alkali has a significanteffect on its abilityto capture sulfur. Alkali
utilizationis a functionof a varietyof coal and sorbentproperties. Coals
in which the alkali is tied up predominantlyas cationsin the coal structure
exhibithigher levels of alkali utilizationthan do those in which the alkali
exists in the mineralmatter of the extraneouscoal ash. This is becauseof
the more rapid release of the organicallybound alkali,and its more intimate
contactwith the SO2 that is formedduring combustion. The alkali utilization
for coals containinga high ratio of organicallybound alkali is much better
than for those with a low ratio. Another factor affectingutilizationof
inherentalkali is the base-to-acidratio. Those coals with a relativelyhigh
basic contenthave availablealkali and a high driving force for sulfur
capture. However,the sulfur must competewith silicatesand other acidic
componentsfor availablealkali in those coals with a low base-to-acidratio.

The optimum bed temperatureresultingin maximum sulfurcapturevaries
somewhatwith coal type. Bituminouscoals tested at the EERC and by other
researchers(6) show optimal sulfurcaptureat a bed temperatureof
approximately1550°F. Most of the low-rankcoals tested,however,exhibit
maximum sulfur captureat temperaturesapproximately100°Flower. This is
partiallydue to the coal structureand the forms and relationshipsof the
sulfur and alkali in the coal itself. For the low-rankcoals, the optimal
temperatureshiftsupward with the use of ash recycleand approaches1550°Fat
high ash recycle and sorbent additionrates.

In specifyingdesign and operatingconditionsFor an AFBC, it is critical
to know how much sorbentadditionis requiredto meet applicableemission
standards. Tiliscan vary greatlywith coal and sorbenttypes. For the coals
tested, in order to retain 70% sulfur in the bed, the requiredalkali-to-
sulfur ratio ranged from 1.7 to 4.4, dependingon coal type. Lookingonly at
the alkali-to-sulfurratio, however,can be misleading. For example,although
an alkali-to-sulfurratio of 4.4 is requiredto meet 70% sulfur retentionfor
Navajo subbituminous,compared to 2.5 for the River King bituminous,the total
amount of sorbentadded for the Navajo was much less, 5.9% of the coal feed
compared to 18.5% for the River King, due to differencein the levelsof
sulfur and alkali in the coals. Emissionsstandardsvary with coal type and
typicallyrange from 70% to 90% retention. Additionalsorbentwould be
requiredto meet more stringentrequirements.

When designinga new unit, or when consideringfuel switchingwith an
AFBC, it is importantto understandthe characteristicsof the coal and
sorbentto be used. As pointedout here, the alkali-to-sulfurratio will have
the greatest impacton sulfur retentionand emissions. However, the required
alkali-to-sulfurratio will dependgreatlyon fuel properties. Likewise,the
utilizationof sorbentalkali can vary greatlybetweensorbents,and have a
significanteffect on the amount of sorbentadditionrequired. It is,
therefore,recommendedthat new designsor new fuels be based on either pilot
plant testingof each specific fuel/sorbentcombinationor operatingdata from
an existingunit burningthat or a similarfuel.



3.4.2 NitroqenOxide Emissions

The only emissionswhich are significantlyaffectedby fuel properties
(beyondthe effectsof systemdesign and operation)are nitrogenoxides. The
level of NO, emissionsis determinedby the coal nitrogencontent and by the
ratio of nitrogencontentto large organic char-formingstructures(7,8).
Testing at the EERC indicatesthat althoughnitrogen emissionsare somewhat
dependenton total nitrogen in the coal, a better correlationexists between
the percentof fuel-boundnitrogen convertedto NO_ anC the nitrogencontent
of the coal on a dry ash-freebasis. For all the coals tested,the NO,
emissionsincreasedwith increasingbed temperatureand increasingexcess air.

Nitrogen oxide emissionsfrom AFBC are inherentlylow, and experimental
work and experiencefrom operationalAFBC facilitieshave indicatedthat NO,
emissionsbeyond the low thermalNO, "background"levelscan be controlledby
the properdesign and operation(e.g., stagedcombustion)of AFBC systems.
This indicatesthat AFBC systemsmay not be limitedby Fuel nitrogencontent,
and that the fuel propertiesonly determinethe system requirementsto achieve
the desiredlevel of NOX emissioncontrol. There are also severaltypes of
NH3-basedpostcombustionNO, suppressionsubsystemswhich can be appliedto
AFBC systemsif furtherreductionof NO, emissionsis required. This
indicatesthat, althoughFor a specificdesign and operatingscenarioNO,
emissionsare fuel-specific,the emissionscan be controlledwithin a given
range by proper design and operation.

3.4.3 ParticulateEmissionsand Characterization

In the fluidized-bedcombustion process,coal is burned in a bed of
noncombustiblematerial. This noncombustiblebed consists of some combination
of coal ash, added sorbentfor SO2 capture, and/oranother selectedinert
material. A significantportionof the bed material is generallyentrained
with the flue gas leavingthe combustorand must be collectedby particulate
control equipment. The particulatematter entrainedfrom an AFBC has
differentphysicaland chemical propertiesthan fly ash generatedin a
conventionalpulverizedcoal combustordue to the lower temperatureat which
an AFBC is operated and becauseof the sorbentor inert bed materialentrained
along with the coal ash in the AFBC flue gas. These chemicaland physical
differences,as well as potentiallyhigher particulateconcentrations,will
affect the design and operationof the final particulatecontroldevice,
whether it be a fabric filter or an electrostaticprecipitator(ESP).

When consideringthe use of a fabric filteras the final collection
device for FBC particulates,two importantconsiderationsarise. The first is
controlof pressuredrop at reasonableair-to-clothratios. Studiesperformed
outside the EERC have shown that higher tube sheet pressuredrops are observed
when collecting FBC Fly ashes than when collectingpulverizedcoal fly ashes
at the same air-to-clothratios (9). The second importantconsiderationis
the collectionefficiencyof fabric filterswhen collectingFBC particulates.
The collectibilityof severalcoals has been evaluatedat the EERC using a
baghousewith woven glass bags. Though particulatecollectibilitywas not the
primary focus of the pilot-scalecombustionstudies,some generalcomparisons
can be made for the coals tested. A generaltrend of increasingcollecti-
bility with increasedpressuredrop (causedby a buildupof fly ash dust cake
on the bags) was observed. More importantly,significantdifferencesare seen



in the relative collectibilityof FBC fly ashes from various coals. Collec-
tion efficienciesgreater than 99.0% were observed for the River King and
Sarpy Creek coals. However, efficienciesdroppedoff significantlyfor the
Navajo and Gibbons Creek fly ashes, ranging from 97.5% to 98.0% For the
Navajo, down to 92.8% to 97.0% For the GibbonsCreek fly ash. Particulate
emissionsranged from a low of 0.0015 Ib/MM Btu for one of the River King
tests to greater than 0.30 Ib/MM Btu for some of the Gibbons Creek tests,
which is significantlyhigher than the 1979 NSPS limit of 0.03 Ib/MM Btu.
This data indicatesthat differencesexist in the collectibilityof various
AFBC fly ashes, and care must be taken in choosingthe proper air-to-cloth
ratio, bag material and weave, number of compartments(affectsincreasein AP
during cleaning),use of sonic horns, and type of baghouse to ensure adequate
particulateremoval.

To evaluate the potentialeffectivenessof ESP systemscollectingFBC- i

generatedparticulates,laboratorymeasurementshave been made at the EERC on
compositesamplesof fly ash collectedduring pilot-scalefluidized-bed
combustiontests with severalcoals. The laboratoryresistivitymeasuring
apparatusused allows simulationof the actual flue gas conditionsencountered
during the combustiontests. Measurementsmade on fly ashes collectedfrom
baseline tests (inertbed materialwithout ash recycleor sorbentaddition)
with severalcoals indicatesthat,while there is much variabilityin fly ash
resistivitybased on chemicalcomposition,there was not a significant
differencebetween FBC ash resistivityand that of fly ashes generatedin a
conventionalpc-fired unit. The additionof sorbentcan greatly increasethe
resistivityof FBC fly ash by changingthe chemicalcomposition. Large
increasesin resistivitywith limestoneadditionwere observedfor the Gibbons
Creek lignite, but were not as evidentfor the Navajo and Sarpy Creek coals.
The effect of ash recycleon fly ash resistivityappearsto be relatively
insignificant.

3.5 Bed Material Agglomeration

Uniformityof AFBC bed conditionsis maintainedby the activenature of
the suspendedparticleswithin the size range compatiblewith the velocityof
rising gases. When particleswithin the bed grow in size due to the
accumulateddepositionof fine-sizedfuel ash onto the particles
(agglomeration),maldistributionof air, fuel, and gases can occur, and the
uniformityof the bed conditionsis lost. If the upset is sufficientlylarge,
the maldistributedregion affectsthermalperformanceof the systemvia
reduced local heat transfer to the immersedheat-extractingsurfacesin the
bed. If agglomerationis not controlled,the inactiveregion can increase
sufficientlyso that performancedeteriorates,and major areas of the bed are
defluidized. In extreme cases,massive solidificationof solidswithin the
combustorcan occur, resultingin prematureshutdownand permanentdamage to
the combustorrefractory,distributorsurfaces,and in-bed tubes.

Although there are a number of factorsaffectingagglomeration,the
propertiesof the coal ash are th( most significant. Extensivework at the
EERC (10) and Babcockand Wilcox (11) in the operationof the MDU 80-MW
Heskett StationAFBC has shown that agglomerationunder normal AFBC operating
conditionscan be expected for those coals with high levels of sodiumand
potassiumin the ash. An exampleis testingperformedwith BeulahNorth
Dakota lignite,which has from 6% to 12% sodium in the ash. During pilot-
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scale testingperformedat the EERC and Babcockand Wilcox,and in the
operationof the MDU 80-MW Heskett StationAFBC, agglomerationof the bed
materialwas observed. The agglomerationappearedshortlyafter start-upof
the system in all cases, and caused catastrophicshutdownafter only 50 hours
of operationin tests at the EERC, which used no bed drain and no Fresh bed
material makeup.

The detrimentalperformanceof a systemwith agglomerationof bed solids
can be reducedby severalpossiblemodificationsto the system operating
procedures,or to the fuel. Extra calcium-richsorbentor "sodium-getter"
additivescould be fed to the system. The systemcould be operatedin a low-
agglomeratingtemperatureregime or at higherbed materialdrain rates. The
sodium contentof the fuel could be reducedby ion exchange. Each modifi-
cation exhibitseconomic limitationswhich must be consideredwhen evaluating
the effectivenessof the procedure. To determinethe best option For
minimizing the impactof agglomeration,the propertiesof each coal and the
interactionof coal ash with sorbentand bed materialsshouldbe evaluated.
High bed materialdrain rates and fresh bed material additionare currently
being used at the HeskettStationto controlagglomeration.

3.6 Summary

Coals are ranked by ASTM accordingto heating value and the volatilesand
fixed-carboncontents. These differencesmainly affectthe thermal
performanceof the AFBC. Other properties,such as the ash level and chemical
compositionof the ash, are not rank-specific. The low-rankwesterncoals are
typicallycharacterizedas having a high volatilecontent, highmoisture,high
ash content, low sulfur,and high alkali content in the coal ash. The high-
rank eastern coals are characterizedby high heatingvalues,high fixed
carbon, low moisture,and high sulfur. There are many variancesto these
general trends, includingvariationswithin the samemine. These variances
can have a major impacton the design and performanceof the AFBC; therefore,
actual coal properties,independentof rank, shouldbe used to evaluatea
specificapplication.

Although the propertiesof the fuel determinepotentialemissionsof SO2,
particulates,CO, and hydrocarbons,these can all be controlledto acceptable
limits by proper combustordesign and operation. Even the emissionsof NO,
and HCI, which are highlydependenton fuel properties,can be controlledwith
additionalsubsystemsat extra cost. Thus the environmentalperformanceFor
NO_,HCI, and sometimesSOz are determinedby the fuel-specificproperties,
while particulates,CO, hydrocarbons,and usuallyS02are determinedby
system-controllableparameters. The thermalefficiencyof AFBC systemsis
dependenton moisture,ash, sulfur, sodium,and foulingcomponentsin the
coal.

The design fuel and any potentialfuels that may be used in an AFBC
systemmust be specifiedprior to the design of the system,as fuel properties
have a significantimpacton design and operation. These design-point
conditionscan be projectionsfrom pilot-scaletests,extrapolationfrom
similar fuels or systems,or copies of existingsuccessfulsystems. Care must
then be taken to ensure that the system is designedto handlenot only the
typical propertiesof a particularcoal supply,but also the extremes. With
proper information,experienceddesignersand operatorscan exercise
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independentcontrol of many parametersto achievedesiredperformanceand
costs,while taking into accountfuel type and fuel properties.

4.0 COAL-WATERSLURRY

Testing has been performedat the EERC assessingthe technical
feasibilityof burning low-rankcoal-waterfuels (CWF) in a fluidized-bed
combustor. The objectivesof the low-rank CWF testingwere twofold. The
first objectivewas the design and fabricationof a probe for the direct
injectionof slurry into the dense-bedzone of a bubbling FBC. The second
objectivewas the actual combustiontestingof a low-rank CWF in the 18" x 18"
bubblingFBC at the EERC. The low-rankCWF used for the testingwas prepared
using the EERC's hydrothermalcoal dewateringprocess, a processFor the
removalof liquid water from high-moisturecoal by he_ting the coal under
pressure in a water medium.

The bubbling-bedtest furnacewas modified to allow for the slurryfeed.
The skid-mountedfeed system includesa progressivecavity pump which is
gravity fed From the feed tank. A variable speed drive on the pump controls
the CWF feed rate, which is measured by a Micromotionflowmeterwith digital
indicator. The SWF is generallyagitatedbefore introductionto the feed
tank. An air-operatedmixer is also provided in the feed tank to continuously
mix the CWF during the test.

A CWF injectionprobe was designedand fabricatedfor this testing. The
steel probe's simple design consistedof a straight,water-cooledstainless
steel pipe. The major differencebetweenthis probe,designed for low-rank
CWF, and those used by other investigators(12-14)for higher-rankcoals is
the absenceof atomizingair, which inhibitsthe agglomeratingtendenciesof
higher-rankCWFs. CFW was introducedinto the FBC bed approximately3 inches
above the nozzle air distributor. Air was continuouslysuppliedthroughthe
probe during start-up (beforefeed was initiated)to preventany pluggingof
th_ probe by the bed material. This air was discontinuedwhen CWF feed was
started.

4.1 Test Description

The CWF used for these tests was produced from a Powder River Region
subbituminouscoal from the AbsalokaMine (SarpyCreek field, Rosebud-McKay
bed), which is located in the northeasternpart of BighornCounty in Montana.
This coal was chosen For CWF testingbecauseas-receivedSarpy Creek coal had
been previouslywell characterizedwith the 18" x 18" FBC at the EERC.

The CWF combustiontest matrix is presentedin Table 3. The test series
consistedof five separatetest periods. A superficialgas velocityof
5 ft/secand 20% excess air were specifiedfor all tests in the matrix.
Silicasand (No. 10) was used For bed material (staticbed depth was
maintainedat 2.8 Feet for all tests). Tests I through3 were run at
differentbed temperatures,rangingfrom 1450° to 1650°F. Tests 4 and 5 were
designed to compare the effectivenessof adding sorbent (limestone)mixed with
the CWF versus adding dry limestoneseparatelyto the bed.
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TABLE 3

cwF CombustionTest Matrix"

Test Number Bed Temperature(°F) LimestoneAddition

I 1450 None

2 1550 None

3 1650 None

4 1550 Pulverizedlimestonemixed
with the CWF

5 1550 Dry limestone(-8 x +20
mesh) added separatelyto

the bed

" All tests were performedat 5-ft/secgas velocity and 20% excess air.
No. 10 silica sand was used as bed material. Static bed depthwas
maintainedat 2.8 ft.

4.2 Coal-WaterFuel Properties

Approximately10,000pounds of Sarpy Creek CWF (60 wt% solids)were
preparedusing the hydrothermaldewateringprocess. The coal was processedat
625°Fand then centrifugedto 65 to 70 wt% dry solids cake for storage. A
coal-water/limestonefuel was preparedfor Test 4 by addingpulverized
limestoneduring the reslurryingprocess. This coal-water/limestonefuel was
also mixed to produce a fuel that was 60% solids by weight. Dry limestonewas
crushedto -8 x +20 mesh for Test 5. The limestonewas obtainedfrom the Big
Horn LimestoneCompany in Montana. Analyses of the coal-waterand the coal-
water/limestonefuels are presentedin Table 4.

Both fuels showed stabilityup to eight hours, and have been stable up to
five days in some cases. The fuel with added limestonewas slightlymore
stable than the CWF without limestone. These fuels were preparedwithout any
chemicaladditivesto enhanceflow behavioror stability. Therefore,any
favorableFlow behavioror stabilityof the fuels as comparedto similarsized
and quality as-minedcoal were a resultof the EERC hydrothermaldewatering
processor the limestoneaddition.

4.3 Resultsand Discussion

After the slurry-Feedingprobe was designed and fabricated,the entire
CWF feed system was tested during a short shakedownrun. The followingweek
the unit was restarted,and testingwas performedaccordingto the test matrix
outlined in Table 3. A summaryof the data from the five test periods is
presentedin Table 4. The data for each test period was collectedand
averagedduring steady-stateoperationof the FBC unit.

Combustionefficiencieswere determinedfor each test period using the
input-outputmethod. This method of calculationdeterminesthe amount of
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TABLE 4

Average Test Conditionsand Results

Test Test Test Test Test
No. I No. 2 No. 3 No. 4 No. 5

!

Bed Temperature(°F) 1450 1547 1654 1553 1550

FreeboardTemperature(°F) 1670 1734 1797 1788 1735

Gas Velocity (ft/sec) 5.0 5.1 5.1 5.0 5.1

Excess Air (%) 19.9 19.6 20.6 20.7 21.1

Static Bed Depth (ft) 2.8 2.8 2.8 2.8 2.8

Slurry Feed Rate (Ib/hr) 146.1 140.5 135.8 147.6 141.2

Total A/S Mole Ratio 1.68 1.66 1.84 2.69 3.01

Sulfur Retention(%) 47.5 34.0 22.9 51.8 59.9

Total Alkali Utilization(%) 28.3 20.5 12.5 19.2 19.9

SO2 Emissions (Ib/MMBtu) 0.84 1.06 1.17 0.85 0.69

NO_ Emission (Ib/MMBtu) 0.18 0.21 0.26 0.22 0.22

Combustion Efficiency(%) 99.4 99.7 99.7 97.4 99.3

uncombustedcarbon in the fly ash as a fractionof the total carbon input with
the fuel. Combustionefficienciesof the first three test periods (all
without limestoneaddition)were very high, ranging from 99.4_ to 99.7%. The
efficiency appearedto increaseslightlywith increasingbed temperature.
These values are equal to or somewhathigher than combustionefficiencies
previouslydeterminedwhen testing Sarpy Creek as-receivedcoal (as-received
coal screw fed into combustor). More freeboardburning than normalwas noted
during the CWF testing,as evidencedby high freeboardtemperatures. The
freeboardtemperaturewas generallybetween140° and 230°Fhigherthan the
averagebed temperature,with less temperaturedifferenceat the higher bed
temperatures. The freeboardburning is probablynot a significantproblem,
but will shift additionalheat transfer into the convectivepassesof an
actual boiler. For previoustestingwith as-receivedcoal (-I/4 in.) screw
fed into the bed, freeboardtemperatureswere generallyless than 100°Fhigher
than the averagebed temperature.

Combustionefficiencies,althoughdeterminedfor tests with limestone
addition (Tests4 and 5), should not be comparedto the tests without
limestoneaddition. Uncalcinedlimestone(CaCO_)can add significant
quantities of CO_to the uncombustedcarbon in the fly ash, thereby
"artificially"loweringthe combustionefficiency.

Carbon monoxide (CO)emissionswere low during the CWF testing,generally
less than 200 ppm. Some small intermittentCO spikeswere seen throughoutthe

14



testing. The low CO levels at excess air levels of approximately20% were
another indicationof good fluidizationand combustionstability.

Emissionsof NO,were very low when burningthe CWFs, rangingfrom
0.18 Ib/MM Btu at 1450°Fto 0.26 Ib/MM Btu at 1650°F. These emissionsare
significantlylower than those when burningthe same coal as-receivedinto the
FBC, which resultedin NO, emissionsrangingfrom 0.24 to 0.58 Ib/MM Btu. The
emissionsof NO,when burningthe CWF are well below limits set by the 1979
New Source PerformanceStandards (NSPS)of 0.6 Ib/MM Btu.

In Tests I through3, the emissionsof SO2 were investigatedwhen burning
CWF at various bed temperatures. Additionalsorbentwas not used during these
three tests in order to quantify the sulfur capturingcapacityof Sarpy
Creek's alkaline ash. Sulfur retentionwas highestat 1450°F(47.5%)and
decreasedas bed temperaturewas increased,droppingto 22.9% retentionat
1650°F. These results are not significantlydifferentthan those observed
previouslywhen testingas-receivedSarpy Creek coal. In the previous
testing,the maximum sulfur retentionalso occurredat 1450°F.

To meet NSPS, additionalsulfur captureis requiredwhen burningSarpy
Creek coal. Therefore,Tests 4 and 5 were includedto comparethe
efficienciesof two differentmethods of adding limestoneto the bed. In
Test 4, pulverizedlimestonewas added directlyto the CWF during the
slurryingprocess. Pumping this coal-water/limestonefuel into the bed
resulted in a very simple Feed system for both the coal and limestone. In
Test 5, dry limestone(-8 x +20 mesh) was added to the bed pneumatically,
separate from the CWF. A higher retentionwas observedfor the separately
injected limestone(59.9%)than for the limestonemixed with the slurry
(51.8%). This difference is due to the fact that more limestonewas added in
Test 5 (dry limestonefeed) than Test 4 (limestonemixed in slurry). The
total molar alkali-to-sulfurratio (A/S) For Test 5 was 3.01, which is
somewhat greaterthan 2.69 for Test 4. The total A/S takes into accountthe
calcium and sodiumcontributedby both the inherentcoal ash and the added
limestone. To compare the sulfur capture in Tests 4 and 5 on an equal basis,
it is necessaryto look at the alkali utilizationrather than simplesulfur
retention. Alkali utilizationis calculatedby dividing the sulfurretention
by the alkali-to-sulfurratio. Alkali utilization,like sulfur retention,
increaseswith decreasingbed temperatureover the range of temperatures
studied. The form of calcium (therewas no detectablesodium in the limestone
and only very little in the coal ash) or the method by which it was added had
little effect on its utilization. All three tests run at the same bed
temperature (1550°F),which includedthe two methods of limestoneadditionand
a test without limestoneaddition,had essentiallyidenticalalkali
utilizations: 19.2%, 19.9%, and 20.5%.

Samples of bed materialdrained from the FBC after each test periodwere
submittedfor elementaland size analysis. From the sieve analysis,little
particlegrowth was evident. Visual observationof the bed-materialparticles
and elementalanalysisindicatedvery littleash depositedon the surfaceof
these particles. The fine ash was elutriatedfrom the bed before it was able
to react with the silica sand bed material. Since ash does not collect in the
bed, it is probablethat a continuousbed removalsystem will not be required
when burning CWFs of the coal.
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4.4 Summary

A low-rankCWF preparedfrom a Powder River Region subbituminouscoal
using the EERC's hydrothermalcoal dewateringprocesswas successfullyburned
in a 18" x 18" atmosphericbubbling FBC. The 60-wt% dry solidsCWF was pumped
directly into the dense-bedzone through a simple,water-cooledpipe without
the aid of a nozzle or atomizingair. Significantresultsfrom the testing
include:

• The CWF exhibitedflow behaviorthat was acceptablefor short-term
handling and ease of feeding. In addition,there was no detrimental
rheologicaleffect to hydrothermallytreated low-rankCWF from the
additionof limestonefor sulfurcapture.

• Limestoneutilizationfor the reductionof SO2 emissionswas equal For
pulverizedlimestoneadded directlyto the CWF versusdry limestone
added separatelyto the bed (-8 x +20 mesh). The utilization
appearedsignificantlydependenton bed temperatures.

• Combustionefficiencyas measured by carbon burnoutwas very high,
rangingfrom 99.4% to 99.7%. These efficienciesare equal to or
slightlygreater than efficienciespreviouslyobtainedfor the as-
receivedSarpy Creek coal when screw fed into the same FBC.

• Emissionsof NO_ when burningCWF were significantlylower than
previouslyseen when burningthe same coal as-received. Emissions
ranged from 0.]8 to 0.26 Ib/MM Btu, increasingslightlywith
increasingbed temperature.

• Little growth in bed particlesize or increasebed weightwas noted
during the CWF testing. Therefore,a continuousspent-bedremoval
system may not be requiredwhen burning CWFs producedfrom similar
coals.

5.0 CORROSION,EROSION, AND DEPOSITIONOF FBC BOILER TUBES

Systematicstudieswere performedat the EERC investigatingthe effects
of coal propertieson corrosion,erosion,and depositionof fluidized-bed
combustionheat-transfersurfaces. Seven coals were testedcoveringa range
of ash propertiesand coal rank. The test coals includedtwo Texas and one
North Dakota lignite, a Montana and a New Mexico subbituminouscoal, and an
Illinoisand a Kentucky bituminouscoal. The 1000-hourtests were performed
using an 8" x 8" bubbling fluidizedbed operated at a velocityof 7.5 ft/sec,
an averagebed temperatureof 1550°F,and an excess air level between20% and
30%. Limestonewas used as the bed materialand was fed at a rate to achieve
NSPS for the coals tested.

The goal of this work was to identifydifferencesand similaritiesin
materialsperformancebetweenthe differenttests. Individualmeasurements
for each metallographicFeaturewere taken. Results presentedin this summary
are generallyaverages for differentcategories. Data anomaliesare averaged
out, and an overall pictureof how metal loss was affectedby the various
parametersunder study is presented. Therefore,this summaryis meant to
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present the relativetrends observed. Absolutenumbers for metal loss,
sulfidepenetration,deposit/scaleformation,and other metallographic
features at full scale will vary From unit to unit, dependingon geometry,
operatingconditions,and other factors. With this qualification,the general
trends observed are shown in Table 5 and listed below:

• Coal type, metal type, and surfacetemperatureall had a statistically
significanteffect on the amount of metal loss. As determinedby
diameter-lossmeasurements,the followingtrendswere observed:

- The rankingof metal loss as a functionof coal type, from highest
to lowest,was Pyro, South Hallsville,GibbonsCreek, Beulah,River
King, Sarpy Creek, and Navajo. Averagemetal loss ranged from 122
microns across the diameterfor the Pyro test to 41 microns for the
Navajo. This would relate to 61 and 20 microns for each wall,
respectively.

- Metal loss was 5 times as great for the carbon steel as comparedto
the 304-, 316-, and 347-stainlesssteels. The 347-stainlesssteel
was the best performerof the stainlesssteels tested.

- Metal loss decreasedwith increasingtemperaturefor the in-bed
tubes and increasedwith increasingtemperaturefor the convective
pass tubes.

- No statisticaldifferencesin metal loss were observedbetween the
in-bed,splashzone, and convectivepass tubes.

- The amount of metal loss increasedwith an increasein the calcium
and limestonefeed rates, but decreasedwith an increasein the
sulfur and sodium feed rates. Bed chemistryparameterscausinga
higher metal loss includedthe S/Ca ratio and the CaO content in
the bed. Bed chemistryparameterscausing less metal loss as they
increasedwere the mean bed particle size, the sodiumand potassium
concentrations,the SO_concentration,the SiO2 and Al_Ojweight
ratios,and the base-to-acidratio.

- Measurementsof metal lossdeterminedacross the diameterof the
tube differed from those taken acrossthe tube wall for some cases.
The diameter loss measurementsare believed to be more accurate,as
they were a direct before-and-aftermeasurementat the same
location,where wall loss measurementswere not.

• Coal type, metal type, surfacetemperature,and locationall had
statisticallysignificanteffectson the amount of sulfidepenetration
resultingfrom the 1000-hourexposure. The followingtrends were
observed:

- The greatest amount of sulfidepenetrationwas observed for the
test using Pyro coal, followedby Beulah,GibbonsCreek, Sarpy
Creek, South Hallsville,Navajo, and River King. Pyro, the worst
case, had an average sulfidepenetrationof 52 microns,while the
sulfidepenetrationof the River King test averaged12 microns.
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TABLE 5

SummaryOf Test Data from 1000-HourTests

Average Measurementsfor all Tubes in Category,microns

Diameter Wall Sulfide Deposit/ Pit
Loss Loss Penetration Scale Depth

Coal Typ_

Beulah 70 82 47 502 117
GibbonsCreek 74 161 31 65 105
Navajo 41 116 18 19 59
Pyro 122 185 52 188 174
River King 70 285 12 43 82
Sarpy Creek 54 233 32 30 86
South Hallsville 84 50 31 20 115

Metal Type

304 SS 70 133 44 104 I14
316 SS 50 69 27 96 77
347 SS 4 154 24 82 28
Carbon Steel 234 372 28 285 262

Location

In-Bed 62 163 37 163 99
Splash Zone 77 135 55 91 132
ConvectivePass 86 164 15 88 101

SurfaceTemperature,°E

400 142 237 25 317 167
1100 56 127 43 104 99
1550 -II 127 54 50 43

250 23 96 10 42 33
700 47 133 18 I15 65
1200 196 270 15 105 211

- Sulfidepenetrationwas the greatest for the 304-stainlesssteel
tubes, and was similarfor the 316-stainless,347-stainless,and
carbon steels.

- The depth of sulfidepenetrationincreasedwith increasingmetal
surfacetemperature.

- Sulfidepenetrationwas greatestin the splashzone, followedby
the in-bedtubes, with the least amount of penetrationoccurringin
the convectivepass tubes.



- An increasedsulfur feed rate caused deeper sulfidepenetrationand
thickerdeposits on tubes. As the mean bed particlesize
decreased, sulfidepenetrationincreased.

• Coal type, metal type, and surfacetemperaturehad statistically
significanteffects on the amount of deposit/scalebuildupon the
heat-transfertubes. The followingtrends were observed:

- The largest amount of scale/depositwas observedwith the Beulah
lignite. In this case, deposits as thick as ½ inch were observed.
Deposit/scalethicknessfrom the other tests ranged from 19 to 188
microns. Deposit/scalethicknessincreasedin the followingorder:
Navajo, South llallsville,Sarpy Creek, River King, GibbonsCreek,
Pyro, and Beulah.

- The carbon steel tubes had almost three times as much buildupas
the stainlesssteel tubes. Little differencewas noted betweenthe
stainlesssteels.

- Deposit/scalewas much greater for the in-bedtubes than for the
splash zone and convectivepass.

- Analysis of the deposit/scaleshowed that the majorityof the
matrix was calcium sulphate-or sodium sulfate-based.

- The deposit/scalethicknessincreasedwith increasesin the sulfur
and sodium feed rates and decreasedwith increasesin the limestone
feed rate and averagebed particlesize.

- The heat-transfercoefficientwas significantlyreduced,up to 40%
in the worst case, as a resultof the deposit/scalebuildupon the
tube surfaces.

- Similardeposit/scalebuildupwas noted at the MDU 80-MW Heskett
Stationand the NSP 130-MWBlack Dog Stationwhen firingcoals
similarto those used in the EERC tests.

• Of the materialstested,347-stainlesssteel showedthe best overall
performance,followedby the 304- and 316-stainlesssteels. The
carbon steel tubes, in most cases,exhibitedperformancethat would be
unacceptableto a boiler operator.

• Severalcoal-relatedpropertiesaffectmetal performance. Some of
these are measured directly,while others, such as the compositionof
bed material,are measured indirectly. Trends were as follows:

- As the sulfur feed rate increased,so did metal loss, sulfide
penetration,and the amountof deposition.

- Increasingamountsof calciumfed with the coal (not includingthat
contributedby the limestone)tended to increasemetal loss and
sulfidepenetration.
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- The deposit/scalethicknessand sulfidepenetrationincreasedwith
an increasingsodium feed rate.

- Higher limestonefeed rates tended to reduce metal loss, sulfide
penetration,and deposit/scalethickness.

- Tests with smallerbed particle size exhibitedmore metal loss,
sulfidepenetration,and depositionthan tests with largerbed
particle size.

- An increasein the sillca-to-aluminaand base-to-acidratios
decreasedmetal loss.

It is hoped that this informationwill help designersand users of
bubbling fluidizedbeds to evaluatethe impactof coal properties,metal type,
metal surfacetemperature,and locationof the corrosion,erosion, and
depositionon tubes in the FBC. This data should be used carefully,as this
summarywas based on averagevalues For differentcategories. As in most
cases, there may be exceptionsfor differentcases, and resultsshould be
examined on a tube-by-tubebasis if trying to match a specificapplication.
It should be rememberedthat other factors,includingtube bundle geometry and
operatingconditions,also influencethe level of corrosionand erosionand
must be taken into considerationwhen evaluatingpotentialwear. Detailsof
this work are presentedin the EERC topicalreport entitled"Corrosion,
Erosion, and Depositionof AFBC Boiler Tube Surfaces."

6.O ADVANCEDCONCEPTS: COAL PRETREATMENTCELL

The coal pretreatmentcell was developedas a new process for an advanced
FBC system. The impetusof the originalprogramwas to developa new system
or improveexistingequipmentto realize a reductionin overallcapital and
operatingcosts, increaseboiler and overall efficiency,and/or reduce
emission levels.

A multiphasicapproachwas taken to accomplishthe goals of this task.
Initially,a systematiclistingof identifiableproblemsin currentFBC
technologywas developed. A second step involvedbreakingdown the FBC
process into individualprocesses,such as calcination,sulfation,drying,
devolatilization,carbonburnout, etc. Conditionsneededto optimizeeach of
these processes, independentof the rest of the process,were determined,
based on EERC experience,FBC theory,and publishedresults.

Using the list of problems and the individualprocessconstraints
developed in the first two steps,new concepts that could be incorporatedinto
a design to solve a particularproblemor improveperformanceof a certain
subsystemwere formulated. These ideas were qualitativelyscreenedand
refinedbased on technical,environmental,and economiccriteria.

Based on these preliminaryefforts,the EERC focusedattentionon
developinga pretreatmentcell to be used in conjunctionwith any number of
FBC designs. The operationand functionof the pretreatmentcell, as
developed,begins with raw coal being fed into the pretreatmentcell. In the
pretreatmentcell, moisturewill be driven off, some devolatilizationwill
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occur, and the coal will be fragmentedinto smallerpieces. The extent and
severity of these processescan be controlledby varyingseveraloperating
parameters. Air-to-fuelratio and residencetime are the primarycontrol
variables. The reactionsand changeswill occur using heat generatedfrom
combustinga small portionof the coal, so no externalheat sourcewill be
required.

The pretreatmentcell will be operated as a fluid bed. Velocity and
vessel design are chosen to allow classificationof the fuel. Existingdata
show that an optimal size exists for fuel fed into an FBC, in terms of both
top and bottom size. As a result,coal sizing is often a significant
operatingcost. Large-sizedcoal (top size determinedby testing)will be fed
into the pretr_atmentcell. The vessel is designedwith less cross-sectional
area on the bottom (high velocity)than at the top of the bed surface (lower
velocity)so that the entire bed will be fluidizedeven when feedinglarge
coal particles. Smallerchunks of coal will be removedfrom the top of the
bed to be fed into the combustor. The larger chunkswill remain in the lower
level of the bed until they become reduced in size due to drying,volatiliza-
tion, and the action of the bed. This action will allow the use of coal with
a larger top size, therebyreducingcoal preparationcosts.

In most combustordesigns,excessivefines cause reducedcombustion
efficiencydue to elutriation. In the pretreatmentcell, velocitieswill be
maintainedat a sufficientlevel to remove fines below 200 mesh. These fines
will be removed from the top of the pretreatmentcell with the moisture and
volatilesand will become a part of a low-Btugas streamthat can be burned
using conventionalburners,as will be discussedlater. Therefore,only a
minimal amount of fines will be fed into the combustor,and carbon burnout
should increase.

Moisture and some volatileswill be driven off in the pretreatmentcell.
This will be done at a very low air-to-fuelratio, using only heat from the
coal. The gas stream from this process,combinedwith the coal fines,will
make up a low-Btugas that can be used somewhereelse in the system,such as
in the freeboardor convectivepass of the combustor. Pretreatmentcan have
several applications,but maintainingsteam qualityduringturndownmay have
the greatest potentialbenefit. Coal pretreatmentcan not only smoothout the
steps when load is controlledby removing segmentsof bed, but should also
increasethe range of turndown.

Removal of the moisture and volatilesin the pretreatmentcell will also
act as an "equalizer"for the fuel being fed into the main combustor. All
fuel burned in the combustorwill be similar in terms of moisture and
volatilesand should vary only in the ash. This featureshould increasethe
overall fuel flexibilityof the unit.

Mass and energy balanceshave been performedusing this concept. A
comparisonwas made using a conceptual200-MW bubblingFBC with and without a
pretreatmentcell. Data for the FBC under normaloperationwas taken from a
previous EPRI study (]5). For the case using the pretreatmentcell, data
taken from previouswork (16,17)was used to generatematerialand energy
balances around the pretreatmentcell. For the combustor,velocitiesand
excess air levels the same as the base-caseFBC were used. This analysis
showed a reductionof 17% in the overallplan area, even with the pretreatment
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cell included. This will be accompanied by a significant reduction in height
for the pretreatment cell versus the height of the fluid bed it replaces.
This should result in substantial reductions in capital costs.

Mass and energy balance calculations also indicate an optimal total air-
to-fuel ratio of 1.105. This calculation was done assuming an air-to-fuel
ratio of 1.20 for all combustion processes and is compared to a total air-to-
fuel ratio of 1.20 for the base-caseFBC. The resultinglower alr-to-fuel
ratio indicateshigher overall boilerefficiencyand shouldresult in lower
capitalcosts becauseof reducedfan requirements. Figure I shows a
conceptualdrawing (relativelyto scale)on how the pretreatmentcell would be
incorporatedinto a CFBC.

To summarize,the proposedadvancedconceptshould have many advantages
over conventionalfluid-bedcombustion,includingthe following:

• Minimalcoal preparationwill be required. Both fines and large coal
particleswill be efficientlyhandled.

• The pretreatmentcell will be smaller,requiringfewer feed points and
less plan area than the equivalentamountof combustorthat it
replaces. The total height requirementfor the pretreatmentcell will
also be less than that of the combustorit replaces.

• Fuel flexibilitywill increaseby "equalizing"the fuel (in terms of
moisture and volatiles)that is being fed into the combustor.

• The total plan area of the pretreatmentbed and the combustorwill be
approximately17% less than for an equivalentlysized conventional
FBC.

• Turndownwill be improvedby maintainingsteam qualityat low load
conditions.

• Higher volumetricheat-releaserates are expected.

• TighteYconstraintson coal size, both top and bottom size, will
result in higher combustionefficiencyand higher heat removal in the
fluid bed.

• Stagingof air and lower total air usage should result in lower NO,
emissions.

• Separate burningof the volatilesand char may result in lower N20
emissions.

• Start-upmay be accomplishedwithoutthe use of an auxiliaryburner.

• The pretreatmentcell may be retroFittableto existingunits,with
similarbenefits realized.

• The pretreatmentcell will be small enough to allow for modular
construction.
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7.O SYSTEM SIMPLIFICATION

As more and more boilers utilizefluidized-bedcombustionsystemsbecause
of their efficiency,fuel flexibility,and low emissionscapability,it
becomes increasinglyimportantto understandthe controlphilosophyrequired
to optimize these features. A FBC consistsof a large number of interrelated
variableswhich must be carefullycontrolledfor optimumperformance. The
level of control is dictated by the type of FBC system,the applicationof the
system, and the availabilityof trainedpersonnelto operatethe system. A
study was completedthat evaluatedexistingcontrol systemsand needs and
proposed alternativesfor improvedcontrol. Resultsare summarizedbelow.

Market potentialfor the use of AFBC technologyin the commercialand
industrialsectors is great; however,to increasethe acceptabilityof this
technology,low cost, reliability,and ease of operationmust be inherentto
the system. This can be accomplished,in part, by the developmentof a good
control system. The control systemmust be developedto the point where the
boiler will be controlledwithin desiredoperationalparameterswithout the
availabilityof highly trainedoperators. One method of accomplishingthis is
to establishexpert systemsthat will become the "trainedexperts"to perform
the bulk of control activities,therebyallowingthe owners of small boilers
to operatewith minimalpersonnel. Optimizingthe control of the operating
parameters shouldmake the FBC easier to operate,reducingoperatingcosts
while increasingsystem reliability.

An expert system is a knowledge-basedcomputersystem that can mimic the
human thought process. The computer is able to reason accordingto a set of
predefined rules to solve a problem that would otherwiserequirean expert or
significantexpertiseto solve. Expert systemscan capture a lifetimeof
individualexpertiseand make that expertiseavailableto practitionerswho
lack comparable abilitiesfor solvingproblemsin the field. An expert system
augments a processcontrol system by evaluatingthe data and drawing
conclusions. The commongoal of all expert systemsis to tap the abilityof
the computer to store large amountsof technicalknow-how,to access this data
when needed, and to make intelligentjudgmentsabout likely causes of failure
or poor performance.

The functionof control systems is to comparedesired values (set points)
and actual values (outputvariables) to adjust the amount of fuel, air, and
water (manipulatedvariables)to make the output variablesmatch the set
points. A skillfuloperatormanipulatesthe controlvariablesto optimizethe
boiler performance,rather than simplymaking the system run. An expert
control systemwould be expected to do the same.

A number of differentand sometimesconflictingfactorsgo into the
control philosophyof a plant. Some of these factorsare operating
objectives,economic operatingconditions,regulatoryrequirements,and
physical process constraints. Specificprioritiesmust be established,such
as the choice betweenmaximum efficiencyand maximumreliabilityand the
choice between equipmentprotectionor continuityof operation.

Many operationsmay be controlledautomatically,rather than manually,
for severalreasons. A degree of automationkeeps operatorwork load at
manageable levels; if an operator is relievedof routinetasks, he can

24



concentrateon optimizingplant performance,with a correspondingincreasein
plant efficiency. Limitingthe number or complexityof operator functions
will reduce the possibilityfor human error and, thereby,decreaseequipment
damage. Adding automaticfunctionscan reduce the amountof time required for
start-upand shutdown. Increasedautomationdoes requireadditionalcapital
cost for computers,controllers,software,and instrumentation,so the desired
level of automationmust be carefullyconsidered.

The most effectiveboiler controlsystem is one which is stableand
responsive;that is, the controlledvariablesremain close to their set point
values without cycling and recoverquicklyfrom systemdisturbanceswithout
excessiveovershootor oscillation.

As power plants become more complex,improvedcontrolsystems,state-of-
the-artdiagnostics,and expert systemswill become essential. Technologyhas
progressedto the point where we can make available,quicklyand accurately,
knowledgethat only existed before in the minds of a few scattered"experts."

8.0 AGGLOMERATIONAND DEPOSITION

Although FBCs typicallyoperateat low temperatures(1450° to 1700°F),
evidence from pilot, industrial,and utilityboilers indicatesthat certain
ash componentshave the potentialto cause ash-relatedproblems. These prob-
lems can manifest themselvesas agglomerationand sinteringof the bed materi-
al, or as depositionon the heat-exchangertube surfaces. The EERC performed
bench- and pilot-scaletests, in additionto sampling From full-scaleunits,
to uncover the underlyingmechanismsof agglomerationand deposition. Results
from this work are summarizedbelow.

8.1 Agglomeration

Under steady-stateconditions,reactionbetween variousash speciesand
the bed particlesoccurs. At the initialstages,ash speciesdepositon the
surfaceof the particles. The processhas been observedFor both quartz and
limestoneparticles. The speciesthat deposit tend to be sulfate-rich,
indicatingthat the overallprocessat this stage is that of sulfate-to-
sulfate sintering. At this stage, limitedevidenceof localizedmelting
exists. The processcontinues,resultingin the formationof a thick ash
shell (about 10% of the particlediameter). The next stage can be seen as the
onset of agglomeration. This occurswhen two or more ash-coatedbed particles
cohere to form a larger particle. The cohesion is via the sulfate-richash
coatingdue to sulfate-to-sulfatesintering. If the cohesioncontinues,the
next stage will occur, which is the most serious,and may result in the
Formationof large agglomeratesand the eventual slumpingof the bed.

A fluidizedbed is capableof toleratinga fractionof bed particlesin
the oversizedrange; however,once the oversizedparticlesexceed a critical
value, the degree of mixing will be reduced. With poor mixing,localizedhigh
temperaturesare reached for relativelyextended periodsof time. This leads
to the melting of ash speciesand, in some cases, the bed material. The
cohesion under these conditionis via a silicatematrix. This matrix results
in acceleratedcohesion, reaction,formationof a more liquid phase, and
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growth of agglomerates,comparedto the sulfate sinteringthat occurs at the
earlier stages.

The critical stagesof agglomerationcan be summarizedas follows:

I. Initialdeposition/condensationof volatilealkalineash speciesand
fine-grainedcalciumon the surfacesof bed particles.

2. Sulfationof the alkalies to form alkali sulfates. This may occur
before, during,and/or after deposition.

3. Adhesion and cohesionof additionalash specieson the initialash
Iayer.

4. Cohesion of two or more particlesto form an agglomeratevia sulfate
sintering.

5. The formationof a large agglomerate.

6. The fractionof oversizedparticlesexceedingthe critical value for
the fluidizingconditions.

7. The formationof high-temperaturezones within the bed due to poor
fluidization.

8. The high temperaturecausing ash melting and the formationof a
molten silicatemelting.

The initialstageshave been shown by detailedsurfacescience and
scanningelectronmicroscopyto be due to sulfateformationat the surfaceof
the bed particle (1,18-22). The importanceof sulfatein the agglomeration
processwas shown by Bobman (2,23)during experimentswith a 2" fluidized-bed
reactor. It was shown that agglomerationof fly ash particleswith quartz and
limestonebeds only occurredwhen SO2 was added to the fluidizingair.
Furthermore,the tests had to be conductedfor relativelylong periods, at
least 48 hours, before significantagglomerationoccurred, lhis further
confirmedthat the agglomerationwas occurringdue to the sulfatesintering
mechanism, as liquid-phasesinteringassociatedwith an aluminosilicatemelt
would be expected to be rapid.

The importanceof the form of sodium in the coal is evidentwhen compar-
ing results from tests with a North Dakota lignite,a Texas lignite, and an
Illinois#6 bituminous. Although the coals had sodiumplus potassiumlevels
of 9.1%, 7.2%, and 3.4%, resp(_ctively,agglomerationwas only noted for the
case with the North Dakota lignitewhere the sodiumoccurredin a form that
allowedvolatilizationduring combustion (I).

8.2 Depositionon Tube Surfaces

Sodium, potassium,calcium, and sulfur can play a similarrole in
depositionon in-bed and convectiveheat-transfersurfacesin the fluid bed.
Evidence accumulatedby the EERC (24,25)and other researchers(26-28)
indicatesthat tube deposits are the result of a combinationof fine-grained
deposit-formingparticlesarriving at the tube surfacefollowedby
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sticking/bondingof those particlesonto the surface. Condensationof
alkaline salts from the vapor phase occurs in the temperaturerange of IO00°
to 1475°F. At the same time as these alkali salts are condensingand forming
sticky surfaces,fine-grainedash particles(<I micron)are arrivingat the
tube surface. These fine-grainedparticlesare predominantlycalcium oxides
and sulfates. These particlesthen become bonded to the tube surfacevia a
sinteringprocess. Sinteringof the deposits continuesafter initial
deposition,formingdeposits with a dense matrix. Other ash speciescan then
be trappedwithin this captive surface,as noted by inclusionof iron oxide
and other ash constituentsin analyzeddeposits.

Based on the proposedmechanismand on results from pilot- and full-scale
testing, the importanceof the elementaland mineralogicalcompositionof coal
mineralmatter becomesobvious. Coals with organicallybound alkaliescause
more depositionthan those with no alkalior clay-associatedalkalies. The
presenceof certain aluminosilicateswithin the ash matrix may fix these
alkali elementswithin a viscousmelt phase, therebynullifyingtheir deposit-
formingpotential.

A series of pilot-scaletests were performedby the EERC to study the
impactof coal type on deposition,erosion,and corrosion. Seven 1000-hour
tests were performedutilizinga Beulah North Dakota lignite,a Sarpy Creek
Montana subbitumir.ouscoal, a Navajo New Mexico subbituminouscoal, Gibbons
Creek and South HallsvilleTexas lignites,a River King Illinois#6 bituminous
coal, and a Pyro Kentucky I19bituminouscoal. These coals representa wide
range of coal and ash properties(propertiesgiven in Reference29). Coal ash
propertiessignificantlyaffectthe amount of tube deposition. The amount of
deposition is also controlledby metal type, temperature,and tube location,
as illustratedin Table 6. This depositionhas an adverseaffect on heat
transfer,with heat-transfercoefficientsdecreasingby over 40% during the
course of a run for the worst cases.

An analysisof variance indicatedthat a higher sulfurcontent in the
coal causes thickerdeposits on the tubes. Deposit thicknesswas found to
increase significantlyas the amount of sodium fed intothe unit increased.
There was no correlation,however, betweenthe amount of sodiumand potassium
in the bed and the deposit thickness. The total amountof calciumadded to
the coal had no impact on deposit thickness,but the thicknessshowed an
increasewith calciumwhen only the organicportionwas considered. Total
deposit thicknessdecreasedwith an increasein limestonefeed rate. It
should be noted that the elementalcontents in the coalwere compared on a
Ib/MM Btu basis, not as weight percent in the coal.

These resultssubstantiatethe proposedmechanism. Coals with higher
concentrationsof volatile alkaliesshowed higher depositionrates. The
presence of calciumwas critical in the deposit formation,but all forms of
calcium present in the coal did not result in major depositionalproblems. As
in the case of the agglomerationwork, coals that producedmore SO2 showed a
higher propensityto form a sulfate-basedmatrix,which is the basis For
initiatingthe deposit. Analysisof the deposits showedthe major phase in
the depositwas a calcium/sodiumsulfatematerial. Althoughlimestone
addition increasesthe total amount of calcium in the bed, the resultant
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TABLE 6

ComparativeStatisticson Deposit/ScaleThickness"

Number of Lowest Highest Standard
Observations Value Value Mean Deviation

Temperature,°F
250 20 0 210 42 66
400 31 0 1560 317 473
700 20 0 580 115 193
1100 54 0 720 104 190
1200 23 0 600 105 182

Coal Type
Beulah 29 120 1560 502 349
Gibbons Creek 29 10 520 65 128
Navajo 27 0 150 19 34
Pyro 17 I0 1240 188 385
River King 24 0 370 43 73
Sarpy Creek 23 3 150 30 31
South Hallsville 26 0 50 20 14

Metal Type
304 SS 48 0 1100 104 215
316 SS 49 0 720 96 179
347 SS 47 0 910 82 175
Carbon Steel 31 0 1560 285 433

Location
In-Bed 92 0 1560 163 319
Splash Zone 63 0 600 91 160
ConvectivePass 20 0 650 88 177

° The minimum and maximumvalues from each tube were used in the statistical
analysis. All units are microns.

calcium sulfate is in the form of largerlimestone-basedparticlesand does
not appear to impactthe overalldepositionprocess. In fact, the decrease in
depositionnoted with increasedlimestoneadditionmay be due to dilution.
Similar resultshave been reportedby other researchers(26-28).

8.3 Incidentsin Full-ScaleSystems

Both agglomeratesand in-bedtube deposits from full-scaleboilershave
been recoveredand studiedat the EERC. The followingdescriptionof these
materials providesadditionalevidencein supportof the previousdiscussion.
This analysisalso shows the importanceof using advancedanalytical
techniques for analyzingthese depositsand elucidatingwhetherthe noted
problem is due totallyto ash chemistry,or in combinationwith a system
upset.

I
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The 80-MW bubblingFBC at the MDU HeskettStationhas experienced
depositionon both in-bedand convectivepass heat-transfersurfaces,causing
significantreduction in overallheat transfer. The superheatsteam tempera-
ture decreasedby 40°Fover a four-monthperiod due to depositionon the in-
bed superheattubes. The unit is fired with Beulah ligniteand has a bed
material of river sand. Deposits from this unit were collectedand analyzed
using x-ray fluorescence,x-ray diffraction(XRD),electronprobe micro-
analysis (EPMA),and scanningelectronmicroscopypoint count (SEMPC). The
focus of the analysiswas to establishthe mechanismof depositformationand
growth. Detailedresultsare publishedelsewhere(24).

Analyticalresults show that the Beulah coal ash has a definite
prcpensity for deposition. The formationof an ash coatingon bed material is
a precursorto agglomeration. The ash coating is derived from the coal, in
particular,the calcium, sulfur,and sodium. The deposits,includingthe ash
coating, possesschemical compositionsvery differentfrom the spent-bed
material, indicatingthat the depositionmechanism is a selectiveprocess.
All deposits are predominantlyenriched in calciumand sulfur. Significant
iron enrichmentwas observed in the convectivepass deposit;however,it did
not appear responsibleFor the depositgrowth.

The evidence suggeststhat depositgrowth is due to the formationand
presence of sodium calcium sulfatein the bed. This material is formed from
the organicallybound sodium and calciumin the Beulahcoal reactingwith
sulfur. There was no free calciumobserved in the deposits. Sulfate species
tend to sinter. The matrixwas too fine-grainedto establishthe presenceof
a melt phase. It should be noted that molten sulfatesystemstend to
crystallizerapidlyupon cooling. The mode of growth may be a molten sulfate
phase. Certainlythe presenceof sodium with the calciumwould be expected to
lower the melting point. The presenceof nepheline,anorthite,and gehlenite
suggests relativelyhigh-transienttemperatureswithin the bed. The silicate
phases, while exhibitingmeltingbehavior,were not presentin significant
quantities to have a significanteffect on depositionphenomena.

8.4 Agglomerationin Full-ScaleUtilitiesDue to OperationalUpsets

The cases and mechanismsof agglomerationand depositiondiscussedso far
are the result of coal ash chemistryunder normaloperatingconditionsin the
FBC. However, agglomerationcan also occur due to maldistributionof air,
temperatureupset, or other operationaldifficulties. The cause of
agglomerationcan be determinedby using advancedanalyticaltechniquesto
examine the raw coal, the originaland spent-bedmaterial,and any
agglomeratesthat form. The followingexamplepresentsresultsfrom a study
done at the EERC on an agglomerateformed in the 130-MWbubblingFBC at the
NSP Black Dog Station.

The agglomeratewas suppliedby NSP personnelafter excessive
agglomerationwas observedduring a shakedowntest with Sarpy Creek, a Powder
River subbituminouscoal, and an inert-bedmaterialof fired clay. The
agglomeratewas dense and consistedof two distinct regions,classifiedas
sintered and slag-like. The two regions and the virgin bed materialwere
analyzed using SRD, EPMA, and SEMPC. The focus of the analysiswas to
elucidate the reason for the agglomerateformation: specifically,was it
related to ash chemistryor operatingconditions?
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The data indicatedthat the sintereddepositwas due to the meltingof
the ash specieswhich acted as the adhesivebetweenthe kaoliniteparticles.
There was relativelylittle interactionbetweenthe ash matrix and the
kaolinite-bedmaterial,as shown by the fact that there were limitedamounts
of kaolinite-derivedparticlesin the sintereddeposit. The data contrasts
markedly with that of the slag samples. The low quantityof pure kaolinite
and kaolinite-derivedparticlesand the presenceof crystallinen_ullite
indicatesthat extensivemelting and recrystallizationfrom the melt took
place. In order for this to occur, temperaturesin excess of 2400°Fare
required. This indicatesthat excessivetemperatureswere reachedin the
combustorwhich were directlyresponsiblefor the agglomeration. There was no
evidenceto suggestthat the agglomerationwas due to the reactionof alkaline
ash componentsto form a stickymatrix at the averageoperatingtemperatureof
1750°F.

8.5 Summary

Advances in analyticaltechniquesfor examiningcoal minerals,fly ashes,
and deposits have improvedthe understandingof agglomerationand tube
deposition in FBC systems. Both of these phenomenaappear to be initiatedby
the same basic mechanismand are directlyrelatedto the amount and
distributionof sodium,potassium,calcium, and sulfur in the feedstock.

Agglomeratesand deposits are initiatedand formedby the same general
mechanism. Organicallybound-alkalispeciesare volatilizedduring coal
combustionand condenseon bed-materialsurfacesor on in-bed tubes. The
condensationmechanisminvolvesgas-to-solidcondensation,either in the
combustiongases forming partiallyfused or solid crystals. These can
subsequentlyadhereto cooled surfacesin the combustor. Condensationcan
also occur directly by nucleationand growth on the substrate.

Alkali speciescan form sulfates,either in the gas phase or immediately
upon condensation. These alkali sulfatessinterover a period of time,
forminga very tenaciousfine-grained,dense layer. In the case of agglomer-
ation, two or more particlescan stick togetherto form an agglomeratevia
this sulfate sintering,eventuallycausingdefluidization. Tube deposition
will impairheat transfer and reduce boiler load.

Knowledgeof the total alkali in a fuel is not sufficientto predictthe
potentialfor agglomerationor deposition. The alkalimust be in a form that
will allow it to be volatilizedduring combustion,i.e., organicallybound.
Those alkaliesassociatedwith clay minerals are generallynot availableto
participatein depositionor agglomeration. Other minerals associatedwith
the fuel are also important. Aluminosilicatephases can competefor the
releasedalkali and form highermelting point clays, renderingthe alkalies
inert in terms of agglomerateand depositformation. Therefore, it is
imperativeto know the mineralogicalcompositionof a fuel, as well as its
chemicalcomposition.

Advanced analyticaltechniques,especiallySEMPC, are importantin
forensicstudiesof problems encounteredin operatingsystems. The use of
this techniquecan help determinewhether agglomerationproblems are due to
ash chemistryor to combustor-operatingconditions. This distinctionis
important,as the method of mitigationwill be differentfor the two
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instances. With proper understandingof the fuel and its potentialfor
agglomerationand deposition,even potentiallyproblemfuels such as Beulah
North Dakota lignite,with 8% to 12% of its ash present as organicallybound
sodium, can be successfullyburned in utility-scaleplants,as evidencedby
the highly successfuloperationof the 80-MW HeskettStation. Information
gathered from this type of analysishas also been used by the operatorsof the
NSP Black Dog Station to modify start-upand fluidizingprocedures,to
virtuallyeliminate their agglomerationproblem.
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BENEFICIATIONOF LOW-It/INKCOALS

1.0 INTRODUCTION

Low-rankcoals (LRCs)representnearlyhalf of the estimatedcoal
resources in the world. In many developingnations,LRCs are the only source
of low-cost energy. LRCs are typicallypresentin thick seams with less
overburdenthan bituminouscoals,making them recoverableby low-costsurface
mining. However,even though LRCs burn much more rapidly and completelyand
usually have much lower sulfur than bituminouscoals, they are often regarded
as inferiorfuels and have not playeda significantrole in the international
steam coal market. LRCs are hinderedby the characteristicswhich
differentiateLRCs from bituminouscoals,namely,high moisturecontent,
extensiveporosity,and high concentrationof oxygen functionalgroups.

In addition,as much as, or more than, 50% of the inorganicmaterial in
LRCs occurs as ion-exchangeablecationsbound to the organiccoal matrix as
salts of humic acids or phenolicsand cannotbe removedby simple physical
cleaning methods. Two-thirdsof the surface-ruinablelignitein North Dakota
may containmore than 4 wt% Na20in the ash. Becauseof the limitedsupply of
low-sodium-contentligniteand the high cost of conventionalmeans for dealing
with the ash-foulingproblem, a drivingforce exists for developmentand
applicationof a viable method to reduce or eliminateboiler foulingby the
reductionof sodiumcontent in the coal.

In additionto ash content, sulfurcontentis importantbecauseof its
role in sulfurdioxideemissions. Initially,this programused target sulfur
contents of 0.5 wt% sulfur. AnotherDOE programused a slightlyhigher sulfur
criterionof I wt% or less for the design of residentialfurnaces. Because
most sulfur in LRCs occurs as organicallybound sulfur and finely disseminated
pyritic sulfur,little sulfur removalwas expectedwhen cleaningtechniquesare
applied.

During the past six-yearperiod,the EERCdemonstratedthat low-ash,low-
sulfur liquid or dry fuels could be producedfrom LRCs employingbeneficiation
techniques such as physicaland chemicalcleaning,hydrothermaltreatment,and
agglomeration. The first approachinvestigatedintegratingthe beneficiation
techniquesof physicalcleaning,chemicalcleaning,and hydrothermaltreatment
to produce a low-ashpumpable coal-waterfuel (CWF). The LRC CWFs could
competeagainst bituminousCWFs to replacethe more costly fuel oils used in
industrialor utilityboilers or diesel fuels used in advancedcombustion
systems. Physicalcleaning,to remove discreteminerals,and chemical
cleaning,to remove ion-exchangeableelements,were investigatedas methodsof
reducing the ash contentto less than I wt% on a dry basis. Direct formulation
of low-ash LRC CWFs using bituminousCWF preparationtechniqueswas impractical
becauseof the inherentdisadvantagesof LRCs, namely high moisturecontent,
extensiveporosity,and high concentrationof oxygen functionalgroups.
Consequently,the EERC developmentof hot-waterdrying,a hydrothermal-
treatmentprocess,was investigatedas a methodof mimickingthe coalification
process to reducecoal hydrophilicityand to improvethe water slurryabilityof
LRCs. These processeswere developedon a bench scale and, ultimately,the
continuouspilot scale to facilitatequantitativeproductionof CWFs for pilot-
scale combustiontesting. Studiesconcentratedon the developmentof methods



and conditionsfor physical and chemicalcleaningand on the relationshipof
hydrothermal-treatmentconditions,particlesize, and additivesto CWF
rheologicalproperties.

The second approach investigated an oil agglomeration process whereby low-
ash LRCscould be aggregated into a lump fuel form suitable for transportation
by conventional means and utilizable in conventional or advanced combustion
systems. Agglomeration was also investigated as a method of producing a low-
moisture, high-heating value fuel with resistance to moisture reabsorption
similar to that achieved by hydrothermal-drying techniques. A bench-scale
process was developed that combined a chemical-cleaning first-stage for ion-
exchangeable element removable with a reconstitution second-stage employing a
suitable agglomerating oil. Studies concentrated on determining agglomerating
oils compatible with the hydrophilic LRCsurfaces, developing appropriate
agglomerate and process water analytical techniques, quantifying the
utilization of agglomerating oil and cleaning chemicals, optimizing
agglomerating conditions, and investigating methods of oil recovery from
agglomerates.

2.0 OBJECTIVES

The overallobjectivesof the Low-RankCoal Beneficiationprojectwere to
developtechniquesto reduce the moistureand inorganiccontentsand increase
the heatingvalue of LRC to producehigh-qualitydry productsand/orcoal-water
fuels (CWF). The followingareas were investigatedduring the six-yearLow-
Rank Coal Beneficiationprogram:

I. Coal selectionfor physical,chemical,and hot-waterdrying beneficiation
investigations

2. Physicalcleaningfor reductionof coal minerals and pyriticsulfur

3. Chemicalcleaningfor reductionof cationicinorganics,specificallythe
speciesassociatedwith boiler deposition

4. Hot-waterdrying to producestable,liquidfuel suitablefor fuel-oil
fired boilersor advancedheat-engines

5. Oil agglomerationto producea handleableand stabledry fuel from
chemicallycleanedcoal

3.0 RESULTSANDOISCUSSION

3.1 Coal Selectt on for Fuel Production

Coal selectioncriteriawere based on raw coal analysis;washabilitydata;
mine location,with respectto the numberof heatingdegree-days(HDD)greater
than 6000; and mine distance from major populationcenters. A heatingdegree-
day is definedas the unit that representsone degree of decreasefrom a given
point in the mean daily outdoortemperature,in this instance291 K (18°C).



Seven coals were identifiedas candidatesfor study in the LRC benefi-
ciation programs: Beulah and Velva lignitesfrom North Dakota;Jacobs Ranch,
Kemmerer,and Skull Point subbituminouscoals from Wyoming; Spring Creek
subbituminouscoal from Montana;and Usibellisubbituminouscoal from Alaska.
The coals had a sufficientreservebase, met climaterequirements,and showed
excellentamenabilityto initialcleaningstudies.

I

Quantitativepetrographicanalyseswere performedto determinethe nature
and distributionof mineralmatter in LRCs. This informationwas combinedwith
the detailed inorganicanalysesfor the cleanedLRCs to determinethe degree of
mineral matter liberationand eventuallyto predictmineral matter liberation
in other LRCs. The three major maceralgroups in low-rankcoals were found to
be I) huminite,2) liptinite,and 3) inertinite. Each of these groups had a
characteristicrange of reflectancevalues and containedmacerals that were in
some manner relatedto one another.

The LRCs tested containedup to 50% of the ash as distinctmineralmatter,
and the remaining50% of the ash, which was not detectableby polarizinglight
microscope,existedas ion-exchangeablecations. This fractionof the
inorganicsshould be relativelyeasy to remove using ion-exchangemethods.

3.2 Physical Cleaning

Float-sink washability was the standard method for determining the
cleanability of the candidate coals. The various float-sink specific gravity
fractions represented theoretical limits attainable by gravity separation.
Static separation was most often used for coarse-coal size fractions (9.5 mmto
2.36 mm), whereas a centrifugal separation method was used for fine-coal size
fractions (-2.36 mm).

Initial physical cleaning of micronized and combustion-grind LRCswas
performedby centrifugalwashabilitytestingusing Certigravtrue specific
gravity solutions. StandardASTM staticwashabilitywas performedon -6.4-mmx
O.84-mm fractionsof selectcoals to determinethe level of cleaningto be
expected using pilot-scale,dense-mediaseparationtechniques.

Physicalcleaningof subbituminouscoals using washabilitytechniques
removed mostly siliconand iron-bearingminerals and some mineralscontaining
aluminum. Physicalcleaningo_ lignitesremovedsignificantportionsof all
the elements analyzedin the ash, exceptcalciumand magnesium. The results
indicatethat the inorganicmaterialwas found throughoutthe coal matrix.

Subbituminouscoals producedsmall amountsof 1.3 float, but generally
produced significantquantitiesof product at 1.4 specificgravity. Coal-ash
separationsat 1.4 specificgravitywere variable,with ash reductionsranging
from Ig to 66 wt%. North Dakota and Texas ligniteswere less responsiveto
washabilitythan higher-rankcoals; float yields at 1.3 and 1.4 specific
gravity were generallylow and ash reductionswere much lower than for higher-
ranked coals. The possibilityexiststhat a ligniteprocessedin a physical
cleaning circuitmight behave less predictablythan a bituminouscoal. This is
because of the inherentvariabilityof most lignitesand the propertychanges
associatedwith humidityand temperature. Physicalcleaningby washability
resulted in ash reductions,yields, and energy recoveriesof 25% to 40%, 55% to
72%, and 62% to 74%, respectively.



The candidate subbituminous coals were not evaluated for sulfur reduction
by washability physical cleantng because of their low inherent sulfur content.
The Beulah lignite with a I wt% sulfur content, distributed as 53 wt% pyritic
sulfur and 47 wt% organic sulfur, was reduced to 0.44 wt% by physical cleaning.
The majority of the sulfur reduction, g5 wt%, was due to removal of pyrtttc
sulfur. The coal yield was 61 wt%, indicating that physical cleaning may be a
cost effective method of producing a SO, compliant fuel from this lignite.

Froth flotation exhibited little potential for beneficiattng low-rank
western coals. The frothing agent, methyl isobutyl carbinol (MIBC), whtch is
successfully used in bituminous coal flotation, was generally not effective in
producing stable froths with LRCs. The poor performance of MIBC with LRCswas
attributed to the hydrophilic LRCsurfaces, unlike the more hydrophobic
bituminous coals. Other commercial frothing agents designed to stimulate coal
floatability by blocking coal surface hydrophiltc sites may have potential to
improve the floatability of LRCs. Chemical cleaning to remove inorganics
associated with the hydrophilic sites was unsuccessfully tested as a method of
increasing LRChydrophobicity and floatability.

3.3 Cheatcal Cleantng

The EERCinvestigated chemical cleaning to reduce the cation content of
LRCs. The method involved mixing pulverized coal with a dilute acid solution
for a specified amountof ttme.

The stability of cations attached to the carboxyl groups tn ligntte ranges
from sodium, as the least stable, to the hydrogen ion, as a nondissociated weak
humic acid, as the most stable. Cations, other than the hydrogen ion, form
strong electrolytes with the carboxylic group and can be more easily replaced.
Sodium removal was a function of particle size and moisture content of the
lignite, the ionic strength of the solution, contact time, lignite-to-solution
ratio, and the equilibrium between ions in the solid and in solution.

LRCchemical cleaning was performed by leaching with four strong acids
(nitric, hydrochloric, sulfuric, and hydrofluoric) and three strong bases
(sodium, potassium, and ammoniumhydroxide). The acid-leaching process removed
mainly sodium, calcium, magnesium, and a small amount of silica. Acid leaching
tended to concentrate aluminum and ferric oxide and, to a lesser extent,
titanium and potassium oxide. The combination of physical and chemical
cleaning concentrated the clean coal ash in silica, aluminum, calcium, and
iron. Concentrations of these components indicated that particles such as
clays or, in the case of ferric oxide, pyrite were finely disseminated
throughout the coals. The overall performance of chemical cleaning were ash
reductions of 40 to 60 wt%, yields of 86 to 91 wt%, and energy recoveries of
90% to 93%.

Caustic leaching of LRCswith low-concentration bases, designed to
solubilize and separate humic acids from inorganics, proved to be impractical
because of extreme difficulty dewatering the product. Also acidification and
centrifugation were required to recover the coal from the caustic solution.
Due to the extensive amount of processing and difficulty in recovering the
coal, caustic leaching was not investigated further.



A preliminary assessment of the colloidal coal-cleaning (CCC) technique
for LRCswas evaluated. This process used higher base concentrations and
intense shreadtng using a homogenizer to solubiltze the humates. As with
caustic leaching, CCCrequired an acidification step to recover humtc acids and
repetitive and intense washing to remove restdual base cations from the
product.

3.4 Hot-Water Orytng

The EERCpioneered the development of a low-rank coal-water fuel (LRCWF)
technology, referred to as hot-water drying (HWD), which can efficiently
"dewater"LRCs and enhancethe coal surfaceto allow formulationof an
environmentallybenignjeasily transportableliquid fuel.

HWD is hypothesizedto simulatenature'scoalificationprocessin a
condensedtime scale of minutesrather than geologicaleras. Changeseffected
by the drying processincludedirreversibleremovalof moisture,shrinkageof
the pore structure,and enhancementof heatingvalue by removalof oxygen. As
a liquid fuel form, HWD LRCs were imperviousto dust generationand spontaneous
combustion,problemscommonplacewith raw or conventionallydried LRCs.

HWD enhancedthe energydensitiesof LRCWFs,typically30% for subbitu-
ruinouscoals, 50% for lignites,and up to 70% for brown coals. Results
indicatedvery slightash reductions,yields rangingfrom 80% to 93%, and
energy recoveriesof 82% to 95%. Ash reductionswere primarilyby removalof
sodium and potassium,which are depositionalbad actorsduring pulverizedcoal
combustion. Dependingupon the coal processed,and its associatedmoisture
content,the HWD processwas determinedto be a potentialnet water producer,
allowingthe CWFs to be formulatedentirelyusing the inherentmoistureof the
raw coal.

Hydrophobictars, which exude to the surfaceduringthe HWD process,were
consideredto be primaryactors in the mechanismof hot-waterdrying. These
tars are hypothesizedto cool on the coal surface,sealingmicroporeentrances
and preventingreabsorptionof water. In an attemptto identifytar produc-
tion, solid-state13Cnuclearmagneticresonancespectrometry(NMR)was used to
determinethe carbon structureof the raw coals and to detectchangesin
structuredue to hydrothermaltreatment. The tars were extractedfrom raw and
HWD coal with methylenechlorideand methanoland the residueswere charac-
terizedusing 50-MHzsolid-state13CNMR spectrometry. The resultsshowed a
higher tar yield for the HWD coals relativeto the raw coals and a significant
decrease in carbonyl/carboxyland methoxygroups,with littlechange to the
other organicgroups,due to HWD. A significantdecreasein aliphatichydro-
carbonsdue to HWD accountedfor the increasedtar yield.

To further characterizethe tar production,a viscositystudywas
performedusing a Haake DI00/300sensor system for the RVIO0 concentric
cylinderviscometer. Viscositydata on raw LRC water slurrieswere recordedas
a function of temperatureto 553 K (280°C). In all cases,the viscosity
decreasedwith increasedtemperatureto 483 K (210°C),with the greatestrate
of viscositychange occurringbetween303 and 363 K (30° and 90°C). The
viscosityremainedconstantor, in some cases, increasedas temperature
increasedfrom 483 to 553 K (210° to 280%). In the rangeswhere the viscosity



increased,tar formationfrom mild pyrolysiswas believedto have contributed
to higher viscosities.

3.4.1 RheoloqicalProperties

Knowledgeof the sensitivityof CWF flow behaviorand viscosityto solids
content and temperatureis importantwhen designingstorageand pumping
circuits for slurry-fedcombustorsand gasifiers. Changes in slurryviscosity
and other flow properties,becauseof variationsin solids contentand
temperature,can drasticallyalter the energy requirementsfor pumpingand the
pressure requirementsfor atomization. Therefore,the influenceof solids
content, particlesize, and HWD temperatureon the CWF flow propertieswere
determinedby experiment.

One study identifiedthe effectof solid concentrationson the viscosity
of variousHWD CWFs over the range of 50 to 1000 Pa.sec. Throughoutthe entire
viscosityregime,the HWD CWFs were characterizedas pseudoplasticor shear
thinning. Typicallyviscosityincreasedat a rate of approximately75 to
100 Pa.sec in the low-viscosityregion (50 to 200 Pa.sec),100 to 125 Pa.sec in
the medium-viscosityregion (200 to 500 Pa.sec),and 125 to 175 Pa.sec in the
high-viscosityregion (500 to 1000 Pa.sec)per I wt% increasein solids
content. The viscositieswere directlyaffectedby coal type and its
responsivenessto HWD, HWD temperature,and particle-sizedistribution.

Viscositytests were completedon a varietyof particle-sizedistributions
(PSD) with a HWD Wyomingsubbituminouscoal. Dependingupon selectedPSD, CWF
energy densitiesranged from 15,100to 18,800 kJ/kg (6500 to 8100 Btu/Ib)on a
fuel basis. Optimum particle-sizeconditionswere determinedusing the Rosin-
Rammler equation,with a size-distributionconstantof o.g. An 80/20 mix (80%
coarse coal and 20% fine coal) provideda near-optimumparticle-size
distributionfor the bimodalmixture. The averageparticlesize of the coarse
coal was 75 microns,while the finematerial averageparticlesize was
10 microns. The micronizedCWFs had lower solidscontent and energydensities
at equivalentviscositiesbecauseof their narrowparticle-sizedistributions.
Since reactiontime and carbon burnoutare criticalin advancedcembustion
systems,micronizingis necessaryfor bituminouscoals and bituminousCWFs.
This may not be the case for the highly reactiveLRCs and HWD LRCWFs.

Tests on ligniteand subbituminouscoals also determinedthe effectsof
HWD temperatureon energydensity. Hot-water-driedligniteCWF energy
densities increasedfrom 13,000 kJ/kg (5600 Btu/Ib)to over 14,200kJ/kg
(6100 Btu/Ib),on a fuel basis, when the HWD temperaturewas increasedfrom 543
to 603 K (270° to 330%). SubbituminousHWD CWF energydensitiesimprovedfrom
16,300 to 18,600kJ/kg (7000to 8000 Btu/Ib)at similartest conditions.

3.4.2 Pilot-ScaleContinuousDeep Cleaninq

Pilot-scalefuel capabilitieswere developedto preparesizablequantities
of low-ashCWF from LRCs for advancedcombustionapplications. The preparation
scheme includedphysicaland chemicalcleaningfollowedby hot-waterdrying.
Final fuel preparationincludedsize optimizationand, in some cases, the use
of additives.



Dense-media cone separation was used to physically clean the coal in
preparation for clean CWFproduction. The dense-media cone separator, designed
to process coal sized from 6.3 to 0.85 ram,utilized a slurry of magnetite to
physically separate the coal from the extraneous mineral matter. The clean
coal product was produced at the rate of ).50 kg/hr. Prior to any further
utilization of the physically cleaned product, the coal was dried to remove
surface moisture and pulverized. Pilot-scale chemical cleaning was perfor_d
in a downflow column equipped with a mixing shaft and level activated control
valve. The pulverized coal, in a dilute slurry, and acid were introduced at
the top of the column. Acid cleantng was performed at a rate of 180 kg/hr of
coal-water mixture. The sample was centrifuged to recover the acid-cleaned
coal for HWDtesting. The hot-water-drying system was operated at 270 kg/hr,
processing up to 1000 micron coal-water slurry at 513 to 603 K (240° to 330°C)
and 2,760 to 15,200 kPa (400 to 2200 psi) for residence times of 1 to
60 minutes.

Good correlation was achieved between bench- and pilot-scale results; CWFs
were produced with less than 1.5 wt% ash and energy densities ranging from
13,900 to 18,600 kJ/kg (6000 to 8000 Btu/lb), depending on the particle-size
distribution. Coal-waterfuel rheologicalcharacterizationwas also performed,
with respect to particle-sizedistribution,additives,and temperature.

3.4.3 PartialOxidation

Partial oxidation(PO)was investigatedas a method of supplyinga portion
of the required processheat for HWD by in situ combustionof the coal. The
processappeared feasible,as combustionwas easily initiatedusing oxygen
after first preheatingthe slurry to 473 K (200°C). However,temperature
controlwas difficultwhile using a batch system.

The overall economicbenefitsof PO-HWDover HWD were not determined,
although an electricalcost savingswould probablybe realizedby supplyinga
portionof the thermalrequirementsby direct (internal)heating. However,
additionalproductgas and PO-HWD coal analysis(proximate,ultimate,and
heatingvalue) would have to be performedto determinethe cost differential.
The resultsof preliminarycalculationsindicatedan approximateprocessheat
cost savings of 35%.

The PO-HWD coals,to a limitedextent,also had enhancedfloat-sink
washability,relativeto conventionalHWD coal. Presumably,the surfacetars
normally presentafter conventionalHWD were consumedduring PO. Consequently,
any previous inhibitionof mineralliberationbecauseof the tar coatingwas
somewhat alleviatedby PO. Productyields and heatingvalueswere much lower
with PO products than with HWD productsdue to the consumptionof coal by
combustion.

3.4.4 ChemicalAdditives

Additive packageswere identifiedthat would allow the LRCWFsto meet DOE
energy density, flow behavior,and storagelife specifications.A screening
study was performedto determinethe effectivenessof chemicaladditivesfor
increasingthe solidsloadings for the clean CWFs. Generally,the nonionic
surfactantswere more effectivethan anionicdispersants. Anionicdispersants
were ineffective,as no increasein solids contentwas realizedfor the two



types tested. The anionic additives disperse and stabilize soltds by the
principles of electrostatic dispersion or positive-negative charge. This
phenomenonwas adversely affected by the ionic strength of the CWFaqueous
medium. The ionic strength was possibly caused by residual acid from the
chemical cleaning and other water-soluble ions in the aqueousmedium of the
CWF. The pH of the CWFfrom the clean products ranged from 4 to 5, rendering
the anionic additives ineffective. The nontonic surfactants behave on the
principles of steric dispersion and stabilization, which are physical
phenomena. Therefore, the nonionic additives were generally insensitive to pH
changes or ionic strength in aqueous medium. The high molecular weight BASFF
series addttives--copolymers of ethylene oxide and propylene oxide-were
effective on a clean ligntte in the screening tests.

Long-term stability was a concern with CWFs,especially when considering
the fuel for residential, commercial, or industrial combustion applications.
Depending on the percentages of soluble, multivalent cations in the coal, HWD
promoted stability in CWFsprepared from LRCsby leaching available cations out
of the coal. Studies indicated that a 0.2 wt% xanthan gumloading was
sufficient for 6-month storage stability of the cleaned lignite CWF. In
addition to stabilization compounds, formaldehyde added at 0.1 wt% was
necessary to prevent mold growth.

Testing also investigated CWF's resistance to rheological and stability
variations during freeze-thaw cycling. Shear stress versus shear rate
relationships identified the before-and-after flow behavior characteristics of
the fuel. Freeze-thaw testing indicated slight increases in solids content and
viscosity ranging from 5%to 20% above those of the original sample. These
increases were attributed mainly to evaporation during the testing process.
The low solids and viscosity increases indicated that the CWFswere relatively
unaffected by freeze-thaw. The CWFswere also stable after freezing, although
rheologies of the HWDsample exhibited a slight difference in flow behavior.
The sample, pseudoplastic before freezing, exhibited yield-pseudoplastic
characteristics after freezing. Therefore, coal-water mixtures containing
additives and stabilizers can be frozen, thawed, and remixed without any major
stabilityor viscositychangesoccurringto the fuel.

3.4.5 Coal-WaterFuel ProcessWater Treatment

The productionof CWF by the hot-water,coal-dryingprocessresulted in
the generationof processeffluentwater. Due to the hydrothermalcoal
dewateringprocess,a portionof the sodium and other water-solubleinorganic
constituentsare transferredfrom the coal particlesto the aqueousmedium.
Additionally,water-solubleorganiccompoundsare extractedfrom the coal
particlesby the processwater. Mechanicalconcentrationof the processedcoal
produces a damp HWD coal and a contaminatedeffluentwater by-product
(centrate),which containscoal fines,dissolvedinorganics,and water-soluble
organics.

The centrate from mechanicalconcentration(continuouscentrifugation),
collectedafter hydrothermalprocessingof a subbituminouscoal, was used
for treatabilitystudies. The treatmentprocessaddressedthe reductionof
suspendedsolids prior to subsequentsecondaryand tertiarytreatment
processes. Two methodsof suspendedsolidsremovalwere investigatedfor



CWF productrecoveryandcentratepretreatment:chemicalcoagulation/
precipitation,and ultrmflltration.

Initialjar testswith acidificationof the raw CWF centrateresultedin
solidsseparationof 200-mLsollds/Lwastewaterat a dosageof I-mL/L
concentratedsulfuricacid. Dueto the encouraginginitialJar-testingresults
on freshcentratesamples,additionaleffortsshouldbe directedat
coagulation/precipitationfor theseparationof colloidalsuspendedsolidsfrom
freshCWF centrate.

Ultraflltratlonuseda membraneprocessto separatesolidsand high
molecularweightdissolvedmaterialsfromthe centrate.Resultsindicatedthat
the flux (filtrationrate)remainedrelativelystablefor the4 hoursof
testing. A computermodel,basedon severaleffects,was formulatedto predict
the fluxthroughthe membranes.Preliminaryresultsindicatedultraflltratlon
is a technicallyviablemeansforremovaland recoveryof solidsfromCWF
centrates;however,moretestingshouldbe completedbecausea majorconcern
withmembrane-basedfiltrationsystemsis the lengthof timethatthe unitcan
runbetweencleaningswithoutsignificantlossin filtrationrates.

An activatedsludgesystemwas selectedto evaluateaerobicbiological
systemsecondarytreatmentof HWDprocesswater. The activatedsludgeprocess
utilizeda suspended,mixedgrowthof aerobicmicroorganismsthatusedthe
organicmaterialsin wastewateras substrates.Testingwas conductedto
determineremovalratesof biochemicaloxygendemand(BODs),chemicaloxygen
demand(COD),andtotalorganiccarbon(TOC). At steady-stateoperating
conditions,averageBOD,removalwas 95.7);andCOD andTOC removalvariedfrom
20);to 38);and 40);to 60);,respectively,dependinguponcellresidencetimes.

3.5 AcidCleanlng/OllAgllomeratlon

3.5.10eve!lopment9f ExperimentalProcedur_

The EERCagglomerationprocess,in its prt,sentstageof development,
incorporatesa chemical-cleaningfirst-stagewith a fine,cleancoal
reconstitutlonsecond-stage.Duringchemicalcleaning,l-partpulverizedcoal
and 2-parts dilute acid are intensely mixed using a high-shear homogenizerto
liberate the organically associated alkalt and alkaline earth metals plus other
acid-soluble minerals. The fine, acid-cleaned coal is recoveredby adding a
specified quantity of agglomeratingotl. Agitation by stirring causes wetting
of the coal particles by the oil; formation of agglomeratesoccurs due to
repeated collisions of the oiled coal particles. The 2- to 4-ramagglomerates
are separated from the chemically liberated inorganics, which remain
solubilized in the processwater by a simple screening technique.

Preliminary developmentwork on the EERCagglomeration processwas
performed by KnudsonandHack to obtain rudimentary information on the effect
of particle size, oil-to-coal ratios, and agglomeration mixing speedsand
times. Initially, chemical cleaning was facilitated by sonicatton, which was
presumedto aid separation of discrete mineral matter. However,after limited
testing, sonication wasconsidered Impractical and unscalable to pilot,
development, or production size. Furthermore, the benefits of sonicatton for
enhancedmineral separation were not definitively proven. Sonication was first
replaced by low-speed T-bar mixing, then ultimately replaced with high-shear
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homogenizer mixing. This latter method was presumedto be superior to
sontcation or low-speed mtxtng for ensuring penetration of the acid into the
pores of the coal. A second major process modification was the elimination of
surfactant as an agglomeration pretreatment. The surfactant, typically Trtton
X-IO0, was presumed to lower the solutton surface tension and aid wetting of
the coal surface by the agglomerating oil. However, the water solubility and
LRCcompatibility of the preferred agglomerating otls facilitated successful
agglomeration without the surfactant. Elimination of the surfactant, used in
concentrations up to 60 kg/metrtc ton (120-1b/ton) coal, was also considered to
benefit process economics.

Statistical matrix testing was used as a method to optimize the
agglomeration of Beulah lignite with crude phenol (a coal-derived oil). The
parameters were particle-size, acid contact time, chemical-cleaning mixing
speed, oil mixing time, agglome,_ation mixing speed, acid strength, and oil
concentration. The statistical matrix tests established levels for chemical-
cleaning and agglomeration parameters, someof which are still used. Preferred
coal sizes were -0.59 mmx 0.075 ram,as particles below 0.075 mmresulted in
low agglomerate yields. An otl mix time of 2 minutes was optimum for
maximizingash reduction,although,typically,an agglomerationtime of
5 minutesmaximizedrecoveryof coal solids. Optimumagglomeratingoil mix
speedswere 400 to 800 rpm, with the latter value more commonly used, and the
optimum oil-to-coalratio was I mL/g. Dependingon the measuredresponse
during matrix testing, the optimumacid-cleaningmixing speed and time gave
significantlyvarying results. The optimumlevels for high-shearmixing speed
and acid-cleaningtime to maximize ash reduction,as determinedby one-at-a-
time experiments,were 5000 rpm and I to 2 minutes,respectively.

The parametricvalues obtainedwith the Beulah lignite,i.e., acid
concentrationsbetween0.75 and 6.0 wt% and oil-to-coalratiosof I mL/g, were
used as initialparametriclevelswhen evaluatingnew coals. The optimumoil
level for maximizingcoal recoveryand the optimumacid concentrationfor
maximizingash reductionwere typicallyobtainedby one-at-a-timeexperiments.

Strong acids--nitric,hydrochloric,and sulfuric-were equallyeffective
at reducingthe inorganiccontentsof LRCs over the range of 0.75 to 6.0 wt%
acid. Unrinsedsamplesof LRCs cleanedwith these acids had higher
concentrationsof nitrogen (probablyas NO_'),chlorine (as Cl), or sulfur (as
CaSO,)comparedto the raw coals. The NO3 and Cl"were easily removedby water
rinsing;the removalof CaSO, requiredsecondarywashingwith a dilute solution
of formic or nitric acid. Becauseof the negativesassociatedwith high
chlorine and sulfurlevels,nitric acid becamethe preferredacid for chemical
cleaning.

The capacityof the batch, bench-scaleagglomerationprocess,initially
developedusing 50 grams of coal per test, was successivelyincreasedby
factorsof 2, 4, and 30 times. Typically,agglomerationtests to assessnew
coals or oils were performedwith 50 grams of coal per test. Sufficient
quantitiesof agglomerateswere producedusing 200 grams of coal per test to
facilitateall analysesrequired for subsequentoil, water, and solids
balances. Sufficientquantitiesof agglomerateswere producedat 1500 grams of
coal per test to allow parametricthermaldeoilingtests and stabilitytests.
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3.5.2 Developmentof Aqqlomerateand Pro_essWater Analvt!_al
_chDioues

Concurrentwith the developmentof the chemical-cleaning/oilagglomeration
process, several analyticaltechniqueswere evaluatedfor determiningthe oil
contentof agglomerates(raw, air-dried,deoiled) and processwater and for
determiningthe residualacid contentof processwater. These analyseswere
presumed critical for determiningthe consumptionof the more costly raw
materials--oiland acid.

Thermogravimetricanalysis (TGA)was the first method evaluatedfor
determiningoil content of the agglomerates. TGA directlydeterminedthe
fractionsof the light oil, oil, volatilematter, fixed carbon,and ash. The
sum of the light oil plus oil fractionswas presumedto representthe
agglomerateoil content. However, fixed-carbonrecoveriescalculatedwith the
TGA resultswere generallywell in excess of 100 wt% indicatingI) the
agglomeratingoil containeda fractionin the fixed-carbondistillationrange,
and 2) agglomeratingoil polymerizationmay have occurredduring the rapid TGA,
resultingin furtherproductionof fixed carbon. Agglomerateoil contentswere
also calculatedby differencefrom the sum of the mass of light oil, oil,
volatilematter, fixed carbon, and ash in the agglomeratesand raw coal. The
calculationmethods resulted in oil contentsat least 8 to 11 wt% higherthan
oil contents directly obtainedfrom TGA. Consequently,pendingappropriate
modifications,TGA was consideredunsatisfactoryfor directlyor indirectly
determiningagglomerateoil content. Nonaqueoustitrationto measurecresol
content and tetrahydrofuran(THF) solubility,also tested as agglomerateoil
contentmeasurementmethods,proved to be inadequate. The most recently
evaluatedtechnique,Soxhletextraction,appearedsuitablefor analyzingraw
and air-driedagglomerates. Thermallytreatedagglomeratescould not be
analyzedfor oil contentby Soxhletextractionbecauseheat treatmentis
hypothesizedto polymerizesome of the agglomeratingoil, inhibitingcomplete
elutionby the extractionsolvent.

Initially,ASTM method D271 and TGA analysiswere evaluatedfor
determiningthe moisturecontentof air-driedagglomerates. These weight-loss
measurementtechniquesproved unreliablebecauseof the concurrentloss of
agglomeratingoil. The Karl Fischertitrimetricanalysistechniquewas ideal
for moisture analysisbecause it could be performedin the presenceof volatile
organics. Azeotropicdistillation,used in conjunctionwith the Soxhlet
extractionmethod, also proved suitablefor determiningagglomeratemoisture
content. Presently,direct comparisonshave not been made among the latter two
methods; however,advantagesof Karl Fischeranalysisincludeless waste and
faster analysistime comparedto azeotropicdistillation. One drawbackto the
former method was the small sample size, which can produceresultsunrepre-
sentativeof the bulk agglomerationtest sample.

Two methods were investigatedfor measuringthe residualagglomeratingoil
content in the processwater: total carbon (TC) analysisand solvent
extraction. Total carbonwas a fast, very reproduciblecombustion/infrared
method for determiningthe carbon contentof water. The total oil contentof
the water was calculatedfrom TC analysispresumingthat the oil composition
(i.e.,wt% carbon) in the processwater was equivalentto the initial
agglomeratingoil. Based on preliminaryoil balanceswith mono- and
multicomponentagglomeratingoils, TC analysisappearedsatisfactoryfor
)
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indirectly determining the agglomerating ot1 content of process water. Solvent
extraction, a commontechnique for process water oil recovery, was investigated
in a single test as an analytical technique. The calculated otl content, as
determined from solvent extractions, was approximately 2.5 times higher than
that achieved by TC analysis.

Acid consumption during the chemical-cleaning stage was determined by
comparing the molar strengths of the initial and final acid-cleaning solutions.
Titration of the acid solution with a dilute base was performed after chemical
cleaning, but prior to agglomeration to eliminate the interference of the
agglomerating oils. The method of titration was a highly repeatable technique
for determining acid consumption.

3.5.3 AaolomeratinqOils Tested and Oi.lCharacterlza)!Qr_

A number of agglomeratingoils were evaluatedas primarybridgingliquids
during the developmentof the chemical-cleaning/oilagglomerationprocess.
These oils includedthe coal gasification-derivedcrude phenol and tar oil
streams,liquefaction-derivedV161 and V178 naphthas,severalmild
gasification-derivedtars, a used petroleum-basedcrankcaseoil, a reagent
grade m-cresol oil, and a commercialcresylicacid. Crude phenolor a crude
phenol/taroil blend were primarilyused duringdevelopmentof the
agglomerationprocess and the associatedanalyticaltechniques. The other
agglomeratingoils were testedto assessthe versatilityof the process.

Several agglomeratingoils were evaluatedas bindingoils to be used in
conjunctionwith the primaryagglomeratingoil or bridgingliquid. These oils
includedtar oil, creosoteoil (coal-derived),asphalt,and red crude and
decant oil (both petroleum-based).

Crude phenol or crude phenol/taroil were the agglomeratingoils against
which the other oils were compared. The crude phenol,tar oil, crude
phenol/taroil, m-cresol,and cresylicacid were determinedto be very
effectivefor agglomeratingchemicallycleaned LRCs using low-shearmixing (400
to 800 rpm). The time requiredto achieveagglomerationvaried betweenoils
and ranged from 2 to 5 minutesfor crude phenol,tar oil, crude phenol/taroil,
and m-cresol to as high as 7 to 15 minutesfor cresylic acid. The
agglomeratingoil/coalratio also varied,ranging from 0.6 to 0.7 mL/g for
cresylicacid to O.g to 1.0 mL/g for the other low-shearcompatibleoils.

Agglomerationwas not possibleat low-shearmixing conditionsusing the
liquefaction-derivedoils, mild gasification-derivedtars, or used crankcase
oil. Surfactantsor high-shearmixingwere requiredto effect agglomeration
with these tars/oils. Surfactantconcentrationsup to 40 kg/metricton
(80 Ib/ton)of coal aided agglomerationusing the liquefactionnaphthasat oil-
to-coalratios of 0.5 to 0.6 mL/g. Mild gasificationtars, thinnedin a
solvent (butanolor pentane),successfullyagglomeratedLRCs at concentrations
of 0.6 g-tar/g coal when using high-shearmixing. The used crankcaseoil, at
oil-to-coalratios of only 0.3 mL/g, agglomeratedLRCs only afterhigh-shear
mixing.

Attemptswere made to correlatethe agglomerationconditions,i.e., low-
shear mixing versus high-shearmixing or surfactantaddition,againstthe
compositionof the agglomeratingoils; i.e.the polar contentand oxygen
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polar functionalities, such as the hydroxyl group (OH). Agglomerating oil
aliphatics, branched aliphatics, aromatics, and polar contents were determined
by open-column chromatography, and oxygen contents were determined by
difference using ASTMmethod D3176 ultimate analysis.

The agglomerating oils, which required only low-shear mixing to effect
agglomeration, had the highest polar and oxygen contents; the converse was true
for the tars/oilsrequiringsurfactantsor high-shearmixing. The relationship
between agglomerationconditionsand oil compositionappearedto be more
dependentupon oxygencontent and less dependentupon polar content. The polar
contents of the most effectiveoils ranged from 80 wt% for the crude phenol/tar
oil mixture to 100 wt% for the "pure" oil, m-cresol. The polar contentsof the
less effectiveoils rangedfrom 13 wt% for used crankcaseoil to 54 wt% for the
mild gasificationtars. The oxygen contentsof the more effectiveoils did not
vary significantlyand ranged from 12 to 15 wt%. The oxygen contentsof the
less effectiveoils were considerablylower and rangedfrom only 0.7 to
3.1 wt%. Based on preliminarytesti,g,determinationof polar and oxygen
contents may be a usefulmethod for screeningoils for use in agglomeration
processesemployinglow-shearmixing.

3.5.4 Characteristicsof Chemicall_Cleanedand AgglomeratedLRCs

Agglomerationwas successfullyaccomplishedwith a number of LRCs,
includingMorwelland Yallourn brown coals fromAustralia;Indian Head, Beulah,
and Center lignitesfrom North Dakota; Calvertlignitefrom Texas; Wyodak,Fort
Union, Eagle Butte, and Kemmerersubbituminousfrom Wyoming; Spring Creek
subbituminousfrom Montana;Beluga subbituminousfrom Alaska; and a lignite
from Czechoslovakia.

The majorityof agglomerationte _ performedwith the baseline
Beulah lignite using crude phenol or b,. _ of crude phenol as a bridging
liquid and low concentrationsof other coal- or petroleum-derivedoils as
binding oils. The tests with the other LRCs used crude phenol or crude
phenol/taroil as the agglomeratingoil. Typically,the bindingoils were
mixed with the bridgingliquids in concentrationsof 3 to g wt%. The concept
of blending a bridgingand binding oil was developedpresumingthat thermal
deoiling would be requiredto recoverthe bridgingliquid. The bindingoil
would add strengthto the agglomeratesfollowingthermaldeoiling;however,the
validity of this conceptwas not ascertainedpendingthe developmentof an
adequatethermaldeoilingsystem and accurate,repeatableagglomerateanalysis
and strengthdeterminationtechniques.

Chemicalcleaningof the LRCs prior to agglomerationresulted in
significantreductionof ion-exchangeableinorganics,principallysodium,
magnesium,potassium,and calcium; the discretemineralcontentwas increased
as a result. MaximumLRC inorganicreductionwas typicallyachievedat acid
concentrationsbetween3.0 and 6.0 wt%. The maximumreductionin ASTM ash
contenttypicallyrangedfrom 65 to BO wt% for North Dakota lignites;the ash
reductionswere only 30 to 40 wt% with the Texas lignitebecausethe ash in
this coal has a lower ion-exchangeableinorganiccontent. Similarly,because
the ASTM ashes of the subbituminouscoal studiedhad a lower proportionof ion-
exchangeableinorganicscomparedto the lignitecoal ashes, the maximumash
reductionsfor the subbituminouscoals typicallyranged from 35 to 50 wt%. The
ASTM ash contentsof air-driedNorth Dakota ligniteagglomerateswere as low as
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1.0to 1.5wt%, and air-driedagglomeratesmadewilihWyomingandMontana
subbituminouscoalswere as low as l.S to 2.0wt%. At the acidconcentrations
requiredformaximuminorganicreduction,the removalof sodiumapproached
I00wt%, andthe removalof magnesiumand calciumapproached70 to 80 wt%.

The air-driedagglomeratesproducedfromall LRCs,evenbrowncoals,were
characterizedby lowmoisturecontents,2 to S wt%. The moisturecontentsof
the raw coals,in comparison,rangedfrom20 to IS wt% for the subbituminous
coals,30 to 35 wt% for the lignites,andbetween50 and65 wt% for the brown
coals.

The dewatering during agglomeration andsubsequentair-drying signifi-
cantly increased the fuel heating value relative to the raw coals. The heating
values of the air-dried agglomeratesranged from approximately 27,g00 to
30,200 kJ/kg (12,000 to 13,000 Btu/lb). The raw coal heating values, in
comparison, ranged from 14,900 to 17,200 kJ/kg (6400 to 7400 Btu/lb) for the
l ignites and 18,600 to 20,gO0 kJ/kg (8000 to go00 Btu/lb) for the subbituminous
coals.

3.5.5 Material Balances, Consumptionof Aqqlomeratinq0il andAcid

The most reasonable oil, water, and solids balanceswere attained using
azeotropic distillation andSoxhlet extraction to determine agglomerate
moisture andoil content. The oil content of the processwater was determined
using total carbon analysis. The raw agglomeratemoisture content ranged from
28 to 32 wt%, and theraw agglomerateoil contentwas approximately37 wt%.
This concentrationof oil representedabout83 to 87 wt% of the oil added
duringthe agglomerationprocess.The balanceof the oil,13 to 17 wt%,
remainedsolubilizedin the processwater. Dependinguponthe volumeof water
addedduringrinsingandwashing,the concentrationof oil in theprocesswater
rangedfrom--11,500to 16,500mg/L.

Air-dryingthe raw agglomeratesresultedin significantevaporationof
surfacemoistureand agglomeratingoil. Approximately27 to 32 wt% of the
agglomeratingoil evaporated,andbetween85 to gs wt% of the moisture
evaporated.The significantevaporationof moistureduringair-drying,
relativeto theevaporationof oil,resultedin a concentrationof oilwith the
oil contenttypicallyreaching41 to 43 wt%.

Acidconsumptionsand acidcostsweredeterminedforcleaningBeulah
lignite(7.4wt% ash,moisture-free[mf])and SpringCreeksubbituminous
(5.Iwt% ash,mf) usingnitricacidwith concentrationsof 0.75to 6.0wt%.
Ash contentsof acid-cleanedBeulahrangedfrom6.3 to 3.1wt% (mf),andthe
acidconsumptionassociatedwith theseash contentsrangedfrom2.1 to 8.5 Ib
of concentratedacidper 100Ib of coal. Similarly,ashcontentsof acid-
cleanedSpringCreekrangedfrom4.2to 2.9wt% (mf),andthe acidconsumption
rangedfrom2.3to 7.g Ib of concentratedacidper 100Ib of coal.

The nitricacidcostsfor cleaningBeulahligniteandSpringCreek
subbituminouscoal,overthe rangeof acidconcentrationsstudied,were$4 to
$17/toncoaland $5 to $14/toncoal,respectively.
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4.0 CONCLUSIONS

Initialpetrographicanalyseswere investigatedto determinethe distri-
bution and size of mineralmatter in severalLRCs. These analyseswereused as
a guide for the degree of grindingnecessaryto achievemineralliberation.
Clean coals with less than 2 wt% ash on a dry basis were producedon the bench
scale and continuouspilot scale using physical-and chemical-cleaning
techniques. Selectivityof the cleaningprocesseswere quite differentfor
the various LRCs. CWFs--withless than I wt% ash, energydensitiesover
17,400 kJ/kg (7500 Btu/Ib),and a solids loadingover 60 wt%--wereprepared
after optimizingparticle-packingefficiencyand using additives. The flow
behavior of the CWFs with the completeadditivepackagepresentedno serious
handling problems,as the fuels exhibitednear Newtonianflow behaviorover the
shear-raterange tested. Dilatantflow behavior resultedif the particlesize
was too small.

Ultrafiltrationwas a technicallyviable means for removaland recoveryof
suspendedsolidsfrom centrifugecentrates. Activatedsludge treatmentof the
ultrafilterpermeatewas effectiveat removingBODs.

The low initialcost of the raw LRCs improvedthe economic feasibilityof
producinglow-ashCWF by offsettingthe relativeexpenseof chemical cleaning
and reagents in the processingscenario. The additionalcost of micronizing
was not onerouslysignificant. However,micronizingadverselyaffectedproduct
solids concentrationand flow behavior. Until processand product refinements
are made in the micronizingarea, it is recommendedthat this process addition
be avoided.

The EERC chemical-cleaning/oilagglomerationprocesswas successfullyused
on brown, lignitic,and subbituminouscoals. Nitric,hydrochloric,and
sulfuric acids were equallyeffectivein reducingthe inorganiccontentof
LRCs. Water washingremovednitrateand chlorideions, which adheredto the
nitric and hydrochloricacid-cleanedcoals. Secondaryacid washing removed
calcium sulfatethat precipitatedas a result of using sulfuricacid for
chemical cleaning. Removalof coal inorganicswas maximizedwithin the range
of 0.75 to 6.0 wt% acid. The preferredoils for agglomeratingLRCs were
characterizedby high polar and oxygencontents and were typicallycoal-derived
oils. The preferredoils requiredonly low-shearmixing to cause LRC
agglomeration.

ASTM and TGA proximateanalysistechniqueswere inappropriatefor
determiningthe moisture and oil contentsof agglomerates. Karl Fischer
titration and azeotropicdistillationwere suitablefor determiningagglomerate
moisture content,and Soxhletextractionwas suitablefor determining
agglomerateoil content. Total carbon analysiswas suitablefor determining
the residual oil contentof the processwater.

The chemical-cleaning/oilagglomerationprocessresultedin significant
dewatering (moisturereduction)of LRCs. Inorganicreductionwas typically
higher for lignitescomparedto subbituminouscoals becauseof the higher
concentrationof ion-exchangeableinorganicsin the lignites.
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5.0 RECOMENDATZONS

Qualitativeand quantitativeanalysisof the hot-water-driedproducts
should be performedin order to understandmechanismssuch as tar evolution.
Froth flotationtestingshould be conductedon the dilute HWD productslurry.
It has been statedthat the HWD coal becomeshydrophobicin naturefollowing
hot-waterdrying. Therefore,froth flotationshouldbe more effectiveon this
productrather than the hydrophilicraw LRC. The only concern is that the tar
evolvedduring the HWD may trap minerals in the coal particles,reducingthe
separationof coal and minerals.

Pilot-scaleHWD testingshould be used to addressheat-transferissuesin
order to integratea processeffluentheat exchangesystem and improveprocess
efficiencies. An extended run on the pilot-scaleunit should be performedto
address issuesof heat capacity,thermoconductivity,and any potentialscaling
problemsduring heating.

Thermaldeoilingfor agglomeratingoil recoveryneeds to be more
thoroughlyinvestigated. The recoveredoils shouldbe characterizedto
determinesuitabilityfor recycleor sale as an upgradedproduct. Thermally
deoiledagglomeratesshould be evaluatedfor strengthand stabilitytoward dust
generation,spontaneouscombustion,and moisturereabsorption. An appropriate
bridging/bindingoil combinationshould be selectedbased on strengthand
stabilityof the agglomerates. Combustiontestingshould be performedon
thermallydeoiledagglomeratesto determinethe reductionin depositional
tendenciesdue to reductionof the ion-exchangeableinorganiccontent. A
preliminaryplantdesign and associatedeconomicsshould be made on a nominally
sized continuousagglomerationplant with and withoutchemical cleaning.

In order to characterizethe behaviorof the variousash componentsin
selectedcoals and their beneficiatedproducts,a detailed characterizationof
the coals shouldbe performedbefore and after beneficiation. The methodsof
characterizationshould includecomputer-controlledscanningelectron
microscopy,chemicalfractionation,and standardASTM techniques. An
additionalobjectivewould be to establishpredictivemethodsto evaluateash
behaviorfrom cleanedand beneficiatedLRCs and to design new beneficiation
processesand/oroptimizecurrentprocedures. Detailedcharacterization
techniqueswill provideinsightinto the effectsof various beneficiation
processesand help developnew methods.

These and other processdevelopmentsare viewed as criticalto further
establishthe usage of LRC and create new domesticand internationalmarkets.
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4.3 Combustion Characterization of Low-Rank Fuels

(COMPLETED 10-31-90)



4.4 Diesel Utilization of Low-Rank Coals
(COMPLETED 12-31-90)



4.5 Produce and Characterize HWD Fuels for Heat Engine Applications
(COMPLETED 10-31-90)



4.6 Nitrous Oxide Emissions

Final Report IS NO__T Included
(Project was extended to September 30, 1993)
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PRESSURIZEDFLUIDIZED-BEDCOMBUSTION

I.0 BACKGROUND

Pressurizedfluidized-bedcombustion(PFBC)has severaladvantagesthat
make it attractiveas a technologyof the future. Some of these advantages
are:

• Increasedefficiencyand reducedcapitaland generatingcosts compared
to pc-firedboilersequippedwith flue gas desulfurization(FGD).

• Modular units without the usual economy-of-scalepenalty.

• Reducedcombustorsize permittingshop fabricationand field erection,
therebygreatlyshorteningconstructionlead time.

• High-sulfurfuels burned in the presenceof sorbentin the FBC
eliminatethe need for FGD.

• Reduced combustiontemperature(1400°-1700°Fversus3000°Ffor a
pulverizedcoal-firedboiler)which resultsin significantreduction
of NO_ emissions.

• Increasedheat-transferrate to the workingfluid.

• Increasedfuel versatility.

• Easily handledby-productmaterialconsistingof clinker-free,
granular,smooth-flowingash which may be easilydisposedof in a
landfillor potentiallysold for industrialor agricultural
applications.

Major technicaluncertaintiesidentifiedby industryas critical areas
for PFBC commercializationare:

• Hot-gas cleanupfor gas turbineprotection,with particularreference
to coal alkalies.

• Materialssurvivabilityfor heat exchanger,gas turbine,and solids
handlingequipment.

• Solids handlingimprovementin feeding,distribution,and bed removal.

• Combustorconfiguration,includingthe heat-transferbundles,
distributorplate, fuels utilization,and operationalparameters.

Some of these problemsare being addressedby programssuch as those at
Grimethorpeand New York University. Otherswill hopefullybe resolvedduring
operationof the three demonstrationplantsusing first-generationtechnology.
These plants are the AEP 70-MWeTidd Stationat Brilliant,Ohio; the 79-MWe
Escatron Power Plant in Spain; and the 135-MWeEnergiVartanplant in
Stockholm, Sweden. Althoughthese plants show improvedefficiencyover
atmosphericsystems,they are still significantlybelow gas-turbine



efficiency. In an attempt to increasethese efficiencies,severalcompanies
are actively involvedin the developmentof second-generationPFBC systems.
The goals of the second-generationsystemare a 45% coal-to-electricity
efficiency,20% cost-of-electricityadvantageover pc-firedsystems,modular
design for shop fabrication,to meet or exceed new source performance
standards(NSPS),and the abilityto operateon a wide range of coals.

I

2.0 GOALS AND OBJECTIVES

The overallgoal of the PFBC programat the Energyand Environmental
ResearchCenter (EERC) is to generateboth fundamentaland processinformation
that will foster the developmentof an economicaland environmentally
acceptablesecond-generationPFBC concept. The goal is to focus on generic
issues,such as the fate of alkali in PFBC systems,sorbentutilization,and
carbonizerperformance,while providinginput to assist in the developmentof
second-generationsystems.

During the last two years of this CooperativeAgreement(7/90-6/92),
work focusedon three main areas: carbonizerperformance,fate of alkali,and
increasedsorbentutilization. Objectivesare discussedbelow.

2.1 CarbonizerPerformanceEvaluation

In order for a second-generationPFBC to achieve45% efficiency,it is
likely that the coal must be partiallygasified in a carbonizeror a partial
gasifier and the char residueburned in the PFBC. This will producegas
streamsthat can be cleaned at an intermediatetemperature(e.g., 1600°F)and
then afterburnedto obtain temperatureshigher than those obtainabledirectly
from the PFBC, thereby increasingthe efficiencyof the gas turbine.
Informationneeds to be generatedto determinethe extent of gasification
desired to obtain the highestefficiencywhile maintainingthe benefitsof the
PFBC in terms of meeting environmentalstandards. The partialgasification
step is referredto here as carbonization.

The goal of this task is to use the existingEERCmild gasification
reactor,with somemodification,to developa databaseat temperaturesand
pressuresrepresentativeof those for a second-generationsystem. Gas, tar,
and liquidyields for selectedcoals will be determined. The fate of sulfur
and alkaliwill be investigated. The amount of tar generated,its properties,
and the eliminationof tar will be studiedto determinewhetheror not it will
pose problems in the hot-gascleanupdevice.

2.2 Fate of Alkali in PFBC Systems

Alkali in the coal, especiallythat organicallybound,will volatilize
even at the low temperaturestypicalof a fluid-bedgasifieror combustor.
This alkali can cause problemsin both the filter media and the turbine. The
EERC will focus on developingan understandingof how the alkaliesare
releasedso that methods of renderingthem harmlesscan be found. Alkali
getteringto keep the alkali in the bed is one potentialmethod of protecting
the filter and turbine. Some work will be done on the pilot-scalebubbling
and circulatingatmosphericfluid beds. Becausethe vapor pressuresof the
alkali speciesare low and not greatlyinfluencedby pressure,it is felt that



data from the atmosphericunits will be applicableto pressurizedsystems.
Work will also be done on the bench-scalepressurizedreactor. PHOEBE,a
thermodynamiccode for predictinggas-solid-liquid-equilibriumstages,will be
used as a tool to help predicttrendswith changing operatingconditionsand
coal types.

2.3 Bench-ScaleReactorTesting

A bench-scalereactorwill be built to study PFBC reactionkineticsand
conversions. The reactorwill be designedaround an alreadyexistingpiece of
equipmentto minimize costs. Design effortswill attemptto minimizethe
impactsof the small size on the usefulnessof the data, while providingfor a
wide range of conditionsapplicableto combustionand gasificationin bubbling
and entrained/circulatingfluidizedbeds. A 3-inch-IDreactoris envisioned.
This reactorwill be used to study sorbentutilizationand alkaligettering.
It is importantto improvesorbentutilizationand minimize the amountof
sorbentfeed and waste disposal. Extendingthe operatingconditionswhere
conventionalsorbents are effectivemay help improvethe overallefficiencyof
the PFBC. If properly designed,it is envisionedthat this reactorcould also
be used for studyingN20 emissions,if time and budget allow.

3.0 RESULTS AND DISCUSSION

3.1 CarbonizerPerformanceEvaluation

3.1.1 Addition of the 4-1b/hrContinuousFluidized-BedReactor
(CFBR) to the Test Matrix

Limitedoperationof the EERC 4-1b/hrcontinuousgasifierwas added to
the experimentalmatrix due to delays encounteredwith the certification
processfor the primary gasificationvessel and with deliveryof equipment
needed for systemmodifications. A descriptionof this unit is provided in
Appendix B. The rationalewas that use of the smallerunit would enable the
effectsof variousoperatingconditionsto be investigatedmore easily,
resultingin more efficienttestingon the 100-1b/hrunit. The information
gatheredduring the 4-1b/hrtests was to be used to determinethe conditions
at which the 100-1b/hrunit would yield the most useful data. Becauseit is
possibleto obtain only three data pointseach week with the 100-1b/hrunit,
it was critical that the most meaningfultest points be run on this unit.

3.1.2 Results of TestinqPerformedon the 4-1b/hrCFBR

Five tests were performedon the 4-1b/hrunit. The conditionsof these
tests are given in Table i. The first and second tests (usingWyodak
subbituminouscoal) were successfullycompleted. During the third test, the
PittsburghNo. 8 coal agglomeratedapproximately15 minutes intothe run. An
error in prerun calculationshad set the actual Ca/S ratio at 0.45 ratherthan
the planned 1.75. The low dolomiteadd rate may have increasedthe tendency
for the high-swellingPittsburghNo. 8 coal to form agglomeratesduring
carbonization.



TABLE I

Tests Run in the 4-1b/hrCFBR i

Run M169 MI70 M171 M172 M173

Coal Wyo" Wyo Pitts 8b Wyo Pitts 8
Avg. Bed Temp., °F 1562 1562 1562 1562 1562
Pressure,psig 25 55 55 165 150
Coal Size, inch -¼ -¼ -¼ -¼ -¼
Dolomite size, mesh -30 -30 -30 -30 -30
Dolomite/Coal,wt. ratio 1.00 4.40

" Wyodak subbituminouscoal.
b PittsburghNo. 8 bituminouscoal.

Run M172 was initiatedusing Wyodak subbituminouscoal. Steady-state
conditionswere reachedat 1562°Fand 150 psig. Run M173 began when the coal
hopper was switched and PittsburghNo. 8 coal was fed. Bed agglomeration
occurred after approximately30 minutes, forcingshutdownof the run.

Data which could be reduced indicatedthat the resultsof the carbonizer
testing agreed reasonablywell with the resultsseen during mild gasification
testing. Tar yields in the carbonizeroperationalmode were low to
nonexistent. Partial-gasification-producedchar yieldswere similarto those
produced during mild gasification,with the exceptionthat the pressurized
carbonizerchar containedless volatiles.

3.1.3 Descriptionof the 100-1b/hrMild GasificationProcess
DevelopmentUnit (MGPDU)

The MGPDU was designedto process100 Ib/hr of feed coal on a dry basis
and is capable of drying,carbonizing,and calciningboth caking and non-
caking coals in pressurizedfluid-bedreactorsas well as separatingchar,
liquid, and gaseousproducts. The systemwas designedfor integrated
operation,and because provisionswere made so that carbon 7_ationcould take
place without the use of the calciner,the unit works welt within the second-
generation PFBC program. A descriptionof the MGPDU is presentedin
Appendix A.

3.1.3.1 ModificationsRequiredto Integratethe 100-1b/hrMGPDU
into the Second-GenerationPFBC CarbonizerProgram

Severalminor modificationsto the MGPDU were requiredto ensurethat
the unit could be operated at the carbonizertest conditionsof 150 psi and
1600°F. The modificationsincludedthe replacementof all slide valveson the
primary cyclone, secondarycyclone,coal feed system,and char product
receiver with ball valves. Pressurizedsite ports were added to the coal feed
system and the naturalgas burner flame detectionsensor. A pressurized
burner was constructedand used to replacethe existingsystem. The conical
sectionof the pressurizedcoal hopper,the bottomof the char receiver,and
the primary cyclone inlet wall were reinforced. The firstwater scrubber
gas/liquid separationcyclonewas modifiedto preventthe water entrainment



observedduring cold-flowmodel testing. A small gas slipstreamcondensation
train was added to assist in the accuratedeterminationof tar yields. Minor
processcontrol reprogrammingwas performedso that the carbonizercould
operatewith heat generationfrom eithera naturalgas burneror by internal
oxidationusing oxygen or air. A naturalgas compressorwas refurbishedand
piped in for this purpose. All flanges and closureswere reevaluatedand
retorqued.

3.1.3.2 ASME BoilerCode Certification

The mild gasifier system (carbonizer,calciner,and supportsystems)was
originallydesignedfor serviceat atmosphericpressure. I_lorder to
determinethat the system was safe for operationat pressuresup to 150 psig
and to comply with the North Dakota State Boiler laws, it was necessaryto
perform a thoroughanalysisof the vesselsand associatedpiping systems.
Componentsof the system that met the legal definitionof an unfiredpressure
vessel accordingto North Dakota State Boiler laws were analyzedin accordance
with the ASME Boiler PressureVessel Code SectionVIII, DivisionsI and 2.
The piping system and componentswere analyzedin accordancewith the B31.3
piping codes. Approvalwas given to operatethe systemunder pressurein the
interim, based on the preliminaryset of calculations. Some modifications
were recommendedand made based on the findingsof the analysis,althoughno
seriousdefectsor code violationswere found. The systemproved to be fully
capable of being operatedat the design conditionsidentifiedfor the various
components.

The carbonizervessel of the 100-1b/hrmild gasificationunit was
hydrostaticallypressure-testedto 130 psi, with Twin City Testingservingas
the independentobserverto certifythe testingprocedures. Approvalwas
given by the North Dakota state inspectorto operatethe carbonizervessel
under pressure. All piping modificationswere completed,includingthe
installationand pressuretestingof new high-pressure/high-temperature
valves.

3.1.4 Results of TestinqPerformedon the 100-1b/hrMGPDU

A computermodel of the MGPDU was developedfor use in determiningthe
various gas flows necessaryto meet the Foster-Wheelertest specificationsfor
all matrix points. The model is interactive,calculatingflow rates and
expected productsbased upon the coal and dolomitefeed rates,proximateand
ultimate analysesof the coal, and run conditions. Due to heat losses,
keepingthe carbonizerat a reactiontemperatureof 1600°Frequiresthat more
coal be burned for heat than the 30% requiredby Foster-Wheeler. It was
decided that additionalheat could be suppliedthroughthe combustionof
naturalgas and a stoichiometricamountof air.

A test was performedin the pressurizedcarbonizermode to determinethe
maximum flow rates possiblefor the variousgas streams(purgeN2, transport
N2, 02, naturalgas, the stoichiometricamountof air needed to burn the
natural gas, and makeup N2 needed to achievethe desiredsuperficial
velocity). The maximum flow rate informationwas comparedwith the various
gas flow rates needed to successfullycompletethe experimentalmatrix. It
was noted that some of the gas flow rates needed to completethe matrix were
outside of the operationalrange of the equipment. To lower the gas flow rate
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through the system,it was decided to use propaneas the additionalheat
source ratherthan naturalgas. The computermodel was used to recalculate
the gas flow rates necessaryfor the start-upsequenceand test matrix using
propane.

Followingshakedownof the lO0-1b/hrunit, five tests were performed.
The operatingconditionsfor these tests are given in Table 2.

3.1.4.1 Run P016

Operationof the unit during Run P016 was consistentwith design
criteria until feed problemswere encountered. Shortlyafter the feed
problems developed,support instrumentationfailureresultedin equipment
dysfunctionin the downstreamquench train,producinganothersystem,,upset.
Further attemptsto achieve steady-stateoperationwere unproductive,and the
test was terminated.

The problemwith the feed system was determinedto be contaminationin
the feed coal/dolomitemixture, and the problemwith the quenchtrain was
satisfactorilyresolved by instrumentationand controlreplacement.

3.1.4.2 Run P017

Maintenancewas performedon the unit, new feed materialwas prepared,
and a second run was attempted. Duringthis run, the unit operatedvery well
at atmosphericconditions. A feed problemwas encounteredduring stepwise
sequential increasesin pressure. At pressuresover 30 psi, water condensa-
tion was noted in the pneumatictransportfeed line. The water was noted in
the drip leg below the transportzone. This conditionapparentlyled to a
plugged feed line. When the coal feed stopped,the internaltemperature

TABLE 2

OperatingConditionsof Tests Run in the 100-1b/hrMGPDU

Test Number PI06 P017 P018 P022-I P022-2 P022-3

Coal Wyodak" Wyodak Pitt.8b Wyodak Wyodak Pitt.8
Average Bed Temp.,°F 900 1150 1650c 1625 1625 1625
Pressure,psig 50-80 50-80 125 7 56 56
Coal Mixd Feed Rate, Ib/hr 100 100 100 94 94 54.1°
Coal Feed Size, inch -¼ x 0 -¼ x 0 -¼ x 0 -¼ x 0 -¼ x 0 -¼ x 0
Dolomite Feed Size, mesh 8 x 16 8 x 16 -30 NA NA NA
Dolomite/CoalRatio 15/85 15/85 30/70 23/77 23/77 23/77
Air Flow, scfh 3400 3400 3600 2200 3900 2900
Velocity,ft/sec 2-3 2-3 0.5-I 6.1 5.6 2.8

a Wyodak subbituminouscoal.
b PittsburghNo. 8 bituminouscoal.
Average value- temperatureranged from 1110° to 2190°F.

d Mixture of coal and Plum Run dolomite.
° Average value, feed rate increasedduring test period.



increased enough to cause bed sintering, terminating the run after approxi-
mately 20 hours of operation at a pressure of 90 psi. i

In an effort to eliminate the coal feed difficulties, the function of
the transport line during the pressurized carbonizer mode of operation was
analyzed. Heat balance is difficult to maintain at this scale, and as a
result, the gas-phase streams into the unit are heated. During mild gasifi-
cation, a significant amount of the heat is supplied by the combustion of
natural gas. In the pressurized carbonizer mode of operation, most of the
heat is supplied by internal combustion. This means that, during operation,
the air entering the system is essentially at room temperature. The transport
tube passes through the natural gas combustion zone before entering the
primary reactor. As the feed coal/dolomite mixture and preheated transport
gas pass through the natural gas combustion zone, enough heat is lost to the
incoming, room-temperature air to allow the condensation of a significant
amount of either coal feed moisture or combustion moisture in the transport
tube. This reduces the velocity of the transport nitrogen and disturbs its
natural flow, causing agglomeration and plugging problems in the tube. It was
decided that, prior to Run POI8, minor equipment modifications and procedural
changes would be adopted. The transport nitrogen feed line was modified to
permit the use of air as well as nitrogen, meaning that room-temperature air
could be used as the pneumatic transport gas. It was thought that this would
eliminate the condensation problem and overcome a decrease in the net gas
transport velocity during pressurization.

3.1.4.3 Run POI8

The equipment modifications suggested by the results of Run POI7 were
completed prior to the performance of Run POIS. In addition, a sight port was
added to the high-pressure burner. This enabled evaluation of a problem that
had been experienced with lighting the burner at pressures over 30 psi. The
sight port showed that the burner was lighting, but that the flame sensor was
not "seeing" it. The sensor was moved, and the burner operated correctly.

The natural gas burner system had been modified and successfully
operated at 1650°F and pressures up to 125 psi. The water quench system
operated very well at pressures above 30 psi, preventing water from vaporizing
in the first-stage system. The second-stage scrubber level instrumentation
failed during heatup, but was monitored manually and did not present a
problem. The electronic instrumentation for the coal transport velocity
determination failed, and an operator took field readings to determine
fluidization velocity. Due to the temperature loss caused by the introduction
of a large amount of air, the transport gas was not introduced until shortly
before the initiation of coal feed.

Within I0 minutes of the start of coal feed, large pressure fluctuations
were noted in the bed and transport tube. Reactor temperature fluctuated from
II00 ° to 2190°F. Cycles between the temperature fluctuations occurred in a
matter of minutes and were the result of inconsistent air flow to the reactor.
All of the air was fed to the reactor through the transport tube. The tube
plugged, diminishing the transport air flow and resulting in insufficient air
to maintain reactor temperature. Whenthe plug was blasted free, too much air
entered the system. After approximately I hour, the feed system plug could
not be blasted free, and the run was discontinued at that point.



Agglomeratedcoal was found at the bottomof the reactor,above the top
of the char removalpoint. Clear passagewas not evidentat any point in the
plug. It appearsthat the plug actuallyoccurred in the main reactor and
portions of the plug material fell to the bottom of the reactorand into the
transporttube.

Table 3 presents the resultsof proximate/ultimateanalysesof the feed
cnal, feed coal + dolomite,P018 char, and plug material from two locations.
The data show that the agglomerateswere enriched in ash relativeto the feed
coal/dolomitemixture. The agglomeratesampletaken from near the bottom of
the reactorcontainedmore moistureand volatilematter than the agglomerate
sample taken approximately4 ft up the reactor. The agglomeratesthat were
not found at the base of the reactorconsistedalmost entirelyof fixed carbon
and ash, indicatingthat this area experiencedvery high temperatures.

3.1.4.4 Run P022

This run consistedof three test periods,designatedP022-I through
P022-3. Agglomerationhad been noted during earlierruns using Pittsburgh
No. 8 bituminouscoal; therefore,to ensure a successfulsystem start-up,the
run was initiatedusing Wyodak subbituminouscoal, and the first test period
consistedof operationusing Wyodak coal at 7 psig (1.5 atm) and 1625°F.
Char, condensate,and productgas sampleswere quantitativelytaken during
this test period.

TABLE3

Results of Analysis of P018 Feed, Char, and Agglomerates

Coal/ P018 P018
Dolomite POI8 Reactor Reactor

Pitts 8" Mixture b Char Plugc Plugd

Proximate Analysis,
wt% as-received

Moisture 2.20 2.60 20.70 2.00 0.80
Volatile Matter 36.29 38.08 19.76 18.45 10.23
Fixed Carbon 50.30 39.20 30.16 20.78 43.57
Ash 11.20 20.11 29.37 58.75 45.39

Ultimate Analysis,
wt% mafe basis

H 5.34 5.18 1.64 2.48 0.70
C 81.33 81.06 82.81 85.29 99.47
N 1.56 1.36 I.i0 1.40 1.56
S 3.76 3.17 3.42 6.07 5.03
O' 7.98 9.20 II.00 4.74 -6.77

a PittsburghNo. 8 bituminouscoal.
b PittsburghNo. 8 and Plum Run dolomite.
° Located at the bottom of the reactor.
d Located4 feet up the reactor.
" Moisture-and ash-free.
' Calculatedby difference.
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Once steady-stateconditionswere achievedduringthe first test period,
the pressurewas increasedand the unit allowedto come to steady state again.
The second test period consistedof operationof the unit on Wyodak coal at
1625°Fand 56 psig (4.8 atm). Productgas sampleswere taken during this test
period,but condensateand char sampleswere not.

When the pressurewas maintainedat 56 psig (4.8 atm) and the tempera-
ture at 1625°F,the feed was abruptlychanged from Wyodak to PittsburghNo. 8
coal. The coal/dolomitefeed rate was increasedover the courseof the entire
third run period, from 20 to 80 Ib/hr. A hot spot developedon the side of
the vessel where an unused nozzlehad been insufficientlyinsulated,and the
run was terminated. Followingshutdown,no evidenceexistedof the extensive
agglomerationof the PittsburghNo. 8 coal that had occurredduring the
earlierattemptsto carbonizeit. A productgas samplewas taken during the
run period,and the char presentin the cyclones and the char hopper at the
end of the run was collected. A sample of the condensatewas not taken during
this run period.

The productgas samplesthat were collectedduring P022were analyzedby
gas chromatography. Char sampleswere analyzedfor moisture,fixed carbon,
volatilematter, and ash contents (proximateanalysis);for C, H, N, S, and 0
(by difference)contents (ultimateanalysis);and via x-ray fluorescence
analysisto determinethe inorganicconstituentsof the ash. The condensate
was filteredand the solids subjectedto determinationof moisture,volatile
matter,fixed carbon,ash, and sulfur contents;heatingvalue; and solubility
in tetrahydrofuran(THF). The condensateliquidswere analyzedfor total
organiccarbon and total phenoliccontents. The densityof the liquid
fractionof the condensatewas also determined.

A good mass balancecould only be performedfor the first run period due
to the lack of quantitativesamples. Becausethe data necessaryto perform
the mass balanceswere unavailable,the yield structurefor the third run
period (performedwith PittsburghNo. 8 coal) was determinedin an alternate
manner. The computermodel of the mild gasificationunit, that had been
developedfor use in determiningthe variousgas flows necessaryto meet the
experimentalmatrix conditions,was modifiedto predictthe product slate of
carbonization. The model was originallydevelopedusing three steps:

I. Input of the flow rates and analysesof the feedstocks

2. Descriptionof the chemicalreactionsoccurringwithin the vessel
with respectto the productionof heat (i.e.,burningmethane
and/or coal)

3. Performanceof a heat balanceover the systemto obtain an estimate
of the reactorheat loss

Additional informationwas added to the model so that it could be used
to predictthe yield structureof the carbonizertests. The following
informationwas incorporatedduring modificationof the model:

4. Descriptionof the chemical reactionstaking place within the
carbonizer



5. Developmentof chemicalboundarymachineconstantsbased upon the
behaviorof the system during operationusingWyodak coal

6. Determinationof the quantityof char produced

7. Determinationof the quantityand speciationof productgases

8. Performanceof mass and material balanceson the systemand the
inclusionof this informationin the model

9. Performanceof an elementalbalanceover the vessel proper

10. Definitionof the fourth reactionzone (in the water scrubber)and
the reactionsoccurringthere

11. Verificationof mass, material,elemental,and heat balancesfor
the entire system

3.1.5 Discussionof Results

Once completed,the model was used to predictthe product slate of the
first run period. This predictedproductslate is comparedto the actual
product slate in Table 4. As the table shows, the model accuratelypredicts

TABLE 4

Comparisonof PredictedP022 Run Period I Product
Slate with Actual ProductSlatea

Wyodak

Coal: Predicted Actual

ProductGas, Ib
02 66 21
H2 30 30
C02 617 577
N2 1355 1430
CO 410 402

CH4 27 22
H20 5.5 5.6

Total 2510.5 2487.6

Condensate,Ib 322 294

Char (mafb),Ib 62 62

Dolomite+ Ash, Ib 110 91

Water in Char, Ib 4.9 4.7

Closure 100% 98.14%

Char Yield 13.8% 11.2%

a Total quantitiesproducedduring run periodwith Wyodak coal.
b Moisture-and ash-free.
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the product slate for the run period using Wyodak subbituminouscoal. There
is littlereason to expect that it could not also be successfullyused to
predictthe productslate of the carbonizationof PittsburghNo. 8 bituminous
coal.

Table 5 compares the predictedproduct slate for run period 3 with the
actual productslate (such as could be calculated)from the PittsburghNo. 8
run period. Not all values could be compareddue to the lack of samples,but
the predictedand actual gas product slatesagree fairlywell. The char
samplescollectedduring this run periodwere taken from the char hopper and
the cyclones. The ultimate analysisof the char in the char hopper was quite
differentfrom that of the cyclonefines,as can be seen in Table 6. Based

TABLE 5

Comparison of Predicted P022 Run Period 3 Product
Slate with Actual Product Slate _

Predicted Actual

Coal: Pittsburgh #8 Pittsburgh #8

Product Gas, Ib
02 21 5
H2 6 3
C02 175 119
N2 686 750
CO 45 37
CH4 12 8b
H20 6.6 --

Total 951.6 --

Condensate,Ib 26.4 --

Char (marC),Ib 22.5 --
Dolomite+ Ash, Ib 25.5 --
Water in Char, Ib 0.2 --

Char Analysis,wt% mar coal
H 3.14 0.67 Weighted
C 72.31 72.04 average
N 2.17 0.98 of all
S 10.48 3.34 analyses_
0d 11.91 22.96

Closure 99%
_m

Char Yield 25.6%

Total quantitiesproducedduring run period with PittsburghNo. 8 coal.
b Informationnot available.
c Moisture-and ash-free.
d By difference.

Ranges of analysesare given in Table 6.
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TABLE 6

ElementalAnalysisof Char and CycloneFines
from P022 Run Period 3a

Char Hopper CycloneFines

H 0.91 0.54
C 90.10 62.99
N 1.37 0.76
S 9.29 0.05
0b -I.69 35.64

a All values in wt% on a moisture-and ash-freebasis.
b By difference.

upon the quantities collectedfromeach locationduring the Wyodak run period,
these values were weightedto arriveat an averagechar analysis,which is
shown in Table 5. The predictedand averagevalues agree fairlywell when it
is taken into accountthat small real differencesat this scale can result in
dramaticallydifferentpercentages. It should also be noted that most of the
predictedvalues fall within the range definedby the two char analyses.

Based upon the productslate predictedusing the computermodei, it
appearsthat operationat 1625°F,4.8 atm, and the gas flow rates noted in
Table I results in a chac yield of approximately25 wt% cf the Pittsburgh
No. 8 coal fed to the system.

3.2 Fate of Alkali in PFBC Systems

Data from turbine-operatingexperienceusing residualoil and from PFBC
experimentsindicatethat alkalimetal compoundsplay a large role in the
amountof depositionand hot corrosionexperiencedby turbomachinery(I). If
pressurizedfluidized-bedcombustionis ever to become a commercialreality,
an understandingof the extentof alkali metal compoundemissionsfrom the
combustor,its effect on the turbine,and ways for controllingthese emissions
is needed.

Sodium and potassiumcompoundsexist in the coal in similarchemical
forms. Sodium and potassiumare constituentsof clay minerals;NaCl is
presentin the coal bed moistureand as a discretemineral in the coal. While
KCI is also found in the groundwater,potassiumis presentin the coal largely
as nonvolatilealuminosilicates.The potassiumcan then be releasedfrom the
silicatesas KCI through an exchangereactionwith NaCl vapor. Both NaCl and
KCI have significantvapor pressuresat 900°C(3.0- and 5.3-mmHg,respec-
tively),so their vapor is expectedin the PFBC flue gas.

Researchersat Westinghouseconcluded,based on thermodynamicmodeling,
that the release of sodium increaseswith increasingtemperature,increasing
chlorinecontent of the fuel, and decreasingSO2 levels in the gas and
decreaseswith increasingpressure (I). These studiesalso indicatedthat the
major sodium and potassiumspeciesevolved shouldbe NaCl and KCI; however,
alkalimetal sulfatescan resultfrom the reactionof the chlorideswith
gaseoussulfur compounds.
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3.2.1 Measurement Techniques

One concern in understanding the fate of alkali in a PFBCsystem is the
ability to measure the amount of alkali volatilized under these conditions.
Several techniques have been developed to measure the alkali levels in flue
gases. These techniques include in situ techniques such as laser-induced
fluorescence spectroscopy (LIFS); laser-induced photo and fluorescence (LIPF);
laser-induced breakdown spectroscopy (LIBS); hot-extraction techniques, such
as the Ames alkali monitor and the METCFiber Optic Alkali Monitor (FOAM)
analyzer; and a batch-type, condensation cold trap such as the alkali and
particulate sampling train (APST) technique. One additional technique is the
use of a fixed bed of alkali sorbent material in which a known amount of flue
gas is passed through the bed for a given time, after which the bed material
is regenerated and analyzed for its alkali content.

The EERChas performed some testing using a LIFS system to look at the
concentration of Na atoms in a small-scale burner (2). These tests looked at
sodium in solution, solid-phase sodium compounds, sodium impregnated on
carbon, and three different Beulah lignite coal samples. These samples were a
demineralized Beulah lignite, a demineralized Beulah lignite with sodium
acetate impregnated back into the sample, and a raw Beulah lignite. The form
of the sodium in solution was found to have no effect on the concentrations
measured. The solid-phase sodium salts (benzoate, sulfate, and carbonate)
gave signals similar to the solutions, while the sodium montmorillonite and
chloride gave signals much less than those observed for solutions. The coal
and char samples gave signals higher than the solutions, and there was a
linear response of the coal samples with Na concentration in the sample.
Solgasmix, a thermodynamic code for predicting the equilibrium composition of
various inorganics in high-temperature environments, was used to predict how
much Na would be in the atomic state. The code did agree with the general
observations that NaCI and sodium montmorillonite liberated less Na when

k

combusted; however, the predictions were 30% to 70% in error since the mole
fraction values put into the program were that much in error.

Los Alamos National Laboratory has performed somelaboratory testing
with a photofragment fluorescence technique which is capable of identifying
different anions of the same alkali (3). This technique is based on the UV
laser-induced photodissociation of alkali-containing compounds. Sodium and
potassium compounds can be distinguished by their characteristic emission
wavelength (589 nm for Na., 766 nm for K*). Variation of the threshold energy
wavelength should allow good discrimination between alkali compoundswith
different anion groups. Research indicates that the instrument is sensitive
down to O.03-ppb NaCI and O.4-ppb KCI, O.l-ppb NaOHand 7-ppb KOH, and
O.01-ppb Na2SO,and O.3-ppb K2S04. This research concluded that, in
predominately binary mixtures of the chloride anion with the hydroxide or
sulfate anion, the photofragment fluorescence technique will be able to
distinguish the concentration of each compound. However, in mixtures
containing comparable amounts of the hydroxide and sulfate anions, the spectra
are similar enough to make concentration measurements difficult. Research
with the photodissociation fluorescence technique is being continued at PSl
Technologies, Co., in testing on their laminar flow drop-tube furnace (4).
Results have been obtained which indicate that chlorine is the species-
limiting compound in the formation of NaCI. Solgasmix was used to validate
the dependence of NaCI formation on the chlorine levels in the coal.
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Additionalkineticmodelingwas performedto determinethat the NaCI
equilibriumis approachedin approximately5 ms.

Work at ArgonneNational Lab (ANL) has comparedthe Ames alkalimonitor,
the METC FOAM analyzer,an APST condensationtechnique,and the alkali sorbent
bed (5-9). Their resultsindicatethat hot-extractiontechniquesresult in
considerablecondensationof alkali on the heated samplelines, even at
temperaturesup to 950°C. The Na concentrationswere found to be approxi-
mately 0.1 to 0.3 ppm with this technique. The APST batch-typecondensation
train gives alkalilevels between0.6- and 1.0-ppmNa, while the sorbentbed
gives values between1.3- and 1.5-ppmNa, which is 15 times higher than the
current industrialgas turbinelimit of 0.024 ppm of alkali. The discrep-
ancies in the numbershave been attributedto the absorptionof the alkali on
the heated sample lines,while the sorbentbed is right in the flow gas, so
there is no sample line to change the concentrations. The sorbentbed numbers
could be inflateddue to some contaminationby particulate.

Thermodynamicequilibriumstudieshave been conductedat the EERC using
the Solgasmixand PHOEBEcodes. Solgasmixis a free energyminimizationcode
developedby Eriksson(10). PHOEBE is a Gibbs free energyminimization
programdevelopedat the EERC by Ramanathan,Kalmanovitch,and Ness (11, 12).
Solgasmixwas testedextensivelyin-houseand appearedto performadequately,
althoughthe occasionaloutput of erroneousresultswas discovered. PHOEBE
was found to performbetter than Solgasmixin calculationson the binary
A1203:Si02systemand the Na20:Al203:SiO_ternarysystems. PHOEBEwas in very
good agreementwith the binary systemand showed some interchangebetweenthe
primaryand secondary(or secondaryand tertiary)phases in the predicted
values.

A reviewof the literaturebeing used to design the carbonizerfor the
Foster Wheelersecond-generationPFBC system indicatesthat the dry tar had
ash levels rangingfrom 0.1 to 3.2 wt% ash (avg. 1.0 wt%) (13). While some of
the ash could be the result of fine fly ash carryingover out of the
carbonizer,some of the ash is probablydue to the volatilizationof alkali
metal compoundswhich would not be collectibleby a hot-gascleanupdevice
such as ceramiccandle filters,etc. The presenceof organicvapors in the
gas streamwill also make the samplingand identificationof alkalicompounds
more difficult. The organicvapors are known to absorbUV radiationwhich
will precludethe use of any laser-inducedfluorescencetechniquebecausethey
fluorescein the UV wavelengths. Condensationcold-trapsamplingtrains would
also condensethe organictars, making the analysesfor alkalicompoundsmuch
more difficult. A fixed bed of sorbentmaterialcould potentiallywork as an
alkali mea._urementdevice, providedthe bed is maintainedat the same
temperatureas the gas/tarstream to preventthe condensationof tars on the
sorbentmaterial.

3.2.2 Alkali Evolutionunder ReducinqConditions

Alkali samplingfrom the Texaco slagginggasifierhas been reportedby
Haas and others (14)using the METC/IdahoNationalEngineeringLaboratory
(INEL) fiber optic alkalimeter. This samplingwas conductedat 650° to 700°C
and 365 psia. The observedalkali concentrationswere 10 to 20 ppbw for each
of both sodiumand potassiumusing a Pittsburgh#8 bituminouscoal. These
concentrationswere comparableto alkaliconcentrationsmeasuredfrom a PFBC
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system at the Argonne National Laboratory (30 to 40 ppbw Na and 10 to 30 ppbw
K).

A study by Greene and others (15) used a molecular beam mass spectro-
meter (MBMS) system mounted on a well-characterized coal reactor. Results
from this study indicate that the sodium is volatilized from the coal particle
during the coal devolatilization step and occurs, principally, as the atomic
species rather than as the oxide or hydroxide. This sodium is quickly
converted to an unknown gaseous species or a condensed phase such as a fume.
High initial concentrations have been detected in the vicinity of the coal
particle (<I mm) with concentrations exceeding 700-ppm maximumand averaging
>I00 ppm. These concentrations are not representative of the alkali
concentration in the final flue gas; however, these data can be used to
calculate fluxes of alkali away from the coal particle as a function of time.
It should be notea that data indicate that less sodium was volatilized under
simulated gasification operating conditions than under simulated PFBC
operating conditions. This surprising resu'3t could be the result of higher
particle temperatures being achieved under the simulation of PFBCoperating
conditions than under the simulated gasification operating conditions.
Another possibility was that less of the alkali was volatilized as an atomic
species, but was volatilized as a chloride species which was not subject to
analysis.

Knudsen cell mass spectroscopy work on low-temperature ashed samples of
lllinois #6 and Wyodak coals was conducted by SRI International (16). In the
work with the Wyodak subbituminous coal, NaCI and KCI were observed as vapor
species above the coal ash, but these species were not detected above the
lllinois #6 coal ash. The chlorine levels in the Wyodak were approximately
three times higher than in the lllinois #6 sample. The previously unobserved
species NABS2and KBS2 were identified above both the lll inois #6 and Wyodak
coal ash samples. This study indicated that the vapor pressure of atomic
species decreased substantially with increasing 02 concentration in the gas,
and the other alkali species decreased slightly with increasing 02, except for
the hydroxide species which showed an increasing concentration with increasing
oxygen. This work also indicated that at the 800° to 900°C operating tempera-
ture range for our carbonizer testing, the chlorides would have the highest
vapor concentrations under gasification operating conditions. The concentra-
tion of the alkali chlorides was either not found or found in concentrations
less than that predicted with a thermochemical equilibrium code. Some
preliminary thermochemical equilibrium calculations indicate that in-bed
desulfurization may enhance alkali vaporization due to the replacement of
alkali by alkaline earth elements in stable aluminosilicate phases in the ash.

Thermochemical equilibrium calculations performed on the combustion and
gasification of peat indicate that, under reducing conditions, the
concentrations of vapor-phase alkali are approximately two orders of magnitude
higher than that under the PFBCoperating conditions (17, 18). The sodium and
potassium concentrations in the product gas under PFB gasification conditions
ranged from 7.5 ppm at 700°C to 76.2 ppm at 900°C, while the sodium and
potassium concentrations in the PFBCflue gas ranged from 0.05 ppm at 800°C to
5.9 ppm at IO00°C. The concentration of the vapor-phase alkali was strongly
dependent on the operating temperature and pressure. An increase in operating
temperature from 800° to 900°C in the PFBCenvironment increased the vapor-
phase alkali metal concentrations approximately one order of magnitude.
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However, an increasein operatingtemperaturein the gasificationenvironment
increasedthe vapor-phasealkalimetal concentrationapproximately70%. An
increase in pressurefrom I to 10 bar was calculatedto decreasethe
concentrationof alkalimetals by approximatelyone order of magnitudein the
temperaturerange from 800° to 900°Cunder PFBC operatingconditions. An
increasein operatingpressurefrom I to 10 bar was calculatedto producea
less than a _wofolddecrease in alkaliconcentrationin the same temperature
range under gasificationoperatingconditions. A strongdependenceon the
chlorinecontent was also calculated,with higher concentrationsof vapor-
phase alkali metals occurringwith higher concentrationsof chlorine in the
fuel. Under PFBC operatingconditions,the gas phase was calculatedto
contain alkali chloridesand to a lesser extent hydroxideswith some Na_SO_
also present at highertemperatures. All of the volatilizedalkali species
show a steady but small increasein concentrationwith an increasein the
alkali content of the fuel. The liquid phase consistsprincipallyof the
alkali sulfates.

Under gasificationoperatingconditions,the volatilizedalkalimetals
consist primarilyof chlorideand hydroxidecompounds,with dichloridesand
atomic alkali compoundsalso being present at lower concentrationsthan the
monochlorides. The hydroxideconcentrationin the gasificationproductgas
shows a steady or slightlyincreasingconcentrationwith increasingalkali
levels in the fuel, while the chlorideconcentrationshows a decreasewith
increasingalkali level. The liquidphase consists of chloridesand
carbonates,with the chlorideconcentrationbeing one order of magnitude
higher than the carbonates.

These thermochemicalequilibriumdata were comparedto experimentaldata
collectedfrom a pressurizedfluid-bedunit which can be run in both the
combustion and gasificationmode. At a bed temperatureof 840°C in the PFBC
mode, approximately0.3% of the potassiumand 1.4% of the sodiumwere
volatilizedin the bed, resultingin an alkali concentrationof approximately
1.1 ppmw. This concentrationis significantlyhigherthan the thermochemical
equilibriumcalculationswould indicate.

At a bed temperatureof approximately830°Cand a freeboardtemperature
of approximately860°Cin gasificationmodes, the sodiumconcentrationranged
from 2.1 to 4.3 ppmw, while the potassiumranged from 0.8 to 1.1 ppmw. This
correspondsto 2.4% to 4.6% of the sodium and 0.7% to 1.1% of the potassium
being volatilized. The sodiumconcentrationsare slightlyless than those
calculated,while the potassiumconcentrationis significantlyless than that
calculatedin the thermochemicalequilibriumcode. While the ash chemistryof
peat is probably significantlydifferentthan that of coal,the generaltrends
displayedin this study are still expectedto be true.

The current data indicatethat the concentrationof volatilizedalkali
metal species shouldbe higher for a given coal under the reducingconditions
of the carbonizerthan the oxidizingconditionsof the circulatingPFBC
system. The presenceof approximately0.08 wt% chlorinein the Pittsburgh#8
test coal suggeststhat alkalichlorideswill be presentin significant
quantities,especiallyin the carbonizerproductgas.
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3.2.3 Alkali Getters

Alkali released during PFBCapplications and present in the vapor phase
in the flue gas has been measured in the range of 0.I to I0 ppmw (19-21).
This is considerably higher than the 0.024 ppmwrecommendedby turbine
manufacturers, even though it represents only about I% to 2%of the total
alkali in the coal. Therefore, some form of alkali removal is required.

A number of researchers and developers have been working with various
alkali getters to remove alkali from the hot-gas stream. Since contacting the
alkali with the getter is critical, various packed-bed and granular-bed
filters have been used. Westinghouse (22, 23), Argonne National Laboratory
(19, 24, 25), and the Coal Research Establishment (26) have all looked at
alkali getters in a packed bed, while the work done at Combustion Power
Company (CPC) (27, 28) and New York University (NYU) (20, 29) utilized a
granular-bed filter (GBF) design. The University of Arizona considered using
the getter in situ with the combustion or gasification process (21, 30). At
least 13 different potential alkali getters have been tested by these various
institutions. The three most successful getters tested have been bauxite,
kaolinite, and emathlite. Alkali is captured by bauxite primarily by physical
adsorption. Somechemical fixation by the clay impurities also occurs.
Bauxite has been tested as an alkali getter at temperatures ranging from 1350°
to 1850°F. The apparent activation energy for the bauxite was low, indicating
that temperature has only a small impact on its ability to adsorb alkali. In
contrast, kaolinite and emathlite remove alkali by chemical reaction of the
sodium and potassium with these silicate-based minerals. Kaolinite has a high
activation energy, indicating it is sensitive to temperature, with alkali
removal increasing with increasing temperature. Emathlite had a small
activation energy, indicating its relative insensitivity to temperature.

The maximumtemperature limitations will differ for these three getters.
The emathlite reacts with the sodium to form albite, a sodium aluminosilicate
compound. Albite has a melting temperature of 1832°F. At temperatures above
1832°F, a glass will form which could potentially cause sticking and
agglomerating problems within the bed. Kaolinite, on the other hand, will
form nephelite and/or carnegieite, depending upon the temperature of the bed.
The relative melting point of nephelite, which is the favored species at
higher temperatures, is 2840°F. If a granular bed of nephelite proves to be
an effective alkali getter and particulate removal device, it would have the
distinct advantage of operating at combustor exit temperatures, eliminating
the costly steps of cooling, cleaning, and reheating the flue gas. B_uxite
will not melt until 3600°F; however, its adsorption capacity will decrease as
the temperature increases.

Preliminary kinetic analysis of alkali capture rates with alumina
silicate (such as bauxite)additivesindicatethat, in the 15000to 2000°C
region, alkali capture rates are 100 times faster than the similarkinetic
capture process found with sulfurand calciumoxide (31). Activatedbauxite
has been found to be twice as effectiveas diatomaceousearth at removing
alkali vapors from gas streams(5, 9). Alkali getteringis best achievedby
passingthe productsof combustion(POC) througha packed bed of activated
bauxitepellets. Greaterthan 99.9% removalof NaCl vapor has been achieved
in a simulatedPFBC flue gas at 800°C,5 atm, 3.4% water vapor, but with no
S02. The NaCl was found to have reactedwith the bauxiteto form water-
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soluble sodiummeta-aluminate. In contrast,the NaCl vapor in the same
simulatedPFBC flue gas with SO2 was capturedas a condensed-phasesodium
sulfate. The sodium sulfatecould either be formed as aerosolsin the gas
phase and capturedby the bauxitebed, or the sodium sulfatecould be formed
over the surfaceof the bauxitethrougha heterogeneouslycatalyzedreaction
(9). Due to the high predictedcapturerates, the direct injectionof alumina
silicateadditivesinto the combustorshouldalso be very effective(31);
however, the alkali-saturatedsorbenttends to be sticky. This stickiness
probablywill presentproblems for hot-gascleanupdevicessuch as ceramic
cross-flowfiltersand cyclones;however,furtherresearchis neededto
determinethe significanceof this problem.

Pilot-scaletests have been performedby ANL on their pilot-scalePFBC
using bauxite as an alkali getter (19, 24, 25). Tests were performedat 1560°
and 1610°Fusing a lignitefrom Beulah,North Dakota. Flue gas concentrations
of 1.4- to 1.5-ppmwsodium and O.1-ppmw potassiumwere measuredat the inlet
to the filter device. Using a packed bed of bauxitewith a particlesize
rangingfrom 2 to 2.4 mm effectedgreaterthan 99% removalof the alkali. The
outlet alkalimeasurementswere less than 10 ppbw. Adsorptiondata were
collectedthat can be used for preliminarydesign scaleup.

The CPC GBF was tested at NYU using Beulah lignitewith 8.0% ash and
0.62% sodium (as Na20)in the coal as the fuel (20,29). The PFBC pilot plant
was operated at temperaturesrangingfrom 1490° to 1600°Fand 6.9 to 9.2
atmospheres. Both 2- and 3-mm mullite particleswere tested. The average
alkali contentin the flue gas enteringthe GBF was measuredto be 1.25% of
the sodium and 1.12% of the potassiumin the coal. The measuredalkali-
getteringefficiencyfor all of the tests was between90% and 96%, with a
possible error of 5%. The outlet alkali concentrationranged from 3 to
20 ppbw, which is below the 24-ppmwrecommendedturbinetolerancelimit. In
this work, no attemptwas made to determinethe mechanismof capture,i.e.,
whether the alkalireductionwas due to condensationon the filtermedia,
capture of fine alkali sulfatedust and aerosolparticles,physical
adsorption,or chemicalabsorptionand reaction. Therefore,althoughit was
proven that the conceptwill simultaneouslycaptureparticulateand alkali,no
scaleupdata were obtained.

A more practicalstudy was performedby Westinghouse,focusingon
emathliteas the getter material (22). Resultsfrom the testing indicated
that the conceptof using a fixed bed of emathlitepelletsis a practical
techniquefor alkaliremovalfrom hot flue gases. Processdevelopmenttests
included a 102-hourtest where gas containing10-ppmvNaCl was reducedto less
than 0.2 ppmv (detectionlimits). In other studies,alkali removalof greater
than 99% was demonstrated,with a reductionof sodium to below the 20-ppb
turbinetolerancelevel. A commercializedprocesshas been identifiedfor
manufactureof the emathlitepellets. In that testing,the kineticswere
found to be insensitiveto temperatureover the range of 1426° to 1651°F. The
absorptionrate was proportionalto the alkaligas-phaseconcentration,with
no capacitylimitationsdue to absorptionlimitationat low gas-phasealkali
concentrations. The Westinghouse research was based on a packed-bed design,
and it was felt that it would be necessary to install a particulate cleanup
device ahead of the sorbent bed. Westinghouse had envisioned a long time
between replacement of the bed material (one-half to one year) and had
concerns about bed pluggage due to the fly ash. The use of a GBFwould
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precludethis from happening. An importantfindingfrom the Westinghousework
was that no attritionof the emathlitepelletswas noted during any of the
testing. Recommendationswere to use 6-mm pellets for the packed bed.

All of these studieshave been performedusing combustiongases. In a
combustionatmosphere,most of the alkalimaterial is vaporizedduring
combustionand will be presentas a sulfate. At the typicalfilter
temperatures(1450° to 1650°F),a majorityof the sulfateswill have condensed
on the surface of other ash particles,or as fine particlesand aerosols(26,
32, 33). The removalof the alkali in this form is difficultbecauseof the
need to capture the fine sulfateparticlesand either removethem as sulfates
or provide the contactnecessaryto react the sulfateswith the getter
material. The good performanceresultsby ANL, NYU, and Westinghouse
indicatedthis is possible.

Less testinghas been done for gasificationsystems. Thermodynamic
calculationsfor a reducingatmosphereindicatethat the alkaliwill be
present as hydroxidevapors or chloridevapors for high-chlorinecoals.

The effect of chlorineon the performanceof alkali gettershas been
reportedby Singh and others (34) under both PFBC and gasificationconditions.
Under both sets of operatingconditions,the presenceof HCI in the flue gas
is expected to decreasethe getter efficiency,althoughgasificationoperating
conditionsseem to be more significantlyaffected. Increasingpressureand
decreasingtemperaturealso seem to improvethe getter efficiency. Potential
getter reactionsfor alkalichloridecompoundsall form HCI in the product
gas; therefore,if there is a high HCI concentrationin the productgas, it
limits the getteringreactiondue to the thermochemicalequilibrium. Methods
for the removalof HCI were studied (35),but they used a Na2CO3-basedmineral
at lower operatingtemperatures(535°-650°C).

Work from previousresearchershas demonstratedthat alkaligetterscan
be effectivein removing alkalifrom both combustionand gasificationgas
streams. Both packed-bedand granular-bedfiltershave been utilized.
Drawbacksincludethe need for a particulateremovaldevice both before and
after a packed bed and the expense of the added pressurevesselsto contain
the packed or granular bed. The granularbed may be cost-effectiveif both
particulateand alkalicontrolcan be achieved. However, becauseof the
disadvantagesassociatedwith packed and granularbeds, in situ removalof
alkalimay be preferred. A getter, used in the same manner as a sorbentis
used to remove sulfur,would not add any significantcost to the system,would
be easy to maintain,and could be used in both oxidizingand reducing
atmospheres. During the next programyear, the EERC will continueto pursue
the use of in situ alkaligetters for second-generationsystems.

3.3 Bench-ScaleReactorTesting

3.3.1 Bench-ScaleReactorDesign

As discussedduring the projectreviewmeetingat METC in August 1990,
the EERC had plannedto make use of an existingbench-scalereactoras a
pressurizedfluid-bedreactor (PFBR). As design effortsproceeded,the number
of limitationsimposedon the PFBR designby using the existingequipmentkept
increasing. These limitationsincludedreactorheight and diameter,coal and
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sorbent feed options, air preheat capabilities, and the amount of heat duty
the reactor could handle. Therefore, it was decided that a stand-alone
reactor should be designed to ensure that the reactor could meet all of the
objectives of this project.

The pressurized fluidized-bed reactor has been designed and is being
constructed to allow extensive alkali and hot-gas cleanup testing on a cost-
effective manner over a wide range of operational conditions. Preheated
fluidizing gas at temperatures up to IO00°F and pressures up to 150 psig will
be supplied at the bottom of the reactor through a l-in Schedule 40 pipe at
sufficiently high velocities to prevent the sized bed material from dropping
out during operation. Bed material can be sampled or collected using a lock
hopper system located at the bottom of the reactor. The fluidizing gas enters
into the 3-in Schedule 80 maln section of the reactor through a conical
transition. The operating velocities in the 3-in section will allow some
internal recirculation of the fluidized-bed material. External heaters will
be used for heating and maintaining the reactor and hot cyclone at
temperatures up to 2000°F for atmospheric operation and up to 1700°F for
operation at 150 psig.

Limestone, inert bed material, or ash generated from a combustor or by
an ashing procedure can be added at the start of a test using a lock hopper
system. Selected additives and coal can be fed separately at controlled rates
during testing. Coal feed, when utilized, will be maintained at a low rate to
eliminate any heat removal requirements from the reactor. Fluidizing gas can
be supplied as air or as various mixtures of nitrogen, oxygen, carbon dioxide,
carbon monoxide, sulfur dioxide, and nitrogen oxides to result in a flue gas
similar to that generated in a full-scale fluidized-bed boiler. Different
oxidizing and reducing condition tests can also be conducted. An alkali
sampling probe can be inserted through the top of the reactor or through the
top of the hot cyclone for when hot-gas cleanup testing is being conducted.

A data acquisition/control system will be used to monitor and record all
critical pressures, temperatures, and flows and to remotely control the
numerous valves distributed throughout the system. All high-pressure feed and
collection hoppers will be monitored with pressure transmitters. A solids-
sampling port and a gas-sampling port will be at the top of the combustor.

3.3.2 Sulfur Retention Efficiency

The sulfur retention efficiency in the combustor is influenced by many
factors, including gas and solids residence times in the bed and freeboard,
bed temperature, reactivity of the sorbent, particle size, and oxygen
concentration at the bottom of the bed. Within the range of operating
conditions of PFBC, the sulfur retention increases with increased bed
temperature, Ca/S molar ratio, and gas residence times.

In a PFBC, limestone is less effective than dolomite in removing SO2on
the basis of Ca/S molar ratio. A probable explanation is that a prerequisite
of good sulfur retention efficiency is the development of porosity in the
sorbent particles. With limestones, porosity is developed due to calcination
which occurs readily at atmospheric pressure, but with greater difficulty in a
pressurized system because the partial pressure of C02corresponding to high
pressure in the bed is higher than the equilibrium partial pressure of CO_for
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CaC03. As a result of the difficulty in achievingcalcinationof limestoneat
high pressure,the effectivenessof limestonesis reduced. Dolomiteis about
twice as effectiveas limestone,and 90% sulfurretentionefficiencycan be
expected with dolomitewith a Ca/S molar ratio of 1.5 under typicalPFBC
operatingconditions.

!

The sulfur retentionefficiencycan be improvedfor bubbling-bedPFBCs
at the expense of processefficiencyby a) employinglow fluidizingvelocity
which requires a smallerbed particle size, b) using deep beds and hence
longer residencetime, and c) recyclingfinescaptured by the primary
cyclones. It can also be improvedby as much as 30% by using two-stage
combustion.

Although dolomitedoes provide a porous sorbentfor PFBC operation,it
is still very probablethat limestonewould be a preferablesorbentselection
for use in any PFBC system,based upon resultsobtainedat Grimethorpe(36).
Because limestonehas a higher CaC03contentand becausethe Mg componentof
dolomite does not react with SO2, limestonecan be as efficientas dolomite in
a PFBC system when a sorbent/sulfurmass ratio basis is utilized. It is the
mass ratio that will ultimatelydeterminethe sorbentrequirementsand output
solids disposal in practicaland economicterms.

Based on tests carriedout in a small combustor,correlationshave been
proposed for sulfurcapture and can be used with reasonableaccuracyto
estimate the performanceof a sorbent in a large combustor. One such
correlation,proposedby the InternationalEnergyAgency (IEA)group (36), is:

R = 100 (I- exp(-MC)) [Eq. I]

where R is the sulfur-removalefficiency;C is the molar ratio of calcium in
the sorbentto sulfur in the fuel fed; and M is a parameterdependenton
sorbent propertiesand operatingconditions,principallybed height,
fluidizingvelocity,and bed temperature. The parameterM is given by the
followingcorrelation:

M : A t I/2 exp(4600/T) [Eq. 2]

where t (: H/V) is gas residence time, H is the bed height, V is the
fluidizing velocity, T is the bed temperature, and A is a reactivity index (A
: 38 and 50 for Whitewall and Plum Run dolomites, respectively).

However, for a reliable estimate of the sulfur retention by either
dolomite or limestone added to the bed, one still must rely heavily upon
experimental work carried out under operating conditions closely approximating
those that will apply in a commercial plant. It is also expected that
operation in a circulating mode will greatly enhance sorbent utilization, and
that any predictive equations proposed should be modified to account for the
operating characteristics of the circulating bed.
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Task 4, which includesthe lO0-1b/hrMGPDU,was initiatedin November
1988. This task includesI) the design, construction,and operationof the
PDU; 2) productanalysisand upgradingstudies,some of which will be
performedunder subcontracts;and 3) a technicaland economicevaluation
leadingto a decisionon furtherscaleupto a 1-ton/hrpilot plant and a
subsequentdemonstrationplant. The MGPDU will serve two principalpurposes
in the developmentof this technology: I) provideproof of concept for an
integrateddesign operatingon specificdesigncoals, and 2) produce char and
liquid products for upgradetesting and marketevaluation.

PROCESSINGCAPABILITIES

The MGPDU has been designedto process100 Ib/hr of feed coal (dry
basis). The systemincorporatescapabilitiesfor drying,carbonizing,and
calciningcaking and noncakingcoals in fluid-bedreactorsand for separating
char, liquid,and gaseousproducts. The systemis designedfor integrated
operation,and provisionshave been made so carbonizingcan take place without
having to utilizethe calciner.

Heat for carbonizationand for the calcinerare principallysuppliedby
hot flue gas from stoichiometriccombustionof naturalgas, or, in a later
commercialdesign,by combustionof process-derivedgas and waste coal from
coal cleaning in a fluid-bedcombuster. Combustionis externalto the
gasificationreactorsand is air-blownto avoid the cost of an oxygen plant in
the commercialdesign. Provisionsfor steam injectionhave been made oecause
of the sulfur removaleffectsof the steam and the increasein liquid quality,
as seen under Task 2. High-temperaturesteam can also be employed in the
calciner for the productionof activatedcarbon,or to increasethe H2 and CO
content of the gas passedfrom the calcinerto the carbonizerduring
integratedoperation.

FLOW SHEET AND PROCESSDESCRIPTION

The flow sheet shown in Figure AI is subdividedintoeight sections
which have been used as the basis for organizingthe detaileddesign. The
subsequentsectionon nomenclaturecontainsthe lettercodes,area codes, and
individualunit names. Table I indicatesthe generalarea designations.

Area 100 - Coal Preparation

IllinoisNo. 6 and IndianaNo. 3 feed coalsmay be washed at the mine
and are crushed and screenedat the EERC to a typicalsize of I/4 inch by O.
The Wyoming feed coal is screenedto a similarsize, but is not washed. The
option of drying the feed coal before it is fed to the carbonizeris a test
variable. The main purposefor drying is to limit the moistureentering the
gasificationtrain in tests at low-steaminput to the carbonizerso as to
reduce or eliminatethe net productionof wastewatercondensate. Moisture
reductionis performedin a nonintegratedmode using a roto louver dryer
availableat the EERC. If lower moisture contentsare desired,the coal can
be further d)oiedat low temperature(<570°F/300°C)in the carbonizer.
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TABLE AI

Area Descriptions

Area Name

100 Coal Preparation
200 Utilities
300 Carbonization
400 Calcining
500 Gas Quench & LiquidSeparation
600 Waste Treatment& Phenol Recovery
700 Char Upgrading
800 LiquidUpgrading

Area 200 - Utilities

Utilitiesthat are necessaryincludeI) electricalservices,2) natural
gas, 3) coolingwater, 4) nitrogen,5) processair, 6) steam boilerand
superheater,and 7) a high-temperatureheating/coolingsystem. In addition,a
contingencydesign has been developedfor refrigeratedcoolingfor a light-oil
condenser, if needed. All utilitieswere in existenceexceptthe steam boiler
and superheater,the high-temperatureheating/coolingsystem,and the
refrigeratedcooler contingency. The heating/coolingsystem is capableof
operating at elevatedtemperaturesin order to cool the tar that is
recirculatedto the tar venturi scrubber. This system is necessaryin order
to avoid low metal temperaturesthat would cause "freezing"of tar on the
heat-transfersurface. In the other scrubberheat exchangers,coolingwater
is used.

Area 300 - Carbonization

The carbonizeris designed as a spouted-bedgasifier,based on favorable
resultswith cakingcoals in the COALCONand KRW gasifiersystems. The
operativeprincipleallowinguse of cakingcoal in this design is the dilution
of the enteringcoal by an internalrecycleof char to the bottomof the
tapered bed, where high velocity and low bed densityalso reduceagglomera-
tion. A similarregimeexisted in the 400-1b/hrfast fluid-bedPerry
carbonizerpreviouslyused on caking coals at the EERC. In the event that
agglomerationproblemsare encounteredin the MGPDU operatingon IndianaNo. 3
feed coal, productchar from the char receiverwill be fed into the bottom of
the gasifier to augmentinternalchar dilution. Still anothermeans for
controllingagglomerationthat may be applicableto this design involvesthe
use of a coarse sand bed in the high-velocitysection,as employedby CSIRO in
Australia. Successfuluse of this techniquewould requiresegregationof the
coarse sand in the high-velocitysectionto avoid contaminationof the char
withdrawn from the top of the bed in a low-velocityregion. Char residence
time can be varied by bed height,with the base design being 30 minutes.

The carbonizeroperatesat temperaturesfrom 900° to 1110°F(480° to
600°C)with steam partialpressuresfrom 10% to 60%. During integrated
operation,the carbonizerreceiveshot gas from the calciner;dependingon the
atmosphereand resultinggasificationreactionin the calciner,this gas can
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be made to contain significantlevels of H2 and CO reductantto assist in
sulfur removal. The coal is entrainedand fed into the bottom of the reactor

using preheatednitrogen (575°F/300°C).Char can be drawn from a varietyof
locationsand injected into the calcineror the tote bin, or reinjectedinto
the system.

Area 400 - Calcining

The calciningreactoris a modificationof the bubblingfluid-bed
reactorpresentlyused in the EERC hydrogenproductionproject. The
conditionsfor calcininginvolvethe lowestgas velocitythat can maintain
stable operation in a deep char bed, so that the requiredchar residencetime
at calciningtemperaturecan be achievedwith minimumgas flow and energy
input. Calciningtakes place at temperaturesup to 1475°F(800°C). This unit
also evaluatesthe potentialfor activatedcarbon productionby using a
combinationof steam and flue gas. During integratedoperation,hot gas
leavingthe calciner is directedto the carbonizer.

Area 500 - Gas Quench and Liquid Separation

The quench and separationarea can receivegas from eitherthe
carbonizeror the calciner. The objectivein the design of this area is to
produceseparate tar and oil fractionsthat meet primaryproductrequirements.
In addition,the quench system shouldprovidetrouble-freeoperationwithout
tendencyto plug and, ideally,should produceno wastewatercondensate. The
approach for this study is to provideboth direct-contacttar and oil
scrubbers (V-501and Q-501) and direct-contactwater scrubbers(V-502and
V-503). Three of the units are venturiscrubberswith liquid introducedon a
floodeddisk above the throatof the venturior througha nozzleperpendicular
to gas flow at the openingin the throat. This design allowsflexibilityboth
for cooling and particulateremovaland for controllingpluggingcaused by
particulatesin the tar recyclestream.

A sidestreamsamplingunit is used to gather a fractionof the gas to
determineremovalefficiencyof the quench units. Bench-scaletesting is also
possible to evaluate other potentialcondensableremovalmethods,such as
using Rectisol.

Gas liquor from the scrubbersis pumpedto 55-gallondrums for transfer
to other tanks.

Area 600 - Waste Treatmentand Phenol Recovery

Operationwith appreciablesteam in the carbonizinggas or on high-
moisture coal without dryingwill inevitablyproducewastewatercondensate
that must be treatedprior to discharge. The wastewatercleanupmethodsthat
are availableat the EERC includesolventextractionand distillationto
remove phenols and trace organics,granular activatedcarbon for polishing
before discharging,and alternativelyactivatedsludgetreatmentof the raw
waste stream. These processeswill not be integratedin the operationof the
MGPDU. The extractionstepwill be used only for study of phenolrecovery. A
high-temperatureflare is used to dischargeall productand vent gases.
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Area 700 - Char Upgrading

Requirementsin this area have not been finallyestablished. Upgrading
operationsthat may be performedincludegrinding,screening,gravity
separation,and magneticseparation. Char productsto be evaluatedinclude
form coke, carbon pellets,char-ironore pellets,and activatedcarbon. These
operationswill be subcontracted.

Area BOO - LiquidUpgrading

On-site liquid upgradingat the EERCwill be limitedto distillingand
hydrotreatingthe condensablesutilizingexistingequipment. Small lots of 5
to 10 gallons of oil and light oil will be stabilizedby removingolefins and
other gum-formingcompounds. The stabilizedliquid(s)will then be sent to a
subcontractorfor evaluationas a blendingstock for No. 3 diesel fuel.
Evaluationof the oil, light oil, and crude phenol streamsfor productionof
chemicals (e.g.,phenol and benzene)will be performedby subcontractorsoff-
site. No pretreatmentor stabilizationis plannedfor the liquidsin this
instance. These productswill be upgradedonly in the quantitiesneeded for
end-user testing.

NOMENCLATURE

MGPDU Unit Names

Letter Codes

T - StorageTank or Hopper
C - Cyclone, Knockouts,etc.
H - Heat Exchanger(heatingor cooling)
R - Reactor
A - Sieve Column
B - Fired Apparatus- Boiler,Flue Gas Generator
P - Pumps
Q - Quench Towers
D - Distillation
E - Liquid/LiquidExtraction
F - Feeders
S - VenturiScrubbers
V - Valve
W - ActivatedSludge

Area Codes

100 - Coal
200 - Utilities
300 - Carbonization

400 - Calcining/Drying
500 - Gas Quench and LiquidSeparation
600 - Waste Treatmentand Phenol Recovery
700 - Char Upgrading
800 - Liquid Upgrading
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EERC/AMAXM(;PDUEquipmentList

ID No. Nam____._e

B-201 Steam Boiler
B-202 Steam Superheater
A-201 Boiler FeedwaterTreatment
T-201 Sparge Tank
H-201 DowthermSystem
R-301 Carbonizer
T-301 CarbonizerFeed Hopper
F-301 CarbonizerFeeder
B-301 CarbonizerFlue Gas Generator
C-301 PrimaryCarbonizerCyclone
T-302 HV Char Storage Bin
C-302 SecondaryCarbonizerCyclone
T-303 Char Fines CollectionBin #I

R-401 Calciner
T-401 CalcinerFeed Hopper
F-401 CalcinerFeeder
B-401 CalcinerFlue Gas Generator
C-401 CalcinerCyclone
T-402 LV Char Storage Bin
C-402 SecondaryCarbonizerCyclone
T-403 Char Fines CollectionBin #2

S-501 Tar VenturiScrubbers
H-501 Tar Cooler
P-501 Tar Quench CirculationPump
H-505 VenturiScrubberCycloneHeater #I
S-502 Water VenturiScrubber
H-502 Tar/OilCooler
P-502 Oil/WaterCirculationPump #I
H-506 VenturiScrubberCycloneHeater #2
Q-501 Oil Sieve Tower
H-503 Oil Cooler
P-503 Oil Quench CirculationPump
S-503 VenturiScrubber
H-504 OiI/WaterCooler

, P-504 Oil/WaterCirculationPump #2
H-507 Tar Transfer BarrelHeater
H-508 Tar/OilTransfer BarrelHeater
T-501 Tar TransferTank
T-502 Tar/OilTransferTank
T-503 Oil/WaterTransferTank #I
T-504 Oil/WaterTransferTank #2
T-505 Tar Sample Vessel
T-506 Tar/OilSample Vessel
T-507 Oil/WaterSample Vessel
P-505 CondensateTransfer Pump

(continued)
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ID No. Name

(]-601 Emergency Tar quench Vessel
B-601 Flare
C-601 F1are Knockout PoL
T-601 WastewaterStorageTank
P-601 Wastewater Pump
E-601 ExtractionColumn
T-603 Spent Solvent StorageTank
H-602 SolventCondenser
D-601 Solvent RecoveryColumn
H-601 SolventRecovery Reboiler
T-606 Crude Pheno; StorageTank
T-604 Clean Solvent ReceiverTank
T-605 Clean Solvent Feed Tank
P-602 Solvent Pump
T-602 Solvent Ext. WW StorageTank
A-601/3 WW PolishingAdsorber#I, #2, #3
W-601 ActivatedSludge Unit
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COALFEED SYSTEMDESIGN

Figure BI shows the coal feed system in relationto the bottomof the
reactor. A "star"feeder,which is not shown,was placed directlyabove the
2-inch flange shown in the figure. This feederdrops a specificvolume of
coal at selected intervalsinto the auger system. A small amount of purge gas
is also fed into the auger system. The purge and high-speedauger are used to
swiftlymove the coal into the reactorbeforedevolatilizationcan occur.
Thus, the coal will be out of the feed system before agglomerationcan occur
to plug the feed system.

Pluggingoften occurs in small coal feed systemsbecausea small volume
of material moves througha very narrow opening,coal particlesstick due to
high-moisturecontent,and backflashingof hot gases from the gasifiercauses
swelling. Plugginghad been experiencedon the 30-1b/hrpressurizedfluid-bed
gasifier (PFBG) used on the Hydrogen Productionfrom Coal Project. The
problemwas resolvedon the PFBG by slightlypressurizingthe coal hopper and
purgingthe auger;consequently,these featureswere added to the design of
the 4-1b/hrCFBR. The coal feed system has been calibratedfor mass flow
rates for severalof the feed coals. Since the densitiesof the coals are
slightlydifferent,the star feeder revolutionrate will vary with coal rank
and crush size in order to maintain a constantmass flow rate. The mass flow
rates for the feed systemlie between0.5 Ib/hr and 8.0 Ib/hr.

REACTOR

The reactorwas const:_:ctedof 316H stainlesssteel,Schedule80 pipe.
Figure B2 shows an isometricdrawingof the unit. FigureB3 shows the machine
drawingof the reactor,which includesthermocouplenumbersand heights. The
first section,which is attachedto the coal feed system,is made of 3-inch
pipe and is 33 inchesin length. The next sectionis made of 4-inch pipe,
18.75 inches in length. The two sections are connectedwith a 316H-weld
reducer. The top and bottom flanges(1500 Ib) are composedof 316H-grade
stainlesssteel,with Flexicarbstainlesssteelgasketsrated to 1650°F
(900°C)and 200 psia. The unit was designedsuch that the top of the fluid
bed lies 33 inchesabove the coal injectionpoint. A char off-takeleg at the
top of the bed is the primarymeans of solidsremovalfrom the reactor. A
ball valve facilitatesthe collectionof char productwhile the system is
operating.

The gasifiercurrentlyuses two ceramic fiber heaterscapableof
achievingtemperaturesof 1800°F(980°C). The bottomheater is rated at
2500 watts and the top at 1775 watts. These heaterswill maintain the
gasifier temperatureand eliminatehot spots. Using externalheatersallows
the evaluationof internaland externalheatingmethods for process
developmentand scaleup.

CYCLONE

A 3-inch-diametercyclone is the secondarymeans of solids removalfrom
the system. Like the char collectionpot on the reactor,a ball valve allows
the changingof the solids catch pot while the system is operating. The
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Figure BI. Coal feed systemfor the CFBR.
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cyclone is made of Schedule80, 3-inch,316H stainlesssteel pipe. It is
heated with a ceramic fiber heater capableof operatingat a temperatureof
1650°F(go0°c)and 200 psia. During preliminarytests, large quantitiesof
char carryover in the condensatestream from the cyclonewere not observed;
therefore,a secondaryfilterwas not needed for this system.

CONDENSERSYSTEM

Three 4-inch-diametervesselsare used to remove all condensablesfrom
the gas stream. Two separatetrainswere installed: one for mass balance
sampling,and the other for heatup,un-steady-stateconditions,and cooldown.
The first condenserpot is indirectlycooled by water and typicallycools the
gas stream from 570°F (300°C)to 200°F (95%). The next two condensersare
glycol-cooled. The exit gas temperatureis typically50°F (I0°C). A glass
wool filter was used to captureaerosolspassed throughthe condensersystem.

INSTRUMENTATIONAND CONTROL

An integratedcontroller,PC-basedsoftware,and data acquisitionsystem
were developedfor the unit. The unit has 16 Barber-ColmanSeries990 temper-
ature controllers,which are directlylinked to an AT-compatiblecomputer
using Genesis® software. Data from this system are directlytransferredto
Lotus® spreadsheetwork files,so that data reductiontime is greatlyreduced.
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LOW-RANKCOALDIRECTLIQUEFACTION

1.0 INTRODUCTION

Direct liquefactionis a processin which coal is convertedto liquid
productsby addinghydrogento coal that has been slurriedin a solvent. The
hydrogenadditiontakes place at elevatedtemperaturesand pressures. The
processwas inventedby FriedrichBergius in 1913 and has remainedrelatively
unchangedsince its extensiveuse by Germany for the productionof liquid
fuels duringWorld War II (I). Some improvementsin conversionand product
slate were noted when researchersin the United States substitutedbituminous
coal for the German brown coal. Attempts to use low-rankcoals (LRCs) instead
of bituminouscoals have not been as successful. From the resultsof work
performedearlierthis decade,it is apparentthat LRCs are very reactive (2).
Currentprocessingapproacheswork well with the less-reactive,higher-rank
coals (HRCs),but when the LRCs are subjectedto the optimum HRC processing
conditions,they react too rapidlyfor the availablehydrogensourcesand
result in a more retrogradeproduct. On the surface,this may appear to be
inconsistentwith the accomplishmentsof the older German technologyusing
LRCs. However,the older technology'sconditionswere so severe that even the
retrogradeproductswere eventuallyconvertedto distillatematerial. With
the developmentof a less brute-forceapproach (i.e.,everythingdeveloped
since WWII), the subtletiesof relativecoal reactivity,particularlythat
shown betweenLRCs and HRCs, make it necessaryto pay closer attentionto the
chemistryof the process.

Unfortunately,the reactionstakingplace during direct liquefactionare
not fully understood. Due to their complexity,analysesof these chemical
reactionshave never led to universallyacceptedmechanisms,rate-determining
step(s),criticalreactionpathway(s),or reactionkinetics. Becausevery
little is known about the actual reactionsthat occur during coal liquefac-
tion, especiallyduring the critical initialsteps, improvementsin product
yield and/or qualityare currentlyaccomplishedthroughlargelyempirical
changes in the processingparametersand/or equipment. The currentlique-
factionapproachassumesthat the reactionsoccurringat the usuallysevere
conditionsprovidethe best way to convertcoal to liquid products.

The apparenthigher reactivityof LRCs offers a key to improved
conversionsand/oryield structuresand/or lower processingseverity. Changes
utilizingthis reactivitycould improvethe economicviabilityof the
technology. Effectiveuse of LRCs in direct liquefactionmay require a fairly
substantialchange in the direct liquefactionprocess as it is currently
known.

In an approachtaken by the ReactionEngineeringGroup of the Energy and
EnvironmentalResearchCenter (EERC),the initialcoal solubilizationcan be
consideredas reversecoalificationand the subsequentupgradingas reforming
or refining. Becauseof the high-severityconditions,single-stageliquefac-
tion forces reversecoalificationand refiningto occur at the same time. The
resultsof past effortsusing this type of processingspeak for themselves:
this brute-forcemethod producesa number of productstreams,only one of
which is the desired,value-addedproduct. Mechanistically,it is somewhat
easier to view these almostmutuallyexclusiveprocessesas different,



sequentialsteps. Staged liquefaction,as it currentlyexists (i.e.,at least
two reactorsin series),is an attemptto best utilizethe differencesin
preferredconditionsfor each step of a two-stepmethod. Unfortunately,the
processingparametersemployedduring both stages are usuallyso severe that
the same type of high-temperature,high-pressurereactionsoccur (i.e.,
coalification),or at least compete,in both stages.

Dramatic improvementsin the liquefactionprocessmay be possible if the
reactionsinvolvedare not requiredto competeagainsteach other. Processing
conditionsmust be changed,and the changesmust be determinedby an increased
understandingof the reactionstaking place. At the EERC, it is assumedthat
the structureof coal is comprisedof physicallyand chemicallytangled,
highly cross-linkedmolecules. The molecularstructuresof premiumdistillate
fuels, by comparison,are discretemoleculesof similarsize and chemical
nature,having virtuallyno chemicalor physical attachments. Using these two
presumptions,it is possibleto map potentialmechanicaland chemicalmecha-
nisms for the processof liquefaction.

The first step in liquefactionshould be to "untangle"the coal struc-
ture, while the second step should be to "organize"the untangledpieces so
that those of similarsize and chemicalnature are first separatedfrom the
remainingmaterial and then stabilizedto preventback reactions. This
simplistic,two-stepmechanismwill be used to developa more effectivescheme
for coal liquefaction. It seems logicalthat, in order to preventcoalifi-
cation reactions,"untangling"of the coal structureshouldtake place at low-
severityconditions.

Tailoringthe processingparametersto the liquefactionreactionstaking
place, the EERC has developeda multistepdirect liquefactionprocess
specificallyfor LRCs consistingof pretreatment,solubilization,polishing,
and hydrotreatment.

2.0 GOALSANDOBOECTIVES

Since 1986, the primaryobjectiveof the Low-RankCoal Direct
Liquefactionprogramhas been to develop an LRC liquefactionprocessthat
resultsin increasedlevels of conversionto distillableliquids. The work
effort to meet this objectivehas included:

• A preliminarymechanisticstudy of the retrogradereactionsthat
occur as a functionof typicalliquefactionprocessing.

• Screeningof variouspreconversiontreatments.

• Developmentof a multistepprocessthat results in virtuallycomplete
solubilizationof the LRC in the solventprior to hydrotreatment.

• An investigationof the effectsof the use of hydrogen-donating
solventsduring liquefaction.

• Integrationof all steps of the process.



3.0 RESULTS

As mentioned in Section 1.0, the EERChas developed a four-step lique-
faction process consisting of:

• Step 1 - Pretreatment, which was investigated during FY89-90 and
FY90-91.

• Step 2 - Solubilization.

• Step 3 - Polishing,which was investigatedduring FY88-89,Task K.

• Step 4 - Hydrotreatment.

Generic instructionsfor performanceof these tests are given in the appendix.

This processwas developedbased, in part, upon earlierresearch (i.e.,
prior to 1986) performedat the EERC that showed that:

• Low-severityprocessingof lignitesresulted in better conversionand
yield structurethan did the typicallyhigher-severitysingle-stage
Iiquefaction.

• Syngas is a more effectivereductantthan pure hydrogengas.

• Hydrogendonor solventsare more effectivethan hydrogengas for the
hydrogenationof coal liquids.

• CO acts almost exclusivelyvia the water/gasshift reaction.

• H_S acts primarilyas a hydrogenshuffler,typicallyfrom the gas
phase to the liquidphase.

Knowledgeof liquefactionreactionsgained during a preliminary
mechanisticstudy was also used in the developmentof the multistepprocess.

3.1 PreliminaryMechanisticStudy of LiquefactionReactions

Low- and high-rankcoals are significantlydifferentfrom each other.
This is shown in Figure I, which comparesthe "C nuclearmagnetic resonance
(NMR)spectraof a typicalbituminouscoal and a typicallignite. To aid in
readingthe NMR spectracontainedin this report,Table I lists the locations
of various functionalgroups on solid 13CNMR spectra. Lignitecontains
considerablymore phenolic,carboxyl,and methoxylgroups than the bituminous
coal, which is comprisedprimarilyof aliphaticsand heavy aromaticgroups.
Due to these differences,the two probablydo not react in the same manner
during liquefactionprocessing.

To arrive at a better understandingof the reactionsthat occur during
typicalliquefactionof lignite,a preliminarymechanisticstudy was
performed. Four batch tests were conducted. Three of the tests were
performedat conditionsdesignedto result in conversionsof nominally10%,
55%, and 95%. A test was also made at conditionsselected intentionallyto
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TABLE1

Functional Group Locations on Soltd 1_CNMRSpectra

' FURC_',,!Io,_I,I al GrOlUlP ' , 'I,,111,1 .... i1,1,, HI,I..... , i ' .................. ........ " shift, i'ppm..... Ii, , ,i,,,

Carbonyl 230-190
Carboxy] 190-170
Phenolic 170-148
Aromatic

Alkyl Substituted 148-136
Unsubstituted 136-90

Ether/Alcohol 90-60
Methoxy] 60-50
Aliphatic

-C-, -CH- 50-36
-CH2- 36-24
Aromatic -CH3 24-16
Alkyl -CH_ 16-0

result in the productionof retrogradedproductat an intermediatelevel of
conversion.

3.1.1 Comparisonof FunctionalGroup ReactivityDurinq
Liquefaction

The insolubleorganicmatter (IOM) remainingat the end of each reaction
was analyzedin detail using 13CNMR spectroscopyto providea descriptionof
the reactionmechanismsas a functionof conversion. Area-scaledspectra
(i.e.,all spectrawere put on the same basis for comparisonpurposes)were
constructedto provideinformationconcerningthe changestaking place in the
coal functionalgroupsduring conversion. When the spectraare compared (as
in Figure 2), it can be seen that the first functionalgroups to react were
the ethers/alcohols,the methoxylgroups,most of the alkyl aliphaticgroups,
and some of the alkyl and unsubstitutedaromaticgroups. These reactionstook
place when the first g% of the coal was converted. During the conversionof
the next 51% of the coal (i.e.,from 9% to 60% conversion),most of the
carboxyl,phenolic,and aliphaticgroups reacted. The carbonyl,alkyl
aromatic,remainingether/alcohol,and remainingmethoxylgroups reacted
during the time when 60% to 94% of the coal was converted. After 94% of the
coal had been converted,the IOM which remainedwas primarilycomprisedof
unsubstitutedaromaticgroups. The order of reactionof the functionalgroups
is summarizedin Table 2.

During the course of conversionof the coal, the liquidproductyields
reflectthe large increasein phenolicproducts,and the gas productyields
reflectthe increasedconversionof CH, CH2,and CH3 groups to hydrocarbon
gases. This is seen in the water/gasshift-freeproductyields given in
Table 3.
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TABLE 2

Reactionof FunctionalGroups DuringDirect Liquefaction

9.2%-59.6%
0%-9.2% Conversion Conversion 59.6%-93.7%Conversion

Some ethers/alcohols Carboxyls Carbonyls

Methoxyls Phenolics Alkyl aromatics

Alkyl aliphatics Aliphatics Remainingethers/alcohols

Some alkyl and unsubstituted Remainingmethoxyls
aromatics



TABLE3

Product Slates of the Mechanistic Studies Tests
on a Water/Gas Shift-Free Basis

iiiiiii ii i i i i ui i iN i i111 i i iiii [LIII I I II i i II ii I 11ill t

Run No. N469 N474 N468 N475"
...................... " ii,l,ii i iHrln I ,11[

Convers t on, % 9.2 59.6 93.7 61.5

Avg. Temp., °C 201 303 354 444

Avg. Pressure, psig 1750 I)505 3071 3570

Products b

CO 0.00 0.00 0.00 2.0g

H_ O.04 O.43 1.06 - 2.88
CO_ 4.38 18.86 9.92 16.47
C1-C3 0.25 0.52 1.36 4.31

HzS -5.89 -7.76 -5.29 2.61
Total Gas 2.26 22.80 38.61 22.60

H20 O.43 -10.02 -24.58 -11.90
Ash O.85 O.60 -0.57 -0. ] 1
!OH 91.38 40.20 6.29 38.49
Distillable 0tls -77.53 -47.41 -0.15 0.00
Soluble Resid 82.61 93.82 80.40 50.93

Total Liquid 97.74 77.20 61.39 77.40

" Productsof this run were retrogradedin nature.
b Valuesgiven as wt% of maf coal fed to the system,on a water/gasshift-
free basis.

The greatest productionof CO2 was seen when most of the carboxyland
phenolic functionalgroups were releasedfrom the coal during the 9% to 60%
range of conversion. The water/gasshift reactionwas the most evidentduring
the releaseof the aromaticfunctionalgroups toward the end of the conversion
process. This can be seen in both the water consumptionand C02 production
given in Table 3. The majority of the hydrogenationtakes place at this point
in the processingas hydrogenationis virtuallythe only reactionin which the
aromaticswill take part.

The largest incorporationof H2S occurredduring the 9% to 60% conversion
range, coincidingwith the largestreleaseof C02 and phenolicsas well as the
highestyield of total liquids. This may indicatea mechanisticlink between
the removalof the phenolicand carboxylgroups and the fact that sulfur
apparentlyreplacesthe oxygen in many of the bonds.



3.1.2 ComparisQnof Retroqradedand NonretroqradedProducts

Two runs were performedat conditionswhich resultedin similar
conversionsof coal but differentproductyield structures. As Table 3 shows,
the two tests took place via differentmechanisms. The higher-temperature/
higher-pressuretest underwentsubstantiallymore crackingreactionsthan the
less severe test, as seen in the productionof hydrocarbongases. The
productionof solubleswas approximatelythe same for the two tests. A shift
in carbon balancecan be seen when the two tests are compared. Approximately
twice as much of the carbon in the feed coal was presentin the productgas of
the more severe run as in the productgas of the less severe run. In other
words, the carbon utilizationefficiencieswere grosslyaffectedat the
expenseof the productionof desirableliquids. Comparisonof the I_CNMR
spectraof the IOM remainingafter processingfor both runs corroboratesthese
data. As Figure 3 shows, the productof the more severetest consisted
primarilyof heavy aromatics,while the productof the less severetest
retainedmore of the Featuresof the originallignite.

3.2 Step 1 - Pl'etreatment

Low-severitypretreatmentswere screenedto evaluatetheir impacton the
direct liquefactionof IndianHead lignite. The rationalewas that a
completelysolvent-solublefeed to the catalyticupgradingstage would not be
as likely to undergoretrogradereactionsas feed containingboth the soluble
fractionsof convertedcoal and unconvertedorganicresidue. If this were the
case, it would result in a higher conversionof coal to desiredliquid
productsthan is usuallyobtainedduring direct liquefaction. As part of this
solubilizationprocess, it was hypothesizedthat pretreatmentmight reduce

Coal

Product of
Less Severe
Processing,

Retrograded Product

240 220 200 180 160 140 120 100 80 60 40 20 0 -20 -40 ppm
EB_CNo MI-I_269

Figure 3. 13CNMR spectrashowingdifferencesbetweenretrograded
and nonretrogradedproduct.



retrogradebehavior by placing hydrogenor radicalcappingagents in the
correctlocationto facilitate"untangling"of the coal structure. When used
in this report, the term "pretreatment"refersto anythingdone to the coal
prior to noticeableformationof solublematerials.

Severalpreconversiontreatmentschemeswere devised and screenedfor
their effectiveness. An initialscreeningwas carriedout using the 20-cm3
microreactorsystem. A second screeningwas performedusing hydrogen-donating
solvents in the batch autoclavesystem. The informationgatheredduring these
two screeningswas combined,and the most promisingschemeswere tested
further. Table 4 lists the pretreatmentvariablesthat were screened,and
Table 5 presentsthe productslates (aftersolubilization)and molar hydrogen-
to-carbonratios of these tests.

As can be seen in Table 5, it appearsthat a 60-minutesoak in HA061
(hydrogenatedcoal-derivedanthraceneoil) at 175°C in the presenceof argon
and H2S enhanceswhicheverreactionis taking place without substantially
affectingthe overallconversion. In the case of a pyrolysis-typereaction
(N524),the use of pretreatmentgreatly increasedthe productionof product
gases and water while decreasingthe productionof solubleliquidproducts.
In a liquefactionreactionsuch as N528, the use of pretreatmentresulted in a
decrease in the quantityof gaseousproductsand an increasein the production
of solubleliquids. These trends can be clearlyseen in Table 6, which places
the yield structureof Runs N524 and N528 side by side with yield structures
of the equivalentnon-pretreatedtests.

3.3 Step 2 - Solubllization

The purpose of this step is to solubilize as muchof the coal as
possible to enable more efficient hydrotreatment during a later step.
Hydrotreatment is not attempted during this step. Tests were performed to
study the effects of various hydrogen-donating solvents, gases, and pressures
on the solubilization of the coal. A summary of these solubilization tests is
presentedin Table 7. The same matrix was performedagain incorporating
solvent-specificpretreatments. Additionaldata pointswere added at that
time. Table 5 presentedthe resultsof the study incorporatingpretreatment.

TABLE 4

VariablesScreenedDuring PretreatmentStudies

Solvent Gas° Additiveb Temperature

A04 H2 Na 110°C
phenolic CO H2S 175°C
tetralin Ar none 250°C

none

Reactiontime = 60 min for all tests

"I000psi gas charged.
bAdditive= 5 wt% of maf coal fed to the system.



TABLE 5

Summaryof Pretreatment/SolvationTests using Hydrogen-DonatingSolvents

N501/N502 N503/N504 N505 N506 N507/N508 N509/N510 N511/N512 N513/N514

MatrixPoint 1 2 3 4 5 6 7 8
Solvent AO4"+Tetralin/N501 AO4/N503 A04 HA061h HAO61/N507 HAO61/N509 HAO61/N511 CAIC/N513
Additive H2S/None None/None None None _S/None _S/None _S/None _S/None
Gas Ar/CO H_/CO _ _ Ar/CO Ar/CO CO/CO CO/CO
ResidenceTime, min 60/60 60/60 20 20 60/60 60/60 60/60 60/60

Avg. Temp., °C 184/375 179/375 420 414 123/372 178/375 1/5/375 115/3/1
Max. Temp., °C 187/379 181/380 421 418 124/373 180/377 176/376 117/375
Avg. Pressure,psi 2230/3867 2100/3700 3734 3880 1730/3727 2141/3750 2075/3740 1864/3737
Max. Pressure,psi 2240/4000 2115/3865 3800 3905 1730/3875 2225/4000 2095/3825 1748/3780
Conversion,% 93.3 86.1 55.5 80.1 87.6 89.1 88.6 89.3

Productsd
CO -50.73 -32.36 0.00 0.09 -32.34 -36.01 -34.61 -41.98
H, 0.72 0.64 -1.87 -2.96 0.52 0.38 0.43 0.38
COz 93.75 65.63 21.58 17.55 73.31 77.62 62.24 70.94
CI-C3 0.92 0.65 10.21 8.32 0.49 0.79 0.75 0.76

l...m

H_S 5.06 0.13 0.00 0.00 3.66 3.94 1 97 3.37
TotalGas 49.72 34.69 29.92 23.00 45.62 46.72 30.79 33.47

H20 -25.76 -23.62 2.15 0.39 -16.98 -38.13 -5.60 -21.73
Ash -0.39 -0.10 -0.34 -1.26 -1.18 -1.49 -1.31 -1.04
IOM 6.70 13.95 44.51 19.90 12.40 10.88 11.45 10.74
THF Solubles 69.73 75.08 23.76 57.98 60.13 82.03 64.67 78.56

Total Liquid 50.28 65.31 70.08 71.00 54.38 53.28 69.21 66.53

Molar H:C, Feed 0.9827 0.7673 0.7646 0.8925 0.9003 0.8905 0.8933 1.0613
Molar H:C, After Pret. 0.8020 0.7796 .... 0.9138 0.9138 0.9569 0.9614
Molar H:C, Product 0.8868 0.8517 0.7486 0.9018 0.9784 1.0576 0.9034 0.9964

• Coal-derivedanthraceneoil.
HydrotreatedA04.

c Cresylicacid solvent.
Valuesgiven as wt% of maf coal fed to the system;negativevaluesindicateconsumption;positive valuesindicateproduction.



TABLE 5 (continued)

Summaryof Pretreatment/SolvationTests using Hydrogen-DonatingSolvents

N519/N522 N519/N523 N519/N524 H525/N526 N525/N527 N525/N528 N525/N530 N549/N551

MatrixPoint 9 10 11 12 13 14 15 16

Comparesto" N477 N483 N484 N487 N485 N486 N499 N476
Solvent HAO61/N519 HAO61/N519' HAO61/N519a HAO61/N525 HAO61/N525 HAO61/N525 HAO61/N525 AO4/N549
Additive H,S/None H,S/None H,S/None H,S/None H,S/None H,S/None H,S/None H,S/None
Gas Ar/None Ar/None Ar/None Ar/Ar Ar/H, Ar/CO Ar/CO Ar/Ar
ResidenceTime,min 60/60 60/60 60/60 60/60 60/60 60/60 60/60 60/60

Avg. Temp.,°C 184/370 184/372 184/367 176/372 176/378 176/376 176/373 174/373
Max. Temp.,°C 187/374 187/381 187/375 178/376 178/380 178/381 178/380 176/376
Avg. Pressure,psi 2106/600 2106/631 2106/953 2000/3581 2000/3352 2000/3434 2000/728 2100/4227
Max. Pressure,psi 2125/638 2125/663 2125/995 2000/3628 2000/3390 2000/3560 2000/745 2110/4260
Conversion,% 54.7 57.5 70.0 60.1 79.4 81.0 33.1 38.72

Products_
CO 0.20 12.17 12.56 0.08 0.25 -54.25 -14.71 0.00

H2 0.09 0.05 0.17 0.05 -2.71 1.01 0.90 0.05
CO, 9.28 7.74 21.19 6.86 9.12 73.46 25.96 14.01
C1-C3 1.23 0.17 2.18 0.62 1.20 0.97 1.45 1.32

H,S 5.69 0.19 2.56 3.61 2.93 2.90 1.26 3.72
Total Gas 16.48 20.32 38 65 11.22 10.78 24.09 14.85 19.10" I

H,O 10.97 7.37 7.89 -2.23 14.48 -22.75 -40.31 8.69
Ash 0.01 0.14 0.29 -0.23 -0.64 -0.96 4.26 0.34
IOM 45.35 42.55 29.97 39.94 20.62 18.97 66.87 61.28
THF Solubles 27.28 29.61 23.20 51.30 54.76 80.65 54.33 10.59
Total Liquid 83.52 79.68 61.35 88.78 89.22 75.91 85.15 80.90

Molar H:C, Feed 0.8983 0.8983 0.8983 0.9098 0.9098 0.9098 0.9098 NA"
Molar H:C, After Pret. 0.8925 0.8933 0.9110 0.8562 0.8562 0.8562 0.8562 NA
Molar H:C, Product 0.8357 0.8359 0.8006 0.8259 0.8125 0.9724 0.8154 NA

" Tests performedduring FY89-90Task 2.
' 3 g HA061 added to preheatedslurrybeforesolubilization.
g 112.2g HA061 added to pretreatedslurrybeforesolubilization.
" Elementalbalancewas not completedfor this test.



TABLE 6

Comparisonof Pretreatedand Non-PretreatedTests

Pyrolysis Liquefaction

Non-Pret. Pretreated Non-Pret. Pretreated
N484 N519/N524 N486 N525/N528

Solvent HA061 HAO61/N519 HA061 HAO61/N525
Additive HA061 H2S/None -- H2S/None

-- Ar/None CO Ar/CO
Gas 60 60/60 62 60/60
ResidenceTime, min 371 184/372 373 176/376
Avg. Temp., °C 375 187/381 376 178/381
Max. Temp., °C 1425 2106/631 3665 2000/3434

Avg. Pressure,psi 1450 2125/663 3740 2000/3560
Max. Pressure,psi 67.9 57.5 87.7 81.0
Conversion,%

0.26 12.17 -33.63 -54.25
Products: O.02 O.05 O.41 I.01
CO 14.22 7.74 65.04 73.46

1.35 0.17 1.03 0.97
H2 O.O0 O.19 O.06 2.90
C02 15.85 20.32 32.91 24.09
CI-C3

H2S -I.17 7.37 -12.96 -22.75
Total Gas -0.74 0.14 -0.81 -0.96

32.08 42.55 12.35 18.97
53.99 29.61 68.50 80.65

H20 84.16 79.68 67.08 75.91
Ash
IOM

THF Solubles

Total Liquid

The fact that productquality is improvedthroughthe use of a hydrogen-
donatingsolventcan be seen in the molar hydrogen-to-carbonratios of the
productsof the tests. The molar H:C ratio for the tests using HA061 as the
solventwas generallyhigherthan the molar H:C ratio for the tests in which
either A04 (coal-derivedanthraceneoil) or tetralinwere used. In addition,
increasesin molar H:C ratioswere noted for some of the tests in which HA061
was used as the solvent,most often when CO was present as the solubilization
reductant. Increasesin molar H:C ratioswere not noted when A04 was the
solvent. The highestproductmolar H:C ratio was producedwhen the solubili-
zation processingconditionsconsistedof a temperatureof 375°C, a pressure
of 3500 psi, a residencetime of 60 minutes, and the use of CO as the
reductant.
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TABLE 7

Summaryof SolvationTests using Hydrogen-DonatingSolvents

N476 N477 N480 N483 N484 N485 N486 N487 N497 N499

Solvent A04 HA061 A04 HA061 HA061 HA061 HA061 HA061 A04 HA061
Additive --° -- Tetralin HA061 HA061 ...... Tetralin --
Gas .......... H2 CO Ar -- CO
ResidenceTime, min 60 60 60 60 60 60 62 60 60 60
Avg. Temp., °C 374 372 372 374 371 372 373 370 368 370
Max. Temp., °C 375 378 375 377 375 376 376 375 378 370
Avg. Pressure,psi 1429 1353 1496 1425 1425 3543 3665 3827 1111 512
Max. Pressure,psi 1525 1455 1581 1450 1450 3553 3740 3890 1180 512
Conversion,% 25.3 61.5 53.] 66.9 67.9 72.2 87.7 59.0 48.8 58.2

Productsb
! CO 0.26 0.14 0.21 0.22 0.26 0.38 -33.63 1.72 0.61 33.42

H2 0 45 0 02 0.01 0.02 0.02 0.19 0.41 0.03 0.03 0.08i _ " " 15.29 65.04 12 84 19.04 17 07
_ CO2 13.52 7.48 9.82 12.64 14.22 • •

CI-C3 1.19 0.67 0.80 1.13 1.35 1.60 ].03 1.10 1.42 1.91
H2s 0.20 0.00 0.00 0.02 0.00 0.09 0.06 0.00 0.07 0.00
Total Gas 15.62 8.31 10.84 14.03 15.85 17.55 32.91 15.69 21.17 52.48

H20 -4.77 -3.87 6.02 4.01 -1.17 1.87 -12.96 3.98 7.79 -5.53
Ash 0.53 -0.34 -0.05 -0.69 -0.74 -0.95 -0.81 -0.64 -0.90 -1.21
IOM 74.7 38.47 46.87 33.07 32.08 27.82 12.35 41.00 51.22 41.78
Solubles 13.93 57.45 36.31 49.57 53.99 53.71 68.50 39.97 20.72 12.47
Total Liquid 84.39 91.71 89.15 85.96 84.16 82.45 67.08 84.31 78.83 47.52

Feed H:Cc 0.7627 0.8912 0.9587 0.8948 0.9133 0.9075 0.9121 0.9031 1.0221 0.8934
ProductH'Cc 0.6773 0.8922 0.8183 0.8500 0.8600 0.8885 0.9208 0.8558 0.8668 0.8701

rNone use--d.
b Values given as wt% of maf coal fed to reactor. Negativevalues indicatea consumption;positivevalues
indicatea production.
Molar H-to-C ratio.



The data also indicated that:

• Nascent hydrogen from the water/gas shift reaction was more readily
used than hydrogen gas.

• The use of H2S improved solubilization.

• Merely heating the feed slurry did not improve solubilization.

• Solubilization of the coal could be improved through the use of
specific, solvent-dependent pretreatments.

3.4 Step 3- Polishing

The purpose of the polishing step is to complete the solubilization of
the more intractable portions of the coal prior to hydrotreatment. The
mechanistic study (discussed in Section 3.1) indicated that the coal-derived
liquids were very phenolic in nature. Using the chemistry rule of "like
dissolves like," this knowledge was incorporated into the design of the
polishing step.

Two solubilization/polishing test sequenceswere performed. The run
conditions are summarized in Table 8, while Table 9 presents the product
slates of the tests. Table 9 shows that virtually all of the solvent used
during the test was recovered during the processing. Conversion to THF
solubles calculated for the tests was high: 96.4 wt% for the test with HA061
as the polishing-step additive and 101.6 wt% for the test with phenolic
solvent as the polishing-step additive. The product slate indicates that
minimal quantities of gas were produced during processing in either case,
relative to the moisture- and ash-free (maf) coal fed to the system. In both
combinations, about 90 wt% of the maf coal fed to the system was converted to
solublematerial,which was the desiredproduct. The run performedwith HA061
added during the polishingstep resultedin a lighterproduct, in that the
resultingsolublematerialconsistedof both solubleresid and distillable
oils. The productof the test in which phenolicsolventwas added during the
polishingstep was comprisedalmost exclusivelyof solubleresid. Insoluble
organicmaterialwas present in the productof the HA061 test, but was not
detectablein the productof the phenolicsolventtest.

The presenceof excess H2S in the productgas of the N443/444run
sequence in which HA061 was added in the polishingstep indicatesthat not
only was the sulfur incorporatedfrom the H2S completelyremoved,but some
sulfur present in the feedstockswas also removed. In the phenolicsolvent-
added test, almost all of the sulfur incorporatedinto the coal structure
during the processingsequencewas removed.

3.5 Step 4 - Hydrotreatment

Steps I-3 (pretreatment,solubilization,and polishing)were performed
in an integratedfashion. The productswere catalyticallyhydrotreatedto
demonstratethe maximum hydrotreatabilityof the solubilizedslurry and to
provideproductsthat could be comparedto the productsof existingprocesses.
The testingwas performedusing the "best"pretreatmentand solubilizatior,
steps that had been evaluatedduring earlierwork (see Sections3.2 and 3.3).
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Figure 4 shows the experimentalmatrix for the tests. As the figure shows,
the testingwas performedaccordingto a tree diagram-typeof matrix.
Performingthe tests in this manner, i.e, using the same feed slurrywhenever
possible,enabled directcomparisonsto be made betweenthe run sequences.
Two Step I runs were performedat identicalconditionsto obtain sufficient
pretreatedslurry for the remainingprocessing. The pretreatedslurriesfrom
these two runs, N553 and N554, were combined into a bulk sample. (All
analyseswere performedon the bulk sample rather than on the individual
pretreatedslurries.) Pretreatedslurry was then solubilizedin two batches,
one at -375°C (N555)and one at ~350°C (N556). The solubilizedproducts of
each of these Step 2 runswere polished (Step 3) at either460°C (N558 and
N557) or 4350C (N559 and N560) with a small amountof addedcresylicacid.
Each polishedproductwas combinedwith a heaviervehiclesolvent (hydro-
genated anthraceneoil) and distilledto remove a quantityof water and light,
highly oxygenated solvent/coal-derivedliquidequal to that added during the
polishingstep. Finally,each of the polishedproductslurriesfrom Step 3
was hydrotreatedin Step 4 (N562,N564, N563, and N566, respectively).The
multisteprun sequencesare referredto in this report by the run numbersof
their hydrotreatmentsteps. The specificrun solvents,additives,and
conditions for each step of the four run sequencesare given in Table 10.

Testingwas performedin the EERC's hot-charge,batch autoclavesystem.
The l-gallon autoclavewas used when largerquantitieswere processed(i.e.,
during Steps I and 2 [pretreatmentand solubilization]).The 1-1iter
autoclavewas used for the polishingand catalyticupgrading(Steps3 and 4).
Karl Fischerwater, ash, and tetrahydrofuran(THF)solubilityanalyseswere
performedon the feed and productslurries. Due to a lack of funding,
elemental analyseswere performedfor only a few runs.

Pretreatment
N553/N554

- 180°C,- 2100 psi

Solubilization Solubilization
N555 N556

- 375°C,- 3500psi - 350°C,- 3500psi

Polishing I Polishing Polishing

N558 ! N557 N 559 I o N560- 435°C,- 3200 psi - 460°C, - 3200 psi --435°C, - 3200 psi I - 460 C, - 3200 psi
I

Hydrotreatment Hydrotreatrnent Hydrotreatment Hydrotreatment
N562 N564 N563 N566

- 425°C,- 3500 psi - 425°C,- 3500psi - 425°C,- 3500psi - 425°C,- 3500psi
_

EERC No 6_t_MN a=a

Figure 4. Experimentalmatrix for integratedrun series.
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TABLE10

Conditions of Integrated Run Series

N562 N563 N564 N565

Step I - Pretreatment
Run No. N553+N554 N553+N554 N553+N554 N553+N554
Solvent HA061° HA061 HA061 HA061

Additive H2S H2S H2S H2S
Gas Ar Ar Ar Ar
Avg. Temp., °C 179 179 179 179
Max. Temp., °C 184 184 184 184
Avg. Pressure,psi 2064 2064 2064 2064
Max. Pressure,psi 2100 2100 2100 2100
ResidenceTime, min 60 60 60 60

_tep 2 - Solubilization
Run No. N555 N556 N555 N556
Feed N553+N554 N553+N554 N553+N554 N553+N554
Additive None None None None
Gas CO CO CO CO
Avg. Temp., °C 375 353 375 353
Max. Temp., °C 385 354 385 354
Avg. Pressure, psi 3488 3460 3488 3460
Max. Pressure, psi 3600 3515 3600 3515
Residence Time, min 60 60 60 60

Step 3 - Polishinq
Run No. N558 N559 N557 N560
Feed N555 N556 N555 N556
Additive CA1b CAt CA1 CAt

Gas H2 H2 H2 H2
Avg. Temp., °C 435 433 458 461
Max. Temp., °C 437 435 461 465
Avg. Pressure, psi 3190 3363 3200 3439
Max. Pressure, psi 3226 3435 3275 3540
ResidenceTime, min 20 20 20 20

Step 4 .-Hydrotreatment
Run No. N562 N563 N564 N566
Feed N558 N559 N557 N560
Additive Shell 424 Shell 424 Shell424 Shell 424
Gas H2 H2 H2 H2
Avg. Temp., °C 423 424 422 420
Max. Temp., °C 426 425 426 421
Avg. Pressure,psi 3459 3461 3525 3554
Max. Pressure,psi 3655 3635 3675 3675
ResidenceTime, min 180 180 180 180

° Hydrogenatedcoal-derivedanthraceneoil.
b Cresylicacid solvent.
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Mass and material balanceswere performedfor the run sequencesbased
upon maf coal fed to the pretreatmentstep. Allowanceswere made for the
removalof samplealiquotsfor analysis. Combiningthe analyticalresultsand
the materialbalancesresulted in the calculationof productslates for the
integratedrun series. In other words, productslateswere calculatedfor the
entire four-stepsystembased upon maf coal fed to the pretreatmentstep.
These product slatesare presentedin Table 11.

Tables 12 and 13 summarizethis informationand organize it in a
simplifiedmanner to permit easier comparisonsbetweenrun series. As seen in
Table 12, comparisonof solub_lization(Step 2) at 350°C and at 375°C shows
that higher-temperaturesolubilizationultimatelyresulted in less gas + water
production(about 17 wt% comparedto 34 wt_) and more total liquid product
(about70-80 wt_ comparedto 59 wt_) than solubilizationat the lower
temperature. More of the hydrotreatedliquidproductwas in the form of
premiumdistillate(66 wt_ocomparedto 31-56 wt_o)when the slurryhad been
solubilizedat 375°C.

TABLE 11

ProductSlates of IntegratedRun Series°

HydrotreatmentRun No. N562 N563 N564 N566

SolubilizationTemp., °C 375 353 375 353

PolishingTemp., °C 435 433 458 461

Gas Out
CO -65.92 -36.92 -63.20 -36.44

H2 -1.50 -0.93 -5.46 -2.64
CO2 114.26 93.05 116.00 93.65
C1-C3 11.53 13.50 11.70 14.38
H2S I.48 0.58 0.92 0.42

H20 -42.57 -34.12 -42.27 -35.32

Total Gas + Water 17.27 35.16 17.68 34.04

LiquidOut
OxygenatedLiquids 9.13 -0.13 2.49 17.77
PremiumDistillate 66.04 56.35 67.08 31.46
SolubleResiduum 4.12 3.33 3.26 9.00

Total Liquids 79.29 59.55 72.83 58.23

UnconvertedIOM 3.36 7.60 9.12 6.43

Total,All Products 99.93 102.31 99.64 98.70

" Productslatesgiven includeall steps (pretreatment,solubilization,
polishing,and hydrotreatment)and are based upon percentageof maf coal
fed to the pretreatmentstep. Positivevalues indicateproductionof a
component;negativevalues indicatea consumption.
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TABLE 12

Comparison of Effect of Solubilization and Polishing Temperatures
on Final Hydrotreated Product Slate"

HydrotreatmentRun No. N563 N566 N562 N564

SolubilizationStep Temp., °C 353 353 375 375

PolishingStep Temp., °C 433 461 435 458

Gas + Water Yield 35.16 34.04 17.27 17.68

LiquidYield
Distillate 56.35 31.46 66.04 67.08
SolubleResid 3.33 9.00 4.12 3.26
Oxygenates -0.13 17.77 9.13 2.49
Total 59.55 58.23 79.29 72.83

Conversion,% maf coal
fed to system 92.40 93.57 96.64 90.88

" Yields are given as percentageof maf coal fed to the pretreatmentstep.
Positivevalues indicateproductionof a component;negative values
indicatea consumption.

TABLE 13

Comparisonof Gas Plus Water Productionfor IntegratedRun Series"

HydrotreatmentRun No. N563 N566 N562 N564

SolubilizationStep Temp., °C 353 353 375 375

PolishingStep Temp., °C 433 461 435 458

Pretreatment 2.00 2.00 2.00 2.00

Solubilization 17.95 17.95 8.29 8.29

Polishing
CO2 4.77 5.42 2.55 4.50
CI-C3 6.77 7.62 2.91 2.75
Other 3.01 2.61 -0.21 0.15
Total Polishing 14.55 15.65 5.25 7.40

Hydrotreatment 0.66 -1.56 1.73 0.00

" Gas + water yields are given as the percentageof maf coal fed to the
pretreatmentstep. Positivevalues indicateproductionof a component;
negativevalues indicatea consumption.

19



When the polishing (Step3) temperaturesare compared,it can be seen
that the higher-temperaturepolishing(~460°C) resultedin yields that were
similarto those of the lower-temperaturepolishing(~435°C), but that the
liquidproduct slateswere very different. This is especiallynoticeablefor
N563 and N566, the run serieswith 353°C solubilization. The lower-
temperaturepolishingstep resultedin substantialdifferencesin yields of
distillate,solubleresid, and oxygenates. In this case, the higher polishing
temperatureseems to have crackedmore of the coal-derivedmaterial,resulting
in the productionof far more oxygenatesat the expenseof distillate
production. The higher polishingtemperaturealso resultedin an increased
productionof solubleresid. The same differenceswere not as obvious for the
N562 and N564 run serieswith 375°C solubilization. Slightlymore distillate
and solubleresid were producedwhen the higher polishingtemperaturewas
used, but far fewer oxygenateswere produced. The highestoverallconversions
were producedwhen polishingwas performedat the lower temperature. The
higher polishingtemperatureseems to have retrogradedsome of the phenolic
material,resultingin a conversionloss at the expenseof the productionof
the oxygenates.

A comparisonof the gas + water yields is presentedin Table 13. As the
table shows, 2.0 wt% of the maf coal fed to the systemwas removedduring the
pretreatment(Step 1) as gaseousproducts. Twice as much of the maf coal left
the system as gas during both the solubilizationand polishingsteps (Steps2
and 3, respectively)when the solubilizationwas performedat -350°C. The
gaseous productslates of the polishingstep were very differentfor the run
series performedat higher solubilizationtemperaturescomparedto those
performedat lower solubilizationtemperatures. It appearsthat more C02 is
producedat higher polishingtemperatures,but that the hydrocarbongas
(C1-C3)yield is about the same.

The followingconclusionscould be drawn from the resultsof these
studies"

• As part of the integratedrun sequence,solubilization(Step 2)
performedat 375°C produceshigheryields of better-quality
hydrotreatedliquid productsthan solubilizationperformedat ~350°C.

• As part of the integratedrun sequence,polishing(Step3) performed
at -435°C resultsin desirableliquidproductslates and high
conversionlevelswithout the retrogradingthat was noticedat the
higher polishingtemperature.

• Of the run sequencestested, it would appear that a run sequence
incorporatinga solubilizationstep at 375°C and a polishingstep at
435°C (i.e.,a run series similarto that of N562) would producethe
greatestyield of high-quality,desirableproducts.

4.0 CONCLUSIONS

The positiveresultsof the tests performedto date using the EERC's
multistepLRC liquefactionprocess indicatethat futurework should be
performedin two areas:
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• The four-step sequence matrix should be performed ustng phenollc
solvent rather than HA061.

• The range of effective hydrotreatment conditions should be determined.

After these two areas have been investigated, process optimization on a batch
scale can begtn, followed by one or more continuous demonstration runs.
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APPENDIXA

GENERICRUNINSTRUCTIONS



GENERICRUNINSTRUCTIONS

Slurry (can be fed to any of the first three steps):
solvent-to-mafcoal ratio = 3:1

If necessary,water is added to bring the water contentto 30 wt% of the maf
coal in the feed slurry

!

When used, additives= 5 wt% of the maf coal in the original feed slurry

Step ] - PretreatmentStep

Slurry as mixed accordingto the instructionsgiven above

Additivemay be used accordingto the instructionsgiven above

Gas is added in an amount equal to 10 gmoles gas/200g maf coal in original
feed slurry

Step 2 - SolubilizationStep

Slurry as mixed accordingto the instructionsgiven above OR pretreatedslurry
from pretreatmentstep

Additivemay be used accordingto the instructionsgiven above

Gas is added in an amount equal to 10 gmoles gas/200g maf coal in original
feed slurry

Step 3 - Polishin.qStep

Slurry as mixed accordingto the instructionsgiven above (for a blank run) OR
product slurry from solubilizationstep

Gas is added in an amount equal to 10 gmoles gas/200g maf coal in original
feed slurry

InterstepDistillation

Prior to distillation,vehicle solventis added in a quantityequal to what is
expectedwill be removedas overheads;i.e., equal to the cumulative
quantityof oxygenatedsolventadded during any of the previoussteps.

Distillationtakes place at nominally120°C and 4 psia.
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Step 4 - CatalyticHydrotreatment

Solubilizedand/orpolished slurry is used as the feed

Shell 424 catalyst is used in a weight ratio of I part catalystto 2 parts maf
coal in the originalfeed slurry

Hydrotreatmentis performedat a constantgas pressureof 2500 psi. This
pressure is maintainedduring heatup and hydrotreatmentthroughthe
additionof gas.

Specificruns can be reproducedby followingthese instructionsand performing
the run using the gas, additive,and operatingconditionslisted in the table
in the main body of this report.
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CATALYTICGASIFICATIONOF LOW-RANKCOALS
FORHYDROGENPRODUCTION

1.0 INTRODUCTIONANDSCOPE

This is a final summaryreport by the Energy and EnvironmentalResearch
Center (EERC) for a six-yearprogram exploringthe effectsof catalytically
enhanced reactivityof coals to accelerategasificationrates for the
productionof hydrogenand methane. This projecthas consistedof bench-scale
laboratoryefforts;continuouspilot-scaleprocesssimulations;literature
surveys; limitedeffortsdealingwith solid,liquid,and gaseouscoproducts;
and subcontractedeconomicfeasibilitystudies. Most of the technical
highlightsof this projectare covered in the reportsand paperscited in the
bibliography.

2.0 PROJECTJUSTIFICATION

Since the mid-1970s,the United Stateshas been in a state of
apprehensionover the next energy crisis and in eager anticipationof the next
generation of energy supplies. While still unresolved,it appearsreasonably
certainthat, for decadesto come, the U.S. will, or should,rely increasingly
on coal, simply becauseit is cheap and we have a lot of it. It is also
apparentthat somewherewithin the shifting,multiple scenariospredicted,
there is an expandedmarket for hydrogenas an end productor as an essential
intermediate. This is summarizedin FigureI, showingthe full array of
potentialmarkets for hydrogenfrom coal. Except for reformingnaturalgas,
itself a valuablecommodity,no other means of hydrogenproductionappearsto
be approachingeconomiccompetitivenesswithin severaldecades. Therefore,
any medium-termpolicy of increasedhydrogenproductionmust depend upon coal.

The primary emphasisof this projecthas been on the effectsof
catalysisto acceleratereaction rates and increaseyields,thus increasing
gasifier throughputcapacitiesand reducingcapitalcosts. The fundamental
measurementof steam-charreactionrates and initialscreeningof possible
catalysts is by thermogravimetricanalysis (TGA),which is establishedas a
standardevaluationtool, is cost-effective,and has providedmost of the
useful data to date. More costly continuousprocesstestingthen serves to
predictyields, compositions,and throughputcapacitiesand to reveal specific
equipmentdesign problemsto be solvedin the course of processdesign for
commercialization.

3.0 OBJECTIVES: ORIGINALAND FINAL

As defined in annualresearchplans and in other reportsthroughoutthis
project, its initialobjectives,restatedbriefly,have been as follows:

• To determineoptimumgasifier conditionsand catalyst selectionsfor
productionof either hydrogen,methane,condensableproducts,
marketablechar, or activatedcarbon.

• To developempiricalkineticmodelsto predictproductyields under
real-worldconditions.
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• To explorethe potentialfor in-bed sulfurcapture.

• To apply these objectivesprimarilyto ligniteand subbituminous
coals.

During the course of the project,emphasiswas expandedto cover
hydrogen-methanemixtures,as the preferredfeed to advancedfuel cells,which
if combinedwith gasifiersin integrateddesignsmay eventuallyachieve
overall efficienciesapproaching60%. For this application,the projectscope
was expanded to includemaximizingmethane-hydrogencombinationsfrom
bituminouscoals. These and future EERC effortsare being coordinatedwith
Energy ResearchCorporation,a leader in the developmentof molten carbonate
fuel cells.

In retrospect,exploringthe original,broadlydefinedobjectiveshas
revealed considerablemerit in more avenuesof inquirythan could be covered
by the time and funds available. In successiveannual researchplans, task
objectiveswere adjustedto achievebalancebetweenI) generatingmore
preliminaryscreeningdata, 2) demonstratingfeasibilityby continuousprocess
testing, and 3) exploringperipheralareas,such as solid or liquid
coproducts,catalystrecovery,and gas separationor enrichment,all within
the severe limitationsof time and fundingand the prioritiesof related
projects.

4.0 PROJECTHISTORY: ACCOMPLISHMENTSAND PROBLEMS

TGA analysesof a broad varietyof coals and catalystshave been in
progress throughoutthe project and are continuingunder relatedprojects.
TGA tests have coveredlignites,bituminous,and subbituminouscoals, defining
their intrinsicand catalyzedreactivitiesin the range of interest(600° to
800°C).

Peripheralstudiesincludedmeasurementsof a specificsurfacearea of
coal and chars, as a physicalfactorcriticalto realizationof the potential
benefit of catalysis. The density of exposedactive sites is proportionalto
the specificsurfacearea, which changesduring the course of gasification. A
practicalapplicationof such knowledgeis the productionof activatedcarbon,
by incompletegasificationunder conditionsto producea char with maximum
porosity and active site density. No pilot-scaletests were done in this
area, althougha literaturesurvey of the state of the art in activatedcarbon
productionwas produced.

Early in the project,a pilot-scale,atmospheric,continuous,fluidized-
bed gasificationsystemwas designed and built. This pilot demonstrationunit
(PDU) had a feed capacityof 40 Ib/hr injectedby a screw feederat the bottom
of a refractory-linedvesselwith a 6-inch insidediameter. As the mainstream
of the project,extensivetest matriceswere carriedout with two lignitesand
a subbituminouscoal, at 700° to 800°C,in fluidizedbeds of limestone,
silica,taconite,and coal alone. Added heterogeneouscatalystsincluded
trona, nahcolite(bothcommon sodium-bearingminerals),and commercialK2CO3
and CaC03,for comparisonwith each other and with the coal's nativeor
intrinsicreactivities. Over 50 successful,scheduledruns were accomplished,
generatingengineeringdata for potentialdesign use.



Based on the best available set of PDUdata, an economic feasibility
study was done by Black and Veatch Engineers, to compare the profitability of
plants producing high-purity hydrogen, methanol, or electricity by use of the
product gas in a molten carbonate fuel cell. All cases assumeda
subbituminous coal in a fluidized reactor bed of limestone as the catalyst.

An ongoing, parallel study by the EERC(experimental) and Fluor-Dantel
Engineers, under subcontract to Energy Research Corporation, assumesan
eastern bituminous coal, to produce hydrogen-methane mixtures for advanced
fuel cells, which in turn may produce electricity at overall efficienctes
approaching 60%. This study has also addressed the use of potassium-
impregnated bituminous coal. It has, so far, produced a multioption
engineering cost study by Fluor-Daniel, and continuing efforts are in
progress.

Followingcompletionof the above test matrix, the PDU was dismantled,
rearranged,and integratedwith an adjacentmild gasificationprocesssystem,
so that the hydrogenproductionPDU could, as an alternativefunction,serve
as the calciner or second stage of the two-stageprocessto produce
metallurgicalchar as well as gas and liquid products. The first-stagevessel
was also designed to serve as either a carbonizerfor mild gasificationor as
a pressurizedfluid-bedcombustiontest unit. The modifiedprocesswas also
designed for operationat pressuresup to 150 psig and includeda test loop
for the evaluationof hot-gascleanupdevices.

Followingthis renovation,a substantialamount of time and fundingwas
requiredto bring the PDU to full operationalstatus. Althoughthe combined,
two-stageprocess,funded under other projects,was never operatedas such,
the calcinerstage was again used briefly in the hydrogenproductionPDU mode.
Followingseveralshakedowntests and minor modifications,mainly of
instrumentationand downstreamgas cleanupand scrubbingcomponents,the
systemwas restoredto completeoperability,yielding some data on operation
with Wyodak coal in a limestonebed, but with no catalystimpregnation. At
this point, escalatingoperatingcosts indicatedseriouslimitationson the
extent of usefuldata that might be expected from continuedpilot operationon
this scale.

To extractmore useful data from the remainingprojectfunding,
scheduledruns were downscaledand carriedout in a 1-1b/hrcontinuousprocess
unit (CPU),producingthe most recent conclusionsof this report. This
smallerunit was electricallyheated and fed steam and nitrogenonly, without
combustionof any of the fuel for processheat, making it a less complete
process simulationthan the larger PDU. This systemhad a well-established
history of operationin the mild gasificationmode. Fed at the 1-1b/hrlevel,
with the residencetime limitedby a bed overflow,carbon consumptionwas
incomplete,allowingdeterminationof effectivereactivities.

While yield data based on small pilot tests are of dubiousvalidity,gas
compositionsare a fair predictionof what a mechanicallysimilar,commercial-
scale version of the processshould deliver. Table I comparesinert-free
productgas analysesfrom the most significantruns in this projectwith
correspondingdata from state-of-the-artgasifiersof other designs,all
operatingat far higher pressuresthan the near-atmosphericEERC tests and
with no catalyticmaterialsadded. All three EERC data sets shown are for
Wyodak subbituminouscoal with a limestonebed only and no potassium
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TABLE1

Comparison of Normalized Product Gas Analyses
1,1,,, ,,. , i ,,.,,,, , . , ,,,, , Hi i . i i ,.,=,. ,,,,, ........

EERC EERC
PDU CPU State-of-the-Art Gastfters

Lurgt IGT Destec Texaco
..........(2) (3) (4) (5) (6) (7)

% H2 44.7 45.5 58.6 40.9 38.6 41.0 38.5
% CO 9.1 10.8 8.2 14.2 37.6 38.0 44.9
% C02 43.0 40.1 25.0 32.3 19.7 21.0 16.5
% CH, 2.6 2.7 8.0 10.9 4.2 0.1 0.2
C_+ 0.5 0.8 0.3 1.6 ......, -- ,, , , ,,

(1) Early run, used as basis of Black and Veatcheconomic study.
(2) Final run of project,followingrenovation.
(3) Externallyheated,no in-bedcombustion.
(4) Great Plains GasificationPlant, Beulah,ND, fixed bed,

large-scalecommercialoperation.
(5) Instituteof Gas Technology,U-Gas Process,fluidizedbed,

pilot plant data, scheduledfor commercialization.
(6) Dow ChemicalCo., Plaquemine,LA, entrainedbed,

pilot plant data, process in commercialoperation.
(7) Pilot plant data.

added. While overallyields,efficiencies,carbon conversion,and throughput
capacitiesare optimizedby proper processdesignfor commercial-scaleplants,
Table I indicatesthat the simplestof processoptionscovered by this study,
a fluidizedlimestonebed with no potassiumor other more effectivecatalyst
added, is a promisingsourceof high-hydrogensyngasfor use in fuel cells or
other hydrogenapplications.

To augmentTGA for feed-catalyst-conditionscreening, a new research
tool, the integratedbench-scalegasifier (IBG)has completedpreliminary
shakedowntestingand shows a good possibilityof essentiallyreplicatingTGA
data on a larger scale, of 200-300grams, as comparedwith 20-50 milligrams
for the TGA. Unlike the TGA, this unit can providesamplesof residualash or
char and condensibleliquid coproductslarge enoughfor completeanalysisand
multipleor replicategas samples. Extensiveuse of this unit is presently
scheduledfor two relatedprojects.

All the conclusions,summarizedbelow, favor impregnatedpotassiumas
the optimumcatalyst. TGA data, however, indicatethat sodium is roughly
comparable,although it acts as a flux and causesagglomerationof char and
ash. Sodium was rejectedearly in the projectwhen pilot operations,on the
PDU scale, feedingraw trona or nahcoliteas the sodium source,r_vealed
seriousbed agglomerationor clinkeringproblems,which have also b_,en
reportedfor high-sodiumcoals in other fluid-bedgasifiers. While sodium in
any form appearsunacceptablefor use in fluidized-or fixed-bedgasifiers,it
is far cheaperthan potassium. A worthy area of furtherresearchwould,
therefore,be developmentof a novel gasifierwith a violentcirculation



pattern to break up agglomerates. This is also importantbecauseany leaching
processto recover potassiumfrom the ash will inevitablyrecoverand
accumulatesodium from the coal in the potassiumrecycle.

Among peripheral interestspursuedduringthe projectwas limited,
exploratorytesting of the vortex venturiconcept,to enrich productgases,
concentratinghydrogen and rejectingcarbondioxide,by means of a super-
cycloneachievingcentrifugalforce fieldsof 10,000G to 20,0OO G, with
laminarflow and no moving parts. Cold simulation,using costly helium-argon
mixtures in very short tests in the final workingdays of the project,
indicatedthat significantseparationsare possibleat modest pressuredrops.
No furtherwork is plannedat present. If any futuretests are to be cost-
effective,they must be far more extensiveand be conductedon the site of a
pressurizedgasifier in continuousoperation.

5.0 SALIENTCONCLUSIONS

The general, overridingconclusionsfrom the TGA tests are as follows:

• Low-rankcoals consistentlyshow greaternative or intrinsic
reactivitiesthan higher-rankcoals.

• Reactivities,at the same temperature,may increaseby up to two
orders of magnitude,with the additionof certaincatalysts.

• Heterogeneousor contactcatalysisoccurs when coal is simplymixed
with granularcatalyticmaterials,such as limestone,taconite,
nahcolite,trona, or salts of potassium,calcium,or sodium. A
durable heterogeneouscatalystmay be a fluidizedreactorbed of
limestoneor taconite.

• Homogeneouscatalysis,which has proven consistentlymore effective
than heterogeneouscatalysis,occurswhen the same catalyticelements
in solution are chemicallybonded to carboxylicactive sites (-COO)
on the coal's organicstructure.

• Monovalent alkalies(K, Na) are far more effectivethan divalent
alkali earths (Ca, Mg), when appliedwith the same degree of ionic
mobility.

• Reactivityincreaseswith catalystadditionup to a saturationpoint,
at which all active sites are saturated,beyondwhich further
additionof catalysthas no furthereffect.

The followingare conclusionsdrawn from 1-1b/hrCPU tests and are
generallyconfirmedby TGA results"

• Impregnationof Wyodak coal with potassiumhydroxide,at a potassium
to fixed carbonratio of around 0.2 or greater,roughlydoublesthe
gasificationreactionrate in fluidizedbeds of limestone.

• Economicallyviable potassiumimpregnationwill requirean efficient
leaching step for potassiumrecovery. Ash-leachingstudies,



associated with these tests, using Wyodakcoal, indicate that
potassium recoveries well over 95% can be achieved.

• Depending on the coal and potassium impregnation level, the high
catalyst levels may cause some agglomeration problems in flutdtzed
beds, which may be obviated by a bed of somecrushed rock, such as
limestone or tacontte, which will also contribute catalytic effects.

• In a flutdtzed bed of tacontte, the reaction rate enhancementby
potassium impregnation was substantially greater than in a limestone
bed. This was not predictable from TGAmeasurements and is
attributed to interaction between the potassium and reduced iron.

• Ash analyses and potassium balances for these tests indicated
striking, consistent, but unexplained, differences as to how the
potassium may be combined in beds of limestone, taconite, or coal ash
alone. The mobility of potassium, and, hence, its catalytic
effectiveness, appears to be substantially enhanced or limited by its
reactions with mineral components in the bed or coal ash. Major
differences can thus be expected in reactions between potassium or
sodium catalysts and the ash of different coals, which will affect
the ease of catalyst recovery.

• The CPU represents the barest minimumscale on which continuous
process evaluation can be reliable. Any future tests limited to this
scale should involve longer runs, multiple replications of material
balance periods, and multiple samplings of all products to provide
statisticalcredibllity.

• In all gas samples,H2S levels fell below the detectableanalytical
limit, precludingany observationof in-bed sulfurcapture for the
conditionsstudied. This is consistentwith the use of low-sulfur

(S --0.63% mar) Wyodak coal.

• Resultsfrom these studiesare inconclusiveregardingthe potential
use of sodium as an economicalalternativeto potassiumcatalyst.
Relativelylarge pilot-scaletests are needed to determinewhether
preimpregnationof sodiumor potassiumon feed coal, as homogeneous
catalysts,will result in the agglomerationproblems observedwith
heterogeneoustrona and nahcoliteearlierin this project. Because
of the very small bed size, the 4-1b/hrunit is not suitableto study
mechanicalfactorsaffectingbed fluidization.

• All the work reportedhere assumesfluidized-bedgasification. There
is no a priori reasonto doubt that the rate enhancementby catalysis
could not also be achieved in a more traditional"fixed-bed"
gasifiers,such as existingLurgi,Wellman-Galusha,or Stoic designs.

6.0 RECOMMENDATIONS

Based on the above conclusionsand experiencegained during this
project,the followingspecificrecommendationsare submittedfor continued,
near-futureresearcheffortsor as design assumptionsfor engineeringeconomic
studies:
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• Feed coal impregnationwith potassium,in any solubleform, is the
recommendedmeans of rate-enhancingcatalysis,subjectto site-
specificeconomicsof supplyand effectivenessof recoveryby ash
leaching.

• Taconiteshould be furtherexploredas a bed materialfor gasifier
design, in combinationwith potassiumimpregnation,if a bed material
is needed for thermaland mechanicalstability.

• TGA and IBG tests to establishsaturationlevels,with potassiumand
sodium, should be done on any candidatecoal for catalytic
gasification.

• For any combinationof coal and heterogeneouscatalystunder serious
consideration,tests shouldbe done to establishthe form of the
catalyst and its leachabilityfrom the coal'sash at continuous
equilibriumconditions.

• Sodium, as a heterogeneouscatalyst,should be evaluatedas an
economicalalternativeto potassium,but in connectionwith efforts
on novel gasifier designsthat can tolerateor preventagglomeration.

• Future test matrices should includehigh-sulfurcoals in taconite
beds to test sulfur-captureeffects,as well as the effectsof
sulfidationon alkali catalysts.

• The applicationof catalyticrate enhancementto fixed-bed
gasificationshould be explored.

Based on overallobservationsmade in the courseof this project,some
less-specificrecommendationsfor the futurecourse of researchin catalytic
gasificationappear justified.

For firm engineeringdesign data and identificatiohof operating
problems,future effortsshould be done on a pilot plant scale. Such a
facility should be dedicatedto the singlepurposeof hydrogen/methane
production,on a budgetaryscale big enough to ensure completeshakedown
operationand extendedruns of at least a week on each set of conditions
considered,with severalreplicationsof all runs showingpromisefor
commercial-scaledesigns. Any such demonstrationprojectmust include
operationfor a year or two, so that shakedownoperationand the inevitable
aborted runs and anomalousdata sets do not consumemajor portionsof a
project budget.

As one such potentialsystem,the EERC has on hand nearlyall of the
componentsof a slagging,fixed-bedgasifierthat consumedup to 22 tons/day
of lignite and subbituminouscoals at 350 psig, until 1982. This unit could
be reassembledand modified for use in an atmosphericfluidized-bedmode, with
a probable capacityof 5 tons/day,based on the specificcapacityof the more
recent 40-1b/hrtests, using a limestonebed with no additionalcatalyst.
This capacity could be substantiallyincreasedby operationat 350 psig and
possibly furtherdoubled by the use of potassiumcatalyst.

As an alternativeapproachto further,completelysubsidizedpilot
operations,a small demonstrationgasificationprojectshouldbe considered,
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integratedwith a utilityplant to reduce the capitaland fixed operating
costs of facilitiesand auxiliarysystems. Such a systemcould achieveat
least partial economic self-sufficiency.Once it is in operation,relatively
inexpensivetasks would be to vary the bed materialand impregnateweeklong
runs of feed coal, with potassiumor other catalysts. The first step along
this route would consistof site-specificfeasibilitystudiesto establishthe
costs and benefitsof such demonstrationplants. Preliminarycalculations
suggestthat the capitalcost of such a demonstrationfacility,assumingan
air-blowngasifier,could be reducedby possibly40%, by using the marginal
capacity of auxiliarycomponentsshared with the host power plant. Steam,
cooling water, ash disposal,and feed handling and crushingwould be services
purchased from the host plant at variablecost, offsetby sale to the utility
of the productgas or electricpower produced by a moltencarbonatefuel cell.
From an operabilitypoint of view, such a utilityadd-ondemonstrationunit
should have a capacityof at least 40 tons per day. Dependingon the
financialstructureof the projectand the effectivenessof its integration
with an existingelectricutility,it is possiblethat such a partially
subsidizedoperationcould cost the fundingagencyno more than a fully
subsidized,stand-alonepilot plant on the scale describedabove.
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SULFURFORMSIN COAL

1.0 BACKGROUND

A major problem facingthe coal industrynow and in the future is high
sulfur levels in coal, leadingto unacceptableatmosphericS02 concentrations
and, in turn, resultingin environmentalconsequencesfrom acid rain.
Currently,three solutionsto this problemare occasionallyused. The first
is the most obvious: that is, to stop using high-sulfurcoal or dilute
(blend)it with low-sulfurcoal. This, however, is not easywhen one
considersthat low-sulfurcoal depositsare far from inexhaustible,and low-
sulfur coals, especiallylow-sulfurbituminouscoals, are becomingmore
difficultto find. Fuel switchingfrom coal to naturalgas or fuel oil is
also considereda viable option (I). The second solutionis postcombustion
flue gas scrubbingwith reagentsto remove sulfur species. This is expensive,
with less-than-excellentefficiency,and produces additionalwaste for
disposal.Even so, the scrubbedgeneratingcapacity in this country is
expected to increaseby 43% over the next eight years (I). A third solution,
that is, precombustionsulfur removal,is occasionallyused. Physical
cleaning-such as washing,froth flotation,selectiveagglomeration,magnetic
separation,and solventextraction-removesome pyrite and other inorganic
sulfur forms. Chemicalcleaning-suchas acid washing and molten caustic
leaching-removesome "organic"sulfuras well as inorganicsulfur. None of
these methods remove the quantitiesnecessaryto reducethe sulfur in a
medium- or high-sulfurcoal to the desiredlevel (1.2-1bS/MM Btu) in a manner
that is feasible. In order to developa successfulmethod of removingsulfur
from coal or char prior to combustion,the chemistryof removalmust be
elucidated. An improvedmethod of chemicalanalysisof coal is the first step
in that direction.

The accurate and preciseanalysisof a solid material,such as coal,
requiresthat the analyticalmethod utilizeenergy, solvent,or reagentthat
can effectivelypermeatethe matrix and contactthe elementof interest.
Physicochemicalbarrierspreventingsuch contacthave proven formidablewhen
attemptingsulfur analysisof solid coal by conventionaltechnologies.
Analysis of coal for sulfur by volatilizationof sulfurmoietiesis limitedby
their volatilitiesand vapor transportthroughthe matrix,and liquid
extractionof those moietiesis limitedby conventionalsolubilityand
permeability. Chemicalderivatizationfor 13Cnuclear'magneticresonance
(NMR) spectroscopyis reagenttransportlimited,33SNMR is limitedby
absorptionbandwidth,and x-ray techniquesare limitedto surfaceanalysisby
the inabilityto penetratethe solidmore than a few angstroms. Given these
drawbacks, a techniquethat would allow solventpenetrationinto the entire
sample and dissolutionof the sulfur species,with the abilityto obtain those
species intact in a form that can be identifiedand quantifiedby conventional
analyticalmethods,would advancesulfur scienceimmeasurably.

A method that might providethe desiredimprovementis supercritical
fluid extraction(SFE). SFE as a separationsmethod is superiorto the other
extractionmethods, includingSoxhletextraction. Becauseof the relatively
poor mass transfer in liquids,liquid solventextractionsare inherentlyslow.
Comparedto liquid solvents,supercriticalfluidshave severalcharacteristics
that make them attractiveextractionsolventsas well as media for selective



reactions. First, supercritical fluids have solvent strengths similar to
those of liquid solvents, but, in contrast to liquid solvents, they have lower
viscosities (10.4 versus 10.3 N-sec/m2) and higher solute diffusivities (10.4
versus 10.5 cm2/sec), which greatly improve mass transfer and greatly reduce
the time for quantitative extractions (and reactions) to be performed.
Second, the polarity of a supercritical fluid changes with its density as
described by several correlations (2-4) including the simple empirical
correlation proposed by Giddings (5)" 6 = 1.25 PcI/2(#/#_), where 6 is the
Hildebrand solubility parameter, Pc is the critical pressure of the fluid, p
is the density of the supercritical fluid, and p_ is the density of the fluid
in its liquid state. As shown by these correlations, the selectivity of a
supercritical fluid for a target analyte can be optimized by simply
controlling the extraction pressure (and, to a lesser extent, the
temperature). Supercritical fluids are also available that have widely
varying polarities ranging from low-polarity fluids (e.g., ethane) to
moderately polar fluids (e.g., CO_) to polar fluids (e.g., water), which,
along with pressure and temperature control, gives the analyst an extremely
wide range of extraction solvent polarities to perform selective extractions.
Modifiers can be added to the fluid to change its polarity. Figure I is a
schematic of SFE system for mixing fluids. Third, in contrast to popular
belief, analytical-scale (not process-scale) SFEs are experimentally simple
and inexpensive to perform, requiring small samples and resulting in minimal
waste.

Preliminary investigations into utilizing supercritical C02 combined with
pyrolysis to extract organic sulfur from an Indiana bituminous coal were very
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CO CO Pump Methanol Pump Methanol
2 2

Figure I. Schematic diagram of the SFE system for mixing and pumping binary
fluids.



encouraging;i.e., this procedurereducedthe organicsulfur contentby ca.
50% and thus correlatedwell with the resultsof liquid solventextractions.
Unfortunately,while more than 50 organicsulfurcompoundswere identifiedin
the supercriticalC02 extract, these speciescould not quantitativelyaccount
for the extractedorganic sulfur. Some evidencethat the "missing"extracted
organic sulfurcompoundswere quite volatilesulfur forms was obtainedusing a
simple and reliablemethod, developedand validatedin our laboratory,for
directly couplingThermogravimetricAnalysiswith mass spectrometry(TGA/MS).

Equipmentcapable of toleratingthe rigorsof SFE conditionsat
temperaturesfrom ambientto 450°Cwas investigatedas a means of extracting
organic sulfurcompounds. Cell heaterscapableof the requiredrange of
temperaturesand designed with safety in mind, but not commerciallyavailable,
were built at the EERC. Sample cells were initiallyfabricatedfrom stainless
steel tubing and Swagelockand Parkerfittingsand fouhd to be satisfactory
when tested at the most rigorousof expectedoperatingconditions. This past
year, however, commercialcells made by KeystoneTMwere obtainedthat have
proven to be a superior substitutefor the home-builtcells and are currently
being used for the SFEs.

Severalcollectionsolventswere screenedand toluenewas selectedon the
basis of its superiorcollectionefficienciesand gas chromatography(GC)
characteristics.

Extractionwith supercriticalC02 at ca. 45°Cand 400 atm was shown to be
selective towardremoval of elementalsulfur,primarily$8. The extraction
kinetics for removalof elementalsulfurwere improvedwith CHCI2F(Freon22)
or COJIO% CH30H (C02with methanolas a modifier),reducingextractiontime to
less than 20 minutes.

Good agreementof GC/MS data for the concentrationof elementalsulfur in
coal using two independenttechniques(a selectivetriphenylphosphinereaction
and selectiveSFE) was achievedearly on in this project. The additionof the
atomic emissiondetector (AED) and a Siever's sulfur-specificdetector (SCD)
provided a more convenientmeans of analyzingsupercriticalfluid extracts
specificallyfor sulfur. Componentseparationby GC with detectionand
quantitationof sulfur speciesby AED minimizesthe usual chromatographic
complicationscaused by large numbersof componentsand coelutionof compounds
of interestwith extraneouscompounds.

Validationof the techniquewas initiatedwith preliminaryspiking
experimentsinvolving$8 on sand and glass beads. The resultsshowedthat
extractionof elementalsulfurwith SF CO2 was reproducible.

2.0 GOALS AND OBJECTIVES

The overallobjectiveof this projectwas to developmethodologyto
enable the rapid and accurate identificationand quantitationof sulfur
species in what is now referredto as the organicsulfurcomponentof coal.
To accomplishthis, the followingspecificobjectivesmust be met:

• To investigateand developthe use of SFE and pyrolysis/SFE(PYR/SFE)
for the selectiveextractionof organicforms from coal.



• To identifyand quantitatethe individualsulfurorganicsrecovered
using SFE procedures.

• To investigateand develop the use of selectivepyrolysisand/or
chemical oxidation/reductionfor the determinationof organic sulfur
forms in coal.

• To evaluateand incorporateother promisingsulfur speciation
techniques.

Coals

Heavily studiedand well-characterizedmedium-sulfurcoals were selected
as the bases for this researchprogram. Four coals from the IllinoisBasin
Coal Sample Programat the IllinoisState GeologicalSurveywere obtained:
IBC-I01,which servedas the basis of the SFE methodsdevelopmentprogram;
IBC-I02,IBC-I06,IBC-I07,which served as the basis for mechanismstudies
involvingsulfurform transformationsas determinedby stablesulfur isotope
analysis;and IBC-I09. Additionalcoals,an Alaskansubbituminous,a North
Dakota lignite,and an Indianabituminous,were analyzedin selected
experiments. The analysesof these coals are shown in Table 1.

The sulfur analysesshown in Table I includeresultsthat accompaniedthe
IBC samples;resultsobtainedat the EERC with a LECO sulfuranalyzer;and
results obtainedfrom an independentcommerciallaboratory,MinnesotaValley
Testing Laboratory(MVTL). Table 2 containsthe ASTM sulfurforms analyses
results on the same coals. Although some of these values appearedin the

TABLE I

Proximateand Sulfur Analysesof SFE Test Coals

Coal Samples" IBC- 101 102 106 107 109

Moisture I0.20 8.28 6.41 5.31 3.58
VolatileMatter 36.12 35.75 37.03 37.51 33.56
Fixed Carbon 44.69 50.90 48.82 46.01 54.34
Residue 9.01 5.08 7.72 ' 11.19 8.55

Total Sulfur
EERC" 4.13 3.35 3.53 3.54 1.13
IBCSP 4.36 3.30 3.77 3.72 1.13
MVTLb 4.44 3.27 3.68 3.59 I.O0

Coal Samples" Alaska ND Lignite

Moisture 17.01 26.70
Volatile Matter 37.89 30.20
Fixed Carbon 40.21 36.3;0
Residue 4.88 6.75

Total Sulfur
EERC 0.19 0.80
MVTL O.14 O.87

" Total sulfurvaluesdeterminedby the EERC
b Total sulfurvaluesdeterminedby MVTL laboratories,Inc., Bismarck,ND.



TABLE 2

Sulfur Forms Analyses of Coal SamplesUsed in This Work

IBC- 101 102 106 107 109 Alaska ND
Lignite

SulfaticSulfur
A 0.05 0.06 0.01 0.26 0.00 ....
B 0.67 1.17 0.73 0.37 0.05 0.02 0.18
C 0.07 0.16 0.11 0.29 ......

PyriticSulfur
A 1.22 2.26 1.86 0.48 0.50 ....
B 0.53 0.61 0.72 0.42 0.54 0.01 0.17
C 1.09 1.66 1.50 0.51 .......

Organic Sulfur
A 3.08 0.98 1.90 2.98 0.63 ....
B 3.24 1.48 2.24 2.80 0.41 0.10 0.52
C 1.09 I.58 2.29 2.76 ......

Total Sulfur
A 4.36 3.30 3.77 3.72 1.13 ......
B 4.44 3.27 3.68 3.59 1.00 0.14 0.67
C 4.53 3.41 3.90 3.55 ......
D 4.13 3.35 3.53 3.54 1.13 0.19 0.80

A Data after IllinoisBasin Coal Sample Program.
B MVTL Laboratories,Inc., Bismarck,ND (12/9/91).
C MVTL Laboratories,Inc., Bismarck,ND (9/21/90).
D EERC.

previous reports, they are includedhere again for the convenienceof the
interestedreader. Most of the work in this periodwas carriedout with
IBC-I01,some with IBC-I02,and only selectedtests with the remainderof the
coals.

3.0 RESULTS

3.1 GC/AED as a Sulfur-SpecificAnalyticalTechnique

The analysisof extractsfrom SFEs of coal requiredan analytical
techniquethat has demonstratedreliabilityin terms of accuracyand
precision. The reliabilityof the GC/MS is well-knownand needs no further
comment. The performanceof the GC/AED and its applicationin sulfur species
determinationhave been describedby Sullivanand Quimby (6) and Tillotaand
others (7). Besides being accurateand precise,this analyticalsystem
requires a small sample size and generatesminimalwaste and, therefore,was
the techniqueof choice for the analysesof SF extracts.

A typicalchromatogramof coal extractanalyzedby GC/AEDwith sulfur and
carbon channelsdetectedat 181 and 193 nanometers(nm),respectively,is
given in Figure 2. The absenceof a correspondingcarbon peakwith the
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Figure2. A typicalGC/AEDchromatogramof an SFE coalextract(IBC-I01)
showingthe carbon(193nm) and sulfur(181nm)channels.

elementalsulfurdetectedindirectlyconfirmed,whileGC/MSdirectly
confirmed,the identityof the elementalsulfurpeak. Elementalsulfurcan be
determinedquantitativelyby addinga knownamountof internalstandard,
benzothiazole,to the coalextractpriorto the GC/AEDsulfurdetermination.
Linearcalibrationcurvesof theGC/AEDwith elementalsulfurin toluene
coveringthe concentrationrangebetween10 to 1000#g/mLwereobtained.The
correlationcoefficient(R2) of the calibrationcurvewas 0.9992.

3.2 Efficiencyof ExtractionandTrappingof ElementalSulfur

Elementalsulfur-spikedsea sandextractionsand elementalsulfur
extractionkineticsexperimentsreportedearlier(8) indicatedthatelemental
sulfurcan be extractedanddeterminedby usingSFE followedby GC/AED
analysis.Furtherinvestigationintoaspectsof removingelementalsulfur
fromthe coalmatrixwas warrantedin thissuiteof experimentsin orderto
confirmthatelementalsulfurcan be extractedquantitativelyfr'Jmcoal in its
nativeformand no sulfurformstransformationoccurredduringcheSFE step.

Elementalsulfurspikerecoveryexperimentswereperformedwith
preextractedIBC-I01coal(-200mesh)to assessthe efficienciesof elemental
sulfurremovaland its subsequenttrappingwithtoluene. Blankextractionsof



the preextractedcoal matrix used in this spikingruns were carriedout as a
check, and no detectableamountof elementalsulfurwas found.

Quadruplicateelementalspikingexperimentswere performedto determine
the efficiencyand reproducibilityof the SFE and resultedin an averageof
96% recoveries. The high percentageof elementalsulfurrecoveriesfrom these
spiking experimentsdemonstratedthat the SFE/GC/AEDextractanalysis
technique is capableof quantitativelydeterminingelementalsulfurfrom the
coal matrix.

The sulfur extractionsfrom preextractedcoal also showedthat elemental
sulfur is not an artifactof the extractionprocess. It is unlikelythat
elementalsulfurwas formedduring the SFE since essentiallyall the spiked
elementalsulfurwas recoveredand further blank extractionof the

preextractedcoal did not yield furtherelementalsulfur. Similarly,it is
unlikely that additionalsulfur is formed as the resultof transformationof
pyrite in coal to ferrous sulfideand elementalsulfur,since that reaction
generallybegins at 450° to 500°C(9), while the extractionswere performedat
only 110°C.

3.3 ElementalSulfur in IllinoisBituminousCoals and LigniteSamples
from Alaska and North Dakota

The method was furtherevaluatedby extractingelementalsulfurfrom a
suite of coal sampleswhich includedBeulah (NorthDakota)and Alaskan lignite
and IBC-I01, IBC-I02,IBC-I06,IBC-I07,and IBC-I09bituminouscoals with SF
10% methanol/C02at 110°Cand 400 atm. The amountsof elementalsulfur in
these selectedcoal samplesdeterminedby SFE/AEDrangingfrom 2 to
3500 pg SJg(coal) are given in Table 3. Apart from the Alaskanlignite
sample,the relativestandarddeviations (RSDs)associatedwith the elemental
sulfur determinateare generallyvery good, demonstratingthat SFE followedby
GC/AED yields the precisionnecessaryfor an analyticalmethod for extracting
elemental sulfur from coal.

3.4 Interconversionof Sulfur Forms

Informationregardingpossibleinterconversionof sulfurforms is another
importantresult of this study. With the sulfur formsdata providedby the
IllinoisBasin Coal Sample Program(IBCSP)and analysesperformedby MVTL
Laboratories,Inc. (Table2), togetherwith the elementalsulfurvalues
determined in a suite of coal samples(Table3), some preliminarycorrelations
relating sulfur forms in coal can be made.

3.5 CorrelationBetweenElementalSulfur and Total Sulfur

Correlationswere soughtbetweenweight percentelementalsulfurand
weight percent total sulfurfrom data providedby IBCSP and MVTI for the suite
of coals investigated. A similarcomparisonwas done for Alaskan
subbituminousand North Dakotalignitefrom data determinedby MVTL. There
were no apparentcorrelationsbetweenelementalsulfurand total sulfur in
coal when using either the total sulfurresults from either IBCSPor MVTL.



TABLE 3

ElementalSulfur in a Suite of Coal Samples ...........

..Sample ................/ug(Ss)/g(coal)° .......%RSD

Alaska 2.0±0.3 13.9
Beulah 128±4 3.3
IBC-I01 1100±60 5.7
IBC-I02 3500±75 2.i
IBC-I06 2900±32 1.6
IBC-I07 490±23 4.6
IBC-I09 26±I 5.0_i,,,

' moisture-freebasis

3.6 CorrelationBetweenS. and SulfaticSulfur

No apparent correlationwas found betweenelementalsulfurmeasuredwith
SFE and the sulfaticsulfur value provided by IBCSP. However,the same

i elementalsulfur values correlatewell with sulfaticsulfurvalue providedby

MVTL. There are significantincreasesin sulfaticsulfurvalues of all the
IllinoisBasin Coal samples,as determinedby MVTL, comparedwith values
provided by the IBCSP. This is explainedby coal sulfuroxidationthat occurs
during weathering and is consistentwith one of the currentcoal sulfur
oxidationmechanismswhich suggeststhat sulfaticsulfur is one of the
products formed when the pyriticsulfur in coal is oxidized. The magnitudeof
sulfatic sulfur increaseis most noticeablewith samplesIBC-I01,IBC-I02,and
IBC-I06,where the weight percent increasesare 0.62, 1.11, and 0.72 coal wt%,
respectively.

3.7 CorrelationBetweenElementalSulfurand PyriticSulfur

Elementalsulfur correlateswell with pyriticsulfur valuesprovidedby
IBCSP. The correlationbetweenelementalsulfur and pyriticsulfur by using
the MVTL values is not as good as the one using IBCSP values. Nevertheless,a
nonlinear'increaseof elementalsulfur as a functionof weight percentof
pyritic sulfur in a coal patterncan be found in both correlationgraphs.
Apar+ from sample IBC-I09,a noticeablereductionof pyriticsulfur valuescan
be _d with samples IBC-I01,IBC-I02,IBC-I06,and IBC-I07. This pyritic
sulf,, reductionnot only is consistentwith the currentcoal sulfur oxidation
mechanisms,which suggeststhat pyriticsulfur is oxidized,the productsbeing
sulfatic and elementalsulfur,but also correspondsto the increaseof
sulfaticsulfur presentin the coal samplesas describedabove.

3.8 CorrelationBetweenElementalSulfur and OrganicSulfur

There are no apparentcorrelationsbetweenelementalsulfurand the
weight percent of organicsulfur of either the IBCSP or MVTL for the coal
samples,suggestingthat interconversionof organicto elementalsulfuris not
a major pathway.



3.9 Correlation Between Pyritic and Sulfatlc Sulfur

There is no obvious correlation shownbetween pyritic and sulfatic sulfur
contents in a coal sample. However, the reduction of pyritic sulfur in a coal
is accompanied by a corresponding increase in sulfatic sulfur. Samples
IBC-101, IBC-106, and IBC-107 showeda reasonably linear correlation between
the two sulfur forms. Samples IBC-102 and IBC-IOg, however, did not. The
sulfatic sulfur value for sample IBC-102 appears to increase significantly
more than the rest of the samples, while only a small increase in sulfatic
sulfur value was found in sample IBC-IOg. The higher sulfatic value of sample
IBC-102 may be explained by its high initial pyritic sulfur, someof which may
have been already partially oxidized, though not completely, to sulfatic
sulfur. The small increase seen in sample IBC-IOg may be attributed to
competition for oxygen between organic sulfur and pyritic sulfur resulting in
loss of SOx from the organic fraction rather than formation of sulfate.

3.10 Effects of Coal Particle Size on SFE Kinetics

Particle-size distributions of coal sample IBC-IO1, ground to pass -60
mesh (250 #m), -100 mesh (149 #m), and -200 mesh (74 Mm) for this study, were
investigated by the Malvern particle-size test. The distribution pattern
determined by the Malvern test appears to agree well with the expected
pattern.

Coal samples IBC-IO1, IBC-IO2, IBC-106, IBC-107, Alaskan lignite, and
North Dakota lignite were subjected to the Malvern particle-size test and
found to have defined and consistent patterns.

Kinetics extractions of elemental sulfur from coal with 10%methanolg0%
C02 at 110°C and 400 atm were performed with coal particle sizes ground to
pass -60-, -100-, -200-mesh sizes. The cumulative amounts of S8 extracted
versus time normalized with elemental sulfur values obtained from five
individual extractions on the three particle sizes (-60, -100, -200 mesh,
ground under a streamof argon)of sample IBC-I01indicatedthat the two
smallestcoal particle sizes (-200and-100) were slightlyfasterthan the
-60-mesh size. However, after 30 minutesof SFE, essentiallyall of the
extractableelementalsulfuron the coal matrix was removedregardlessof
particle size. This suggeststhat the elementalsulfurextractedis likelyto
be at the surfaceof the coal particles. In addition,since no significant
increaseof elementalsulfurwas extractedwith the smallestcoal particle
size, the amountof elementalsulfurwithin the coal matrix is negligible.

Five individual30-minuteextractionsof-200-,-100-, and-60-mesh
IBC-I01by SFE with 10% methanol/C02at 110°Cand 400 atm were performedto
determinethe reproducibilityof the SFE method to extractand quantify
elementalsulfur. The RSDs of elementalsulfurdeterminedin coal sample
IBC-I01with particle sizes of-60, -100, and-200 mesh were 6.1, 3.4, and
5.7, respectively. There were essentiallyno significantdifferencesin the
amount of elementalsulfur extractedfrom the three particlesizes used,
furtherdemonstratingthat the amountof elementalsulfurremovalafter 30
minutes of SFE is independentof coal particlesize.
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3.11 Effectof High-TemperatureExtractionon Acid-ExtractedCoal

Supercriticalfluid extraction (SFE)of organic sulfurfrom bituminous
coal was studiedusing SF C02 to extractorganicsulfurfrom a coal that had
inorganicsulfurremovedby the Riley methoddescribedabove. Total sulfur
analysis resultsof the acid-extractedresiduesbefore and after SFE are shown
in Table 4. The sulfurextracted,calculatedon acid-extractedcoal basis,
ranged from 38% to 47% in three experiments,indicatingthat the method
enabled the removalof nearly one-thirdto one-halfof the "true"organic
sulfur. Periodicenvelopesof true organosulfurcompoundscan be seen by
overlayingthe sulfur chromatograms. Individualcompoundshave not yet been
identified.

TABLE 4

Effectof SupercriticalC02 Extractionof Acid-Extracted
IBC-I01 at 450°C/400atm

Sample Sample Wt Wt% Sulfur after SFE

As-Run MF-CoalBasis Removed % Removed

EX-203 0.4683 1.77 1.28 1.12 46.8

EX-205 0.4673 2.01 1.45 0.95 39.5

EX-206 0.4471 2.08 1.50 0.90 37.6

Wt% Sulfur Before SFE

Raw Coal 4.36

Acid-Extracted 2.40

3.12 High-TemperatureOn-Line Extraction

On-linePYR/SFE/cryogenictrapping/GCwith the mass spectrometer(MS) as
a detector to analyzeelementalsulfur-freeIBC-I01reducedloss of sulfur
compoundsnormallyencounteredin the solvent-trappingprocedure,allowingthe
more volatileof the major gas chromatographablespeciesto be identified.
Total ion chromatogramsshowed all gas chromatographablecomponentsdetected
by the MS, resultingin many sulfur peaks buriedunder other organiccompound
peaks. AED chromatogramsof non-sulfur-containingspecieswere not seen on
the sulfur chromatogramsdue to the differentwavelengthsmonitoredfor each.
Correlationof peaks in the sulfur chromatogramwith those of the nonsulfur
chromatogramshowedwhich componentsare true organosulfurcompounds. The AED
informationenablesthe sortingof peaks in the total ion chromatogramof the
MS, which allows identificationof individualsulfurcompoundsin the extract.

Sample IBC-I01bituminouscoal was extractedwith supercritical10%
methanol/CO2 at 400 atm to remove elementalsulfur. Severalfractionsof the
elementalsulfur-freeIBC-I01were then extractedusing the on-linemethod.
Selected ion-currentchromatogramsshowedthe CI-C5thiophenes,which make up
a large portionof the volatile species.
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Several additional sulfur compounds along with benzene, phenol, toluene,
indan, indene, and other polynuclear aromatics, were a]so identified. Again
the thiophenes were identified, but ethylene sulfide, benzo[b]thiophene,
dibenzothiophene, and thianthrene were prominent in the chromatogram.

3.13 Effect of Chemical Reactantson SFE of Sulfur

Methods of remova'iof sulfur tested includedSFEs of IBC-I01under mild
pyrolysisconditionswith and withoutthe presenceof chemicalreagents.
Dynamic extractionswith supercriticalCO2 at 400 atm and 450°C in the absence
of chemical reactantwere successfulin removingnearly 50 wt% of the sulfur
from the coal, while supercritical10% methanol/C02extractionunder the same
conditionswas successfulin removingnearly60 wt% of the sulfurfrom the
coal. Supercriticalfluid extractions(SFE)of IBC-I01containing50 wt%
added NaOH at the same conditionsas above resultedin sulfur removalsof
slightlymore than 50 wt% for each of the fluids. DynamicSFE of 50 mg of
IBC-I01spikedwith 200 /jLof 85% H3P04under the same conditionsas the above
resulted in >60 wt% sulfurreductionwhen extractedwith 10% methanol/C02and
85 wt% reductionof sulfurwhen extractedwith C02. H3P04solubilityin SF 10%
methanol/CO2 was greaterthan in SF C02,as evidencedby the amount of H3PO,in
the extract. Therefore,the residencetime of the acid in the reactioncell
during a dynamic extractionwas significantlyshorterin the 10% methanol/C02
extraction,allowingfor shorterreactiontime and accountingfor reduced
sulfur removal.

Extractionof coal with supercriticalwater has severalattractive
aspects. Includedin the list of attractivefeaturesare the environmental
acceptabilityof water, the polar nature (thoughnot near the polarityof the
liquid) of water as a SF with respectto other commonlyused fluids,the
varietyof modifiersavailablefor use with water, the specificheat capacity
of SF water, and the cost of the water. At the test conditionsof the initial
supercriticalwater extractionof IBC-I01,>50% by weight of the sulfur as
measured on an absolutescale was extracted. Additionalextractionsand
extractionstrategieswith SF water are planned.

3.14 Sample Preparationfor Stable Sulfur IsotopeExperiments
and BackgroundInformationRelatedto This Work

The resultsof sulfur forms analysesshown in Table 2 indicatethat
sulfaticsulfur increaseson prolonged(>6 months)exposureto air. The
pathway followedby the sulfur seems to be by way of pyriticsulfur oxidation,
as also indicatedby Table 2. A method of investigatingthe pathwayhas been
designed using a coal (IBC-107)that has a naturalsulfurprobe, i.e.,
unusuallyhigh levels of stable 3'Sisotope,and is describedbelow. The
original coal and the residueof IBC-I07from the Riley acid extraction,with
the high 34S/32S,are excellentcandidatesfor testingthe potentialfor
organicand pyriticsulfur conversionto elementalsulfur.

Coal IBC-I07was selectedfor stablesulfur isotopeanalysisbecauseof
the large isotopicdifferenceof-22 °/oobetweenpyriticand organicsulfur
(10). Because of this large isotopicdifference,sulfur isotopic
determinationon the elementalsulfurobtainedselectivelyby SFE may be
appliedto resolvethe sourceof elementalsulfur in coal. Initially,two
portionsof ~4.5 g of IBC-I07 (-200-meshsize) coal were extractedwith SF 10%
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methanol in CO2 in a lO-mL Keystone extraction cell fitted with a stainless
steel restrictor for 2 hours. An additional 15-minute extraction was
performed during which no elemental sulfur was extracted as determined by
GC/AED. The large coal sample sizes extracted were necessary in order to
obtain a sufficient quantity (-4 mg) of elemental sulfur for isotopic
determination. About half of the SF extracted coal was extracted with nitric
acid (11) to collect the pyritic and sulfatic sulfur from the coal. Another
portion of the SF extracted coal was extracted by the Canfield technique (12)
to obtain the pyritic sulfur in coal. Stable sulfur isotope determinations
were performed on the seven coal extracts and residues by an experienced
research group headed by Professor Simon Bottrell in Leeds, UK, using an
established procedure with stable sulfur isotope MS. In addition, total
sulfur determination on all of the five solid residues were carried out. Data
from the stable isotope determinations coupled with the total sulfur values of
the five solid residues and original coal samples provided information
regarding sulfur forms transformation mechanisms in the coal matrix which
should lead back to the original source of elemental sulfur in coal. Table 5
shows the data obtained from the stable sulfur isotope analyses.

The analytical values for organic sulfur in the residues following Riley
and Canfield extractions were identical within the precision of the isotope
measurement. The analyses of the inorganic sulfur fraction collected during
each of the extractions are not the same, but the difference is easily
explained. Whereas the Canfield method liberates sulfur as H_Sexclusively
from metallic sulfides, the Riley method oxidizes metallic sulfides to
sulfates which cannot be separated from inherent sulfate. The Canfield
method, then, gives what is expected to be a more accurate estimate of pyritic
sulfur by measuring the isotope ratio in the liberated H2S, while the
inorganic sulfur in the Riley extract is determined from the total sulfate
(sulfate and oxidized pyritic sulfur). In samples with low sulfate, the
latter measurement fairly represents the pyritic sulfur, whereas in samples
with high sulfate levels the sulfur in the Riley extract is interpreted as
inorganic, but not exclusively pyritic sulfur.

Table 5 shows that the Riley acid extraction and the Canfield extraction
separate the coal sulfur into fractions having nearly identical organic 34S/32S
isotope ratios. The organic, pyritic, and total sulfur ratios compare
favorably with those of other researchers (13). Interpretation of the data
shown in Table 3 suggests that the elemental sulfur (PL-2) is related to the
inorganic sulfur, but is inconclusive as to whether the relationship is
exclusive; i.e., the argument can also be made that both inorganic and organic
sulfur contribute to the formation of elemental sulfur.

To expand on the above findings, two additional coals, IBC-I02 and
IBC-I06, were prepared for sulfur stable isotope analysis. The preparation
included SFE to collect the elemental sulfur from the coal and Riley
extraction to remove inorganic sulfur from the SF extracted residue. The
Canfield extraction was carried out on the SF extracted residue at the Stable
Isotope Laboratory. These samples, along with raw coal, were sent to the
Stable Isotope Analysis group in Leeds, UK, for analysis.
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TABLE 5

Sulfur IsotopicCompositionof FractionsObtainedfrom IBC-I07

Sample Preparation 63'S%o cDT Error (%)

PL-I Parr bomb oxidation of total coal +6.5 ±0.2

PL-2 Parr bomb oxidation of S8 in SF extract +13.4 ±0.2
collected in toluene

PL-3x Pyrite sulfur extracted from PL-3 +26.4 ±0.4
by acidic chromous chloride.
(Canfield method)

PL-3r Organic S (residue from Canfield +1.6 ±0.2
extraction) by Parr bomboxidation

PL-4 Inorganic S in Riley* extract of PL-3 +12.1 ±0.2

PL-5 Organic S (residue from Riley +1.5 ±0.2
extraction) by Parr bomboxidation

*Boiling 2N HN03for 30 minutes.

3.15 Comparisonof Forms of SulfurDeterminedby DifferentLaboratories

Table 2 containssulfur forms analysisresultsobtainedfrom different
laboratories. These valueswere obtainedto representthe resultsof more
conventionalanalyses in evaluatingthe SFE method and in the preliminary
formulationof a mechanismto explainthe occurrenceof elementalsulfur in
coal.

TABLE6

Elemental Sulfur in lllinois Bituminous C _I Sample IBC-IOI

Extract i on Anal yt i cal Sul fur,
Method Method wt% References

Soxhlet GC/Hall Detector 0.07 Duran and others, 1985 (14)

SFE GC/AED 0.II This work

Batch/PCEa GC/MS 0.23 Narayan and others, 1988 (16)

Soxhlet GC/MS 0.10 Stock and. Wolny, 1990 (15)

Soxhlet HPLC/Spectroscopic 0.03 Buchanan and others, 1989 (17)

Bacteriological 0.02 Schicho and others, 1988 (18)

"Perchl oroethyl ene extraction.
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3.16 Comparison of Elemental Sulfur Value Obtained by SFE and Other
Existing Techniques

Elemental sulfur values of the IBC-I01, -200-mesh'size sample, together
with the literature values, are given in Table 6 for comparison. There is
good agreement of our data with Duran and others (14) and with Stock and Wolny
(15). An original value of 1.54% elemental sulfur in the IBC-IOI coal was
provided by Narayan (16). However, further work performed by Narayan (15,16)
has led to the realization that results from the wrong coal sample may have
inadvertently been reported, and a revised value of 0.23% was subsequently
reported by Stock and Wolny (15), although it is unclear to the authors of
this paper as to how this number was determined.

4.0 CONCLUSIONS

Pyrolysis of medium- to high-sulfur bituminous coals under inert (argon)
gas up to 800°C removes an amount of sulfur approximately equivalent to the
pyritic sulfur in the coal. Similar results are obtained when heating the
coal in reducing atmospheres, such as hydrogen gas or syngas (Hz/CO). The
true organic sulfur is not easily removed by thermal means at ambient
conditions. The ASTMsulfur forms method calls for direct measurement of
total sulfur and sulfatic sulfur directly. However, the larger fractions of
sulfur, i.e., pyritic and organic sulfur, are measured indirectly. Since the
chemistries of reaction of these two fractions are substantially different,
the design of a method for removal of sulfur from coal. is very difficult if
error is made in categorizing sulfur forms. ASTMorganic sulfur consists of
true organic, elemental sulfur, and other acid-insoluble sulfur species.
Therefore, a forms method that directly measures additional classes of sulfur
compounds is needed. Elemental sulfur can be determined by SFE using 10%
methanol/CO 2 at 110% and 400 atm and analysis by GC/AED. Sulfatic sulfur can
be determined by a gravimetric method. Canfield acid extraction removes
pyritic sulfur, allowing the determination of true organic sulfur by sulfur
analysis of the Canfield residue. Direct analysis of Canfield extract gives
pyritic sulfur. Water, at supercritical conditions, removed up to 85% of the
sulfur when extracting coal spiked with H3PO,.

5.0 RECOMMENDATIONS

I. SFE techniques-suchas the elementalsulfurmethod developedin this
project-arerapid, reliable,and reproduciblewith a relative
standarddeviation(RSD) of ± 5%, and generateminimalwaste. SFE
with and withoutchemicalreagentsto differentiateand removeother
sulfurforms, particularlyorganic,from coal should continueto be
investigated.

2. Supercriticalwater has shown promisein removingsulfur from coal.
Additionalextractionsof coal with SF water with and without
reagentsshouldbe investigated.

3. Confirmationof forms analysesas they are developedis needed.
Stable sulfur isotopeanalysesof fractionsof IBC-I01,IBC-I02and
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IBC-I06should be completedto determinewhetherthis techniquehas
such potential.

4. Investigationof sulfatesulfurby HCI extractionsunder several
conditionsand comparisonof ASTM sulfatevalue with that of Canfield
extraction.
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