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WASTEMANAGEMENT

1.0 GOALSANDOBJECTIVES

The objective of the WasteManagementproject at the Energyand
Environmental Research Center (EERC)is to characterize waters, waste
materials, and by-products from advancedcoal preparation and utilization
processes, evaluate potential uses for these materials, and identify
potentially adverse environmental impacts associated with their use and/or
disposal. Research is also betng done to develop innovative waste management
techniques for conventional andadvancedcoal utilization processesto comply
with existing and/or future environmental regulations.

The goal of the WasteManagementproject is the understanding and
application of:

Geological
Physical
Chemical --- Processes

Biological
Mineralogical ----

to all phasesof resource managementfrom exploration through developmentto
by-product management.

The activities of the WasteManagementproject include the following
tasks:

• Task 1--Water and WasteResourceManagement

Purpose: to investigate the treatability of hot-water-dried (HWD)
coal-water fuel (CWF)process water at the bench-scale.

• Task 2--Coal CombustionAsh Conditioning Study

Purpose: to evaluate conditioning procedures for advancedcoal
utilization wastes.

• Task 3--Bituminous Coal Fly Ash Data Collection and Evaluation

Purpose: to collect and evaluate data concerning the chemical and
mineral compositions and physical properties of bituminous coal fly
ash.

• Task 4--Waste Depository Scavengers

Purpose: to evaluate inexpensive methodsof sorbing and fixing
contaminantsthat havethe potentialto migratefromcoalash disposal
pits.



2.0 ACCOMPLISHMENTS

The followingare the accomplishmentsof the Waste Managementprojectfor
this reportingperiod.

2.1 Water and Waste ResourceManagement

During this reportingperiod, testingwas performedto evaluatethe
treatabilityof processwater generatedfrom the hot-waterdrying of Usibelli
coal. The processwater was treatedusing two separatebench-scalesystems:
an activatedsludge system and a two-stage,anaerobic,expanded-bed,granular
activatedcarbon system.

Testingwas conductedto determineremoval rates of selectedparameters,
such as five-day biologicaloxygen demand (BODs),chemical oxygendemand
(COD),and ammonia (NH3). Resultsto date from this activityare presented
herein.

2.2 Coal Combustion Ash Conditioning Study

The chemical characterization study of the two atmospheric fluidized-bed
combustion (AFBC) residues selected for this task was completed. The subtask
investigating trace element mobility within conditioned residues was also
completed. Leaching characterization of original AFBCresidues was completed.
Additional subtasks were outlined for potential future research.

2.3 Bituminous Coal Fly Ash Data Collection and Evaluation

Contacts have been made with numerous electric utilities and ash
marketingcompanies in an effort to obtain informationand samplesof
bituminouscoal fly ash for this task. As a result of this effort,57 samples
of bituminouscoal fly ash from conventionalcoal combustionpower generation
facilitieswere voluntarilysubmittedfor inclusionin this task.

Physical,chemical,and mineralogicalcharacterizationof the bituminous
coal fly ash samples, as outlined in the work plan, were completed. Addi-
tional characterizationinformationwas generatedon a large number of the
samplesrepresentedin the database.

The characterizationresultswere placed in a Lotus® I-2-3®spreadsheet-
style database,and the informationwas also placed into a databasemanager.
Hard copy and disk versions of each of these database formatswill be
available.

The bituminouscoal fly ash databasewas merged with the existing
databaseof informationon low-rankcoal fly ash. The completecoal fly ash
databasenow contains informationon over 600 samples of coal combustionfly
ash from conventionalpower generationfacilitiesin North America and
worldwide.

A similar spreadsheetstyle databaseof characterizationinformationon
residues from advancedcoal processeswas also generatedutilizinginformation
from previous research projects at the EERC. This database containsinforma-
tion on samples of various materials. Hard copy and disk versionsof this
databasewill also be available. A reproduciblex-ray powder diffraction

2



technique for the semiquantitativeanalysis of advancedcoal processresidues
was developed. This techniqueutilizes the "ReferenceIntensityRatio"method
with a zinc oxide (ZnO) internalstandard.

2.4 Waste Depository Scavenger Study

The research for this task determined severalpotentiallyuseful
scavengingmaterials based on attenuationability,availability,and cost.
The scavengingagents targetedfor examinationincludedthe zeolitemineral
clinoptilolite,which is found throughoutthe westernUnited States in
volcanic deposits,bentonite,depositscontainingclay m;nerals,and chars
from coal combustionresidualmaterial. In laboratoryexperiments,the
clinoptiloliteshowed the abilityto sorb lead and copper from solutions
containinghigh concentrationsof these ions.

The initialanalyticalwork indicatedthat thoroughchemicaland
mineralogicalcharacterizationof the individualscavengingmaterialsis
necessary. X-ray diffractior,(XRD) and x-ray fluorescence(XRF) techniques
are useful in determiningthe initialstructureand bulk chemistryof the
materialsand will provide informationon changesthat occur during
experimentation. Scanningelectronmicroscope/electronprobe microanalysis
(SEM/EPMA)is also useful in determiningthe major elementcompositionof the
scavengingmaterials.

3.0 PROOECTRESULTS

3.1 Water and Waste ResourceManagement

3.1.1 Introduction

The purposeof this task was to assess the characteristicsand treat-
abilityof the contaminatedprocesswater stream derivedfrom the hydrothermal
treatmentof low-rankcoals (LRCs). Coal beneficiationthroughhydrothermal
dewateringhas emerged as one of the most promisingtechnologiesfor upgrading
LRCs. Hydrothermaldewateringis a technique used to reduce the water content
of high-moisturecoals throughheating a finely ground coal-waterslurryunder
pressure. The drying temperatureis high enough to decomposesome carboxyl
groups in the coal, formingc_rbon dioxide. The carbondioxidethen forces
the water from the coal pores i_to the surroundingprocesswater.
Reabsorptionof water is minimizeddue to coal surfacemodificationand
surfacecoatingwith evolvedtars and waxes.

Conditionsduring hydrothermaldewatering,coal chemistry,and coal type
have a major impact on the characteristicsof coal-waterFuel processwaters.
Many of the contaminantsare difficult to remove prior to dischargeand may
create operationalproblems if recycled back into the process. Wastewater
treatmentprocess selectionfor coal beneficiationprocessesis a difficult
task. Great emphasis has not been placed on liquidwaste management. The
need exists for an improvedtreatabilitydatabase and a clear methodologyfor
treatmentof coal-waterfuel waters. Cost-effectiveproductionof coal-water
fuels can only take place if waste management technologiesare developedprior
to prototypeplant construction. Work on this subtaskinvolvesthe
developmentof a comprehensivedatabase of processwater characteristicsand
bench-scaletesting and evaluationof selectedtreatmentoperations.



3.1.2 ResearchScope

This task involvesbench-scaletreatabilitytestingof processwater
collectedduring the hot-waterdrying of coal from the Usibellicoal mine,
near Anchorage, Alaska. Based on the informationobtained in literatureand
the chemical and physicalcharacteristicsof the contaminatedprocesswater,
two secondarytreatmentsystems were selectedfor evaluation,following
appropriatepreliminarytreatment.

3.1.3 Water and Waste Resource ManaqementStudy Results

3.1.3.1 UsibelliHWD ProcessWater Characterization

Modificationsto the EERC PDU hot-waterdrying unit have resultedin two
differentwastewaterstreams: condensateand centrate. The condensatestream
is generated during the pressure letdown via flash vaporization. The centrate
stream is generatedduring the final centrifugaldewateringstep.

Processwater used in treatabilitytestingwas the centratestream. A
representativesample from the Usibelli HWD CWF processwater was collected
and submittedto the EERC Analytical ResearchLaboratory(ARL) for chemical
and physical characterization. Table I lists the resultsof characterization
analyses of the Usibelliprocess water.

Approximately40% of the BODs in the Usibellicentratecan be accounted
for in the organic constituentsanalyzed. Methanol (244mg/L) contributesthe
largest percentageto the BODs. The remainingportionof the BODsexists in
organic constituentsthat were not analyzed.

Approximately80% of the total NH3 in the centrateexists as free NH3 and
would be steam-strippable. However, pretreatmentto reduce the centrateNH3
was unnecessarysince NH3 levels will not be inhibitoryto biologicaltreat-
ment systems at these levels.

The COD:BOD_ratio of the centrate stream is approximately4:1,
suggestingthat a large portion of the organicmatter in the processwater is
biorefractory,or nonbiodegradable. Therefore,effluentpolishingsteps will
be requiredunder most dischargeor reuse situations.

The condensatestreamhas an even larger portionof biorefractory
organics,as indicatedby the COD:BODsratio of approximately6:1. The
organiccontent of this stream, as measured by COD and phenolics,is nearly
three times that of the centrate. A more thoroughcharacterizationof the
condensatestream is planned. The condensaterepresentsapproximately36_oof
wastewaterflow and has some differentiatingphysicalcharacteristics,such as
the lack of color.

Resource ConservationRecovery Act (RCRA)metals concentrationsin the
centrate stream are all below maximum contaminantlevels.



TABLE1

Results of Chemical and Physical Characterization Analyses
Performed on Usibelli HWDCWFProcess Waters

Parameter/Constituent Centrate (mg/L) Condensate (mg/L)

pH 7.2 5.2
Alkalinity 850 ---
Ammonia (total) 15 9.5
Ammonia (free) 12 0.28
Chloride 10 ---
Fluoride 53 ---
Cyanide (total) O.40 O.32
Nitrate <I.0 ---
Nitrite <I.0 ---
Total KjeldahlNitrogen 16 ---
Phosphate 3.9 ---
Sulfate 6.5 ---
Sulfide ......
Sulfite ......
Thiocyanate <I.0 ---
Thiosulfate <1.0 ---

Total Carbon 1,7B0 ---
Total InorganicCarbon 640 ---
Total OrganicCarbon 1,140 930
ChemicalOxygen Demand 3,900 11,300
Biochemical Oxygen Demand 1,000 I,900

Acetate 72 ---
Formate ......
Propionate 36 ---
Butyrate <5 ---
Isobutyrate 28 ---
Valerate 18 ---
Phenolics (4AAP) 30 184
Phenol+o-Cresol 13 ---
p-Cresol 0 ---
m-Cresol 5 ---
Catechol 0 ---
Methanol 244 ---
Ethanol 0 ---
Acetone 11 ---
Propanol 0 ---
Methylethylketone 0 ---
Propionitrile 0 ---

Continued...



TABLE1 (continued)

Results of Chemical and Physical Characterization Analyses
Performed on Usibelli HWDCWFProcessWaters

Parameter/Constituent Centrate(mg/L) Condensate(mg/L)

TotalSolids 8670 200
TotalVolatileSolids 5580 200
TotalSuspendedSolids 4930 ---
TotalVolatileSuspendedSolids 3580 ---
TotalDissolvedSolids 3740 ---
TotalVolatileDissolvedSolids 2000 200
Conductivity(mmhos) 1.70 0.].13

Antimony <0.05 ---
Arsenic 0.18 ---
Barium ......
Beryllium <0.05 ---
Boron 2.0 ---
Cadmium <0.025 ---
Calcium 500 ---
Chromium O.30 ---
Cobalt <0.5 ---
Copper <0.17 ---
Iron 38 ---
Lead <0.05 ---
Magnesium I00 ---
Manganese 0.32 ---
Mercury 0.005 ---
Molybdenum ......
Nickel 0.24 ---
Phosphorus 1.3 ---
Selenium <0.05 ---
SiIver <0.005 ---
Sodium ......
ThalIium <0.5 ---
Zinc 0.81 ---

3.1.3.2 AnaerobicTreatmentSystemTesting

3.1.3.2.1 Introduction

Anaerobicsystemshave traditionallybeenusedto stabilizeorganic
solidsfromsewagetreatmentplants. More recently,thesesystemshavebecome
acceptedas a viablemeansof treatinghighstrengthwastewaters(Gradyand
Lim, 1980).

Anaerobictreatmentusesmicroorganismsthatthrivein an environment
havinga substantialamountof organicmatter,in whichthereis no molecular
oxygen. The anaerobeshydrolyzethe biodegradableorganicmatter,producinga
varietyof simplercompoundssuchas organicacids,C02,and H2. These
compoundsarethenmicrobiallyconvertedto methane(Gradyand Lim,1980).



The biochemicalequation for anaerobicmetabolismis:

Organic+ Combined_> New + Energy for + C02+ CH4+ Other End [Eq. I]
Matter Oxygen Cells Cells Products

Combined oxygen includessuch sources as NO3-I,P043, S04-_,and C03"2. Gases
such as H2S,H2, and N2 are some of the other end productsof anaerobic
metabolism (Reynolds,1982).

The conversionof organic matter to methane involvestwo groups of
anaerobes. The first group, nonmethanogenicbacteria,converts the complex
organics into low molecularweight organiccompounds,such as organicacids,
C02, and H2. This group is composed of both fastidiousobligate anaerobesand
facultativebacteria. The predominantbacterialspeciesin this group are
gram-negative,nonspore-formingbacilli (Gradyand Lim, 1980).

Methanogenicbacteriamake up the secondgroup of anaerobesand are
responsiblefor the productionof methanegas. These bacteriaare highly
substratespecificand depend on the nonmethanogenicbacteriafor their supply
of substrate. Methanogensare typicallyobligate anaerobesthat tend to be
unrelatedmorphologically,ranging from minute cocci and larger sarcinato
individualand chain-formingbacteria. The aspects that these bacteriahave
in common are that they can only utilize a limited numberof substrates
(methanol,formic acid, acetic acid, COs,CO, and H2)and that they produce
methane gas (Gradyand Lim, 1980).

There are severaladvantagesassociatedwith anaerobictreatment
processes. Some of the most importantincludethe productionof methane, a
valuable end product;lower energy requirements,comparedto aerobic
processes, becauseno aeration is required;and relativelylow sludge
production,as comparedto aerobicprocesses. The anaerobesdegradeorganic
compounds, producinga residual sludge which is inoffensiveand which can be
used as a soil conditionerand low-gradefertilizer(Gradyand Lim, 1980).

There are also some disadvantagesassociatedwith these anaerobic
processes. Becauseof the symbioticnature of anaerobiccultures,they are
susceptibleto system upsets, thus requiringclose supervisionand control.
After an upset has occurred,these systemsare sometimessluggishat returning
to their original condition. Also, becauseof the requirementfor heat
exchange,capital costs for anaerobicsystemsmay be high. However,when
treating high-strengthwastewaters is of importance,the advantagesof
anaerobicprocessesgenerally outweighthe disadvantages(Grady and Lim,
Ig80).

When anaerobicprocessesare combinedwith granularactivatedcarbon,the
removal rate of organiccontaminantsis substantiallyincreased. The granular
activatedcarbon serves severalpurposes. First, it provides a surfacefor
the attachmentof the biofilm. Carbon also serves to remove color and odor
from the water. The carbon is also responsiblefor removingthe biorefrac-
tory, or nonbiodegradable,compounds. The accumulationof the biorefractory
constituentscontinuesuntil the adsorptivecapacityof the carbon is
exhaustedand a breakthroughoccurs (Suidanet al., 1987).



3.1.3.2.2 AnaerobicTreatment System Descriptionand Operation
i

A schematicof the bench-scale,two-stage,anaerobic,expanded-bed,
granular activatedcarbon treatmentsystem used for the treatabilitytesting
of HWD Usibelliwastewater is shown in Figure I.

The columnswere initiallyseeded with an anaerobiccultureobtained from
the Moorhead,Minnesota,municipalwastewatertreatmentfacility. Five
millilitersof a trace mineral and vitamin solution (Table2) are added to
each liter of influentto supply necessary nutrientsfor the anaerobic
bacteria in the column. The filtered processwater is then fed througha
peristalticpump into the columns.

The processwater is recycledthrough the columns to maintainexpansion
of the carbon bed. The carbon bed is supportedby stainlesssteel mesh
screensat the bottom of the columns. Screens are also located at the top of
the columns to preventcarbon losses from the system.

Methane gas generatedthrough anaerobicdecompositionof organicmatter
escapesthrough the top of the columns. The volume of gas produced is then
measured by water displacementin the gas collectionsystem.

Column effluentflows from the uppermostport on the side of the column
header into a 0.650 L (0.172gal) covered clarifier. Settled solids are
removedperiodicallyfrom the bottom of the clarifier. Column effluentthen
overflowsa weir into a surge tank maintainedunder a nitrogen atmosphere.
In the two-stagesystem,the water from the surge tank is then fed as influent
into the second column. The surge tank acts as a reservoir,maintaining
enough volume of water to feed into the secondcolumn in the event of
operationalproblems in the first column.

Each column is encasedby a second acryliccylindricalcolumn with a
length of 91.44 cm (36 in) and an inside diameter of 6.35 cm (2.5 in) serving
as a water jacket to maintaina constant temperatureof g8.5°F(36.9%),
conditionsideal for anaerobicmetabolism. Distilledwater is pumped from a
heated water reservoir,throughthe jackets surroundingthe columns, and back
to the reservoir.

Table 3 lists the physicalparameters and the operatingconditionsof the
fully operationalbench-scale,two-stage, anaerobic,expanded-bed,granular
activatedcarbon treatmentsystem. Currently,Columns2 and 3 are operating
in series while Column I is operating independently.

Initially,0.454 kg (I Ib) of granular activatedcarbon was added to each
column. However,due to early operationalproblems,some carbon was lost in
Columns I and 2, which accountsfor the differencein the mass of adsorbentin
Table 3.

Table 4 lists the maintenanceperformedon the two-stage,anaerobic,
expanded-bed,granularactivatedcarbon treatmentsystem. Daily measurements
are taken of influentand effluent tank levels,influentand effluentpH, gas
production,expandedbed height,water reservoirtemperature,nitrogen
cylinder pressure,and nitrogenpurge flow rate. Influentrates are measured
and adjusted daily.
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Figure 1. Two-stage, anaerobic, expanded-bed, granu]ar activated carbon treatment system schematic.



TABLE2

ChemicalCompositionof the NutrientSolution

Chemical Quantit_

NutrientSolution(I L)

AluminumSulfateHydrate 0.01g

BoricAcid 0.01g
CalciumChloride 0.10g

CalciumSulfateDihydrate 0.01g

CobaltChlorideHexahydrate 0.11g

IronSulfateHeptahydrate 0.10g

MagnesiumSulfateHeptahydrate 3.00g
ManganeseSulfateHydrate 0.50g

NitriloaceticAcid 1.50g

PotassiumMolybdateDihydrate 0.01g

SodiumChloride 1.00g

Zinc SulfateHeptahydrate 0.10g

VitaminSolution(100mL solution)*

p-AminobenzoicAcid 10.0mg

Biotin 4.0mg

FolicAcid 4.0mg
NicotinicAcid 10.0mg

PantothenicAcid 10.0mg

PyridoxineHydrochloride 20.0mg

Riboflavin 1.0mg

ThiamineHydrochloride I0.0mg

ThiocticAcid I0.0mg

VitaminB12 0.2mg

* O.5-mLvitaminsolutionis addedto I L of nutrientsolution.
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TABLE3

PhysicalParametersand OperatingConditionsfor the Two-Stage,
Anaerobic,Expanded-Bed,GranularActivatedCarbon TreatmentSystem

Parameter Quantity

Column

Length 91.44 cm (36 in)
Inside Diameter 5.08 cm (2 in)
Outside Diameter 5.72 cm (2.25 in)

Influent/EffluentHeader
Length I0.16 cm (4 in)
Inside Diameter 5.08 cm (2 in)
Outside Diameter 5.72 cm (2.25 in)

Water Jacket
Length 91.44 cm (36 in)
Inside Diameter 8.89 cm (3.5 in)
Outside Diameter 10.16 cm (4 in)

InfluentFeed Rate

Usibelli Wastewater I L/day (0.264gal/day)
Nutrient Solution 5 mL/day (0.0013gal/day)

Design Column Recycle Rate 0.660 L/min (0.174gal/min)

Adsorbent*

Column I 0.397 kg (0.875Ib)
Column 2 0.404 kg (0.891Ib)
Column 3 0.454 kg (1.000Ib)

Bed Height
Column I Static 49.3 cm (19.4 in)

Expanded 53.2 cm (20.9 in)
Column 2 Static 50.2 cm (19.8 in)

Expanded 54.5 cm (21.5 in)
Column 3 Static 56.4 cm (22.2 in)

Expanded 63.5 cm (25.0 in)

System Temperature 36.9°C (98.5°F)

* Adsorbent: Calgon F-400 granularactivatedcarbon (16 x 20 mesh).
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TABLE4

Routine Anaerobic SystemMaintenancePerformed
DuringUsibelliProcessWaterTreatabilityStudy

i ill ii

ControlParameter Frequency

Measureinfluenttarlklevels Daily
Measureeffluenttanklevels Daily
MeasurepH of influentand effluents Daily
Measureexpandedbed heights Daily
Measuregas production Daily
Measurewaterreservoirtemperature Daily
Measurenitrogencylinderpressure Daily
Measurenitrogenpurgeflow Daily
Measureand adjustfeed_,ate Daily
Replacefeedtubing I/week
Replacerecycletubing 2/week
MeasureCOD of influentand effluents 2/week
Measurecolor 2/month
Measuregas composition I/month

Feedtubingis replacedoncea week,whilethe recycletubingis replaced
onceeveryfourdays. Coloris measuredonceeverytwo weeks,andgas
compositionis measuredonce a month.

Table5 providesa chronologicalsummary,to date,for the anaerobic
treatmentsystem,describingsignificanteventsduringtreatmentsystem
operation.

The anaerobictreatmentsystembeganoperationon 12/10/91(DayI)with
the start-upof ColumnI. Priorto operation,eachcolumnwas hydrostatically
testedby fillingboth the innercylinderandouterwaterjacketwith
distilledwaterand allowingit to set for a 24-hourperiod. One pound
(0.454kg) of granularactivatedcarbonwas thee.addedto the column. The
columnwas thenseededwith approximately20 mL of an acclimatedanaerobic
culture.

Priorto secondarytreatment,the processwaterwas filteredthrough
0.45-/_mhydrophilic,polysulfoneinembrane,high-capacityfiltersto remove
coalparticles.Filteringwas requiredbecauseof the hightotalsuspended
solids(TSS)in the centratestream. This pretreatmentstep is intendedto
simulateconditionsof CWF recoveryat an actualoperatingfacility.

Filteredprocesswaterwas initiallyfed intoColumnI at 100-mL
intervals,increasingby 100mL everytwodays,untila rateof I L/day
(0.264gal/day)was achieved(Day38). Gas productionwas observedon Day 28
of operation.The processwaterwas recycledthroughthe columnat a nominal
rateof 0.660L/min(0.174gal/min).This ratewas establishedto maintain
bed expansion,allowinggas bubblesto migrateas discreteparticlesto the
top of the column. ColumnI effluentdrainedfromthe columnintoa clarifier
wherethe solidswere gravity-separatedfromthewater. Clarifiereffluent
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TABLE5

Chronological Sun_acyof Two-Stage, Anaerobic, Expanded-Bed,
Granular Activated CarbonTreatment System

Date Day of Operation Comments

12/10/91 1 Begansystem operation. SeededColumn1.
Beganfeeding lO0-mL influent daily.

01/01/92 22 Increased tnfluent rate to 200 mL/d.

01/03/92 24 Increasedinfluentrateto 300 mL/d.

01/05/92 26 Increasedinfluentrateto 400 mL/d.

01/07/92 28 Increasedinfluentrateto 500 mL/d.
Notedmethaneproductionin ColumnI.
Observedbiomassfloatingabovecarbon
bed.

01/09/92 30 Increasedinfluentrate to 600 mL/d.

01/11/92 32 Increasedinfluentrateto 700 mL/d.

01/13/92 34 Increasedinfluentrateto BOO mL/d.

01/15/92 36 Increasedinfluentrateto 900 mL/d.

01/17/92 38 Increasedinfluentrateto 1000mL/d.

01/22/92 43 Column2 placedin serieswithColumnI.
Added454-ggranularactivatedcarbon.
Did not seedColumn2 with microbes.
Influentrateto Column2 at I L/d of
ColumnI effluent.

01/25/92 46 Waterrecyclepump stopped. ColumnI
methaneproductionceasedduringthis
"cold"condition.

Wornbrusheswere replacedin pump.
Gas productionwas observedagainas soon
as the pumpwas fixedand recyclingwarm
water.

01/31/92 52 BeganroutineCOD samplingand analyses.

02/14/92 66 Beganroutinegas samplingand analyses.

02/21/92 73 Beganperiodiccoloranalyseson influent
and ColumnI and2 effluents.

Continued...
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TABLE5 (continued)

Chronological Summaryof Two-Stage, Anaerobic, Expanded-Bed,
Granular Activated CarbonTreatment System

Date Day of Operation Comments

03/I0/92 91 IncreasedCOD analysesto twicea week.

04/12/92 124 Influentrateto ColumnI was set too
high. The feedcontainerwas empty,and
air was inadvertentlyintroducedinto
the column. No adverseeffectswere
observed.

04/22/92 134 Inadvertentlyadded550-mLinfluentto
surgetank.

04/26/92 138 ColumnI feedcontainerempty. Air was
fed intoColumnI. Again,no adverse
effectswerenoted. Decreasedfeedset
pointto ColumnI.

05/11/92 153 Observedgas bubblesin Column2 as a
resultof Day 134.

05/19/92 161 Air introducedto bothcolumns. Both
ColumnI influenttankand surgetankto
Column2 wereempty.

05/21/92 163 Noteddisappearanceof gas bubblesfrom
ColumnI.

05/24/92 166 Gas productionin ColumnI reappeared.

05/26/92 168 Air was fed intoColumnI as a resultof
feedtube halfwayout of influent
container.No effecton gas production
observed.

Column3 preparedfor on-line
installation.

05/28/92 170 Observedsignificantgas bubblesin
Column2. Thisgas production
continued.

Changedsystemconfigurationby replacing
ColumnI with Column3.

Column2 now leadcolumn.
ColumnI operatingindependently.

Continued...
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TABLE5 (continued)

Chronological Summaryof Two-Stage, Anaerobic, Expanded-Bed,
Granular Activated Carbon Treatment System

Date Day of Ooeration Comments

05/29/92 171 Water jacket leaked, resulting in system
heat loss. All columns at room
temperature.

Gas production observed in Column 1, but
not in Column 2.

Took Column 3 off-line.

05/30/92 172 Gas production observed in Column2.

05/31/92 173 Began feeding Column 3 even though the
water jacket was not repaired.

Noticed heat losses in the systemby
measuringwater jacket temperaturesat
various locations.

06/12/92 185 Column I water jacket began leaking.
Column 3 water jacket continuesto leak.
Drainedwater from both water jacketsand
attemptedto repair them.

06/15/92 188 Column 3 water jacket repaired.

06/16/92 189 Column 3 fully operational.
Column I water jacket repaired.

06/17/92 190 Column I water jacket fully operational.
Observed gas bubblesin Column3.

overfloweda centrallylocatedweir and was collectedin the surge tank. The
surge tank allowed sufficientcapacity for a two-day supplyof water to
subsequentcolumns. A nitrogen-purgewas added to the surge tank to prevent
air from entering the container.

Column 2 was placed in serieswith Column I on Day 43. Effluentfrom
Column I, draining into the surge tank, was used as the influentto Column2.
Column 2 was operated under the same conditionsas Column I. Methane
productionwas observed in Column 2 on Day 140.

Columns I and 2 were operated in series for 127 days, until Column I
reachedcarbon exhaustion,as measured by effluentCOD. Column I was removed
from the two-stagesystem and is currentlybeing operated independentlyto
observe potential inhibitoryeffects of biorefractoryorganics.
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Filteredprocesswateris currentlybeingfed directlyto Column2, the
lead column,at a nominalinfluentrate of approximatelyI L/d. The effluent
from Column2 is beingcollectedin the surgetank,of whichthe contentsare
beingfed intoColumn3. Gas productionwas observedin Column3 on Day 190.
Presently,all threecolumnsare exhibitinggas production.

One of the operationalproblemsencounteredwith thissystemincluded
recycletubingwear and subsequentleaking. To avoidthisproblem,the
recycletubingis changedonceeveryfourdays. Anotherproblemencountered
was runningout of feedand pumpingair intothe systembecausethe influent
ratewas settoo high. Thisdifficultyis preventedby dailymonitoringof
the influentrate and adjuszingthe feedset pointas necessary.

One of the morecommonoperationalmonitoringdifficultieswiththe
systemwas the loss of gas throughthe effluentlinebecauseof pressure
differences.It is difficultto measurethe gas productionaccuratelywhena
portionof the gas escapesthroughthe effluent.A dailyattemptis madeto
equalizethe pressurein the systemso thatthegas will flowto the
collectionsystemand not be lostthroughotherstreams.

Perhapsthe most seriousproblemthathas beenencounteredinvolved
leakingwaterjackets. Althoughthe jacketswere repairedand fully
operationalwithintwoweeks,the changein temperaturefromg8.5°Fto
approximately70°Fmay havehad a negativeeffecton the microbial
environment,resultingin a decreaseof effluentquality.

3.1.3.2.3 AnaerobicTreatmentSystemResults

CHEMICALOXYGENDEMAND(COD)

Figures2 through4 illustratethe relationshipbetweenCOD and the
systemthroughputvolume. Figure2 showsColumnI influentand effluentCOD
as a functionof throughputvolume. Breakthrough(400-mg/LCOD) occurredat
approximately34 L of throughput,correspondingto 34 bedvolumes. Carbon
exhaustionwas estimatedto occurafterapproximately150 L of throughput,or
150 bed volumes. Exhaustionwas assumedto occurat a columneffluentCOD of
3200mg/L,or 1200mg/Llessthanthe influentCOD. The 1200mg/L difference
representsthe biodegradablefractionof COD,as measuredby BODs.

ColumnI was takenoff-lineafter150-Lthroughput(carbonexhaustion)
and was continuedin independentoperationto observeanypotentialmicrobial
inhibitionfollowingcarbonexhaustion.EffluentCOD levelsappearto be
slowlyincreasing,withoutcorrespondingincreasesin influentCOD, indicating
incompletebiodegradationof organics,as measuredby BODs. ColumnI gas
generationrateswere alsoobservedto decreaseoverthis sameoperating
period. However,independentop_rationof ColumnI resultedin operationat a
temperatureof 6 to 7 degreeslowerthan thedesigntemperatureof 98.5°F,due
to necessaryplacementof the columnwith respectto the locationof the heat
exchangereservoir.Reducedoperatingtemperaturesare believedto be the
reasonfor redjcedanaerobicactivity,ratherthanmicrobialinhibition.
Systemdesig_modificationswill allowfor themaintenanceof constant
temperatureacrossall threeoperatingcolumns. Subsequenttestingis also
plannedto furtherevaluatethe effectsof temperaturevariationson anaerobic
degradationof UsibelliHWD processwater.
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Figure 3 is a plot of Column 2 COD as a functionof throughput. At
approximately125 L of throughput,(Day 169), the system configurationwas
changed. Column 2 becamethe lead c %r two-stagesystem operationahead
of Column 3. Prior to Day 169 of oT influenzto Column 2 consistedof
Column I effluent. After that time, 1'2was fed filtered UsibelliHWD
processwater. This change is indicat_uDy a significantincreasein system
influentCOD levels. Operationof two columns in series significantly
extended the time to effluentCOD breakthrough. This increasedutilizationof
adsorptioncapacity approximatelytripledthe throughputto breakthroughwhile
roughly only doublingthe amount of carbon. Two-stageoperationwill also
allow for complete exhaustionof the column prior to being taken off-line.
Overall system operationis illustratedin Figure4( Limiteddata for
Column 3 were availableat the time of preparationof this report.

COLOR

One of the parametersused to evaluatesystem performanceof the
anaerobictreatment systemwas color. The color of the processwater was
measuredvisually using a Hach color comparometer,which involvescomparing
the color of the samplewith calibratedplasticcolor disks. Because
turbiditycan cause the apparentcolor determinationsto be significantly
greater than those of true color, all sampleswere filteredprior to
measurement (AmericanPublic Health Association,1985).

The color value of the HWD processwater is extremelypH-dependent,
increasingas the pH of the water increases. Becausethe pH of the process
water remained relativelyconstant throughoutthe measuringperiod,the
i{_rease in effluentcolor can only be attributedto carbon exhaustion.
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Table6 _,iststhe averageinfluentand effluentcolorfor thethree
columns. Colorunitsare reportedas platinum-cobalt(Pt-Co)units. The bed
volumes(L)at eachday of operationare providedin parenthesesfollowingthe
valueslistedfor color.

GAS ANALYSIS

Gas compositionwas measuredapproximatelyoncea month. Table7 shows
the compositionof the gas generdtedfromColumnI aswell as a fewphysical
and thermalproperties.The heatingvalueof the gas is of particular
importancesincethe productionof methaneis one of the advantagesof using
anaerobictreatmentsystems.

Overall,twentyof themore commongasesare scannedforduringthe
analysis.Of thesetwentygases,onlyfivewere presentin all of the
analysesconductedon the gasgeneratedby ColumnI, includinghydrogen(H2),
carbondioxide(C02),oxygen(02),nitrogen(N2),andmethane(CH4).Future
analyseswill includethe gasgeneratedby Columns2 and 3.

As observedin Table7, the ratioof oxygento nitrogen(20:80)indicates
thatairwas introducedintothemethodof gas sampling. If airhad not been
present,the molepercentof methanewouldbe well over90%. One of the
possible,and most likely,pathwaysin whichair was introducedis duringthe
gas samplingprocedure.Air may haveenteredthe gas samplingbagduringthe
transferof gas fromthe collectionsystemto the bag,or thegas samplingbag
itselfmay allowsomeair to permeateit, or the sealaroundtheportmay not
havebeentight. To determinethe sourceof error,a differentgas collection
bagwill be used. If this isnot the sourceof error,a newmethodof gas
samplingwill be devised.

TABLE6

Resultsof ColorAnalysesfor the Two-Stage,Anaerobic,
Expanded-Bed,GranularActivatedCarbonTreatmentSystem

Avera_leInfluentColor: 25,000Pt-CoUnits

Color

Day of ColumnI Column2 Column3
Operation Effluent Effluent Effluent

80 1200 (53L) 50 (35 L)
90 3500 (65L) 250 (46 L)
I00 20000(75L) 200 (60 L)
150 20000(131L) I000 (109L)
170 20000(146L) 2500 (123L)
190 25000(172L) 12500(148L) 150 (21 L)
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TABLE 7

Column I Gas Composition

Day of Operation: 66 99 120 147 196

Component (mole percent)
Hydrogen 0.05 0.08 0.05 0.05 0.05
Carbon Dioxide 1.25 1.90 2.20 2.66 1.06
Oxygen/Argon 5.38 2.90 6.16 5.18 7.92
Nitrogen 24.61 13.40 26.04 21.95 36.86
Methane 68.71 81.73 65.55 70.16 54.11

Heating Value (Btu/scf)
Saturated 684.4 814.3 652.8 698.8 538.8
Dry 696.5 828.7 664.3 711.2 548.3

Specific Gravity 0.698 0.644 0.717 0.699 0.760

Average MolecularWeight 20.19 18.63 20.75 20.23 22.01

Figure 5 presentsthe cumulativevolume of gas generatedby each column.
Gas productionin Column I was observed as early as Day 28 of operation.
However, a measurablequantityof gas was not produceduntil Day 55. The gas
production remainedrelativelyconstant,with a few exceptions. For example,
because of difficultiesin equalizingthe pressure,some gas was lost through
the effluentdischargeline. This is illustratedby a decreasein slope
between Days 80 and go of operation. Once this situationwas corrected,the
slope continuedto increaseconsistentlyuntil the system configurationwas
changed. On Day 185, approximatelytwo weeks after Column I was removed from
two-stageoperationand placed into independentoperation,the water jacket
leaked, exposingthe column to room temperaturesfor about one week. This
reduced temperatureresulted in a decreasedgas productionrate which is
representedby a decrease in the slope correspondingto Column I.

Column 2 was placed into operationon Day 43. However,gas production
was not observeduntil Day 172 of systemoperation. The lag period for gas
generation from Column 2 can be attributedto Column I effluentbeing fed to
the system. When biodegradableorganicswere introducedto Column 2, gas
generation developedrapidly. The volume of methane producedis directly
related to the influentCOD (Suidanet al., 1987). On Day 134, untreated
processwater was inadvertentlyadded to the surge tank. Within a week, gas
productionwas observed in Column 2, continuedfor approximatelythree days,
and then disappeared. On Day 153, gas was once again observed in the column,
but was not generated in sufficientvolumesfor collectionuntil Day 170, as
illustratedin Figure 5.
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Figure 6 illustratesthe relationshipbetweenthe COD loadingand the gas
generated in Column I. The regression line is representedby the equation"
y = 0.156x + 0.039. Thus for each 100 grams of COD applied to the system,
approximately16 L of gas are generated. Grady and Lim (1980)have reported
theoreticalmethane generationrate at 16 grams of methane producedfor every
64 grams of COD removed from wastewater.

3.1.3.3 Aerobic TreatmentSystem

3.1.3.3.1 Introduction

An activatedsludge processwas selectedfor the evaluationof an aerobic
system for the treatmentof Usibelli HWD processwater. Biomassused to seed
the reactorwas obtained from an activatedsludge sy_Lem operatingon mild
gasificationprocesscondensates.

The activatedsludge processutilizesa suspended,mixed growth of
aerobicmicroorganismsthat use the organicmaterialsin wastewatersas
substrates. These substratesare removedthroughmicrobialrespirationand
synthesisof new cells.

The biochemicalequation for the activatedsludge process is"

Organic+ 02 _> New + Energy for + C02+ H20 + Other End [Eq. 2]
Matter CelIs CelIs Products

Other end products includeNH,.I,NO2I, NO3-_,and PO,3.
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Aerobic organismscan generallybe divided into four nondistinctclasses
includingfloc-formingorganisms,saprophytes,predators,and nuisance
organisms. The floc-formingorganisms are responsiblefor gravity settling
and removalof the sludge from the treatedwastewater. Saprophytesare
responsiblefor degradingthe organic matter. This class of bacteriais
composed mostly of gram-negativebacilli. Approximately230 speciesof
predators,usuallyprotozoawhich feed on the bacteria,have been reportedto
occur in activatedsludge. Nuisance organismsare usually filamentous
bacteria and fungi which inhibit sludge settling(Gradyand Lim, 1980).

A mean cell residencetime (MCRT), also called sludge age, is used to
determinethe averagetime a microbial cell remains in the system. The MCRT,
along with the food-to-microorganismratio (F/M),are used to characterizethe
efficacy of an activatedsludge process. A high F/M coupledwith a low MCRT
indicate the presenceof filamentousgrowths, nuisanceorganisms,which create
poor settling conditions. A low F/M and a highMCRT generallycause
biologicalsolids to undergodegradationand cell dispersion (Reynolds,1982).

3.1.3.3.2 SystemDescriptionand Operation

A schematicof the bench-scaleactivatedsludge system used for
treatabilitytestingof Usibelli HWD processwater is shown in Figure7. The
activatedsludge aerationtank consists of a IO-L plexiglassbasin with an
operatingvolumeof 6 to 8 L. Mixed liquor is maintained in suspensionwith a
mechanicalmixer. Oxygen is metered to the system as filtered,humidified,
compressedhouse air throughcoarse-bubblediffusers.
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Figure 7. Bench-scaleactivatedsludge treatmentsystem schematic.

Essentialnutrientsfor the growth of microorganismsare nitrogen and
phosphorous. Coal-processingwastewatersare typicallydeficientin
phosphorus. However, testingof the HWD Usibelli processwater showed it to
be deficient in both nutrients. Nitrogenand phosphorus,in the form of
ammoniumhypophosphate([NH4]2HP04),were added to the influentto obtain a
BODs:N:Pratio of 100:5:1.

The MCRT was controlledby volumetricwasting of mixed liquormeasured in
conjunctionwith the mass of mixed liquor volatile suspendedsolids (MLVSS)in
the reactor and the concentrationof volatile suspendedsolidslost in the
effluent each day. The hydraulicretentiontime (HRT)was controlledthrough
regulationof the influentrate in relationto the aerationbasin volume.

Daily measurementswere taken of the influentrate, influentpH, mixed
liquor pH, and mixed liquor dissolvedoxygen,with adjustmentsbeing made as
necessary. Settleable solidsand dissolvedoxygen uptake rate readingswere
taken on every samplingday. Routinemaintenanceproceduresare listed in
Table 8.

Routine analyseswere performedonce a week on the system. Analyses
includemeasurementof TSS, volatilesuspendedsolids (VSS),COD, BODs,and
NH3.

Filteredprocesswaterwas fed from a 2-L graduatedcylinderto the
aeration basin with a peristalticpump. Initially,the systemwas operated
using a continuous-flowconfigurationwhereby mixed liquor flowedby gravity
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TABLE8

RoutineActivatedSludgeSystemMaintenancePerformed
DuringUsibelliProcessWaterTreatabilityStudy

ControlParameter Frequency

Measurevolumein feedtank Daily
Measurevolumein effluenttank Daily
MeasurepH of feedandmixedliquor Daily
Measuremixedliquortemperature Daily
Measuremixedliquordissolvedoxygen Daily
Cleanaerationbasinand clarifierwalls Daily
Measuredissolvedoxygenuptakerate Variable
Measuremixedliquorsettleablesolids Variable
Measureandadjustfeed rate I/week
Replacefeedand recycletubing I/week
Wastemixedliquorfrom aerationbasin Variable
RecalibratepH meter I/week
Changedissolvedoxy_lenprobemembrane Periodically

to a secondaryclarifierwith an operatingvolumeof approximately650mL.
Biologicalsolidssettledto the bottomandwererecycledto the aeration
basinevery20 minutes. Treatedeffluentandnonsettleablesolidsoverflowed
a centrallylocatedweir and were collectedin a 6-L effluentstorage
container.

Tableg providesa chronologicalsummary,to date,of the activated
sludgetreatmentprocess. It describessignificanteventsconcerningthe
treatmentsystem.

With thiscontinuous-flowconfiguration,BOD5effluentvalueswere
erraticand relativelyhigh. Nutrientadditionto the systemwas increasedto
assurethatthesehigheffluentBODsvalueswerB not a resultof nitrogen
and/orphosphorusdeficiency.Additionally,erraticand highlossesof VSS to
the effluentwas occurring.In orderto maintaina stablepopulationof
microorganismsand allowfor betterprocesscontrol,systemoperationwas
convertedto a fill-and-drawconfiguration.

Two litersof filteredprocesswaterwere fed over a 24-hourperiodinto
the aerationbasin. The mixedliquorvolumefluctuatedbetween6 and 8 L.
At the end of the 24-hourperiod,thecontentsof the aerationbasinwere
allowedto settle,undisturbed,for30 minutes. Two litersof supernatar:twas
thenwithdrawnfromthe system. Thismethodservedto increasethe MLVSSand
subsequentlyreduceeffluentBODs. Results,to date,,haveshowna significant
reductionin effluentBODsvalues.

Anotherproblem,contributingto poortreatment,observedwith the acti-
vatedsludgesystemwas excessivefoamingin the reactor. Foamingis now
controlledby addingapproximately2 mL of diluteantifoam,a silicon-based
polymer,directlyto the reactor. This antifoamis beneficialbecauseit
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TABLE9

Chronological Summaryof the Activated Sludge System

Date Day of Operation Comments

11/26/91 1 Beganactivated sludge operation.
Seededreactor with sludge from an

activated sludge systemtreating
mild gasification wastewater.

12/10/gl 15 Beganroutine measurementof solids
settleabilityanddissolved
oxygenuptake.

12/26/gi 31 Excessivefoamingobservedin
reactor.

12/27/91 32 Beganaddingantifoamto reactor.

01/04/92 40 pH-adjustedmixedliquorfrom7.6
to 6.8.

01/07/92 43 Beganaddingantifoamto influent
tank.

01/13/92 49 Beganroutineanalysesfor BODs,COD,
NH3,and suspendedsolids.

02/04/92 71 Beganaddingantifoamdirectlyto
reactor.

02/25/92 92 Reducedthe frequencyand sampling
analysis.

03/26/92 122 Beganwasting80 mL/dof mixed
Iiquor.

04/10/92 137 IncreasednutrientvolumefromI mL
nutrient/Lwaterto 2 mL
nutrient/L.

04/16/92 143 Reducedthe frequencyandsampling
analysis.

06/02/92 190 Changedsystemconfigurationfrom
continuousto fill-and-drawmode.

Discontinuedwasting80 mL/dof mixed
Iiquor.
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effectivelycontrols foamingwithout depletingthe oxygen in the mixed liquor,
as is common with most antifoamingagents.

3.1.3.3.3 TreatmentSystem Results

Figure 8 shows the relationshipbetweenmixed liquor and effluent
suspendedsolids as a functionof time. With continuedoperation,the ratio
of MLVSS/mixedliquor suspendedsolids (MLSS)appearsto decrease,indicating
a higher fraction of nonvolatilesolids. Solids data from operationbetween
days 50 to leo showed that approximately50% of the MLSS was MLVSS. Data
collectedjust prior to Day 200 indicatethat the MLVSS/MLSSratio has
decreasedto approximately40%.

Figure 9 is a plot of MCRT during the 30-weekoperatingperiod. The
erratic nature of the MCRT can be directly attributedto fluctuationsin
effluent suspended solids (effluenttotal suspendedsolids [ETSS]and effluent
volatile suspended solids [EVSS]).

BODsremovals of 95% were achievedduring activatedsludge treatmentof
Usibelli processwater. The average BODsconcentrationin the influent,
1220 mg/L, was reduced to as low as 31 mg/L, but was not consistent. The
treatabilitytarget dischargegoal for BODs,based on New Source Performance
Standard (NSPS),was 30 mg/L.

The average influenttotal COD during the operatingperiod was 4540 mg/L.
Average effluent soluble COD was 3730 mg/L, an 18% removalrate. Figure 10
illustratesinfluent and effluentCOD as a functionof time. This concentra-
tion is much higher than the target NSPS effluent qualitygoal of 400 mg/L.
High concentrationsof refractoryCOD in the activatedsludge effluentwill
require furthertreatment.
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Figure 11 shows influentand effluent ammonia. Average influentammonia
was 13 mg/L. Effluentammonia averaged2 mg/L, resultingin a removal
efficiencyof 83%. Ammoniaremovalsduring activated sludgetreatmentare
most likely the result of air strippingin the aeration basin,rather than
biologicalnitrification. No increasein effluent nitratewas detected.

Table 10 summarizesoperatingparametersfor the activatedsludge system
during this phase of operation.
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Figure 11. Ammonia vs. time.

TABLE I0

Summaryof OperatingParameters
ActivatedSludge Treatmentof UsibelliHWD ProcessWater

HydraulicRetentionTime (HRT) 3.3 d

Mean Cell ResidenceTime (MCRT) 20 d

Food-to-MicroorganismRatio (F/M) 0.0034 g BODJg MLVSS/d

Mixed Liquor Volatile SuspendedSolids (MLVSS) 1630 mg/L

Oxygen Uptake Rate 0.112 mg/L/min
141.8mg/g/hr

28



3.2 Coal CombustionAsh ConditioningStudy

3.2.1 Introduction

Atmosphericfluidized-bedcombustion (AFBC)is an advancedcoal combus-
tion technologyused to controlS02 emissions. In addition,this process
produces lower levels of nitrogenoxides than conventionalpulverizedcoal
(PC) units because of lower operatingtemperatures. Because of S02 and NOX
removal during the combustionprocess, physicaland chemical propertiesof
wastes generateddiffer from those of PC units. Consequently,traditional
waste management systemsused for PC units may be inappropriateto efficiently
conditionand dispose of AFBC wastes (Golden,1988).

This report presents a conceptualdesign for an innovativeash condi-
tioning system to handle a "self-heating"mixtureof 65% char and 35% fly ash
produced by an existingAFBC facility. The design is based on the physical
and chemicalbehaviorof the ash. Criticalwaste propertiestested include
heat of hydration,compressivestrength,time of set, rate of hydration,
viscosity,bulk and packeddensity, and gradation.

3.2.1.1 AtmosphericFluidized-BedCombustionProcess

Atmosphericfluidized-bedcombustion (AFBC)is a relativelynew tech-
nology which may reduce S02emissionsassociatedwith acid rain problems
currentlyconcerningregulatorsand the public. There are two basic types of
AFBC processes,a bubblingbed and a circulatingbed. They are similarin
that they both use cyclonesto recyclesolids back to the fluidizedbed. But
they differ with regard to fluidizationair velocity,combtlstionparticle
size, and locationof the heat-transfersurfacefor steam generation. The
bubbling-bedprocessoperates at a 4- to 12-ft/secsuperficial(air)gas
velocity and 0.5- and O.1-inchcoal and limestoneparticle sizes,respec-
tively. The heat-transfersurfaceis locatedboth in the fluidizedbed and in
the convectivepass ahead of the cyclone. The circulating-bedprocess
operateswith a 15 to 25 ft/sec superficialgas velocity and 0.2- and
O.04-inchcoal and limestoneparticles,respectively. Heat-transfersurfaces
are locatedeither at the top of the furnaceor as an external heat exchanger.
Both processesproducea char streamwhich is taken from the cyclone system
(Golden, 1988; RP 2708-I, 1988).

The AFBC processoffers two main advantagesover conventionalPC
technologies: fuel flexibilityand high S02removallevels (90%-95%)without
postcombustioncontrols. To achievethe high S02 removallevel associated
with AFBC (a greater than stoichiometricquantity),excess limestoneis
required to react in the combustionbed. Therefore,a larger quantityof dry
solid waste is producedthan that of conventionalcoal-burningtechnologies.
As an example, the removalof I kg of sulfur produces approximately6 kg of
spent sorbent at a Ca:S ratio of 2:3. AFBC wastes differ from PC wastes
becauseof the lower combustiontemperaturesand large limestoneaddition
rates (Golden,1988; RP 2708-I, 1988; Smith, 1989).

There are three basic AFBC solid waste streamsproducedduring combustion
(RP 2708-I, 1988):

Spent Bed Material (SBM)--wastewithdrawnfrom the bottom of the
boiler
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• AFBC fly ash--fluegas residuecollectedby either a fabric Filter
baghouse or an electrostaticprecipitator

• Char--coarserflue gas residuecollectedby a primaryparticulate
device, typicallya cyclone

During the combustionprocess,crushed coal and limestoneof the
appropriateparticle size are fed into the combustionchamber. A distributor
plate distributesa high-velocityair streamthroughoutthe combustionchamber
to fluidizethe bed. As the coal ignites,it reacts with the limestonewhich
in turn absorbs/reactswith the sulfurcontained in the coal.

The combustionheats water runningthrough boiler tubes to producesteam
for electric power generation. As the coal burns, flue gas containingfine-
solid particlesleaves the combustionchamber. A primarydust collection
system,usually a multitubecyclone,removeslarger particlesor char in the
1-_m and larger range. Fine dust particlesor fly ash in the 0.001- to 1.0-_m
range are removed from the escapingflue gas with either a baghouseor an
electrostaticprecipitator(Wark and Warner, 1981).

3.2.1.2 AFBC Ash Description

An importantcharacteristicof the AFBC ash for both disposaland
utilizationis its exothermicbehaviorupon water addition. Available
informationindicatesthat the water added c_uringconditioningreactswith
calcium and magnesium oxides and, to a lesser extent,with calciumsulfate in
the waste (Golden,1988). These hydrationreactionsoccur as follows
(RP 2708-I, 1988):

I. CaO¢,_+ H20_> Ca(OH)2(,_+ heat

2. MgO(,_+ H20_> Mg(OH)2(,)+ heat

3. CaS04(,)+ 2H20_> CaSO4.2H20(,)+ heat

The extent to which these reactionswill occur, and thus the amountof heat,
released,depends on plant operatingconditions(variationsin feedstock,
process temperature,etc.) and the AFBC boiler configuration(RP 2708-I,1988;
Smith, 1989; Wark and Warner, 1981; Bland et al., 1989).

A self-heatingash presentsvarioushandling problemsthat are not
associatedwith conventionalPC ashes. For ext.mple,the heat producedand
releasedduring hydrationcan cause seriousproblems for ash-handling
equipmentcomponents such as bearings,bushings,electricconnectionsand
motors, and tires. In addition,the steam releasedcreates a nuisanceat the
conditioning,transport, and disposalareas. Self-heatingashes also tend to
dry out during hydration,stiffen,and set up, making conditioningand
transportmore difficult (Bazzeland Mallory, 1987).

3.2.2 Objectiveand Scope

In this task, an innovativeconditioningprocess, that was developedfor
a self-heatingAFBC waste, will be described. This conditioningprocess
involvesmixing the waste with enoughwater to satisfy all of the hydration
reactions,to allow for moisture losses due to steam release,and to still
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have enough residual moisture content to producethe maximum compacteddensity
when the waste is placed at the disposal site.

The key objectivesof the proposed conditioningsystemwere to I) mix
enough water with the ash to producethe optimummoisturecontentfor maximum
compacteddensity in the fully hydratedmaterial,2) handlethe chahging
consistencyof the ash as it hydrates,3) promotefull hydrationof the ash
under controlledconditions,and 4) provide short-termstoragefor the
hydrated ash until it can be transportedto the landfill for ultimate
disposal.

Chemicaland mineralogicalinvestigationsof the originalAFBC residues
and samplesof conditionedAFBC residueswill be included in this study to
determinethe chemical reactionsand mineralogical-phasetransformationsthat
may occur during the conditioningprocess. Major, minor, and trace inorganic
constituentsof the original and conditionedresidueswill be studied,and
experimentswill be designedto investigatethe mobility of trace inorganic
constituentsin the conditionedresidues.

3.2.3 CoalCombustion Ash ConditioninqStudy Results

3.2.3.1 Bulk Chemical and MineralogicalCharacterization

Chemical characterizationof the AFBC residueswas completed,and results
of the variousanalyses are includedin Table 11. In this study,proton-
inducedx-ray emission (PIXE) results (includedin the last semiannualreport)
were used to determine an initiallist of trace elements for quantitationin
the two residues. That list includedall ResourceConservationand Recovery
Act (RCRA)elements,even if they were not identifiedby the PIXE results.
Other highlymobile elementswere also includedfor completeness. These trace
elements are listed in Table 12.

The chemicalcharacterizationprotocol includedthe quantitativeanalysis
of the trace elements listed in Table 12 and the major and minor inorganic
constituents. Major/minor inorganicconstituents,present in percentage
amounts in the samples,were silicon, aluminum,iron, calcium,magnesium,
sodium, potassium,titanium,phosphorous,strontium,and manganese. Moisture
content, loss on ignition,and carbonatewere also determinedin the original
materials. Complete sets of the chemicalcharacterizationresults (major,
minor, and trace element constituents)are includedin Table 11.

Mineralogicalcharacterizationby x-ray diffractionof the bulk samples
was completed. Results are summarizedin Table 13.

3.2.3.2 Resultsof Trace ElementMobility Investigations

These tasks involvedthe investigationof trace elementmobilityin test
cylindersof the residuesconditionedwith differentlevels of moistureand at
four curing times. Slices of these conditionedmaterialswere submittedfor
the trace element mobility investigations. The variousconditionedsamples
received for these investigationsare summarizedin Table 14, and Figure 12
indicatesthe area of the cylinder that was selectedand submitted. ,wo
slices, approximatelyI inch thick, were taken from the center of each
cylinder. One slice was kept intact for the trace elementmobility study,
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TABLE 12

Trace Element Suite for InitialCharacterizationof AFBC Residues

RCRA Elements PIXE Elements Other Elements

Arsenic Copper Boron
Barium Molybdenum ChIorine
Cadmium Nickel Sulfur
Chromium* Rubidium
Lead* Vanadium
Mercury Yttrium
Selenium* Zinc
Silver Zirconium

* Also identifiedin PIXE results.

TABLE 13

Bulk MineralogicalCharacterizationResults

SampIe Mineralogical Nominal
Description Phases Present Composition

TVA/Shawnee Lime CaO
Quartz Si02
Hematite Fe20_
Calcite CaC03
Anhydrite CaS04

Black Dog I Anhydrite CaS04
Lime CaO

Calcite CaC03
PortIandite Ca(OH)2
Quartz SiO_

TABLE 14

ConditionedAFBC ResiduesSubmittedfor LeachingCharacterization
and Trace ElementMobilityInvestigations

Moisture Content

Residue I%) Curing Times (day)

Black Dog I 37 I, 7, 14, 28
Black Dog I 47 I, 7, 14, 28
TVA/Shawnee 20 I, 7, 14, 28
TVA/Shawnee 30 I, 7, 14, 28
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Figure 12. Samplinglocationsof conditionedresiduetest cylinders.

and the second was dried and crushed for potentialuse in future leaching
characterizationstudy. A split of the material preparedfor the leaching
characterizationwas ground to -60 mesh for mineralogicalinvestigationsto be
performed in conjunctionwith the leaching. All these samples have been
retained and are being stored pending future fundingfor a leachingcharac-
terizationstudy. The leachingcharacterizationproposedwas determinedto be
beyond the scope of this subtask. Additionalsamplepreparationwas required
for the trace elementmobility studies. The cylindersection that was
reserved for this purpose had samplesdrilledout of specific regionsof the
slice using a carborundumdrill bit. A samplewas obtained from the center of
the slice, from the edge or perimeterof each slice,and from a concentric
ring between the two samples. The samplinglocationsare shown in Figure 12.
This protocol resultedin three distinct samplesfor each conditionedsample
that was submitted. A carborundumbit was chosen becauseany contaminationof
the samples by the drill bit would be readilyrecognizedduring the mineral-
ogical characterizationoF these samples. Followingthis sample preparation
procedure,forty-eightsamplesof conditionedresidueswere submittedfor
analysisof total trace elements and major/minorinorganicconstituents
analysis. These same sampleswere submittedfor x-ray diffractionto identify
mineralogicalphasespresent and for comparisonof the mineralogyof the
conditionedversusnonconditionedmaterial. Mineralogywas determinedon the
i- and 28-day cured,conditionedmaterialsat both moisture levels investi-
gated in the engineeringstudy under this task. X-ray diffractionresultsare
listed in Tav_e 15. Chemical analysisresultsof the residue from Black Dog
are included in Tables 16 through 19. Tables 20 through23 list the chemical
analysisresultsof the residue from TVA/Shawnee. These results are presented
in two differentformatsto ease the interpretation.The first set groups the
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TABLE15

SummaryPageAsh Conditioning
NMALXRD Analysis

l-Day 28-Day

NSP BlackDog Ash 37% H20

Quartz(Si02) Quartz(Si02)
Calcite(CaC03) Portlandite(Ca[OH]2)

Portlandite(Ca[OH]2) Anhydrite(CaS04)

Anhydrite(CaS04) Gypsum(CaSO4.2H20)

Ettringite(Ca6A12[SO413[OH]22"26H20)

NSP BlackDog Ash 47% H20

Quartz(SiOz) Quartz(Si02)

Portlandite(Ca[OH]2) Portlandite(Ca[OH]2)
Anhydrite(CaS04) Anhydrite(CaS04)

Gypsum(CaSO4.2H20) Gypsum(CaSO4.2H20)

TVA Shawnee20% H20

Quartz(Si02) Quartz(Si02)

Calcite(CaCO_) Calcite(CaC03)

Portlandite(Ca[OH]2) Portlandite(Ca[OH]2)
Anhydrite(CaS04) Anhydrite(CaS04)

Hematite(Fe203) Hematite(Fe203)

Gypsum(CaS04.2H20)

TVA Shawnee30% H20

Quartz(Si02) Quartz(Si02)

Calcite(CaC03) Calcite(CaC03)

Portlandite(Ca[OH]2) Portlandite(Ca[OH]2)
Anhydrite(CaS04) Anhydrite(CaS04)

Hematite(Fe203) Hematite(Fe203)

Gypsum(CaSO_.2H20)
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TABLE 16

ChemicalAnalysis of NSP/BlackDog Drillingsfor Ash-ConditioningTrace ElementMobility Study

Al Ba Ca Cl Fe Mg Na S Sr Ti V
Sample Identification rnglg mglg mg/.g #gig mglg mglg mglg % _glg mglg mglg

37% H20 l-Day Center 22 1.6 230 93 13 II 3.6 6.3 860 1.1 1.1
37% H20 l-Day Middle 21 1.6 230 99 13 11 3.7 6.4 860 1.1 1.2
37% H20 l-Day Edge 21 1.6 230 120 13 13 4.2 6.6 840 I.I I.I
37% H20 7-Day Center 23 1.7 250 110 13 12 3.6 6.4 880 1.1 1.2
37% H20 7-Day Middle 21 1.7 230 96 13 11 3.9 6.4 810 1.0 1.2
37% H20 7-Day Edge 22 1.6 230 120 12 11 3.8 6.2 830 1.I 1.2
37% H20 14-Day Center 23 1.7 240 96 14 11 3.8 6.4 830 1.2 1.2
37% H20 14-DayMiddle 23 1.6 240 93 14 12 4.1 6.5 850 1.9 1.1
37% H20 14-Day Edge 25 1.7 230 96 14 12 4.0 6.2 870 2.0 1.2
37% H20 28-Day Center 23 1.7 230 86 14 12 3.2 6.4 870 1.8 1.2
37% H20 28-Day Middle 23 1.6 230 82 13 11 3.3 6.3 850 1.7 1.1

o_ 37% H20 28-Day Edge 22 1.6 220 110 14 11 3.7 6.2 870 I.8 I.I

47% HzO l-Day Center 24 1.7 240 78 14 13 3.9 6.3 930 2.0 1.2
47% H20 l-Day Middle 21 1.7 240 82 14 11 3.7 6.5 870 1.8 1.2
47% H20 l-Day Edge 23 1.6 230 100 13 13 3.8 6.4 840 1.9 1.2
47% H20 7-Day Center 22 1.7 220 110 13 12 3.5 6.5 840 1.3 1.2
47% H20 7-Day Middle 21 1.6 240 100 12 11 3.8 6.5 790 1.1 1.2
47% H20 7-Day Edge 22 1.7 240 100 15 13 3.6 6.3 860 2.0 1.2
47% H20 14-Day Center 22 1.6 220 120 13 12 3.7 6.3 810 1.3 1.3
47% H20 14-Day Middle 21 1.6 230 100 14 12 3.8 6.6 790 1.2 1.3
47% H20 14-Day Edge 22 1.7 250 g9 13 12 3.7 6.4 840 1.1 i.2
47% H20 28-Day Center 22 1.7 240 130 14 12 3.7 6.3 840 1.4 1.2
47% H20 28-Day Middle 23 1.7 240 110 14 12 3.8 6.2 860 2.0 1.2
47% HrO 28-Day Edge 22 1.7 240 110 15 13 3.6 6.4 850 2.0 1.1
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TABLE 20

ChemicalAnalysis of TVA/ShawneeDrillingsfor Ash-ConditioningTrace ElementMobility Study

Al Ba Ca Cl Fe Mg Na S Sr Ti V
Sample Identification mg/g mg/g mg/g _9/g mg/g mg/9 mg/g % _9/9 m9/9 _g/9

20% Mix9 1-Day Center 18 0.38 350 110 45 14 0.48 5.3 420 0.87 47
20% Mix9 l-Day Middle 19 0.33 350 110 49 14 0.41 5.4 430 0.93 45
20% Mix9 l-Day Edge 18 0.29 350 110 46 14 0.59 5.5 450 0.88 43
20% Mix7 7-Day Center 16 0.31 350 100 44 14 0.42 5.5 450 0.78 39
20% Mix7 7-Day Middle 16 0.28 350 110 44 14 0.37 5.4 450 0.77 40
20% Mix7 7-Day Edge 16 0.26 360 110 41 14 0.38 5.5 460 0.69 37
20% Mix4 14-Day Center 16 0.27 360 120 41 14 0.37 5.5 430 0.73 38
20% Mix4 14-Day Middle 16 0.34 350 100 41 13 0.35 5.4 430 0.76 37
20% Mix4 14-Day Edge 16 0.24 360 110 40 14 0.37 5.6 440 0.73 37
20% Mixl 28-Day Center 16 0.36 360 90 41 14 0.35 5.6 430 0.67 36
20% Mix1 28-Day Middle 16 0.26 360 94 40 13 0.37 5.5 410 0.68 36

o 20% Mixl 28-Day Edge 16 0.26 360 96 41 14 0.54 5.6 460 0.70 35

30% Mix8 l-Day Center 15 0.24 300 100 31 13 0.41 5.6 430 0.53 39
30% Mix8 l-Day Middle 17 0.21 320 100 39 14 0.42 5.5 390 0.48 38
30% Mix8 l-Day Edge 16 0.21 320 110 38 14 0.43 5.5 410 0.48 39
30% Mix6 7-Day Center 17 0.22 320 100 37 13 0.38 5.5 450 0.44 39
30% Mix6 7-Day Middle 16 0.19 320 100 34 14 0.41 5.5 390 0.40 39
30% Mix6 7-Day Edge 16 0.30 310 110 42 13 0.41 5.6 430 0.88 38
30% Mix5 14-Day Center 17 0.31 320 100 45 14 0.44 5.5 430 0.88 39
30% Mix5 14-DayMiddle 17 0.27 310 100 45 13 0.39 5.6 410 0.88 39
30% Mix5 14-Day Edge 17 0.28 330 96 45 14 0.50 5.6 420 0.86 38
30% Mix3 28-Day Center 17 0.35 340 90 45 14 0.39 5.6 450 0.81 37
30% Mix3 28-Day Middle 16 0.38 350 82 43 14 0.57 5.5 430 0.82 37
30% Mix3 28-Day Edge 16 0.22 340 100 41 13 0.36 5.5 420 0.76 38



TABLE 21

Chemical Analysis of TVA/ShawneeDrillingsfor Ash-ConditioningTrace ElementMobility Study

As Cr Cu Pb Mn Mo Ni Se Y Zn Zr

Sample Identification _919 _919 _g/9 _91g _glg _glg _glg _g/g _g/g _g/g _g/g

20% Mixg l-Day Center 13 25 17 12 110 27 24 2.2 8.5 150 22
20% Mix9 l-Day Middle 13 27 18 11 110 28 25 2.3 7.8 150 16
20% Mix9 l-Day Edge 14 26 17 13 110 28 26 2.2 8.3 160 19
20% Mix7 7-Day Center 13 25 18 10 110 26 26 1.6 7.8 180 17
20% Mix7 7-Day Middle 14 26 16 11 110 28 25 1.8 8.4 130 18
20% Mix7 7-Day Edge 14 25 14 8.9 110 28 27 2.4 7.6 150 17
20% Mix4 14-Day Center 14 25 13 11 110 28 25 1.9 8.1 130 19
20% Mix4 14-DayMiddle 14 24 13 8.9 110 27 26 1.4 7.3 130 13
20% Mix4 14-Day Edge 15 24 13 9.3 110 27 23 2.0 7.5 140 24
20% Mixl 28-Day Center 14 23 12 9.6 110 30 24 1.3 7.9 150 17
20% Mixl 28-Day Middle 13 23 14 9.2 100 26 24 1.8 7.8 120 14
20% Mix1 28-Day Edge 13 23 13 8.9 100 25 23 2.0 7.1 150 14

30% Mix8 l-Day center 14 23 12 16 110 27 23 3.8 8.4 140 10
30% Mix8 l-Day Middle 15 24 12 15 110 24 24 4.8 8.6 150 12
30% Mix8 l-Day Edge 13 26 12 15 110 27 26 3.8 8.3 130 3
30% Mix6 7-Day Center 12 27 14 15 110 29 27 3.9 9.1 120 12
30% Mix6 7-Day Middle 14 25 12 15 110 26 25 3.8 8.8 130 12
30% Mix6 7-Day Edge 14 25 17 15 110 29 24 2.7 7.7 130 21
30% Mix5 14-DayCenter 15 26 15 11 110 26 23 2.4 7.5 130 21
30% Mix5 14-DayMiddle 14 25 13 13 110 29 24 2.4 8.4 120 18
30% Mix5 14-Day Edge 13 24 16 12 100 26 22 2.3 8.2 130 22
30% Mix3 28-Day Center 16 25 18 11 100 27 23 1.6 8.2 130 21
30% Mix3 28-Day Middle 14 24 16 11 110 25 24 2.0 8.1 130 20
30% Mix3 28-Day Edge 13 25 16 11 110 27 25 1.6 8.3 120 21



TABLE 22

ChemicalAnalysis of TVA/ShawneeDrillingsfor Ash-ConditioningTrace ElementMobility Study

Al Ba Ca Cl Fe Mg Na S Sr Ti V

Sample Identification m9/9 mg/g mg/g pg/g mg/9 mg/9 mg/g % _9/9 m9/9 _9/9

20% Mix9 l-Day Center 18 0.38 350 110 45 14 0.48 5.3 420 0.87 47
20% Mix7 7-Day Center 16 0.31 350 100 44 14 0.42 5.5 450 0.78 39
20% Mix4 14-Day Center 16 0.27 360 120 41 14 0.37 5.5 430 0.73 38
20% Mixl 28-Day Center 16 0.36 360 90 41 14 0.35 5.6 430 0.67 36

30% Mix8 I-Day Center 15 0.24 300 100 31 13 0.41 5.6 430 0.53 39
30% Mix6 7-Day Center 17 0.22 320 100 37 13 0.38 5.5 450 0.44 39
30% Mix5 14-Day Center 17 0.31 320 100 45 14 0.44 5.5 430 0.88 39
30% Mix3 28-Day Center 17 0.35 340 90 45 14 0.39 5.6 450 0.81 37

20% Mix9 l-Day Middle 19 0.33 350 110 49 14 0.41 5.4 430 0.93 45
20% Mix7 7-Day Middle 16 0.28 350 110 44 14 0.37 5.4 450 0.77 40
20% Mix4 14-Day Middle 16 0.34 350 100 41 13 0.35 5.4 430 0.76 37
20% Mixl 28-Day Middle 16 0.26 360 94 40 13 0.37 5.5 410 0.68 36

30% Mix8 1-Day Middle 17 0.21 320 100 39 14 0.42 5.5 390 0.48 38
30% Mix6 7-Day Middle 16 0.19 320 100 34 14 0.41 5.5 390 0.40 39
30% Mix5 14-Day Middle 17 0.27 310 100 45 13 0.39 5.6 410 0.88 39
30% Mix3 28-Day Middle 16 0.38 350 82 43 14 0.57 5.5 430 0.82 37

20% Mix9 I-Day Edge 18 0.29 350 110 46 14 0.59 5.5 450 0.88 43
20% Mix7 7-Day Edge 16 0.26 360 110 41 14 0.38 5.5 460 0.69 37
20% Mix4 14-Day Edge 16 0.24 360 110 40 14 0.37 5.6 440 0.73 37
20% Mixl 28-Day.Edge 16 0.26 360 96 41 14 0.54 5.6 460 0.70 35

30% Mix8 l-Day Edge 16 0.21 320 110 38 14 0.43 5.5 410 0.48 39
30% Mix6 7-Day Edge 16 0.30 310 110 42 13 0.41 5.6 430 0.88 38
30% Mix5 14-Day Edge 17 0.28 330 96 45 14 0.50 5.6 420 0.86 38
30% Mix3 28-Day Edge 16 0.22 340 IO0 41 13 0.36 5.5 420 0.76 38
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variouscuring times for all points in a slice of the original sample cylinder
at a single moisture level. The second set groups the results by locationof
the drill site in the original cylinderover time at a single moisturelevel.

The chemical analysesresults, in conjunctionwith the mineralogical
results, indicate that the mobility of elementalconstituentsin conditioned
AFBC residues is virtuallynondetectable. Resultsof the total chemical
analysis are the same within the variabilityof the analyticalmethod and the
heterogeneousnature of these residues. Statisticalanalysis of these results
was not performed,as general observationswere 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 chloride and sodium, showedno trend of mobility in this
study. The only mineralogicalchangesthat were noted between l-day curing
and 28 days of curing was the formationof gypsum,which is a hydrated form of
CaS04. Anhydrite, the nonhydratedform of CaS04,was present in the sample at
l-day curing time in all cases. Only one sample,the Black Dog AFBC at 37%
moisture, showed the development of ettringite (Ca6AI2[SO413[OH]_2.26H20)in the
sample that had cured for 28 days.

Leaching characterization of these conditioned materials is planned at a i
future date. The leaching characterization will include short- and long-term
leaching procedures. This study will provide extremely beneficial supple-
mental information when complete.

3.3 BituminousCoal Fly Ash Data Collectionand Evaluation

3.3.1 Introduction

The Western Fly Ash Research,Development,and Data Center (WFARDDC)is a
research group funded by a consortiumof sponsorsinterested in the utili-
zation and safe economicaldisposal of coal by-products. A major research
effort since the initiationof the WFARDDC has been the developmentof a
database of informationon the physical,chemical,and mineralogical
propertiesof low-rank coal by-products,primarilyfly ash. A database,such
as the one qenerated by the WFARDDC,provides a valuable source of scientific
and engineering information. The format is useful in identifyingtrends and
specific informationpertinentto current and potentialutilization
applicationsas well as disposalscenariosand research projects involving
coal by-products. The currentversion of the Western Fly Ash Database
contains entries representingmore than 500 samplesof low-rank coal
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 database has providedvaluable informationregardinglow-rank coal
by-productsand has initiatedinterest in researchers,electric power
utilities, coal by-productsmarketers,and others to extend the databaseto
includesimilar informationon bituminouscoal by-products. Bituminouscoal
fly ash is of particular interestdue to the high volume of this material
utilized and disposed, primarilyin the midwest and eastern United States. A
database of informationon bituminouscoal fly ash has the potentialto
provide informationvaluableto the electricutility industry as it strivesto
meet regulatorymandates, such as the Clean Air Act, by blending coal and
utilizingalternate coal combustionmethods and by-productcollectionsystems.
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The effortto collectand evaluatephysical,chemical,and mineralogical
informationon bituminouscoalfly ashwill resultin a databasethatcan be
mergedwiththe currentWesternFly Ash Databaseor be utilizedas a stand-
alonedatabase.As with the currentdatabase,the informationwill not
identifythe by-productsby electricutilityor companyaffiliationto
guaranteeanonymityto the par.ticipantsin thiseffort.

Interactionwith utilities,coal ashmarketersand end users,as wellas
researchgroupsin the areasof coalcombustiontechnologiesand environmental
systems,has indicateda _tronginterestin the characteristicsof solidby-
productsor residuesfrom advancedcoal combustiontechnologies.In orderto
facilitatea scientificand engineeringunderstandingof the characteristics
of thesematerials,this taskwas expandedto includethe developmentof a
databaseof informationon the physical,chemical,and mineralogicalcharac-
teristicsof advancedcoal processresidues. This preliminaryi,_vestigation
will provideinformationon whichstandardengineeringand a;lalyticaltests
are applicableandwhat new or innovativetestingmay providemore valuable
and predictiveinformation.Itwill alsoprovidea basisfor comparisonof
the residuesgeneratedby varioustechnologieswith eachotherand
conventionalsolidby-products.

3.3.2 Objectiveand Scope

The primaryobjectiveof thistask is to collectand evaluateinformation
on the physical,chemical,and mineralogicalpropertiesof bituminouscoal fly
ash andto generatea databaseof this information.Informationof thistype
that is unavailablethroughidentifiedsourceswill needto be generatedat
the EERC'slaboratoryfacilities.Researchstaffin the Coal By-Products
UtilizationLaboratory(CBUL),AnalyticalResearchLaboratory(ARL),andthe
NaturalMaterialsAnalyticalLaboratory(NMAL)haveextensiveexperiencein
both standardtestingprotocolsandnumerousresearchprojectson coal
conversionby-products,includingcontinuingWFARDDCefforts. Theselabora-
toriesare equippedwith state-of-the-artinstrumentationand haveextensive
analyticaland testingcapabilities.

The availabilityof informationof interestfor the proposeddatabase
will be assessedthroughotherresearchorganizations,suchas the Electric
PowerResearchInstitute,electricpowerutilities,coal ashmarketers,and
othergroupsassociatedwith the coal by-productsindustry.The inquiriesfor
this informationwill includemainlysourcesin the UnitedStates;however,
foreignsourceswill be usedwherereadilyavailable.The informationwill be
collectedfromvoluntaryparticipants.Informationthat is unavailablewill
be generatedat the EERC'sfacilitiesfromsamplesof bituminouscoal fly ash
submittedby identifiedparticipants.The evaluationphaseof this task
allowsfor the identificationof additionalinformationfor inclusionin the
databaseas the taskcontinues.A databasewill be generated;however,the
natureof thistask impliesthatthe databasec _tentand formatwill evolve
over the timeframeof the task. A bituminouscoal fly ash databasewill be
assembledin a finalformfor distributionat the conclusionof this task,but
it is expectedthatexpansionof the databasewill continueas has beenthe
casewith theWesternFlyAsh Database.

i
i
i
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An additionalobjectivefor the final year of this task is to assemblea
database of informationon residues from advancedcoal processes. The work
plan is similar in scope and format to the workplan on bituminouscoal fly
ash. There will be two major differencesin the effort" I) evaluationof
current characterizationmethods as they apply to advancedcoal process.
residues and developmentof new methods/techniqueswhere required,and 2) a
majority of the samples for inclusionin the databasewill be obtained from
research projects at the EERC or from the Departmentof Energy (DOE).

3.3.3 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 primary objectivehas been met to the expected level. The
primaryend result of this effort has been the constructionof a database of
informationon bituminouscoal fly ash. The constructionof the database also
providedopportunitiesto relate the by-productpropertiesand productionto
the overallcoal-firedelectric power generationfacility. As a result,
severalobservationscan be made that should significantlyimpactthe overall
understandingof the coal combustionby-productutilizationindustry,the
by-productdisposalpractices,the functionalrelationshipswithin a utility,
and the impactof researchin these areas. These observations,coupledwith
the technicalexpertiserequired to generate the characterizationinformation
for the database and the database itself,should provide useful insightfor
the researchcommunityto address importantwaste management issues.

A preliminaryhard copy version of the Lotus® I-2-3® spreadsheetformat
of the bituminouscoal fly ash database is included in this report as Appendix
A. A key definingthe terms used in the spreadsheetis also included in
AppendixA. The componentsof the database as includedin this report are the
major and minor elementalconstituents(expressedas oxides),mineral phases
identifiedin the crystallineportion of the fly ash, selected physical
propertiesand test resultsrelevant to the utilizationof fly ash as a
mineral admixturein concrete,and informationon the operatingsystem and
coal source.

The chemical characterizationinformationconsists of two groups. The
first is the results as dictated by the American Society for Testing and
Materials (ASTM)C618 (1991). The chemicalcompositioninformationrequired
by ASTM to classify fly ash is the total concentrationof silicon,aluminum,
iron, sulfur,and calcium. Magnesium,sodium, and potassiumare included in
the ASTM proceduresas alternateinformation. These have also been included
in the databasefor as many samples as possible. Test results from 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 Na20)are also included in the database.
The second portionof the chemical informationin the database includestotal
concentrationsof other minor elementalconstituents. These elements were
phosphorus,titanium,barium,manganese,and strontium. In keepingwith the
ASTM conventionfor reportingthe concentrationsof major elements in fly ash,
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all majorand minorelementalconcentrationswere calculatedand reportedas
the commonoxides. ASTM alsorequiresthe sumof the Si02,A1203,and Fe203
valuesfor evaluationunderC618. Thisvalueis also includedin the database
under"Sum." Table24 listsall elementalconstituentsincludedin the
chemicalcharacterizationschemeand the commonoxideform usedfor reporting
purposes.

TABLE24

ElementalConstituentsAnalyzedin Fly Ash and
CommonOxidesUsed for ReportingPurposes

Element CommonOxide

ASTM C618 Requirements

Silicon Si02

A1uminum A120_

Iron Fe20_
Sulfur SOs
Calcium CaO

AlternateASTM C618Tests

Magnesium MgO

Sodium Na20

Potassium K20

MinorElementalConstituents

Phosphorus P205

Titanium Ti02
Barium BaO

Manganese Mn02
Strontium SrO
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In the physicalportionof the database,the testsperformedwere
fineness(325sievetest),specificgravity,pozzolanicactivitytestwith
portlandcement(28day),pozzolanicactivitywith lime (7 day),water
requirement,and autoclaveexpansion.Thesetestsare also includedin the
ASTMC618 "StandardSpecificationfor FlyAsh and Raw or CalcinedNatural
Pozzolanas a MineralAdmixturein PortlandCementConcrete."These
procedureswereperformedin accordancewithASTM C311 (1990).

Fly ash mineralogywas determinedby a semiquantitativex-raypowder
diffractionprotocoldevelopedby Dr. GregoryMcCarthyat NorthDakotaState
University(McCarthyet al., 1990). Thismethodusesthe "ReferenceIntensity
Ratio,"whererutile(Ti02)is the internalintensitystandard. Fly ash is
composedof crystallineand amorphousor glassyphases. X-raydiffraction
only identifiesthe crystallinephases. Futureresearchmay includethe use
of scanningelectronmicroscopypointcount(SEMPC)to determinethe chemistry
of the amorphousphases. Crystallinephases,mineralogycodes,and nominal
chemicalcompositionsare includedin Table25.

TABLE25

CrystallinePhases,MineralogyCodes,and NominalChemicalCompositions

CrystallinePhase Mineralo_lyCode Composition

Anhydrite Ah CaS04
TricalciumAluminate C3A Ca3Al206
Hematite Hm Fe203
Lime Lm CaO

Melilite Ml Ca2(Mg,Al)(Al,Si)20,
Mullite Mu A16Si20_3
Merwinite Mw Ca_Mg(Si04)2
Periclase Pc MgO
Quartz Qz Si02
FerriteSpinel Sp (Mg,Fe)(Fe,Al)204

Ash fusionwas alsoperformedon most samplesrepresentedin the
database.The ash fusionprocedurewas performedaccordingto ASTMD1857
(1968),and ash fusiontemperaturesin both an oxygenatmosphere(02)and a
reducingatmosphere(C02)weregenerated.The test requiresmarkingvarious
temperaturesas a preformedtriangularpyramid_cone)passesthroughcertain
definedstagesof fusingand flowwhen heatedat a specifiedrate in
controlledatmospheres.Thereare four stagesto thisfusing:

I. Initialdeformationtemperature(IT): the firstroundingof the apex
of the cone

2. Softeningtemperature(ST): the cone has fuseddown to a spherical
lump in whichthe heightis equalto thewidthat the base
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3. Hemisphericaltemperature(HT): the cone has fused down to a
hen;isphericallump at which the height is one half the width of the
base

4. Fluid temperature(FT): the fused mass has spread out in a nearly
flat layer with a maximum height of 1/16 inch

The ideal cone shape for each of the critical temperaturepoints is shown in
Figure 13. Ash fusion temperaturesare useful in determiningash behavior in
boilers and potentiallyfor use of these materials in high-temperature
utilizationtechnologies.

As noted earlier in this section, some importantobservationsregarding
the understandingof the coal combustionby-productutilizationindustry,the
by-productdisposal practices,the functional relationshipswithin a utility,
and the impact of research in these areas, were made over the durationof this
task. These observationscan be summarized as follows:

• Coal combustionfly ash is an underutilizedresource in the United
States. Governmentagencies,utilities,and research organizations
need to coordinateeffortsto promote ash use in currentproven
applicationsand extend ash use to new markets and applications.

• ASTM has set standardsand specificationsfor the use of coal
combustionfly ash in specific applications;however,these standards
and specificationscan be misleading and may be misapplied. Industry
and researchgroups need to continue participationin ASTM committee
work to maintain appropriatestandardsand to develop new and improved
standardsand specificationswhere needed.

1 2 3 4

IT ST HT FT

Figure 13. Critical temperaturepoints and associatedcone shapes for
ash fusion test procedure (ASTM D1857).
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• Regulatoryagenciesshould encouragethe use of coal combustionfly
ash in proven applications. The use of coal combustion fly ash is
consistentwith the current emphasison reuse and recycle. The use of
this high-qualityand lower-costmaterial can provide an economic
advantagein rebuildingand expandingthe U.S. infrastructure.

• Coal combustionfly ash should not be categorizedas a waste material
when it is utilized in engineeringor other applications. Coal
combustionfly ash should only be designatedas a waste in the event
the material requiresdisposal.

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

• Coal-firedelectricgenerationfacilitiesneed to consider the
productionof coal combustionfly ash and other solid residues as an
additionalproductresultingfrom their operations. This will become
particularlyadvantageousas additionalenvironmentalrestrictionsare
placed on air emissionsand solid waste disposal. Productionof a
usable and salable solid residuewill be highly advantageous.

• Conventionalcoal fly ash will likely change in characteras advanced
coal combustiontechniques,clean coal technologies,and new emissions
control technologiesbecomemore prevalent. These new characteristics
need to be investigatedfor utilizationpotential immediatelyto fit
them into the currentmarket and develop new markets for the future.

3.3.4 Advanced Coal Process ResiduesDatabase Results

A preliminaryspreadsheetdatabase of informationon residues from
variousadvanced coal processeshas been generated. The effort involved
requiredto complete this database is beyond the scope of this task; however,
identifyingand characterizationinformationavailableat the EERC, through
past and ongoing research projects involvingthese "new" coal conversion
residues,has been collectedand placed in a Lotus® I-2-3® spreadsheetas the
initialstep toward constructinga complete database similar in scope to the
coal combustionfly ash database (which now includesthe bituminouscoal fly
ash database). As the requiredcharacterizationand identifyinginformation
needed for the advanced coal process residuesdatabase is identifiedand
obtained,this additionaldatabase will be formalizedand eventuallyconnected
to the coal combustion fly ash database.

Part of the effort requiredto begin generating reliable and reproducible
mineralogicalcharacterizationinformationon advanced coal processresidues
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 internal standardused for coal
combustionfly ash, producedpeaks overlappingwith analyticalpeaks of the
new phases in the advanced coal process residues. An alternativeinternal
standard,zinc oxide (ZnO),was identified.
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3.4 Waste DepositoryScavengerStudy

3.4.1 Introduction

The initialgoal of the Waste DepositoryScavengertask was to developa
blend of scavengingmaterials, such as zeolite and clay minerals and chars,
which have a high potentialto inhibitthe migrationof mobile contaminants
from certain types of waste depositories. These materialswould be incor-
porated into landfills,possiblywithin the liners,and would be composedof
the most appropriatescavengingagents,dependingon the leachate contaminants
present in the depository. Appropriatesamplingand analysisof these
scavengingmaterialswould providea means to reconstructcontaminant
migration in both vertical and horizontaldirections.

Constructinglarge depositoriesfor municipaland industrialwaste has
become a standardwaste managementpractice. Monitoringpotentiallyhazardous
leachatemigrating from a waste depositoryis a critical responsibilityto
preventgroundwaterand soil contamination. Currentmonitoring techniques,
which consistof samplingand analysisof materialsaround the depository,are
inadequate. This type of analysiscan be inaccuratedue to the heterogeneity
of the materialsand the virtuallyundetectablecompositionalchanges with
time.

Contaminantsemanatingfrom municipalwaste includelead, copper, zinc,
and, contaminantsmigratingfrom fly ash waste includeboron, molybdenum,
arsenic, and selenium. Remedi3tionof these types of contaminantsis

' expensiveand sometimesproblematic. Inexpensivewaste-cell liners composed
of abundantnaturalmaterialscould be an economicalway to immobilize
contaminants.

Ion exchange in zeoliteshas been studied and documented in the
literature. Clinoptilolite,a commonzeolite, is a frameworkaluminosilicate
mineral with the generalformula (Na,K)6(AI6Si3oO72).20H20.Clinoptiloliteand
many other zeolites occur mainly in microcrystallinesedimentarymasses which
usually form by the reactionof pore water with volcanic material. Relatively
large windows (which are severalangstromswide) or "channels"within the
clinoptilolitestructureeasily hold large ions. The ion exchange
capabilitiesof clinoptilolitehave been extensivelystudied,mainly because
of its ability to scavengecesiumI_7from radioactivewaste and ammonium ions
from municipalwaste (Mercerand Ames, 1978). Clinoptiloliteis stable to a
pH of less than 2, which is importantif the scavengingmaterial will be
exposed to weatheringprocesses.

3.4.2 Research Scope

A two-phasetest plan was used to determinecontaminantmigration and
sorptive capacity of the scavengermaterials. The first phase involvedthe
evaluationof structuraland chemical propertiesof the proposed scavenger
materials. The second phase involvedthe use of batch testing and percolation
experimentsto determinecontaminantsorptionof the scavenger. The proper
compositemixture of scavengingagentsfor optimum immobilizationof a variety
of contaminantswill be addressedin the continuationof this research.
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Initially,the clinoptilolitewas tested for its ability to immobilize
ions such as selenium,molybdenum,copper, and lead. Common municipal
landfill contaminantions of lead and copperwere chosen for initial
experimentsbecauseclinoptilolitehas a strong affinity for both of these
ions. Seleniumand molybdenumwere chosen for the first percolation
experimentbecausethey are common constituentsin fly ash leachate.'These
ions were also selected because they are soluble in water and can be easily
detectedwith the analyticaltools at our disposal. Initialfundingfor this
task was limited; therefore,testing of clay minerals for the adsorptionof
cations and testingof chars or lignites for the adsorptionof organicshave
not been initiated. In subsequenttesting, these scavengingmaterialswill be
combined and tested for their ability to immobilizea variety of contaminants
found in waste depositories.

3.4.3 Results

3.4.3.1 InitialMaterialsCharacterization

Initially,samplesof zeolites from the Sentinel Butte and BullionCreek
Formationsof western North Dakota were targeted for utilizationin these
experiments. Mineralogicalcharacterizationusing XRD indicatedthat these
sampleswere composedmainly of analcime. Analcime is not capable of
efficiention exchange at ambient temperatures,so this material was not
utilized in this research.

Clinoptilolitefrom East West Minerals Company, Denver,Colorado,was
analyzed by XRD to determineother phases present and was found to be nearly
homogeneous,with only a minor amount of quartz. The XRD results indicated
that the clinoptilolitehas a structure similarto sodium-richzeolites,but
SEM/EPMA revealed that the zeolitewas more potassium-than sodium-rich
(Table 26). This indicatesthat XRD data should be comparedto SEM/EPMA
analyses to properlydeterminethe chemical constituentsof a crystalline
phase. Often XRD peaks may be shifteddue to sample preparationtechniquesor
instrumentationsettings. Photomicrographswere taken to document the
morphologyof the crystals.

For the percolationexperiments,20 wt% of the clinoptiloliteand 80 wt%
of the silica sand was mixed to obtain a permeablematerial. A portionof the
original clinoptilolite/sandmixture was submittedfor XRF analysisto deter-
mine if trace amounts of selenium or molybdenumwere present in the mixture.
No molybdenumwas detected, but seleniumwas present in small amounts,
probably in quantitiesless than 10 ppm. The presence of selenium in the
clinoptilolite/sandmixture indicatesthat the materialmay be suitablefor
scavengingselenium. The percolationtests will determine if this hypothesis
is correct.
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TABLE 26

SEM/EPMAResults for Clinoptilolite(NormalizedWeight Percents)

No. Si02 A1203 Ti02 FeO MgO MnO CaO Na20 K20 Label

I 76.06 13.44 0.00 0.47 0.34 0.00 1.09 2.52 6.08 x-91-183.1
2 76.35 13.32 0.00 0.43 0.42 0.00 0.54 2.60 6.34 x-91-183.2
3 75.81 11.93 0.36 3.94 0.46 0.00 1.22 1.03 4.86 x-91-183.3
4 76.61 13.70 0.00 0.41 0.64 0.53 0.48 3.33 4.30 x-91-183.4
5 77.73 12.46 0.00 0.00 0.23 0.35 0.89 1.40 5.75 x-91-183.5
6 71.22 12.25 0.40 4.29 2.97 0.24 1.96 1.77 4.47 x-91-183.6
7 75.BI 12.13 0.00 1.57 0.47 0.00 1.73 0.28 6.74 x-91-183.7
8 74.81 10.79 1.24 4.02 0.40 1.01 1.45 0.22 6.07 x-91-183.8
9 77.51 12.18 0.00 0.51 0.42 0.59 1.02 1.79 4.95 x-91-183.9
10 79.93 12.52 0.29 0.76 0.28 0.00 0.53 1.28 3.92 x-91-183.10

3.4.3.2 Batch Experiments

After the initialcharacterizationof the materials, the next phase of
this researchwas to determinethe amount of contaminantsthat the
clinoptilolitecould immobilize. Initial "batch"testing involvedreacting
the clinoptilolitewith a small portionof a solutioncontainingcontaminant
species. The first tests used a I M (molar)solutionof CuSO4.SH20.This
high concentrationof copper would not normally be found in a field setting,
but was used to allow for easy detectionof changes in weight between samples.
Copper sulfatewas used because of its high solubilityin water.

For these batch experiments,one gram of clinoptilolitewas added to
10 mL of the copper solution. The sample was then shaken by a mechanical
mixer (a Spex mill which is commonly used to attritionsamples for XRD
analysis)for varying lengthsof time to allow the solution and solid to reach
equilibrium. The analysisof the samples revealedthat when the
clinoptiloliteand solutionwere shaken for I hour, a noticeable attritioning
of grains and the formationof clay-sizedparticlesoccurred. Subsequent
analysisof these attritionedsamplesshowed that they did not immobilizethe
copper as efficientlyas the samplesthat had been shaken for only 40 minutes.
This differencemay be due to the destruction,during shaking,of open
channelswithin the clinoptilolitewhere the copper would be adsorbed. When
nonattritioned,the clinoptilolitecan immobilizea large amount of copper
from solution.

Lead is another common constituentfound in municipalwasteleachate and
was used for the next set of batch experiments. A I wt% solutionof Pb(N03)2
and distilled-deionizedwater was reactedwith the clinoptiloliteusing the
same "batch"testing method as used for the copper sulfate solution. The
reactedand unreactedsampleswere submittedfor inductivelycoupled argon
plasma (ICAP)analysis,which is used to determine the concentrationof ions
in solution.
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Figure14. Percolationtestcell.

3.4.4 FutureResearch

The nextphaseof thisprojectwill involvethe use of clinoptilolite,a
clay,and an activatedligniteor char in percolationlaboratorytestcells.
A solutioncontainingseveralcommoncontaminantconstituentsin concentra-
tionsthatwouldsimulatea wastedepositoryleachatesettingwillbe used.
The scavengingagentswill be packedin layerswith morepermeablematerials
interspersedto reducethe timeto completethe percolationexperiment.The
leachatewill be collectedat regularintervalsfor wateranalyses,and the
scavengingmaterialswill be analyzedusingXRD aftercompletionof the
percolationtests.

Developmentof NorthDakotaclinoptilolitesfor use in bothpresentand
futureexperimentswill be pursued. Some of the samplescollectedearlyin
this projectfrom the KilldeerMountainsarea of NorthDakotawerethoughtto
containbentonite,a clay-containingdeposit,but mineralogicalcharacteri-
zationby XRD showedthem to containcalciteand clinoptilolite.This
materialcouldpossiblybe utilizedin futureexperiments.

Additionally,experimentationto developmethodsor treatmentsto
increasethe ion-exchangecapacityof the scavengingmaterialsin an effortto
maximizetheirefficiencyof immobilizingcontaminantswill be explored.
Futureresearchwill focuson determiningthe quantitiesof contaminantsthat
are permanentlyimmobilized,the quantitiesthat are able to be remobilized
fromthe scavengingagents,and any mineralstructuralchangesthatoccur
duringthe ion exchangeprocess. This analysiswill be usefulto characterize
the stabilityof thecontaminant-containingscavengingmaterial. The end goal
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of this task will be to supplythe necessaryinformationthat will supportor
oppose the hypothesisthat differentscavengingmaterialspossess qualities
that suit those materials for specificcontaminantimmobilization. By
combining a few selected scavengingmaterials,an optimummix will be
developedto immobilizeseveralcontaminantsat a specific site.
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APPENDIXA

BITUMINOUSCOAL FLY ASH DATABASE



SOURCE BOILER PARTICULATE COAL, AS'FM C 618 _cal Compositions (wt % ) ADDITIONAL CitEMICAL DATA

OF SiO2 AI203 Fc203 Sum SO3 CaO MgO i!20 LOI AA Na20 K20 P205 TiO2 BaO MnO2 SrO

COAL TYPE_MANUFACTURER REMOVAL I'YPE

KY. E.VA. PC TANGENTIAL/RS F_._;P_RC BIT 81.0219 47.70 33.60 12.40 93.70 0.45 i.00 0.90 0.08 3.42 0.41

EMERY CO..UTAH ESP_BUELL BIT 82.0202 59.30 20.00 3.70 83.00 0.38 6.50 2.30 0.06 2.85

EAST KENTUCICY ESi_AMSTAN D&CAR B. BIT 82.0354 62.30 17.60 4.30 84.20 1.33 3.30 0.90 0.09 10.22 i.31 1.50 1.10

EAST KENTUCKY ESP_AMSTAN D&CAR B. BIT 82.0355 65.30 16.70 4.20 86.20 1.20 4.00 1.10 0.06 7.66 1.35 !.60 1.20

KY, E.VA. PC TANGENTIAL/RS ESP_RC BIT 82.0361 51.20 24.60 9.80 85.60 0.38 1.40 0.90 0.04 4.33 0.39

BALDWIN, IL ESP_RC BIT 83.0062 50.90 19.20 16.50 86.60 1.10 6.20 1.20 0.07 0.78 0.69 0.72 1.95

EAST KENTUCKY ESi_AMSTAND&CARB. BIT 83.0106 54.70 29.90 4.50 89.10 0.27 1.10 0.80 0.19 4.99 0.45 0.27 2.55

KY, E.VA. PC TANGENTIAL/RS ESP_RC BIT 83.0157 49.20 29.90 8.90 88.00 0.40 1.90 0.80 0.05 5.03 0.46

KY, E.VA. PC TANGENTIAL/RS ESP_RC BIT 83.0257 48.30 29.90 8.20 86.40 0.43 1.60 0.70 0.09 5.68 0.46

IL., IN ESP_BUELL BIT 83.0509 50.00 22.30 13.70 86.00 1.65 3.60 i.40 0.24 1.36 0.98 0.84 2.74

E.KY, VA. PC TANGENTIAL/RS ESP_RC BIT 84.0033 49.20 29.50 9.00 87.70 0.50 1.70 1.00 0.10 4.65 0.55

UTAil ESP&M ULTi_RC BIT 85.0238 51.40 10.60 8.40 70.40 !.62 21.20 0.40 i .00 0.33

WYOMING ESP&MULTI_RC&LC BIT 85.0239 58.50 18.20 7.40 84.10 0.70 7.40 0.32 0.26 0.38

PENNSYLVANIA BAGliOUSE_CAR B. BIT 85.0241 48.00 26.30 10.40 84.70 0.85 1.60 0.16 5.92 0.29

PENNSYLVANIA F_'_P_RC& BUELL BIT 85.0242 48.50 28.50 13.90 90.90 0.98 1.60 0.24 4.83 0.22

PENNSYLVANIA F_P_WESTERN&RC BIT 85.0243 49.60 28.30 13.30 91.20 1.35 ! .40 0.90 3.63 0.21

BALDWIN, !L ESP_RC BIT 85.0327 50.20 18.70 15.80 84.70 1.15 15.80 1.00 0.15 0.62 0.70 0.90 2.00

PENNSYLVANIA BAGHOUSE_WF BIT 86.0235 58.70 26.40 6.20 91.30 0.35 I .(]0 0.90 0.07 3.37 0.74 0.40 2.50

PENNSYLVANIA ES I_WESTERN BIT 86.0993 47.70 26.90 12.00 86.60 0.09 2.70 0.23 2.25 0.25

EMERY CO.,UTAH Bli_FLAICf BIT 86.0998 63.00 19.90 3.60 86.50 0.75 5.40 0.01 2.12 0.62 1

ARIZONA ESP_RC BIT 86.1175 55.70 21.50 5.40 82.60 0.42 8.00 0.02 1.83 0.67

EAST KENTUCKY ESP_AMSTAN D&CARB. BIT 87.0002 65.30 18.20 3.60 87.10 0.38 5.90 0.04 0.88 0.76

EMERY CO.,UTAH WET VENTURI BIT 87.0025 61.00 18.30 3.30 82.60 0.48 5.70 0.03 4.54 0.86

EMERY CO.,UTAH BII_FLAK'T RIT 87.0026 59.80 19.80 3.90 83.50 0.78 5.90 0.04 3.30 0.69

EAST KENTUCKY ESP_AMSTAN D&CARB. BIT 87.0038 66.50 16.60 4.50 87.60 0.32 5.20 0.05 0.26 0.76

MANSFIELD, LA ESP_UOP BIT 87.0157 52.77 23.63 8.87 85.27 0.36 9.50 2.67 0.02 0.01 i.64 1.09 0.84

PA., O!!., KY.. WV. DRY BOTTOM/B&W ESP_WESTERN BIT 90.0198 49.80 25.20 15.20 90.20 0.83 2.27 0.91 0.11 1.92 0.67 0.46 2.20
21>

I CLINCHFIELD COAL ESP_KOPPERS BIT 90.0199 49.50 26.30 7.75 83.55 0.98 5.50 i .75 0.06 i.13 1.15 0.50 3.23

I--* CZECilOSLOVAKIA N/A NIA BIT 90.0200 57.20 25.30 8.48 90.98 0.27 1.95 1.22 0.16 i.00 0.81 0.31 i .44

WOLFE CREEK CYCLONE/RS ESP_BUELL BIT 90.0201 48.40 30.50 7.97 86.87 ! .02 2.39 0.83 0.20 3.35 0.91 0.41 2.11

NIA NIA N/A BIT 90.0202 52.20 20.10 8.39 80.69 0.75 3.07 1.51 0.11 10.30 0.83 0.15 1.77

PENNSYLVANIA ESPXWESTERN BIT 90.0203 49.00 27.40 I 1.90 88.30 0.90 2.45 0.91 0.12 2.60 0.60 0.24 2.34

MARRIBONE CYCLONEdFW ESP_BELCO BIT 90.0204 56.20 32.00 3.13 91.33 0.16 0.66 0.90 0.02 2.65 1.00 0.79 2.72

IL., WY PC ESP_LC BIT 91.0042 45.57 21.15 7.92 74.64 i.30 15.72 3.28 0.01 0.48 0.70 0.91 1.27 0.70 i.37 0.41 0.04 0.26

iL., WY PC ESP_LC BIT 91.0043 48.58 20.25 9.13 77.96 0.97 12.27 2.84 0.01 1.34 0.87 1.00 1.80 0.40 i.29 0.25 0.05 0.21

IL.. W'Y CYCLONE ESP_RC BIT 91.0052 42.76 17.56 19.20 79.52 1.60 i 4.49 i.32 0.34 3.52 1.42 1.35 2.95 0.21 1.35 0.07 0.04 0.05

IL., WY CYCLONE ESP_RC BIT 91.0053 39.18 15.16 16.36 70.70 1.60 4.94 i.03 0.16 18.85 0.62 0.70 1.80 0.19 0.95 0.05 0.04 0.04

MARRIBONE CYCLONEIFW ESP_ BELCO BIT 91.0086 58.02 32.00 3.17 93.19 0.15 0.65 0.83 0.05 2.07 0.65 0.22 2.69 0.07 1.45 0.06 0.02 0.04

WOLFECREEK CYCLONE/C-E E.SIABUELL BIT 91.0087 56.47 28.53 6.51 91.51 0.23 0.64 1.19 0.02! 4.41 0.84 0.44 3.56 0.05 i.12 0.07 0.03 0.04

WOLFE CREEK CYCLONE/RS E$P_BUEU.. BIT 91.0088 54.77 30.62 6.62 92.01 0.32 0.86 0.78 0.05 3.56 0.53 0.24 2.26 0.05 1.34 0.06 0.04 0.05

OH, KY, Vv'V PC_OPPOSED WALL_B&W ESP_BUELL BIT 91.0130 58.30 26.80 6.27 91.37 0.39 1.30 1.01 0.13 1.68 1.14 0.31 2.73 0.26 1.76 0.10 0.02 0.09

Oil, KY, WV PC OPPOSEDWALL_B&W ESP_BUELL BIT 91.0131 57.50 26.10 6.16 89.76 0.68 1.26 0.98 0.24 4.77 i.48 0.30 2.63 0.28 1.71 0.11 0.02 0.09

Oil, KY, WV PC_OPPOSED WALL_B&W ESi_BUELL BIT 91.0132 59.90 25.10 7.58 92.58 0.23 1.73 0.95 0.06 2.91 0.88 0.29 2.47 0.21 i.59 0.10 0.04 0.09

OH, KY, WV PC_OPPOSED WALL_B&W ESP_BUELL BIT 91.0133 60.20 25.50 7.81 93.51 0.27 i.70 0.99 0.07 2.23 0.58 0.31 2.55 0.23 1.61 0.10 0.04 0.10

Oil, KY, WV PC_OPPOSEDWALL_B&W ESP_BUELL BIT 91.0134 58.20 25.20 7.06 90.46 3.97 1.08 0.82 0.11 2.12 0.75 0.26 2.28 0.12 1.52 0.10 <0.01 0.08

OH, KY, WV PC_OPPOSED WALL_B&W ESP_BUEU.. BIT 91.0135 59.40 25.40 7.95 92.75 2.74 1.13 0.86 0.10 3.30 i.09 0.24 2.18 0.13 1.52 0.10 <0.01 0.08

OH, KY, WV PC_OPPOSED WALL_B&W ESP_BUEI._ BIT 91.0136 59.40 25.30 8.23 92.93 0.32 1.83 0.93 0.08 1.66 1.21 0.31 2.47 0.09 1.46 0.11 0.01 0.08

OH, KY, WV PC_OPPOSED WALL_B&W ESP_BUEIA. BIT 91.0137 58.70 24.40 7.62 90.72 0.28 !.66 0.88 0.08 1.45 0.63 0.30 2.48 0.09 i.42 0.10 0.01 0.09

KOREA N/A BIT 91.0138 57.87 25.07 4.07 87.01 0.17 3.37 ! .02 0.06 5.28 0.35 0.23 1.34

KOREA NIA BIT 91.0139 38.37 20.$3 5.38 64.58 0.51 0.47 0.60 1.06 29.60 0.28 0.|2 3.01

E.KY., VA., WV. ESP_RC BIT 91.0174 53.40 30.00 5.76 89.16 0.04 2.06 0.98 0.08 0.91 0.61 0.31 2.07

KY E., VA, W'V ESP&MULTI',BUELL BIT 91.0179 49.60 26.90 6.69 83.19 0.44 1.44 !.07 0.07 6.82 1.04 0.08 2.61

E.KY, VA. PCTANGENTIAL/RS ESP_RC BIT 91.0183 53.97 26.05 10.73 90.75 0.40 2.30 1.21 0.10 3.76 0.99 0.45 2.35 0.34 1.15 0.20 0.02 0.16

E.KY, VA. PCTANGENTIAL/RS ESP_RC BIT 91.0184 52.44 26.19 1i.81 90.44 0.50 2.64 1.32 0.10 4.57 1.07 0.49 2.36 0.36 1.48 !0.20 0.03 0.16

E.KY. ESP_C-E BIT 91.0185 53.15 27.95 9.52 90.62 0.45 ! .65 i.65 0.16 3.14 1.06 0.38 2.65 0.69 i.45 0.14 0.02 0.15

E.KY. ESP_C-E BIT 91.0186 55.04 28.22 8.74 92.00 0.42 |.69 1.14 0.12 2.93 i.04 0.42 2.63 0.63 1.41 0.14 0.02 0.15

PEOPLES REP. CIIINA N/A N/A BIT 91.0208 56.18 28.60 5.30 90.08 0.62 3.46 0.89 0.11 5.41 * 0.35 i.14
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28 d 7 d Req. E.xpmn. I.T. S.T i1.T. F.T, [ 1.T. S.T ll.T. F.T.

81.0219 29.52 78 834 98 0.01 2.30 0.0 _2.0 2.9 0.0 2.3 0.0 0.0 3.7 0.0 0.0 21.0 I

82.0202 39.02 53 95 0.22 2.07 0.0 I 1.4 11.8 0.0 0.0 0.0 0.0 0.4 0.3 0.0 23.9 I

82.0354 24.22 96 1420 96 0.14 2.23 12.7 9.8 0.0 0.0 0.0 0.0 0.8 0.0 0.0 23.4 [

82.0355 24.81 92 1230 94 0.15 2.24 1.2 ! 1.7 10.6 0.0 0.0 0.0 0.0 1.8 0.0 0.0 25.2 I

82.0361 28.67 80 I 850 97 0.02 2.26 0.0 16.4 3.3 0.0 2.4 0.0 0.0 0.0 0.0 22.1 I

83.0062 21 .I ! i 173 0.10 2.37 ! .0 6.9 5.2 0.0 2.3 0.0 0.0 8.8 0.0 0.0 24.1 [

83.0106 16.23 101 1204 93 0.06 2.22 0.0 16.7 d.9 0.0 0.4 0.0 0.0 0.1 0.0 0.0 22.1 I

83.0157 26.09 92 1038 98 0.04 2.20 0.0 13.9 3.2 0.0 1.2 0.0 0.0 1.8 0.0 0.0 20.2 I

83.0257 40. I 1 66 955 100 0.04 2.15 0.0 ! 8. ! 2.6 0.0 1.5 0.0 0.0 1.3 0.0 0.0 23.5 I

83.0509 8.18 108 900 91 0.01 2.43 7.9 5.1 0.0 3.0 0.0 0.0 3.2 0.0 0.0 19.2 I

84.0033 28.62 71 990 95 0.11 2.34 14.3 2.6 0.0 4.0 20.8 1

85.0238 21.86 67 775 96 fail 2.60 1.2 12.4 !24.4 0.3 14.3 0.0 0.0 2.2 1.7 3.1 67.7 I

85.0239 14.53 109 1030 91 0.03 2.45 0.7 5.9 !1.4 0.0 0.6 0.0 0.0 3.7 0.0 0.0 22.3 I

85.0241 22.85 88 934 101 0.02 2.20 0.0 24,.3 7.1 0.0 2.5 0.0 0.0 3.6 0.0 0.0 37.5 2741 2780 • • 1 2529 2586 2636 2798

85.0242 19.67 84 955 102 0.02 2.31 0.0 19.4 4.8 0.0 3. I 0.0 0.0 4.3 0.0 0.0 31.7 2745 2779 • " I 2453 2555 2686 2770

85.0243 19.37 83 982 101 0.03 2.34 0.0 13.9 4.0 0.0 2.6 0.0 0.0 3.5 0.0 0.0 23.9 2643 2683 2760 2798 ; 2344 2515 2600 2728

85.0327 20.27 2.38 0.5 9.3 6.1 1.6 2.2 0.0 0.0 4.8 1.5 0.0 27.1 2376 2387 2514 2545 I 2113 2145 2215 2380

86.0235 12.26 134 990 88 0.03 2.40 0.3 5.3 4.3 1.3 0.0 12.4 2755 • * • I 2612 2741 2771 •

86.0993 21.68 105 923 97 0.07 2.38 14.0 4. I 0.0 2.8 0.0 0.0 3.7 0.0 0.0 24.5 2632 2679 2775 * I 2403 2482 2612 2727

86.0998 17.69 80 849 91 0.10 2.21 0.5 15.0 16.4 0.0 0.0 0.0 0.0 0.8 0.3 0.5 35.1 2351 2413 2492i 2682 I 2319 2362 2404 2699

86.1175 28.22 108 1710 89 0.08 2.21 0.0 8.4 9.7 0.0 0.0 0.0 0.0 0.9 1.0 0.0 19.9 [ 2319 2370 2403 2588

87.0002 31.72 96 1404 94 0.13 2.30 20.0 8.2 0.0 3.2 0.0 31.4 2372 2456 2481 2716 I 2336 2380 2433 2635

87.0025 39.51 64 700 104 0.10 2.17 0.0 9.2 126.0 0.0 0.9 0.0 0.0 0.6 0.4 0.4 39.1 2380 2465 2499 2666 I 2362 2432 2489 2685

87.0026 17.71 88 1190 102 0.07 2.21 0.9 16.4 17.5 0.0 0.0 0.0 0.0 0.5 0.2 0.6 37.5 2362 2413 2483 2626 I 2326 2373 2420 2692

87.0038 34.56 84 900 95 O. I I 2.34 i 5. I 24.6 0.0 3.2 0.0 i 42.8 [

87.0157 25.50 86 97 -0.04 2.35 0.0 12.1 8.8 0.0 0.4 0.0 0.0 1.2 0.4 0.0 22.9 I

90.0198 41.28 70 670 98 0.07 2.30 2575 2600 2647 2726 I 2163 2256 2442 2530i YES

_:_ 90.0199 29.60 76 950 95 0.10 2.22 2454 2520 2551 2655 I 2326 2351 2373 2404 YES
I

IN.) 90.0200 85.68 61 570 107 0. I I 1.93 2725 * a * I 2564 2765 * * YES
90.0201 17.90 92 850 97 0.05 2.21 2795 • • * 1 2646 2676 2724 * YES

90.0202 29.40 75 870 102 0.09 2.22 2414 2463 2355 2691 I 2285 2376 2470 2572 YES

90.0203 36.40 76 890 96 0.17 2.33 2651 2705 2774 * I 2513 2562 2615 2787 YES

90.0204 27.80 78 890 96 0.05 2.14 * * * • I * * * • YES

91.0042 32.29 87 !100 95 0.08 2.43 2363 2388 2433 2500 I 2252 2278 2314 2418 YES

91.0043 24.72 86 1090 97 0.09 2.43 2350 2374 2429 2486 [ 2207 2236 2286 2332 YES

91.0052 8.38 82 1610 102 0.07 2.65 I 2120 2144 2164 2280 YES

91.0053 133.55 46 180 107 0.19 2.18 I YES

91.0086 20.20 78 730 91 0.04 2.28 * * " * ] * * • * YES

91.0087 42.90 69 600 97 0.06 2.04 2787 • * • I YES

91.0088 40.60 79 610 98 0.05 2.08 • • • • I 2665 2760 2775 • YES

91.0130 20.38 87 1020 92 0.15 2.26 2784 • • • I 2779 2790 * * YES

91.0131 28.74 82 970 99 0.05 2.28 2790 * * * I 2706 2750 2784 * YES

91.0132 77.34 78 320 98 0.07 2. I 0 2732 2792 • • I 2665 2718 2744 • YES

91.0133 5 ! .93 77 600 99 0.08 2. i 8 2738 * • • I 2659 2707 2757 • YES

91.0134 32.30 76 870 95 0.07 2.25 2798 * * • I 2736 2798 • • YES

91.0135 44.64 73 750 98 0.06 2.17 2797 • * * l 2733 2771 • • YES

91.0136 36.17 80 570 99 0.08 2.18 2737 2782 • * I 2655 2679 2704 • YES

91.0137 33.58 85 660 99 0.09 2.34 2744 2786 • * I 2661 2700 2750 * YES

91.0138 34.79 86 * 103 * 2.19 2518 2721 2769 * I 2550 2707 2759 * YES

91.0139 93.70 86 * 103 0.12 2.19 • * * * [ 2668 2781 • • YES

91.0174 32.53 86 810 92 0.07 2.22 • * • * { 2744 2791 • • YES

91.01 "/9 25.99 71 750 99 0.02 2.16 2784 • * • I 2598 2713 2796 • YE.q;

91.0183 25.43 80 660 93 0.06 2.22 2605 2678 2731 2798 l 2432 2493 2601 2786 YES

91.0184 18.03 78 810 92 0.06 2.30 2761 2800 • * I 2425 2485 2560 2710 YES

91.0185 25.30 74 850 98 0.07 2.21 2766 • • • I 2610 2698 2736 • YES

91.0186 29.46 70 740 98 0.07 2.16 2780 * • * I 2619 2706 2795 • YES

91.0208 60.05 • • * 2.00 2721 * * • I 2608 2800 • "
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Task A Water and Waste Resource Management:
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