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Figure 55. Distributionof Fe-aluminosilicatein Upper Freeportcoal and char
during combustion.
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be distributedhomogeneouslythroughoutthe coai. The mineral and coalescence
distributioncurves should act as the two limitingends of the actual
particle-sizedistributionafter combustion,if coal fragmentationand coales-
cence are the dominatingcombustionprocesses. In Figure 59, the fly ash
distributionlies outsidethis zone. This could be explainedby the fact that
both the fly ash and mineral PSD's are measuredwith the CCSEM routinewhich
analysesa cross sectionof a sample. The minerals have a random orientation
and shape, and thus a true average is achieved. The fly ash is generally
sphericalin nature, and thus the averagemeasured diameter is actually
smallerby a factor of _/4 than the true averagediameter. Figure 60 shows
the correctedfly ash PSD also fallingbetween the two limitingdistributions.
The fly ash curve approachesthe fragmentationregime even more so than the
uncorrectedcurve and exceeds it slightly. The fragmentationof a few of the
largerminerals may explainthe area where the fly ash distributionexceeds
the coal fragmentationlimit.

Figures61 and 62 show the uncorrectedand correctedSan Miguel PSD's,
respectively. From Figure 62, the fly ash PSD of San Miguel (at 1500°C)lies
betweenthe two limits,correspondingmore toward the fragmentationregime.
This impliesthat partialfragmentationfollowedby coalescencetakes place.
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3.14.1 Conclusions

The combustionof Kentucky #9 is highly dominatedby the fragmentation
process,with overallcoalescenceand some fragmentationof a few of the
larger mineral particles. The combustionof San Miguel may also demonstrate
partial fragmentationfollowed by coalescence.

4.0 TASK3: LABORATORY-SCALECOMBUSTIONTESTING

4.1 Introduction

Coals contain a complex suite of inorganicspeciesthat includesignifi-
cant quantitiesof both organicallyassociatedcationsand discreteminerals.
Problemsassociatedwith inorganicconstituentsin coal combustionsystems
includeash deposition,fine particulateformation,and corrosionand erosion
of boiler parts. Of specific interestare the interactionsbetweenthose
inorganicconstituentsthat result in the formationof low melting point
phases during combustionand gas cooling. These phases are often the cause of
ash depositionproblems on boiler heat transfersurfaces. The formationof
these low melting point phases is a result of a combinationof complexphysi-
cal and chemicaltransformationsof inorganiccomponentsof coals during
combustionstudied in a drop-tube furnacedesigned to simulatethe time-
temperatureprofileof a pulverizedcoal-firedutility boiler. The chemical
and physicaltransformationsof the inorganicconstituentsdepend upon their
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associationin the coal and upon combustionconditions. Volatilizationand
condensationof sodium is one of the key transformationsthat the drop-tube
furnaceproject is investigatingto gain insightinto the formationof liquid
phases in and on the surfaces of entrainedash particles. The primary
objectivesof the drop-tube furnacetask are to determinethe factorsthat
affect the size and compositionof the fly ash.

4.2 Equipmentand Procedures

4.2.1 Drop-Tube FurnaceS.ystem

The drop-tubefurnace is a laboratory-scale,entrainedflow, tube
furnacewith the abilityto combustcoal and produceash under closely
controlledconditions. Combustionparameterssuch as initialhot zone
temperature,residencetime, and gas cooling rate can be closelycontrolled
and monitored.

The furnace system is housed in a three-floorlaboratoryspecifically
designedfor clean and efficientoperationof the system,as shown in
Figure 63. The furnaces are mounted on furnacebars extendingthrough all
three levels and can be moved to accommodatespecificapplications. The
adjoiningcontrol room provides a clean, climate-controlledenvironmentfor
the electronicequipment associatedwith the drop-tubesystem.

The furnace assembly consistsof a series of verticallyorientedtube
furnaces illustratedin Figure 64. These furnacespossessa total of four
independentlycontrolled,electricallyheated zones. Each of these furnaces
can be used separatelyor in conjunctionwith the other furnaces. This allows
for maximum flexibilityand precisecontrol over combustionconditions.

Coal, primaryair, and secondaryair are introducedinto the furnace
system by means of a preheat injector. This system injectsambient tempera-
ture primary air and coal into the furnace from a water-cooledprobe assembly
at the center of the tube. Secondaryair is typicallyheated to I000°Cand
introducedinto the furnace through a mullite flow straightener. Thus the
materialto be combusted is introducedinto the top of the furnace, along with
preheatedsecondaryair, and travelsdown the length of the furnace in a
laminarflow regime.

The coal feed system is designedto feed particlesof varioussizes in
the pulverizedcoal range at rates of 0.05 to 0.5 grams per minute and at
primarycarriergas rates of approximatelyone liter per minute. The basic
apparatusshown in Figure 65 consistsof a pressurizedcylinder in which a
containerfilledwith coal is placed. A rotatingbrush and stirrerattached
to a variable speed motor feeds the coal from the containerinto a funnel
where it is transportedthroughthe feed tubing into the furnace injectorby
the carriergas.

Fly ash is cooled by means of a fly ash quenchingprobe shown in
Figure 66. This system is reliable and versatile. Severalcollectiondevices
can be added to the probe to collect the fly ash.
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Size-segregatingmethods of fly ash collectionare being employed. The
EnvironmentalProtectionAgency Southern Research Institutefive-stagecyclone
(EPAFSC)is being used on a routinebasis to collectfly ash. The EPAFSC is
designedto make five equallyspaced particle-sizecuts (Dso)on a logarithmic
scale within the range of 0.1-10millimeters. The advantageof this system is
its capabilityof collectingthe relativelylarge sample amountsneeded for
subsequentchemical and morphologicalanalyses.

In additionto the EPAFSC,the Universityof WashingtonMark 5 source
test cascade impactor (STCl) is used during selectedcombustiontests. The
STCI was developedas a means of measuringthe size distributionof particles
in stacks and ducts at air pollutionemission sources. The Mark 5 impactor
producessize cuts of fly ash particlesby inertialseparation. These data
will be used for comparisonwith the EPAFSCdata and to providemore detailed
informationconcerningthe effectsof combustionconditionson the size
distributionof the fly ashes.

A short residencetime probe was designed and constructedto collectash
samplesat any residencetime. The probe consists of a series of four concen-
tric, water-cooled,steel tubes. The outer shell is for introducingthe
quench gas at the top of the probe. The innermostshell removesthe combus-
tion gases, and the remainingshells carry the coolingwater. The probe is
coveredwith an alumina-insulatingcylinder two inches in outsidediameter
(Figure67). The probe is insertedin the bottom of the furnace a set
distancecalculatedfrom the desiredresidencetime. The quench gas and the
vacuur,,are turned on. The coal is fed throughthe preheatinjector and
collectedon a filter or with an impactoror multicyclone. The samples
collectedare analyzed by standardtechniquessuch as XRFA and also advanced
SEM techniques.

4.2.2 Preparationand Characterizationof Kentucky#9 and
San Miguel Coal, Char, and Fly Ash

This report details the initialcharacterizationof two test coals
chosen for combustiontestingfor this year. Kentucky#9 bituminouscoal and
San Miguel lignitewere chosen based on characteristicsunique from the five
test coals studied thus far under CIT. These coals were also chosen because
they are currentlybeing used as test coals by PSI Technologyfor the study of
inorganictransformations. Both coals were obtainedfrom PSIT.

Kentucky#9 coal retains a relativelyhigh amount of mineralmatter with
carbon after grinding and contains significantquantitiesof calcite (28).
The San Miguel coal is a Texas lignitethat is very high in ash, alkali
elements,and clay minerals and has a reputationfor severe fouling (28).

Coal sieve fractionswere prepared for the Kentucky#9 and San Miguel
test coals using a sonic-sievingtechnique. The sonic-sievingequipment
consistsof a sieve stack of stainlesssteel sieves that segregatethe sample
into <38, 38-53, 53-74, 74-106,and >106-micronfractions.The principleof
operationis that the materialon the sieves is agitatedwith an air column
driven by a sonic source,the amplitudeof which can be controlled. In
addition,a pulse generator impartsa tap at intervalsto the sieve stack to
dislodgesticking particlesand improvethe sievingeffectiveness.
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Figure67. Short residencetime probe for the drop-tubefurnace.

Approximatelyi-2 grams of sample is placed on the top (largestsize)
sieve, and the sieve stack is placed into the sonic sieve. The sonic
amplitudeis increaseduntil the sample on the top sieve is bouncing I-2 cm
high, nominallycorrespondingto an amplitudeof 4-5 on the dial scale. The
"bouncing"will subsequentlydecrease as finer material falls throughthe
upper sieve. The pulse amplitudeis set to a dial scale readingof 9-10,
nearly the maximumfor the pulse unit. The sieve timer is set to sieve the
sample for five minutes.

When the sievingcycle is completed,the sample retained on each sieve
is transferredto a separatecontainer. The material adhering to the bottom
of each screen is removed by tapping on the side of the screen and includedin
the next smaller sample size container. The sieve stack is reassembledand
the sieve cycle repeated until sufficientsamplesof each size cut (approxi-
mately 100-200grams) have been processed. The size cuts obtained are >106
microns, 106-74microns, 74-53 microns,53-38 microns, and <38 microns. A
thoroughcleaningof the sieve stack is done after the entire sample has been
sieved.

The 38-53, 53-74, 74-I06-/_mfractionsand a bulk unsized sample of the
Kentucky#9 and San Miguel coals were submittedfor proximate/ultimateand
ASTM ash compositionanalysis. Chemical fractionationanalysiswas performed
on the 53-74-/_msize fractionfor the San Miguel. Chemical fractionation
(29) is used to selectivelyextractelements from the coals based on how they
are associatedin the coal. Briefly,the technique involvesextractingthe
coal with water to remove water solubleelements, followedby extractionwith
IM ammonium acetateto remove elementsthat are associatedas salts of organic
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acid groups. The residuefrom the ammoniumacetate extractionis extracted
with IM HCI to removeacid solublespecies in the form of organiccoordination
complexes,hydroxides,oxides,and carbonates. The inorganiccomponentsin
the residueafter all three extractionsare assumed to be associatedin the
coal with insolubleminerals such as clays, quartz, and pyrite.

Computer-controlledscanningelectronmicroscopy (CCSEM)is being used
to characterizecoal, char, and ash samplesand inorganiccombustionproducts.
In additionto the CCSEM analysisof coals to determinesize and type of
minerals,the technique is used to determinethe juxtapositionof minerals;
i.e., how minerals are associatedwith each other, and whethermineralgrains
are associatedwithin coal particles(included)or are excluded from coal
particles. Another SEM techniqueused to analyze the fly ash sampleswas
SEMPC. These techniqueshave alreadybeen described in the methods sections
of Tasks 2 and 3.

4.3 Char and Fly Ash Productionfor Kentucky #9 and San Miguel Coals
and for SyntheticCoal-ModelMixtureStudies

Drop-tubefurnacemulticycloneand impactortests were performedusing
38-53-_m, 53-74-_m, and 74-I06-_msize fractionsof Kentucky #9 and San
Miguel coals at combustiontemperaturesof 1300°C,1400%, and 1500%. Bulk
filter tests using the 53-74-pm and bulk coal size fractionsof both coals
were run at combustiontemperaturesof 1500%. Char productionof both coals
at 0.05, 0.1, 0.2, 0.5,"and 0.8 second residencetimes also was performedat
combustiontemperaturesof 1500°C. Run conditionsfor the various tests are
listed in Tables 35-50. The upper and lower temperaturesof Furnace#I
recorded in Tables 35-50 are gas temperaturesderived from temperaturestaken
from the wall of the furnacetube. The gas temperatureshave been found to be
approximately30°Clower than the wall temperaturesby tests performedwith a
suctionpyrometer.

Drop-tube furnacetests were performedusing 38-I06-#m syntheticcoal at
combustiontemperaturesof 900 and 1500°C. Run conditionsfor the various
tests are listed in Tables 51-55. Syntheticcoal containing 11% Si02,4% Na,
and I% S was burned to form fly ash at 900 and 1500% at normal residence
times of 2.08 and 2.46 seconds,respectively,and at shorterresidencetimes
of 0.5 and 0.1 seconds (Tables51 and 52). An additionalrun was made at
1500% under a nitrogenatmosphere(Table 53). A syntheticcoal samplethat
was S- and Na-freewas combustedat 900 and 1500°C(Table 54) and a I0-20-#m
pure silica sample was fired in the combustorat 1500°C(Table55).

4.4 Resultsand Discussion

4.4.1 Characterizationof Kentucky#9 Coal

The proximate/ultimateand coal ash compositiondata for the Kentucky#9
coal are given in Table 56. The relativelyhigh calculatedcalorificvalues
of the coal fractionsverify the bituminousrank of this coal. Ash content
decreaseswith increasingsize fraction,which is probablythe result of the
size distributionof the minerals. The Si02and A1203contents also decrease
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TABLE 35

DROP-TUBEFURNACERUN CONDITIONSFOR MULTICYCLONECOLLECTION
OF FLY ASH USING KENTUCKY#9 COAL (38-53 #m)

Run # 2290 2690 2890

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.5 7.5 7.5

Temperatures(°C):
Injector 867 898 928
Preheat 1050 1090 I130
Furnace#I Upper 1292 1392 1488
Furnace#I Lower 1312 1413 1512

Coal Burned (g) 6.75 6.37 5.92
Coal Feed Rate (g/min) 0.08 0.09 0.06
Ash Collected (g) 0.91 0.85 0.77

ResidenceTime (sec) 2.7 2.6 2.5

TABLE 36

DROP-TUBEFURNACE RUN CONDITIONSFOR MULTICYCLONECOLLECTION
OF FLY ASH USING KENTUCKY #9 COAL (53-74#m)

Run # 2090 2490 1290

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.5 7.5 7.76

Temperatures(°C):
Injector 871 837 932
Preheat 1050 1090 1130
Furnace#I Upper 1292 1385 1482
Furnace#I Lower 1312 1410 1511

CoaI Burned (g) 3.83 6.48 10.49
Coal Feed Rate (g/min) 0.06 0.09 0.14
Ash Collected (g) 0.41 0.75 1.14

ResidenceTime (sec) 2.5 2.4 2.3
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TABLE 37

DROP-TUBEFURNACE RUN CONDITIONSFOR MULTICYCLONECOLLECTION
OF FLY ASH USING KENTUCKY #9 COAL (74-106_m)

Run # 3290 3090 3490

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.5 7.5 7.5

Temperatures(°C):
Injector 860 899 931
Preheat 1050 1090 1130
Furnace#I Upper 1291 1388 1490
Furnace#I Lower 1313 1410 1515

Coal Burned (g) 4.05 4.73 4.67
Coal Feed Rate (g/min) 0.09 0.1 0.16
Ash Collected(g) 0.35 0.49 0.47

ResidenceTime (sec) 2.0 2.0 i.9

I

TABLE 38

DROP-TUBEFURNACERUN CONDITIONSFOR IMPACTORCOLLECTION
OF FLY ASH USING KENTUCKY#9 COAL (38-53#m)

Run # 1990 2590 2990

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.76 7.5 7.5

Temperatures(°C):
Injector 860 833 923
Preheat 1050 1090 1130
Furnace#I Upper 1292 1384 1489
Furnace#I Lower 1313 1409 1514

Coal Burned (g) 6.43 6.22 4.71
Coal Feed Rate (g/min) 0.11 0.08 0.12
Ash Collected (g) 0.84 0.82 0.64

ResidenceTime (sec) 2.7 2.6 2.5
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TABLE 39

DROP-TUBEFURNACE RUN CONDITIONSFOR IMPACTORCOLLECTION
OF FLY ASH USING KENTUCKY #9 COAL (53-74/_m)

Run # 1090 2190 1390

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.76 7.5 7.76

Temperatures(°C):
Injector 865 898 937
Preheat 1050 1090 1130
Furnace#I Upper 1308 1392 1482
Furnace#I Lower 1329 1414 1506

Coal Burned (g) 5.28 4.51 6.46
Coal Feed Rate (g/min) 0.06 0.05 0.16
Ash Collected (g) 0.57 0.50 0.72

ResidenceTime (sec) 2.5 2.4 2.3

TABLE 40

DROP-TUBEFURNACERUN CONDITIONSFOR IMPACTORCOLLECTION
OF FLY ASH USING KENTUCKY#9 COAL (74-106/_m)

Run # 3390 3190 3590

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.5 7.76 7.76

Temperatures(%):
Injector 861 900 928
Preheat 1050 1090 1130
Furnace#I Upper 1288 1389 1489
Furnace#I Lower 1309 1415 1517

Coal Burned (g) 3.4 4.8 4.58
Coal Feed Rate (g/min) 0.1 0.08 0.09
Ash Collected (g) 0.30 0.51 0.42

ResidenceTime (sec) 2.0 2.0 1.9
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TABLE 41

DROP-TUBEFURNACERUNCONDITIONSFORBULKFILTER COLLECTION
OF FLY ASHUSING KENTUCKY#9 COAL

Run # 0889 0990
Description 53-74 _m Bulk

Gas Flow Rates (L\min):
Primaryair 0.8 0.8
Secondaryair 3.2 3.2
Quench Gas (N2) 3.0 3.0
Vacuum 7.76 7.76

Temperatures(%) :
Injector 935 939
Preheat 1130 1130
Furnace#I Upper 1491 1476
Furnace#I Lower 1518 1503

Coal Burned (g) 2.96 3.07
Coal Feed Rate (g/min) 0.05 0.I
Ash Collected(g) 0.23 0.30

ResidenceTime (sec) 2.3 2.3

TABLE 42

DROP-TUBEFURNACERUN CONDITIONS FOR CHAR PRODUCTION
USING KENTUCKY #9 COAL (53-74#m)

Run # 0789 0689 0589 3790 3690

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2 3.2 3.2
QuenchGas (N2) 3.0 3.0 3.0 3.0 3.0
Vacuum 7.76 7.76 7.76 7.5 7.5

Temperatures(°C):
Injector 933 932 930 928 928
Preheat 1130 1130 1130 1130 1130
Furnace#I Upper 1480 1481 1484 1497 1499
Furnace#I Lower 1493 1494 1495 1499 1483

Coal Burned (g) 3.38 2.74 2.75 2.08 2.36
Coal Feed Rate (g/min) 0.11 0.06 0.07 0.04 0.05
Ash Collected(g) 0.37 0.39 0.47 0.23 0.26

ResidenceTime (sec) 0.05 O.I 0.2 0.5 0.8
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TABLE 43

DROP-TUBEFURNACE RUN CONDITIONSFOR MULTICYCLONECOLLECTION
OF FLY ASH USING SAN MIGUEL COAL (38-53_m)

Run # 0590 0390 0190

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.5 7.5 7.5

Temperatures(°C):
Injector 858 897 929
Preheat 1050 1090 1130
Furnace#I Upper 1290 1389 1492
Furnace#I Lower 1313 1413 1519

Coal Burned (g) 5.1 4.75 4.69
Coal Feed Rate (g/min) 0.19 0.19 0.19
Ash Collected(g) 2.01 1.50 0.89

ResidenceTime (sec) 2.7 2.6 2.5

TABLE 44

DROP-TUBEFURNACERUN CONDITIONSFOR MULTICYCLONECOLLECTION
OF FLY ASH USING SAN MIGUEL COAL (53-74pm)

Run # 1290 1590 1890

Gas Flow Rates (L\min):
Primary air 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum, 7.5 7.5 7.5

Temperatures(°C):
Injector 835 893 925
Preheat 1050 1090 1130
Furnace #I Upper 1297 1400 1486
Furnace#i Lower 1305 1410 1500

Coal Burned (g) 5.07 4.29 4.84
Coal Feed Rate (g/min) 0.2 0.17 0.19
Ash Collected (g) 1.89 1.78 2.14

ResidenceTime (sec) 2.5 2.4 2.3
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TABLE 45

DROP-TUBEFURNACERUN CONDITIONSFOR MULTICYCLONECOLLECTION
OF FLY ASH USING SAN MIGUEL COAL (74-106#m)

Run # 1790 1090 0890

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N_) 3.0 3.0 3.0
Vacuum 7.5 7.5 7.5

Temperatures(°C):
Injector 860 886 922
Preheat 1050 1090 1130
Furnace#I Upper 1290 1407 . 1492
Furnace#I Lower 1305 1417 1519

Coal Burned (g) 4.69 3.57 4.64
Coal Feed Rate (g/min) 0.24 0.19 0.19
Ash Collected (g) 0.28 0.06 0.49

ResidenceTime (sec) 2.0 2.0 1.9

TABLE 46

DROP-TUBEFURNACERUN CONDITIONSFOR IMPACTORCOLLECTION
OF FLY ASH USING SAN MIGUEL COAL (38-53#m)

Run # 0690 0490 0290

Gas Flow Rates (L\min):
Primary air 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.5 7.5 7.5

Temperatures(°C):
Injector 854 893 925
Preheat 1050 1090 1130
Furnace #I Upper 1292 1389 1490
Furnace #I Lower 1315 1414 1517

Coal Burned (g) 0.85 0.84 1.52
Coal Feed Rate (g/min) 0.14 0.17 0.15
Ash Collected (g) 0.28 0.28 0.57

ResidenceTime (sec) 2.7 2.6 2.5
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TABLE 47

DROP-TUBEFURNACERUN CONDITIONSFOR IMPACTORCOLLECTION
OF FLY ASH USING SAN MIGUEL COAL (53-74_m)

Run # 1390 1490 1990

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.5 7.5 7.5

Temperatures(°C):
Injector 834 892 923
Preheat 1050 1090 1130
Furnace#I Upper 1298 1394 1487
Furnace#I Lower 1308 1406 1500

Coal Burned (g) 0.78 0.89 0.9
Coal Feed Rate (g/min) 0.2 0.25 0.23
Ash Collected(g) 0.28 0.32 0.40

ResidenceTime (sec) 2.5 2.4 1.9

TABLE 48

DROP-TUBEFURNACERUN CONDITIONSFOR IMPACTORCOLLECTION

OF FLY ASH USING SAN MIGUEL COAL (74-106pm)

Run # 1690 0990 1790

Gas Flow Rates (L\min):
Primaryair 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0
Vacuum 7.5 7.5 7.5

Temperatures(°C):
Injector 865 881 926
Preheat 1050 1090 1130
Furnace#I Upper 1290 1392 1492
Furnace#I Lower 1303 1416 1518

Coal Burned (g) 0.95 0.83 0.91
Coal Feed Rate (g/min) 0.24 0.21 0.18
Ash Collected (g) 0.18 0.08 0.11

ResidenceTime (sec) 2.0 2.0 1.9
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TABLE 49

DROP-TUBEFURNACERUN CONDITIONSFOR BULK FILTER COLLECTION
OF FLY ASH USING SAN MIGUEL COAL

Run # 2090 2190
Description 53-74 #m Bulk

Gas Flow Rates (L\min):
Primaryair 0.8 0.8
Secondaryair 3.2 3.2
Quench Gas (N2) 3.0 3.0
Vacuum 7.5 7.5

Temperatures(°C):
Injector 927 923
Preheat 1130 1130

Furnace#I Upper 1483 1486
Furnace#I Lower 1497 1500

Coal Burned (g) 0.85 1.79
Coal Feed Rate (g/min) 0.17 0.18
Ash Collected (g) 0.31 0.69

ResidenceTime (sec) 2.4 2.4

TABLE 50

DROP-TUBEFURNACE RUN CONDITIONSFOR CHAR PRODUCTION

USING SAN MIGUEL COAL (53-74_m)

Run # 2290 2390 2690 2790 2890

Gas Flow Rates (L/min):
Primaryair 0.8 0.8 0.8 0.8 0.8
Secondaryair 3.2 3.2 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0 3.0 3.0
Vacuum 7.5 7.5 7.5 7.5 7.5

Temperatures(°C):
Injector 910 926 910 910 910
Preheat 1134 1131 1130 1130 1130
Secondaryair 1091 1095 1090 1090 1090
Furnace#1 Upper 1510 1507 1505 1505 1501
Furnace#I Lower 1480 1487 1499 1501 1496

Coal Burned (g) 0.99 1.12 1.17 1.82 1.2
Coal Feed Rate (g/min) 0.14 0.14 0.15 0.14 0.15
Ash Collected (g) 0.38 0.45 0.22 0.08 0.05
ResidenceTime (sec) 0.8 0.5 0.2 0.1 0.05
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TABLE 51

DROP-TUBE FURNACERUN CONDITIONSFOR PRODUCTION
OF FLY ASH USING SYNTHETICCOAL

Test No. i 6

Gas Flow Rates (L/min):
PrimaryAir 0.8 0.8
SecondaryAir 3.2 3.2
Quench Gas (N2) 3.0 3.0
Vacuum 7.06 7.06

Temperatures(°C):
Injector 677 937
Preheat 800 1130
Furnace#I Upper 871 1464
Furnace#I Lower 896 1499

Coal Burned (g) 5.14 3.05
Coal Feed Rate (g/min) 0.17 0.15
Ash Collected(g) 0.75 0.38

ResidenceTime (s) 2.46 2.08

TABLE 52

DROP-TUBEFURNACERUN CONDITIONSFOR CHAR PRODUCTIONUSING SYNTHETICCOALS

O.1-SecondChar O.5-SecondChar

Test No. 4 11 3 10

Gas Flow Rates (L/min)
PrimaryAir 0.8 0.8 0.8 0.8
SecondaryAir 3.2 3.2 3.2 3.2
Quench Gas (N2) 3.0 3.0 3.0 3.0
Vacuum 7.06 7.06 7.06 7.06

Temperatures(°C)
Injector 675 933 680 933
Preheat 800 1130 800 1130
Furnace#I Upper 866 1471 871 1470
Furnace#I Lower 874 1486 869 1483

Coal Burned (g) 3.04 2.58 3.11 2.13
Coal Feed Rate (g/min) 0.1 0.09 0.10 0.04
Ash Collected(g) 0.78 0.49 0.32 0.10
ResidenceTime (sec) 0.1 0.1 0.5 0.5
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TABLE 53

DROP-TUBEFURNACERUN CONDITIONS FOR FLY ASH PRODUCTIONUSING
SYNTHETICCOAL AND NITROGENATMOSPHERE

- Test No. 7

Gas Flow Rates (Llmin)
Primary (N2) 0.8
Secondary(N2) 3.2
Quench Gas (N2) 3.0
Vacuum 7.06

Temperatures(°C)
Injector 937
Preheat 1130
Furnace#I Upper 1469
Furnace#I Lower 1505

Coal Burned (g) 2.97
Coal Feed Rate (g/min) 0.15
Ash Collected(g) 1.72
ResidenceTime (sec) 2.08

TABLE 54

DROP-TUBEFURNACERUN CONDITIONSFOR FLY ASH PRODUCTION
USING NA- AND S-FREE SYNTHETICCOAL

Test No. 5 8

Gas Flow Rates (L/min)
PrimaryAir 0.8 0.8
SecondaryAir 3.2 3.2
Quench Gas (N2) 3 3
Vacuum 7.06 7.06

Temperatures(°C)
Injector 684 941
Preheat 800 1130
Furnace#I Upper 872 1470
Furnace#I Lower 892 1506

Coal Burned (g) 3.09 2.9
Coal Feed Rate (g/min) 0.09 0.09
Ash Collected (g) 0.31 0.88
ResidenceTime (sec) 2.46 2.08
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TABLE 55

DROP-TUBEFURNACE RUN CONDITIONSFOR COMBUSTIONOF PURE SILICA

Test No. 9

Gas Flow Rates (L/min)
PrimaryAir 0.8
SecondaryAir 3.2
Quench Gas (N2) 3.0
Vacuum 7.06

Temperatures(°C)
Injector 933
Preheat 1130
Furnace#I Upper 1460
Furnace#I Lower 1490

Coal Burned (g) 1.31
Coal Feed Rate (g/min) 0.01
Ash Collected (g) 0.06
ResidenceTime (sec) 2.08

with increasingcoal particle size. This observationmay indicatemore quartz
and/oraluminosilicateclay such as kaolinitein the smallercoal size
fraction. The F%03 content increasesby over 10% with increasingcoal
particlesize probablydue to larger-sizedpyrite. Other elementslisted in
Table 56 do not show any significanttrends.

Kentucky#9 coal containedabout 15% total ash (Table56). The most
abundantminerals in the ash were quartz,aluminosilicate(degradedilliteor
mineral clay), illite,pyrite,and for the 74-106and unsizedfraction,
siderite (Table 57). Ash contentdecreasedwith increasingcoal size, but
mineral size increased. Variabilityin mineralcontentwas noted for these
differentcoal sizes analyzed by CCSEM. An increasein pyrite with coal size
correspondedwith an increase in iron oxide in the coal ashes (Tables56 and
57). Table 58 lists the detailed CCSEM mineralcontentdistributionsfor the
three sized fractionsand unsized or bulk fractionof Kentucky#9.

4.4.2 Characterizationof Kentucky #9 Char and Fly Ash

Time resolved combustionstudiesof Kentucky #9 coal produced chars at
0.05, 0.1, 0.2, 0,5, and 0.8 secondsresidencetime. The CCSEM analysesof
inorganicphases in these chars are given in Table 59. Particledistribution
for Kentucky#9 inorganicphases produced at differentresidencetimes were
plotted in Figure 68. The amount of ash decreasedin the smaller size bins
(22-10_m) and increasedin the larger size bins (10-46pm) with time. This
is evidenceof coalescenceof the smallermineralgrains.
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TABLE 56

RESULTSOF KENTUCKY #9 COAL AND ASH ANALYSISa

Bulk
Proximate, Wt% Coal 38-53 pm 53-74 #m 74-1o6 _m

Moisture 7.9 7.0 7.5 7.5
Volatile Matter 35.24 35.36 36.13 36.61
Fixed Carbon 49.32 48.37 49.27 49.56
Ash 15.44 16.27 14.60 13.83

Ultimate, Wt%

Carbon 64.74 64.14 65.79 65.77
Hydrogen 4.56 4.27 4.37 4.39
Nitrogen I. 35 I. 30 I. 34 I. 33
Oxygen (diff.) 9.73 10.33 9.91 9.9
Sulfur 4.16 3.66 3.97 4.76

Ash Analysis, Wt%

Si02 46.1 47.4 45.3 40.6
A1203 21.1 21.0 20.8 19.3
Fe203 19.7 17.6 21.4 29.0
Ti02 1.] 1.2 1.2 I.I
P20s 0.I 0.2 0.I 0.0
CaO 3.4 3.8 3.9 3.4
MgO 1.6 1.5 1.3 1.2
Na20 0.6 0.0 0.0 0.0
K_O 3.0 3.4 2.3 2.6
S03 3.3 3.9 3.9 2.9

HeatinqValve.,Btu/Ib

Calc. Calorific 10,758 10,570 10,837 10,866
Value

a Results reported on a dry basis except for the moisture determination.
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TABLE 57

MINERAL CONTENT FOR KENTUCKY#9 COAL SIZE FRACTIONS
(WT% MINERALBASIS)

Wt% Bulk

Mineral Basis Coal 38-53 _m 53-74 pm 74-106_m

Quartz 3I.92 14.47 9.04 3I.25
Iron Oxide 8.42 0.65 0.41 4.63
AluminosiIicate 4.48 20.08 16.67 4.O0
Ca-aluminosiIicate O.18 O.25 O.50 O.12
Fe-aluminosiIicate O.79 O.31 I.17 O.43
K-aluminosiIicate 1I.63 24.49 32.40 6.52
Ankerite O.O0 O.O0 O.O0 O.O0
Pyrite 27.64 25.75 26.11 43.74
Gypsum 0.99 I.82 0.56 0.06
Barite 0.00 0.00 0.00 0.00
Gypsum/Barite O.O0 O.O0 O.O0 O.O0
Apatite 0.00 0.03 0.07 0.57
Ca-SiIicate 0.02 0.04 O.14 0.01
AluminosiI./Gypsum O.O0 O.08 O.41 O.O0
Ca-Aluminate O.O0 O.O0 O.O0 O.O0
Spinel 0.01 0.04 0.00 0.00
Alumina 0.23 0.02 0.00 0.05
Calcite 0.90 2.76 1.99 1.89
Rutile 0.10 0.19 0.79 0.00
Dolomite O.O0 O.O0 O.05 O.O0
Pyrrhotite I.67 O.98 O.73 2.96
Ca-Rich 0.00 0.05 0.00 0.00
Si-Rich 0.45 0.92 2.08 0.18
Periclase O.O0 O.O0 O.O0 O.O0
Unknown 0.59 7.10 6.87 3.61

Wt% Total Minerals
(Coal Basis) 19.08 5.78 11.60 7.58
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TABLE 58

MINERAL-SIZEDISTRIBUTIONIN KENTUCKY#9 BULK AND SIZED FRACTIONS
(WT% MINERALBASIS)

Kentucky#9 Bulk Coal Particle-SizeCategories(/_m) COAL
..............................................................TOTAL BASIS

Mineral/Phase i-2.2 2,2-4.6 4,6-10 10-22 22-46 >46 WT_ WT%

Quartz 6.2 11 8 11,9 1.5 0.5 0 0 31 9 6 10
Iron Oxide 3 8 4 6 0.0 0.0 0,0 0 0 8 4 1 61
Alumlnosilicate 0 3 I 7 1.5 0,7 0,4 0 0 4 5 0 85
Ca-aluminosilicate 0 0 0 1 0,0 0.0 0,0 0 0 0 2 0 03
Fe-aluminosilicate 0 1 0 6 0.0 0.0 0,1 0 0 0 8 0 15
K-aluminosilicate 0 5 1 9 4.2 2.3 2.6 0 2 11 6 2 22
Pyrite i 0 2 5 6.6 3,9 8 2 5 4 27 6 5 26
Gypsum 0 0 0 0 0.8 0.I 0 1 0 0 i 0 0 19
Alumina 0 0 0 2 0.0 0 0 0 0 0 0 0.2 0 04
Calcite 0 0 0 0 0.3 0 2 0 5 0 0 0.9 0 17
Rutile 0 0 0.1 0.0 0 0 0 0 0 0 0.1 0 02
Pyrrhotite 0 0 0.4 1.0 0 2 0 I 0 0 1.7 0 32
Sl-Rich 0 1 0.3 0.0 0 1 0 0 0 0 0.4 0 09
Unknown 3 3 4.0 2.1 0 6 0 3 0 2 10.6 2 02

TOTAL (and PSD) 15.4 28.2 28.3 9.5 12.8 5.9 100.0 19.08

Kentucky#9 38-53-_/m_Coal Partlcle-SizeCategories(//An) COAL
..............................................................TOTAL BASIS

Mi-,eral/Phase i-2.2 2.2-4,6 4.6-10 10-22 22-46 >46 WT_ WTX

Quartz 2 7 6.4 3.9 0.4 0.8 0.2 14.5 0.84
IronOxide 0 2 0.3 0.0 0 0 0 2 0.0 0.7 0,04
Aluminosilicate 2 7 6_7 7.5 1 5 1 7 0.0 20.1 1.16
Ca-aluminosilicate 0 1 0.2 0.0 0 0 0 0 0,0 0.3 0.02
Fe-aluminosilicate 0 1 0.2 0.0 0 0 0 0 0.0 0.3 0.02
K-alu_inosilicate 2 2 6.9 9.6 2 9 2 4 0.4 24.5 1.42
Pyrite 1 3 3.1 11.7 5 9 3 7 0.0 25.7 1.49
Gypsum 0 1 0.2 1.2 0 1 0 2 0.0 1.8 0,11
Aluminosil./Gypsum 0 1 0.0 0.0 0 0 0 0 0.0 0.1 0.00
Calcite 0 1 0.0 0.3 0 7 1 7 0.0 2.8 0.16
Rutile 0 1 0.0 0.0 0 0 0 1 0,0 0,2 0.01
Pyrrhotite 0 3 0.3 0.0 0 4 0 0 0,0 1.0 0.06
Si-Rich 0 1 0.3 0.4 0 1 0 0 0.0 0.9 0.05
Unknown 1 2 2.9 2.3 0 6 0 1 0,0 7,1 0.41

TOTAL (and PSD) 11,3 27.6 36.9 12.8 10.8 0.7 100.0 5.78

Kentucky#9 53-74-_m Coal Particle-SizeCategories(_m) COAL
..............................................................TOTAL BASIS

Mineral/Phase i-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT)_ WT)¢

Quartz 2 3 2.0 2.7 0.8 1.0 0.2 9.0 1.05
Iron Oxide 0 1 0.0 0.0 0 0 0 2 0.0 0,4 0.05
Aluminosilicate 3 0 5.4 5.3 1 2 1 5 0.3 16.7 1.94
Ca-AI-Silicate 0 4 0.1 0.0 0 0 0 0 0.0 0.5 0.06
Fe-AI-Silicate 0 4 0.2 0.4 0 0 0 2 0.0 1.2 0.14
K-AI-Silicate 3 6 7.5 7.2 3 3 5 0 5.7 32.4 3.76
Pyrite 0 7 2.0 4.1 7 3 12 0 0,0 26.1 3.02
Gypsum 0 0 0.2 0.2 0 1 0 0 0.0 0,6 0.07
Ca-Silicate 0 1 0.1 0.0 0 0 0 0 0,0 0.1 0.02
Gyp/AI-Silicate 0 1 0.3 0.0 0 1 0 0 0.0 0.4 0.05
Calcite 0 1 0.1 0.0 0 3 1 3 0,2 2.0 0.23
Rutile 0 0 0.1 0.6 0 0 0 0 0.0 0.1 0.09
Dolomite 0 0 0.1 0.0 0 0 0.0 0.0 0.5 0.01
Pyrrhotite/Fe-Sulfate 0 1 0.5 0,0 0 2 0.0 0.0 0,7 0.09
Si-Rich 0 3 0.4 1.3 0 2 0.0 0.0 2.1 0.24
Unknown 2 0 2.3 0.9 0 6 1.0 0.0 6.9 0.80

Total 13.2 21.1 22.9 14.1 22.3 6.4 100.0 11.6
continued . , .
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TABLE 58 (Continued)

MINERAL-SIZEDISTRIBUTIONIN KENTUCKY#9 BULK AND SIZED FRACTIONS
(WT_MINERAL BASIS)

Kentucky#9 74-106-_L/_nCoal Particle-SizeCategories(jL/_) COAL
..............................................................TOTAL BASIS

Mineral/Phase i-2,2 2,2-4.6 4.6-i0 10-22 22-46 >46 WT_ WT_

Quartz 7 7 11 3 10.2 1.4 0.7 0.0 31 2 2 39
Iron Oxide 2 7 1 4 0.4 0.1 0.0 0.0 4 6 0 35
Aluminosilicate I 0 i O 0.6 0.9 0.6 0.0 4 0 0 30
Ca-aluminosilicate O I 0 0 0.0 0.0 0.0 0.0 0 1 0 01
Fe-aluminosilicate O I 0 2 0.0 0.1 0.1 0.0 0 4 0 03
K-aluminosilicate 0 5 0 9 1.2 1,7 2,2 0.0 6 5 0 49
Pyrite 0 8 1 2 2.3 12.9 22.0 4 5 43 7 3 30
Gypsum 0 0 0 0 O.O 0.0 0,0 0 0 0 1 0 O0
Apatite 0 0 O 0 0.0 0o0 0.6 0 0 0 6 0 04
Alumina O I 0 O O.O 0.0 0.0 0 0 0 1 0 O0
Calcite 0 0 O 0 0.0 0.2 1.0 0 7 1 9 0 14
Pyrrhotite 0 3 0.4 0.0 0.7 1.5 0 0 3 0 0 22
Si-Rich O I 0.0 0.0 0.1 0.0 O 0 0.2 0 01
Unknown O 7 0.8 0.2 0.8 0.8 0 4 3.6 0 27

TOTAL (and PSD) 14.1 17,1 14.8 19.0 29.4 5.5 100.0 7.58

PSD = Partlcle-SlzeDistribution

TABLE 59

PARTICLE-SIZEDISTRIBUTIONFOR INDIVIDUALINORGANICPHASES
IN KENTUCKY #9 CHARS AT DIFFERENTRESIDENCETIMES (MINERALWEIGHT%)

A. Kentucky#90.05-Second Char
Particle-SizeCategories (microns)

TOTAL
Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.11 1.00 2.44 2.68 1.07 0.96 8.26
Iron Oxide 0.12 1.19 2.20 4.87 10.23 0.00 18.60
Aluminosilicate 0.00 0.05 0.04 1.32 0.62 0.85 2.88
Ca-aluminosilicate 0.01 0.05 0.16 0.00 0.00 0.00 0.22
Fe-aluminosilicate 0.09 0.48 0.74 0.81 0.92 0.00 3.05
K-aluminosilicate 0.16 2.27 5.33 8.05 10.55 3.32 29.68
Ankerite 0.00 0.02 0.00 0.00 0.00 0.00 0.02
Pyrite 0.00 0.02 0.00 0.81 1.42 3.55 5.79
Gypsum 0.01 0.07 0.06 0.03 0.00 0.00 0.17
Apatite 0.00 0.00 0.00 0.14 0.00 0.00 0.14
Ca-Silicate 0.02 0.00 0.00 0.06 0.00 0.00 0.07
Aluminosil./Gypsum 0.00 0.00 0.03 0.00 0.00 0.00 0.03
Calcite 0.02 0.03 0.44 0.51 3.80 0.95 5.75
Rutile 0.03 0.00 0.00 0.00 0.00 0.00 0.03
Pyrrhotite/Fe-Sulfate 0.05 0.39 1.37 4.26 6.42 1.20 13.68
Ca-Rich 0.01 0.05 0.05 0.04 0.56 0.00 0.69
Si-Rich 0.06 0.43 0.08 0.22 0.37 0.00 1.17
Unknown 0.41 1.91 2.20 1.68 2.61 0.96 9.77

TOTAL (and PSD) 1.08 7.94 15.13 25.47 38.59 11.79 100.0
continued . . .
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TABLE 59 (Continued)

PARTICLE-SIZEDISTRIBUTIONFOR INDIVIDUALINORGANICPHASES
IN KENTUCKY #9 CHARS AT DIFFERENTRESIDENCETIMES (MINERALWEIGHT%)

B. Kentucky#90.I-Second Char
Particle-SizeCategories (microns)

-TOTAL
Mineral/Phase <2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.05 0.21 0.81 5.60 3.75 0.00 10.41
Iron Oxide 0.00 0.16 0.26 0.18 0.77 0.00 1.36
Aluminosilicate 0.00 0.04 0.13 0.66 0.69 0.00 1.53
Ca-aluminosilicate 0.05 0.50 3.15 8.20 2.85 0.44 15.20
Fe-aluminosilicate 0.00 0.04 0.00 0.08 0.00 0.00 0.12
K-aluminosilicate 0.01 0.02 0.19 0.26 0.64 0.00 1.10
Ankerite 0.05 0.10 0.15 0.10 0.00 0.00 0.40
Gypsum 0.08 0.31 1.50 2.33 1.89 1.06 7.15
Gypsum/Barite 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Apatite 0.00 0.00 0.00 0.03 0.00 0.00 0.03
Ca-Silicate 0.16 0.76 5.56 12.03 4.29 1.77 24.56
Aluminosil./Gypsum 0.01 0.04 0.08 0.00 0.21 0.00 0.34
Ca-Aluminate 0.02 0.12 0.46 0.63 0.00 0.00 4.03
Calcite 0.04 0.30 0.98 2.05 0.67 0.00 4.03
Rutile 0.00 0.00 0.00 0.I0 0.00 0.00 0.I0
Dolomite 0.00 0.00 0.14 0.21 0.00 0.00 0.35
Pyrrhotite/Fe-Sulfate 0.00 0.04 0.00 0.00 0.00 0.00 0.04
Ca-Rich 0.09 0.48 2.14 3.64 0.57 0.00 6.93
Si-Rich 0.01 0.01 0.46 0.41 0.00 0.00 0.88
Unknown 0.36 1.48 6.28 10.14 4.71 1.29 24.25

TOTAL (and PSD) 0.94 4.59 22.26 46.62 21.03 4.56 I00.00

C. Kentucky#90.2-Second Char
Particle-SizeCategories (microns)

TOTAL
Mineral/Phase <2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.86 1.55 2.64 2.76 2.27 0.97 11.05
Iron Oxide 0.14 0.88 1.24 3.89 9.30 1.09 16.54
Aluminosilicate 0.79 1.12 0.71 1.19 0.89 0.32 5.02
Ca-aluminosilicate 0.20 0.15 0.00 0.16 0.11 0.00 0.62
Fe-aluminosilicate 1.45 1.82 2.35 1.33 2.72 0.62 10.29
K-aluminosilicate 1.75 3.71 4.29 8.05 16.51 3.11 37.42
Pyrite 0.00 0.00 0.00 0.06 0.00 0.00 0.06
Gypsum 0.00 0.00 0.00 0.06 0.00 0.00 0.06
Ca-Silicate 0.15 0.06 0.00 0.07 0.27 0.00 0.55
Ca-Aluminate 0.02 0.00 0.00 0.00 0.00 0.00 0.02
Spinel 0.03 0.00 0.00 0.00 0.00 0.00 0.03
Calcite 0.02 0.00 0.00 0.68 1.68 1.80 4.17
Rutile 0.00 0.00 0.00 0.00 0.18 0.00 0.18
Pyrrhotite/Fe-Sulfate 0.20 0.49 0.18 1.37 2.89 0.46 5.59
Ca-Rich 0.02 0.02 0.00 0.00 0.00 0.00 0.04
Si-Rich 0.11 0.04 0.29 0.08 0.24 0.00 0.75
Unknown 0.50 0.85 0.42 1.77 2.79 1.29 7.61

TOTAL (and PSD) 6.22 10.69 12.11 21.46 39.86 9.66 100.00
continued . . .
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TABLE 59 (Continued)

PARTICLE-SIZEDISTRIBUTIONFOR INDIVIDUALINORGANICPHASES

IN KENTUCKY #9 CHARS AT DIFFERENTRESIDENCETIMES (MINERALWEIGHT%)

D. Kentucky#90.5-Second Char
Particle-SizeCategories (microns)

TOTAL
Mineral/Phase <2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz O.11 O.51 i.42 3.06 2.68 O°29 8.07
Iron Oxide 0.12 0.18 O.g5 8.39 13.78 1.60 25.01
Aluminosilicate 0.05 0.50 0.88 1.64 1.19 0.00 4.26
Ca-aluminosilicate 0.05 0.14 0.17 0.12 0.07 0.00 0.54
Fe-aluminosilicate 0.46 1.56 1.15 3.41 4.31 0.27 11.16
K-aluminosilicate 0.28 1.41 3.61 11.90 17.12 3.14 37.46
Gypsum O,O0 O.O0 O.O0 O.04 O.O0 O.O0 O.04
Ca-Silicate 0.01 0.04 0.00 0.00 0.27 0.00 0.32
Calcite 0.01 0.01 0.05 2.30 1.81 0.33 4.51
Pyrrhotite/Fe-Sulfate 0.00 0.01 0.00 0.12 0.64 0.00 0.76
Ca-Rich 0.01 0.01 0.00 0.03 0.08 0.00 0.12
Si-Rich 0.01 0.05 0.08 0.22 0.18 0.00 0.54
Unknown O.21 O.45 O.46 I.84 3.36 O.89 7.21

TOTAL (and PSD) 1.32 4.87 8.77 33.04 45.48 6.52 100.00

E. Kentucky#90.8-Second Char
Particle-SizeCategories (microns)

TOTAL
Mir,eral/Phase <2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.02 0.18 0.34 1.57 1.79 0.44 4.35
IronOxide 0.03 0.10 0.36 10.63 22.10 2.33 35.54
Aluminosilicate 0.01 0.09 0.22 0.11 0.00 0.00 0.44
Ca-aluminosilicate 0.01 0.03 0.03 0.02 0.00 0.00 0.08
Fe-aluminosilicate 0.13 0.45 0.53 1.02 1.43 0.37 3.92
K-aluminosilicate 0.05 0.35 0.83 4.08 7.99 20.99 34.29
Ankerite 0.00 0.00 0.02 0.00 0.00 0.00 0.02
Ca-Silicate 0.01 0.01 0.00 0.02 0.27 0.00 0.31
Calcite 0.00 0.02 0.06 2.32 1.89 0.00 4.27
Si-Rich 0.01 0.03 0.05 0.62 0.86 0.00 1.56
Unknown 0.05 0.17 0.14 2.89 10.71 1.26 15.21

TOTAL (and PSD) 0.30 1.42 2.57 23.28 47.04 25.39 100.00
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Figure 68. Kentucky #9 coal and char mineral/phase particle-size
distribution.

K-aluminosilicateand iron oxide increasedwith time while quartz
remainedfairly consistentin quantityfrom coal to 0.8 secondsresidence
time. Pyrite disappearedfrom the CCSEM analysisafter 0.05 seconds
combustionbecause it decomposesto iron oxide and S02. New phases that are
formed includecalcium silicate,iron oxide, calciumoxide, and iron
aluminosilicate. Thermalgravimetricanalysis of the Kentucky #9 chars
revealednear 100% carbon burnoutby 0.5 secondscombustion (Figure69).

At about 2-secondsresidencetime, a fly ash samplewas collectedwhich
had virtually100% carbon burnout. This fly ash was similar in inorganic
phase content to the O.8-secondchar with major potassiumaluminosilicate,
iron oxide, calciumoxide, and iron aluminosilicate(Table 60). If iron oxide
is derivedfrom pyrite and K-aluminosilicateis derived from illite,then the
large amountsof these phases in char imply relativelylimited reactionwith
other inorganics. Possiblythese minerals were originallymostly excluded
from coal particlesand remainedas separate unreactiveparticlesthroughout
the combustionprocess. Fly ash was also collectedon a bulk filter at 1500°C
using unsizedcoal. CCSEM resultsfrom this fly ash are given in Table 61.
The results are very similarto those of the 53-74-_m coal fractionfly ash.

Fly ash was also producedand collectedusing the multicyclonefor the
53-74-pm Kentucky #9 coal. The five stages and the filterswere analyzed
using SEMPC. Table 62 gives the SEMPC results of the fly ash. Interaction
between iron in the pyritewith aluminosilicateto form Fe-aluminosilicatewas
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Figure 69. TGA analysis of Kentucky #9 coal and chars.

TABLE 60

MINERAL-SIZEDISTRIBUTIONIN KENTUCKY#9 53-74 #m COAL BULK FILTER FLY ASH
(WT%MINERAL BASIS)

Particle-SizeCategories (#m)
TOTAL

Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.09 0.36 1.57 3.13 2.43 1.17 8.75
Iron Oxide 0.12 0.42 1.04 9.25 15.15 0.61 26.58
Aluminosilicate 0.04 0.16 0.45 1.79 2.28 0.00 4.72
Ca-aluminosilicate 0.02 0.03 0.08 0.09 0.12 0.00 0.33
Fe-aluminosilicate 0.52 1.89 2.17 3.45 4.69 0.55 13.26
K-aluminosilicate 0.20 1.18 4.06 9.38 17.65 2.88 35.35
Ankerite 0.00 0.00 0.00 0.00 0.28 0.00 0.28
Pyrite O.O0 O.O0 O.O0 O.O0 O.23 O.O0 O.23
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Barite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gypsum/Barite 0.00 0.00 0.00 0.00° 0.00 0.00 0.00
Apatite 0.00 0.00 0.00 0.00 0.10 0.27 0.37
Ca-Silicate 0.01 0.04 0.00 0.03 0.29 0.00 0.37
Aluminosil./Gypsum 0.00 0.00 0.00 0.02 0.00 0.00 0.02
Ca-Aluminate 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Spinel 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Alumina 0.00 0.00 0.00 0.00 0.00 0.00 0.00

continued . . .
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TABLE 60 (Continued)

MINERAL-SIZEDISTRIBUTIONIN KENTUCKY #9 53-74 pm COAL BULK FILTER FLY ASH
(WT% MINERAL BASIS)

Particle-SizeCategories(_m)
.......... TOTAL

Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Calcite 0.00 0.02 0.26 1.47 1.09 0.25 3.10
Rutile 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pyrrhotite/Fe-Sulfate 0.00 0.00 0.00 0.12 0.18 0.00 0.31
Ca-Rich 0.00 0.01 0.02 0.05 0.05 0.00 0.13
Si-Rich 0.02 0.05 0.09 0.27 0.53 0.00 0.96
Periclase 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Unknown 0.17 0.34 0.66 1.07 2.53 0.47 5.23

TOTAL (and PSD) 1.20 4.49 10.39 30.11 47.62 6.20 100.00

TABLE 61

CCSEM ANALYSIS OF INORGANICPHASES IN KENTUCKY #9 BULK
FILTER FLY ASH FROM UNSIZEDCOAL (WT%)

Mineral/Phase <2.2 2.2-4.6 4.6-10 10-22 22-46 >46 TOTAL

Quartz .052 .212 1.259 4.341 3.025 .000 8.890
Iron Oxide .037 .119 1.296 7.470 11.663 1.887 22.473
Aluminosilicate .005 .008 .197 1.000 1.425 .000 2.635
Ca-AI-Silicate .006 .017 .042 .046 .000 .000 .112
Fe-AI-Silicate .211 1.395 2.957 3.925 6.339 .353 15.175
K-AI-Silicate .113 .755 4.723 15.196 15.273 1.225 37.286
Ankerite .000 .000 .000 .044 .067 .000 .111
Pyrite .000 .000 .000 .000 .000 .000 .000
Gypsum .003 .000 .031 .034 .072 .000 .141
Barite .000 .000 .000 .000 .000 .000 .000
Gypsum/Barite .000 .000 .000 .000 .000 .000 .000
Apatite .000 .000 .000 .000 .189 .000 .189
Ca-Silicate .004 .021 .061 .104 .110 .000 .299
Gyp/AI-Silicate .000 .010 .000 .000 .000 .000 .010
Ca-Aluminate .000 .000 .000 .000 .000 .000 .000
Spinel .000 .000 .000 .000 .000 .000 .000
Alumina .000 .000 .000 .000 .000 .000 .000
Calcite .013 .021 .252 .936 1.381 .388 2.992
Rutile .007 .000 .000 .081 .000 .000 .089
Dolomite .000 .000 .000 .000 .000 .000 .000
Pyrrhotite/Fe-Sulfate.000 .000 .000 .050 .107 .000 .157
Ca-Rich .002 .008 .030 .000 .000 .000 .039
Si-Rich .022 .064 .273 .685 .441 .000 1.486
Periclase .000 .000 .000 .000 .000 .000 .000
Unknown .130 .406 .487 2.445 3.828 .620 7.916

Total .606 3.034 11.608 36.356 43.922 4.473 100.000
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TABLE62

COMPOSITIONOF KENTUCKY#9 FLY ASH UNDERSLAGGINGCONDITIONS- SEMPCANALYSlS
(WEIGHT%)

%Mass 0.24 3.90 3.00 5.19 2.71 84.96

Cutpoints <2.4 2.4-6.4 6.4-10.7 10.7-17.1 17.1-18.1 >18.1

Mean Diameter (jl/_n) 1.0 2.4 5.1 8.2 10.7 22.3

Weighted
Phase Composition FILTER MC5 MC4 MC3 MC2 MCI Average

Gehleni te 0.0 0.0 0.0 0.0 0 0 0.4 0.3
Quartz 0 4 0.4 4. i 4.9 6 6 7.0 6.5
Iron Oxide 0 8 0.0 1.0 2.5 4 9 7.7 6.9
Calcium Oxide 0 0 0.0 0.0 0.0 0 8 1.6 1.4
Ankerite (Ca, Mg, Fe C03) 0 0 0.0 0.0 0.0 0 0 0.8 0.0
Pure Kaolinite (amorp.) 0 0 0.0 0.0 0.0 0 0 0.8 0.7
Kaolinite Derived 0 0 3.3 8.1 7.8 7.0 2.9 3.4
lllite (amorp.) 0 0 0.0 1.0 1.2 0.4 4.9 4.3
Unclassified 98 8 96.3 85.8 83.5 79.4 74.5 76.3

Bulk Oxide Composition

SiO, 39 5 44.6 49.8 50 8 51.2 51.9 51.4
Al,03 Ii 6 24.1 22.4 21 7 19.0 18.0 18.6
Fe203 20 9 18.2 17.4 17 0 19.5 19.6 19.3
TiO, 7 0 3.4 1.5 1 8 1.0 1.0 1.2
P205 0 4 0.2 0.I 0 1 0.i 0.3 0.3
CaO 8 0 3.4 2.3 2 4 3.2 3.4 3.3
MgO 0 7 1.3 1.0 i 0 0.8 0.9 0.9
Na20 0.4 1.0 0.7 0 6 ' 0.5 0.5 0.5
K20 2.9 2.2 2.8 3 0 3.7 3.5 3.4
SO3 8.0 0.9 0.6 0 4 0.4 0.2 0.3
BaD 0.1 0.2 0.1 0 1 0.1 0.1 0.1
Mn20, 0.2 0.2 0.1 0 2 0.3 0.2 0.2
ClO 0.4 0.3 1.0 0 9 0.2 0.4 0.4

AmorphousOxide Composition

Si02 43.7 45.0 49 3 49 3 49.8 55.9 54.7
A1203 12.8 24.5 24 4 23 7 21.4 22.5 22.6
Fe203 22.0 18.4 16 8 16 0 18.0 11.8 12.6
Ti02 7.0 3.4 1 5 1 8 1.0 1.0 1.2
P205 0.4 0.2 0 2 0 1 0.1 0.9 0.8
CaO 8.9 3.5 2 6 3 6 3.7 1.3 1.6
MgO 0.8 1.3 1 1 1 1 0.9 1.1 1.1
Na,O 0.4 1.0 0 7 0 7 0.6 0.6 0.6
K_O 3.2 2.3 3 0 3 2 4.1 4.4 4.2
SO_ 0.0 0.0 0 0 0 0 0.0 0.0 0.0
BaO 0.1 0.1 0 1 0 1 0.1 0.1 0.1
Mn_O, 0.2 0.2 0 1 0.2 0.2 0.1 0,i
CIO 0.0 0.0 0 0 0.0 0.0 0.0 0.0
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evident, by comparingthis fly ash with the original unsizedcoal CCSEM
analysis (Table 58). The iron content remained nearly the same in all size
fractions. Calcium and sulfur were enriched and aluminumand silicondepleted
in the smallestfractionof the multicyclone. Most of the fly ash mass (85%)
was greaterthan 22.3 pm (Table62).

4.5 Characterizationof San Miguel Coal

San Miguel lignitewas characterizedfor inorganicconstituentsusing
proximate/ultimateanalysis,x-ray diffusion,x-ray fluorescence,chemical
fractionation,and CCSEM analysis. San Miguel had about 53% ash on a dry
basis and was very low in iron (1.9%)and calcium (3.5%) (Table63). The
total ash contents and elementaloxide chemistrieswere similar for the
differentcoal size fractions. Sodium contentwas moderately low at 2.5% of
the ash. Sodium and calciumwere 65% and 72% organicallybound, respectively
in the 53-74-pm fraction,as shown in Table 64. The major minerals in the
San Miguel lignite, as determinedby CCSEM, were quartz,clinoptilolite,and
an unknownaluminosilicatethat was probablymixed clay or montmorillonite
(Table65). Mineralogiccompositionson a mineral bas_s were similarfor 38-
53, 53-74, and 74-I06-_m coal fractions;however,larger mineralswere
observedwith increasedcoal size (Table66). Detailedresultsof coal
mineral particle-sizedistributionsfor the three coal sized fractionsand the
unsizedcoal are given in Table 66.

4.5.1 Characterizationof San Miquel Char and FI.yAsh

Table 67 contains the compositionsfor San Miguel short residencetime
char and coal as derived from CCSEM analysis. Quartz and K-aluminosilicate
content remainedfairly consistentthrough the combustionprocess, relativeto
their content in the original coal. Aluminosilicatewas slightly reduced,and
Fe-aluminosilicateand calcium silicatewere slightly increased. Table 68
gives CCSEM resultsfor each char. Results from thermalgravimetricanalysis
on each char showed 100% carbon burnout by 0.5 seconds (Figure70).

The particle-sizedistributionsof the char inorganicphases showed
coalescencewith increasedresidencetime (Figure71). Smallerminerals
between I and 10 _m decreased in abundance,and large inorganicphases 22-46
_m increasedin abundanceprogressivelyuntil 0.5 secondsinto combustion.
The 0.5 and O.8-secondchars were nearly identicalin particle size and
composition: the result of near 100% carbon burnoutby 0.5 secondsof
combustion (Figure70).

Fly ash was producedat a residencetime of about 2.6 seconds and
collectedon bulk filtersfor the San Miguel 53-74 _m and unsizedcoals.
Table 69 compares the originalmineral contentsand the inorganicphase
compositionof the fly ash for these coals. In general,these San Miguel fly
ashes were similarlycomposed. Aluminosilicateand K-aluminosilicate
decreasedduring combustion,probably through interactionwith the other
mineral or organicallybound components. The unsized coal fly ash had much
more aluminosilicateand quartz in the >46-/_mcategory,as observed in the
particle-sizedistribution(Table 70). This shows the effect of removing
larger-sizedmineralsduring the sievingof the coal.
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TABLE 63

RESULTSOF SAN MIGUEL COAL AND ASH ANALYSISa

Bulk
Proximate,Wt% Coal 38-53 pm 53-74 _m 74-106 _m

Moisture 12.90 12.80 1I.30 13.40
VolatileMatter 28.26 28.36 28.83 29.54
Fixed Carbon 18.46 17.67 16.85 17.01
Ash 53.28 53.97 54.32 53.45

Ultimate,Wt%

Carbon 29.14 28.82 28.62 28.94
Hydrogen 2.39 2.34 2.41 2.39
Nitrogen O.59 O.65 O.65 O.63
Oxygen (diff.) 12.58 12.27 12.05 12.38
Sulfur 2.00 1.93 1.93 2.19

Ash Analysis,Wt%

Si02 66.3 66.7 66.2 66.2
A1203 19.1 19.5 19.3 19.4
Fe203 I.9 2.0 2.3 I.7
TiO_ 1.1 1.1 1.1 1.1
P205 O.I O.0 O.I O.I
CaO 3.5 3.5 3.3 3.7
MgO 0.9 1.0 1.0 1.0
Na20 2.5 2.I 2.I 2.5
K20 2.2 2.1 2.2 2.2
S03 2.6 1.8 2.4 2.2

HeatinqValve, Btu/Ib

Calc. CalorificValue 4284 4231 4287 4256

a Resultsreportedon a dry basis except for the moisturedetermination.

TABLE 64

CHEMICALFRACTIONATIONRESULTS FOR SAN MIGUEL 53-74-pm COAL

Initial % Removed % Removed % Removed %

_q/g dry coal by H2L by NH4OAc by HCI Remaining

Na 19,700 28 72 0 0
Mg 6,220 0 16 0 84
Al 11,030 2 0 7 91
Si 348,800 0 2 0 98
Ca 26,300 0 65 25 10
Fe 12,700 6 0 49 45
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TABLE65

MINERALCONTENTFORSANMIGUELCOALSIZE FRACTIONS
(Wt% Mineral Basis)

Wt%

Mineral Basis Unsized 38-53 #m 53-74 #m 74-106 #m

Quartz 16.27 16.40 15.47 16.67
Iron Oxide 0.12 0.06 0.22 0.00
Aluminosilicate 21.75 14.21 16.02 21.27
Ca-aluminosiIicate O.28 O.14 20.7 O.57
Fe-aluminosiIicate O.03 O.i0 O.52 O.03
K-aluminosiIicate 45.76 52.48 29.20 37.44
Ankerite O.O0 O.O0 O.O0 O.O0
Pyrite 0.93 1.91 1.14 0.63
Gypsum 1.01 1.47 0.70 1.91
Barite 0.08 0.00 0.00 O.12
Gypsum/Barite O.O0 O.O0 O.O0 O.O0
Apatite 0.00 0.00 0.00 0.00
Ca-SiIicate O.02 O.O0 O.25 O.05
AluminosiI./Gypsum O.09 O.O0 O.67 O.42
Ca-Aluminate O.O0 O.O0 O.02 O.01
Spinel 0.00 0.01 0.00 0.00
Alumina 0.00 0.00 0.02 0.01
Calcite 0.00 0.00 0.00 0.03
Rutile 0.05 0.52 0.00 0.03
Dolomite O.O0 O.O0 O.O0 O.O0
Pyrrhotite O.21 O.O0 O.13 O.08
Ca-Rich 0.00 0.00 0.00 0.00
Si-Rich 5.83 6.80 10.33 7.45
Periclase 0.00 0.00 0.00 0.01
Unknown 7.59 5.90 13.26 13.28

Wt% Total Minerals
(Coal Basis) 44.9 17.7 24.7 43.8
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TABLE66

MINERAL-SIZE DISTRIBUTION IN SANMIGUELBULK ANDSIZED FRACTIONS
(WT% MINERAL BASIS)

San Miguel Bulk Coal Particle-SizeCategories(I/_n) COAL
...............................................................TOTAL BASIS

Mineral/Phase i-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT% WT_

Quartz 1.5 3.5 3.4 3.5 3.8 0 6 16.3 7.45
Iron Oxide 0 0 0.0 0.0 0.0 0.1 0 0 0.1 0.05
Aluminosilicate 1 8 4.7 5.0 3.1 4.1 3 2 21.8 9.98
Ca-aluminosilicate 0 1 0.0 0.0 0.0 0.1 0 0 0.3 0.13
Fe-alumlnosilicate 0 0 0.0 0.0 0.0 0.0 0 0 0.0 0.01
K-aluminosillcate 1 2 3.6 10.4 12.5 14.8 3 3 45.8 20.00
Pyrite 0 0 0.2 0.2 0.1 0.4 0 0 0.9 0.42
Gypsum 0 0 0.2 0.2 0.3 0.2 0 0 1.0 0.45
Barite 0 0 0.0 0.0 0.0 0.0 0 0 0.1 0.04
Ca-Silicate 0 0 0.0 0.0 0.0 0.0 0 0 0.0 0.01
Aluminosil./Gypsum 0 0 0.0 0.0 0.0 0.0 0 0 0.i 0.04
Rutile 0 0 0.0 0.0 0.1 0.0 0 0 0.1 0.02
Pyrrhotite 0 0 0.0 0.1 0.1 0.0 0 0 0.2 0.10
Si-Rich 0 8 1.1 2.3 0.8 0.4 0 3 5.8 2.81
Unknown 0 7 1.3 1.4 1.9 2.3 0 0 7.6 3.42

TOTAL (and PSD) 6.2 14.7 23.0 22.4 26.2 7.4 100.0 44.92

San Miguel 38-53-#m Coal Particle-SizeCategories(jLLm) COAL
..............................................................TOTAL BASIS

Mineral/Phase I-2.2 2.2-4.6 4.6-10 i0_22 22-46 >46 WT% WT%

Quartz 2 4 5.8 5.1 2.7 0.5 0.0 16.4 2.90
Iron Oxide 0 1 0.0 0.0 0.0 0 0 0.0 0.1 0.01
Aluminosilicate 2 1 5.8 4.8 1.1 0 5 0.0 14.2 2.52
Ca-aluminosilicate 0 1 0.0 0.0 0.0 0 0 0.0 0.1 0.03
Fe-aluminosilicate 0 1 0.0 0.0 0.0 0 0 0.0 0.1 0.02
K-aluminosilicate 2 3 9.2 27.2 11.1 2 7 0.0 52.5 9.28
Pyrite 0 1 0.0 0.6 0.5 0 7 0.0 1.9 0.34
Gypsum 0 1 0.6 0.4 0.3 0 1 0.0 1.5 0.26
Spinel 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.00
Rutile 0 1 0.0 0.4 0.0 0 0 0.0 0.5 0.09
Si-Rich 1 2 2.0 3.0 0.5 0 1 0.0 6.8 1.21
Unknown 1 4 1.3 2.i 0.8 0 2 0.0 5.9 i.04

TOTAL (and PSD) 9.9 24.8 43.5 17.1 4.7 0.0 100.0 17.70

San Miguel 53-74-_.LmCoal Particle-SizeCategories(_U,m) COAL
..............................................................TOTAL BASIS

Mineral/Phase i-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT% WT%

Quartz 1 7 5.7 2.7 2.9 2.5 0.0 15.5 3.80
Iron Oxide 0 2 0.0 0.0 0.0 0 0 0.0 0.2 0.06
Aluminosilicate 2 0 5.6 5.3 1.3 1 6 0.1 16.0 3.97
Ca-aluminosilicate 0 5 0.6 1.0 0.0 0 0 0.0 2.1 0.52
Fe-aluminosilicate 0 2 0.3 0.0 0.0 0 0 0.0 0.5 0.13
K-aluminosilicate 2 2 6.9 12.3 9.2 8 3 0.4 39.2 9.59
Pyrite 0 0 0.0 0.0 0.2 0 9 0.0 1.1 0.27
Gypsum 0 1 0.2 0.0 0.2 0 2 0.0 0.7 0 17
Ca-Silicate 0 1 0.2 0.0 0.0 0 0 0.0 0.3 0 06
Aluminosil./Gypsum 0 2 0.2 0.3 0.0 0 0 0.0 0.7 0 17
Alumina 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0 O0
Pyrrhotite 0 0 0.0 0.0 0.0 0 1 0.0 0.1 0 03
Si-Rich 1 6 3.8 4.3 0.5 0 2 0.0 10.3 2 57
Unknown 3 0 4.2 5.2 0.5 0 4 0.0 13.3 3 30

TOTAL (and PSD) 12.0 27.6 31.0 14.8 14.2 0.5 100.0 24.65
continued . . .
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TABLE66 (Continued)

MINERAL-SIZEDISTRIBUTIONIN SAN MIGUELBULKAND SIZEDFRACTIONS
(WT%MINERALBASIS)

San Miguel 74-I06-_I/_nCoal Particle-SizeCategories(_Lm) COAL
...............................................................TOTAL BASIS

Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT_ WT%

Quartz 2.2 3 9 5.0 2.0 3.0 0.7 16 7 7 54
Aluminosilicate 1.5 3 6 5.0 1.5 5.1 4.5 21 3 9 31
Ca-aluminosilicate 0.2 0 2 0.2 0.0 0.0 0.0 0 6 0 27
Fe-aluminosilicate 0.0 0 0 0.0 0.0 0.0 0.0 0 0 0 01
K-aluminosilicate 1.2 2 6 8.0 6.5 15.4 3.8 37 4 15 89
Pyrite 0.0 0 0 0.0 0.0 0.6 0.0 0 6 0 25
Gypsum 0 1 0 1 0.1 0.7 1.0 0.0 1 9 0 78
Barite 0 0 0 1 0.0 0.0 0.0 0.0 0 3 0 06
Ca-Silicate 0 0 0 0 0.0 0.0 0.0 0.0 0 1 0 02
Aluminosil./Gypsum 0 2 0.1 0.1 0.0 0.0 0.0 0 4 0 20
Alumina 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0.01
Calcite 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0.01
Rutile 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0.01
Pyrrhotite 0 0 0.0 0.0 0.1 0.0 0.0 0 1 0.03
Si-Rich 1 7 2.8 1.5 0.5 0.6 0.3 7 4 3.45
Periclase 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0.01
Unknown 1 9 4.0 2.7 1.6 1.8 1.3 13 3 _.99

TOTAL (and PSD*) 9.0 17.4 22.6 12.9 27.5 10.6 100.0 43.83

* Particle-SizeDistribution

TABLE67

COMPARISONOF SAN MIGUELCOALAND CHARS
(TOTALWT% - CCSEMANALYSIS)

Coa___._l 0.05 Sec 0.1Sec 0.2 Sec 0.5 Sec 0.8 Sec

Quartz 15.47 22.48 23.59 25.06 25.67 21.94
Iron Oxide 0.22 0.39 1.30 0.69 0.52 1.18
Aluminosilicate 16.02 16.98 10.57 3.62 14.58 12.42
Ca-aluminosilicate 2.07 1.23 3.69 5.23 1.86 3.57
Fe-aluminosilicate 0.52 0.05 0.42 1.64 0.69 1.35
K-aluminosilicate 39.20 40.45 40.08 26.46 39.43 38.46
Pyrite 1.14 0.51 0.00 0 O0 0.00 0.03
Gypsum 0.70 0.42 0.14 1 31 0.38 0.15
Barite 0.00 0.00 0.03 0 04 0.00 0 05
Gypsum/Barite 0.00 0.02 0.00 0 O0 0.00 0 O0
Ca-Silicate 0.25 0.22 0.59 3 76 1.04 1 12
Aluminosil./Gypsum 0.67 0.12 0.50 0 02 0.00 0 O0
Ca-Aluminate 0.00 0.00 0.00 0 01 0.00 0 O0
Alumina 0.02 0.13 0.00 0 01 0.00 0 O0
Calcite 0.00 0.00 0.00 0 04 0.00 0 03
Rutile 0.00 0.00 0.00 0 O0 0.09 0 03
Pyrrhotite/Fe-Sulfate 0.13 0.00 0.08 0 01 0.00 0 O0
Ca-Rich 0.00 0.00 0.05 0 01 0.00 0 01
Si-Rich 10.33 11.20 11.37 21 94 8.43 11 86
Unknown 13.26 5.80 7.59 12 15 7.31 7 82
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TABLE 68

PARTICLE-SIZE DISTRIBUTIONFOR INDIVIDUAL INORGANICPHASES
IN SANMIGUELCHARSAT DIFFERENTRESIDENCETIMES (MINERALWEIGHT%)

A. San Miguel O.05-SecondChar
Particle-SizeCategories(microns)
.... TOTAL

Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.26 1.22 2.94 6.81 10.62 0.63 22.48
Iron Oxide 0.01 0.00 0.00 0.00 0.38 0.00 0.39
Aluminosilicate 0.06 0.32 0.79 1.96 9.96 3.90 16.98
Ca-aluminosilicate 0.18 0.45 0.30 0.31 0.00 0.00 1.23
Fe-aluminosilicate 0.01 0.00 0.00 0.04 0.00 0.00 0.05
K-aluminosilicate 0.20 0.90 5.42 1.91 22.43 0.58 40.45
Pyrite O.O0 O.O0 O.08 O.O0 O.44 O.O0 O.51
Gypsum 0.00 0.01 0.00 0.12 0.28 0.00 0.42
Gypsum/Barite O.O0 O.02 O.O0 O.O0 O.O0 O.O0 O.02
Ca-Silicate 0.05 0.02 0.00 0.15 0.00 0.00 0.22
Aluminosil./Gypsum 0.06 0.06 0.00 0.00 0.00 0.00 0.12
Alumina 0.00 0.00 0.00 0.13 0.00 0.00 0.13
Si-Rich 0.28 1.11 2.01 2.86 3.06 1.90 11.20
Unknown 0.39 0.77 1.23 1.55 1.87 0.00 5.80

TOTAL (and PSD) 1.50 4.86 12.77 24.84 49.02 7.01 100.00

B. San Miguel O.I-SecondChar
Particle-SizeCategories (microns)

TOTAL
Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz O.52 I.70 2.66 3.99 13.04 I.70 23.59
Iron Oxide 0.01 0.02 0.00 0.11 1.16 0.00 1.30
Aluminosilicate 0.22 1.07 1.41 1.45 4.85 1.58 10.57
Ca-aluminosilicate 0.41 1.50 1.09 0.54 0.16 0.00 3.69
Fe-aluminosilicate 0.02 0.06 0.13 0.21 0.00 0.00 0.42
K-aluminosilicate 0.43 1.92 5.99 7.48 21.97 2.28 40.08
Gypsum 0.01 0.01 0.00 0.12 0.00 0.00 0.14
Barite 0.00 0.03 0.00 0.00 0.00 0.00 0.03
Ca-Silicate 0.20 0.27 0.04 0.07 0.00 0.00 0.59
Aluminosil./Gypsum 0.09 0.10 0.00 0.00 0.00 0.00 0.50
Pyrrhotite/Fe-Sulfate 0.00 0.00 0.00 0.00 0.00 0.00 0.08
Ca-Rich O.O0 O.05 O.O0 O.O0 O.O0 O.O0 O.05
Si-Rich 0.58 2.32 2.82 1.61 4.04 0.00 11.37
Unknown 0.65 I.20 I.48 1.13 3.14 0.00 7.59

TOTAL (and PSD) 3.14 10.24 15.63 16.77 48.66 5.56 100.00
continued . . .
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TABLE 68 (Continued)

PARTICLE-SIZEDISTRIBUTIONFOR INDIVIDUALINORGANICPHASES
IN SAN MIGUEL CHARS AT DIFFERENTRESIDENCETIMES (MINERALWEIGHT %)

C. San Miguel O.2-SecondChar
Particle-SizeCategories (microns)

..... TOTAL
Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.25 1.18 4.95 7.60 10.01 1.07 25.06
IronOxide 0.03 0.00 0.09 0.25 0.33 0.00 0.69
Aluminosilicate 0.17 0.83 2.19 0.24 0.20 0.00 3.62
Ca-aluminosilicate 0.31 1.30 2.06 0.58 0.99 0.00 5.23
Fe-aluminosilicate 0.02 0.07 0.00 0.60 0.95 0.00 1.64
K-aluminosilicate 0.31 1.58 8.05 5.43 8.02 1.07 24.46
Gypsum 0.00 0.01 0.05 0.30 0.49 0.46 1.31
Barite 0.00 0.00 0.00 0.04 0.00 0.00 0.04
Ca-Silicate 0.13 0.33 0.40 1.80 1.11 0.00 3.76

Aluminosil./Gypsum 0.00 0.00 0.00 0.02 0.00 0.00 0.02
Ca-Aluminate 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Alumina 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Calcite 0.00 0.00 0.00 0.04 0.00 0.00 0.04
Pyrrhotite/Fe-Sulfate 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Ca-Rich 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Si-Rich 0.25 1.27 2.05 7.90 9.87 0.61 21.94
Unknown 0.31 0.67 1.24 4.66 5.27 0.00 12.15

TOTAL (and PSD) 1.81 7.24 21.08 28.43 37.23 3.22 100.00

D. San Miguel O.5-SecondChar
Particle-SizeCategories(microns)

TOTAL
Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.14 0.63 1.73 4.31 15.48 3.38 25.67
IronOxide 0.01 0.02 0.00 0.00 0.00 0.50 0.52
Aluminosilicate 0.06 0.20 0.83 1.36 8.83 3.30 14.58
Ca-aluminosilicate 0.08 0.30 0.56 0.33 0.58 0.00 1.86
Fe-aluminosilicate 0.02 0.02 0.00 0.16 0.50 0.00 0.69
K-aluminosilicate 0.30 0.78 3.53 7.80 23.04 3.99 39.43
Gypsum 0.00 0.00 0.00 0.03 0.35 0.00 0.38
Ca-Silicate 0.05 0.10 0.25 0.03 0.61 0.00 1.04
Rutile 0.00 0.00 0.04 0.06 0.00 0.00 0.09
Si-Rich 0.08 0.59 0.90 1.99 4.69 0.18 8.43
Unknown 0.16 0.35 0.66 1.13 4.16 0.85 7.31

TOTAL (and PSD) 0.91 2.99 8.48 17.18 58.24 12.20 100.00
continued . . .
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TABLE 68 (Continued)

PARTICLE-SIZEDISTRIBUTIONFOR INDIVIDUALINORGANICPHASES

IN SAN MIGUEL CHARS AT DIFFERENTRESIDENCETIMES (MINERALWEIGHT %)

E. San Miguel O.8-SecondChar
Particle-SizeCategories (microns)

-TOTAL
Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.16 0.72 1.24 4.43 13.32 2.07 21.94
Iron Oxide 0.01 0.00 0.00 0.08 0.37 0.71 1.18
Aluminosilicate 0.07 0.36 1.06 2.24 7.59 1.10 12.42
Ca-aluminosilicate 0.14 0.53 0.58 0.61 1.29 0.43 3.57
Fe-aluminosilicate 0.01 0.05 0.00 o.og 0.46 0.74 1.35
K-aluminosilicate 0.26 1.17 3.47 6.57 22.84 3.14 38.46
Pyrite 0.00 0.03 0.00 0.00 0.00 0.00 0.03
Gypsum 0.00 0.00 0.00 0.03 0.12 0.00 0.15
Barite 0.00 0.00 0.00 0.05 0.00 0.00 0.05
Ca-Silicate 0.05 0.20 0.06 0.17 0.65 0.00 1.12
Calcite 0.00 0.00 0.00 0.03 0.00 0.00 0.03
Rutile 0.00 0.00 0.00 0.03 0.00 0.00 0.03
Ca-Rich 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Si-Rich 0.17 0.85 2.00 1.90 6.26 0.67 11.86
Unknown 0.22 0.36 0.40 1.23 4.12 1.50 7.82

TOTAL (and PSD) 1.10 4.28 8.80 17.45 58.01 10.3 100.00
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Figure 70. TGA analysis of" San Miguel coal and chars.
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TABLE 69

COMPARISONMINERALCONTENTFORSANMIGUELCOALAND FLY ASH
(TOTAL WT%- CCSEMANALYSIS)

53-74 /_m Unsized 53-74 /_m Unsized
Coal Coal Fly Ash Fly Ash

Minerals Minerals Minerals Minerals

Quartz 15.47 16.27 14.42 18.67
Iron Oxide 0.22 0.12 0.94 0.07
Aluminosilicate 16.02 21.75 10.32 9.87
Ca-aluminosiIicate 2.07 0.28 2.75 4.61
Fe-aluminosilicate 0.52 0.03 2.16 i.49
K-aluminosiIicate 39.20 45.76 43.97 39.73
Pyrite I.14 0.93 0.00 0.O0
Gypsum 0.70 I.01 0.17 0.12
Barite O.00 0.08 0.00 0.O0
Ca-SiIicate 0.25 0.02 0.85 I.08
AluminosiI./Gypsum 0.67 0.09 0.00 0.08
Alumina 0.02 0.00 0.00 0.00
Calcite 0.00 0.00 0.09 0.25
RutiIe 0.00 0.05 0.00 0.O0
Pyrrhotite/Fe-Sulfate 0.13 0.21 0.00 0.O0
Si-Rich 10.33 5.83 14.17 14.41
Unknown 13.26 7.59 I0.16 9.62
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TABLE 70

PARTICLE-SIZEDISTRIBUTIONIN SAN MIGUEL FLY ASH
FROM 53-74 _m AND UNSIZED COAL FRACTIONS

(WT%MINERAL BASIS)

San Miguel Fly Ash from 53-74 pm
Particle-SizeCategories (_m)
- TOTAL

Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.12 0.46 2.61 3.04 7.86 0.33 14.42
Iron Oxide O.O0 O.O0 O.O0 O.O0 O.94 O.O0 O.94
Aluminosilicate 0.00 0.00 0.00 3.22 6.34 0.76 10.32
Ca-aluminosilicate 0.03 0.00 0.19 0.69 1.44 0.40 2.75
Fe-aluminosilicate 0.03 0.05 0.72 0.46 0.56 0.34 2.16
K-aluminosilicate 0.10 0.51 1.76 7.67 25.25 8.67 43.97
Gypsum 0.01 0.06 0.00 0.02 0.09 0.00 0.17
Ca-Silicate 0.05 0.11 0.32 0.25 0.12 0.00 0.85
Calcite 0.00 0.00 0.00 0.09 0.00 0.00 0.09
Si-Rich 0.04 0.43 1.44 3.28 7.78 1.21 14.17
Unknown O.28 O.63 2.30 I.46 4.46 I.03 I0.16

TOTAL (and PSD) 0.65 2.24 9.33 20.17 54.84 12.76 100.00

San Miguel Fly Ash From Unsized Coal
Particle-SizeCategories (_m)

-TOTAL
Mineral/Phase I-2.2 2.2-4.6 4.6-10 10-22 22-46 >46 WT%

Quartz 0.04 0.12 0.45 3.93 9.44 4.70 18.67
Iron Oxide 0.00 0.01 0.06 0.00 0.00 0.00 0.07
Aluminosilicate 0.02 0.15 0.44 1.43 3.47 4.35 9.87
Ca-aluminosilicate 0.08 0.48 0.64 0.87 2.27 0.29 4.61
Fe-aluminosilicate 0.00 0.01 0.00 0.39 0.44 0.64 1.49
K-aluminosilicate 0.12 0.52 1.72 7.70 21.58 8.10 39.73
Gypsum 0.00 0.00 0.01 0.03 0.08 0.00 0.12
Ca-Silicate 0.01 0.06 0.03 0.24 0.75 0.00 1.08
Aluminosil./Gypsum 0.00 0.00 0.00 0.00 0.08 0.00 0.08
Calcite 0.00 0.00 0.04 0.05 0.16 0.00 0.25
Si-Rich 0.05 0.38 0.78 2.56 6.35 4.30 14.41
Unknown 0.07 0.23 0.59 1.52 3.69 3.53 9.62

TOTAL (and PSD*) 0.38 1.96 4.75 18.71 48.30 25.90 100.00

* Particle-SizeDistribution
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Fly ash was also collectedin the multicyclone,and the individual
stageswere analyzed using SEMPC. Table 71 gives the results from the SEMPC
analysis. The major phases identifiedby molar ratios in the fly ash were
quartz or silica, amorphousillite,and amorphousmontmorillonite. The amor-
phous illite was actuallythe derivativeof potassium-richzeolites in the
coal. Most of the fly ash mass (89%) was greaterthan 22 #m in average
diameter. It was observedthat Si02 and K20 oxides increasedwith increasing
fly ash particle size, correspondingto greater amountsof the amorphous
illite-derivedphase. The finer fly ash fractionhad more CaO and A1203. The
amorphousand bulk compositionsof the ash were similar (Table71).

4.6 Particle-SizeDistributionof Kentucky #9 and San Miguel Fly Ash

Kentucky #9 and San Miguel coals were sized into three categoriesand
combustedat 1300, 1400, and 1500°C. Each of the 18 sampleswere collectedin
both a five-stagemulticycloneand a Mark V cascadeimpactorto gather
particle-sizedata. The coal minerals from the 1500°Cfly ash were analyzed
with CCSEM. A bulk coal size was obtained using Malvern analysis. CCSEM was
also run on a sample of the middle coal size at 1500°Cto comparewith the
multicycloneand impactordata.

Figures 72-77 show the distributionof the three sizes of coal
(38-53/_m,53-74 /_m,74-106#m) of Kentucky #9 combustedat 1300, 1400, and
1500°Cas collectedwith the multicyclone. All six figuresshow no difference
in particledistribution. The six figures are made of only nine actual
distributionsthat, if all were placed on one graph,would constituteone
solid line; thus no differencein particle-sizedistributionis evident in the
Kentucky#9 at the parameterstested with the multicyclone.

Figures78-83 show distributionsof the Kentucky#9 fly ash at the same
conditionsas above, but collectedwith the cascade impactor. The data is
very similar to that above with only one conditionstickingout slightly. The
38-53-/_mcoal sample combustedat 1300°Chas a slightlygreater abundanceof
larger particles.

Figures84-89 are the size distributionsof the San Miguel fly ash at
the nine differentconditionsas collectedwith the multicyclone. The only
change in distributionsoccurred in the 75-I06-/_mmicron coal size. The
higher the temperature,the greater the particle-sizedistribution(i.e.more
larger particles)was. This would possibly imply the occurrenceof
coalescencein this coal size only. The other two coal sizes show no
substantialdifferenceswith temperature.

Figures90-95 show the size distributionsof the San Miguel as collected
with the cascade impactor. The data shows that the smallerthe initialcoal
size and the lower the temperature,the larger the particle sizes,with the
exceptionof the 74-I06-#mcoal.
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TABLE 71

COMPOSITIONOF SAN MIGUEL FLY ASH UNDER SLAGGING CONDITIONS- SEMPC ANALYSIS
(WEIGHT%)

%Mass O.70 2.70 2.O0 3.30 2.40 88.90

Cutpoints <2.1 2.1-5.3 5.3-8.4 8.4-14.0 14-16.6 >].6.6

Mean Diameter (_LLm) 0.9 2 4 6.6 9.3 21.3

Weighted
Phase Composition FILTER MC5 MC4 MC3 MC2 MCl Average

Gehlenite 0.0 0.8 2.0 2.1 0.0 0.0 0.1

Anorthite 35.0 7.8 3,3 1 6 1.6 0.0 0.6
Albite 0.0 0.0 0.0 0 0 2.9 0.0 0.1
Quartz 0.0 0.0 2.5 4 5 5.3 5.3 5.0
Iron Oxide 0.0 0.0 0.0 0 0 0.0 0.8 0.7
CalciumOxide 0.0 0.0 0.0 0 0 0.0 0.0 0.0
CalciumSilicate 0.0 0.4 1.2 0 0 0.0 0.0 0.0
MagnesiumOxide 0.0 0.0 0.0 0 0 0.0 0.0 0.0
Anhydrite 0.0 0.0 0.0 0 0 0.0 0.0 0.0
Pure Kaolinite(Amorp.) 0.0 0.4 0.4 0 4 1.2 0.8 0.8
lllite(Amorp.) 0.0 1.2 7.8 6 6 10.7 25.5 23.3
Montmorillonite(Amorp.) 60.1 14.4 22.1 12 3 6.6 4.1 5.5
Unclassified 4.9 74.5 60.2 72 4 71.6 63.4 63.7

Bulk Oxide Composition

Si02 55.3 59.4 61.2 63.7 66.5 70.0 69.1
A1203 16.4 20.4 19.6 18.9 18.2 16.5 16.8
Fe203 3.0 2.3 2.3 2.8 1.4 2.9 2.8
Ti02 3.0 2.2 1.9 1.7 1.3 1.1 1.2
P205 0.2 0.2 0.i 0.i 0.0 0.0 0.0
CaO 12.2 8.7 8.3 6.8 4.7 2.7 3.2
MgO 0.8 0.7 0.7 0.6 0.5 0.4 0.4
Na20 1.1 1.2 1.3 1.2 3.1 1.4 1.4
K20 1.7 1.8 1.8 1.9 2.0 2.4 2.3
S03 5.5 0.9 0.6 0.5 0.5 1.3 1.3
BaO 0.6 0.4 0.2 0.2 0.3 0.2 0.2
Mn207 0.2 0.2 0.2 0.2 0.2 0.2 0.2
ClO 0.0 1.5 1.7 1.4 1.3 0.8 0.9

AmorphousOxideComposition

Si02 59.2 61.3 63.9 65.0 66.5 70.7 69 9
Al_03 17.7 21.1 21.0 20.3 19.8 18.3 18 5
Fe_03 3.1 2.3 2.4 3.1 1.5 2.0 2 0
Ti02 3.0 2.1 1.9 1.7 1.3 1.2 1 3
P,Os 0.2 0.i 0.I 0.0 0.0 0.0 0 0
CaO 12.0 8.7 6.1 5.4 4.4 2.6 3 0
MgO 0.8 0.7 0.7 0.6 0.6 0.5 0 5
Na_O 1.2 1.2 1.5 1.3 3.2 1.6 1 6
K20 1.8 1.9 2.0 2.0 2.2 2.7 2 6
S03 0.0 0.0 0.0 0.0 0.0 0.0 0 0
BaO 0.7 0.3 0.2 . 0.2 0.3 0.2 0 2
Mn207 0.2 0.2 0.2 0.3 0.2 0.2 0 2
ClO 0.0 0.0 0.0 0.0 0.0 0.0 0 0
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Figure 72. Kentucky #9 - multicyclone1300°C,3 coal sizes.
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Figure73. Kentucky #9 - multicyclone1400°C,3 coal sizes.
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Figure 74. Kentucky#9- multicyclone1500°C,3 coal sizes.
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Figure 75. Kentucky#9 - multicyclone38-53 #m, 3 temperatures.
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Figure 76. Kentucky#9 - multicyclone53-74-/_mcoal, 3 temperatures.
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Figure 77. Kentucky#9- multicyclone74-I06-/_mcoal, 3 temperatures.
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Figure 78. Kentucky #9 - impactor1300°C,3 coal sizes.
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Figure 79. Kentucky#9 - impactor1400°C,3 coal sizes.
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Figure 80. Kentucky #9 - impactor 1500°C,3 coal sizes.
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Figure81. Kentucky #9 - impactor38-54-/_mcoal, 3 temperatures.
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Figure 82. Kentucky#9 - impactor53-74-pm coal, 3 temperatures.
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Figure86. San Miguel - multicyclone1500%, 3 coal sizes.
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Figure 87. San Miguel - multicyclone38-53-#m coal, 3 temperatures.

180



100

90 jJ
/J

80

70

60

40

30

20

10

o +"=? + = + ",'"-" ,-
0 2 4 6 8 10 12 14 16 18 20 22

Diameter (um), PMGD
• 1300°C + 1400% • 1500%

Figure 88. San Miguel - multicyclone53-74-#mcoal, 3 temperatures.
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Figure 89. San Miguel - multicyclone74-I06-/_mcoal, 3 temperatures.
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Figure 90. San Miguel - impactor 1300°C,3 coal sizes.
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Figure 91. San Miguel - impactor 1400°C,3 coal sizes.
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Figure 92. San Miguel - impactor1500°C,3 coal sizes.
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Figure 94. San Miguel - impactor 53-74-/_mcoal, 3 temperatures.
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4.7 Synthetic Coal Combustion Testing

A syntheticcoal was created by polymerizingfurfuryl alcoholwith
p-toluenesulfonicacid (30, 31). During the polymerizationof the alcohol,
carbon black was added to increasethe porosityof the sample. The synthetic
coal (syncoal)was made to contain 10% by weight Si02,5% Na, and I% S. The
Si02 (quartz)was sized to approximately5 microns in diameter with a sonic
sieve,the actual particle-sizedistributioncan be seen in Figure 96 as
determinedby computer-controlledscanningelectronmicroscopy (CCSEM).
Quartz was added to the syncoalduring the polymerizationprocess; thus the
quartz was bound as includedmineral matter within the syncoal. The Na was
added by dissolving sodium benzoatein ethyl alcohol, stirringthe alcohol
solutionin with the syncoaland evaporatingoff the alcohol. This technique
produced a sodium distributionsimilar to that of a Beulah lignitewhich is
volatilizedeasily. The techniquewas studiedby Mills (19). Sulfurwas
added extraneouslyto the sample by mixing sublimedsulfur with the syncoal.
During polymerization,some sulfurwas lost, leavingonly 0.6% S in the
syncoal. The actual inorganiccompositionsachievedwere slightlydifferent
from those desired but are assumed,as previouslymentioned, for the remainder
of this discussion. The syncoalwas then sized to 37-106 microns using a
sonic sieve. The actualparticle-sizedistributionof the syncoal is shown in
Figure97 as determinedby Malvern analysis. The syncoalwas combustedat
900, 1100, 1300, and 1500°Cfor approximately1.4 seconds. The two
temperatureextremeswere also run using particle residencetimes of 0.1 and
0.5 seconds.

Figures98, 99, 100, and 101 are scanningelectronmicroprobe (SEM)
photographsof the ash produced at the four combustiontemperatures: 900,
1100, 1300, and 1500°C,respectively. Note that all four photographsare at
the same magnification. The particle size of the ash decreases with
increasingcombustiontemperature. Table 72 shows the average particle size
for each of the four samples. Figure 102 shows the particle-sizedistribu-
tions of the four ashes as measuredmanually with a Tracor Northern8500 image
analyzer. Also includedin Figure 102 are the two expected extremesduring
combustion: I) 100% fragmentation- assuming each mineral forms a fly ash
particle,2) 100% coalescence- assumingthat the mineral matter in each coal
particleforms one fly ash particle (the mineralswere also assumedto be
homogeneouslydispersedin the syncoal). The four ash size distributionsare
insidethe two expectedextremes. The higher combustiontemperaturesshift
the distributionstowardsthe fragmentationcurve,while the lower
temperaturesshift it towardsthe coalescencecurve.

The surfacecharacteristicsof the two temperatureextreme sampleswere
studiedby SEM techniques. The 900 and 1500°Csampleshave similar surface
characteristics. The samplescontainwhite moieties on the larger fly ash
samples. The particles,as stated earlier, get smallerwith increasingtem-
peratureand so do their accompanyingwhite moieties. The approximatesize of
the moietiesat 900°C is 0.5 to 2 microns, where at 1500°Cthey are about half
that size. The abundanceof the moieties also diminisheswith combustion
temperature. The surfacecompositionsof the two temperatureextreme samples
in Table 73 were determinedin the followingthree categories: I) bulk compo-
sition,2) grey area composition(largerparticles),and 3) white moiety
composition. It is noted that when analyzingthe white moieties, the electron
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TABLE 73

PARTICLESURFACECOMPOSITION

Bulk Grey Area White Moiety
Temperature Composi t i on Composi t i on C,ompos i t i on

(°C) Na S S___i N___aS S__ii Na S S___i

900 24 5 61 19 1 80 39 18 43

1500 80 1 19 5 0 95 6 1 93

beam penetratesthrough them becauseof their small size and thus some signal
from the sample behind them is received. From the data it appearsthat the
larger particles (grey area) are comprisedof sodium and silica,with sodium
sulfateparticles (whitemoieties)stickingon the outside.

Two residencetimes were studied at the two temperatureextremes (900
and 1500°C). All four sampleswere analyzedby CCSEM, and the summaryof
those results along with the CCSEM of the raw coal are found in Table 74. The
average particlesize for the four sampleswas similarwith the 1500°C. The
O.1-secondsample was slightly larger,possibly attributedto sampling
variability. The average sizes of all four samplesare similarto the average
particle size of the raw coal, which impliesthat no appreciablecoalescence
of the minerals has taken place in this amount of time. The area percentof
sodium silicatespresent in the samples is also shown in Table 74. These are
categorizedas having a compositionof at least 5% Na and a sulfur content
less than 5%. The higher temperaturesand longer residencetimes demonstrate
a higher interactionbetweenthe sodium and quartz. A major assumptionthat
must be made is that the sodium is volatilizedimmediatelyat both temperature
extremes. No appreciableformationof sodium sulfateswas evident. The CCSEM
method (in the manner it was used) only analyzesparticlesgreater than i pm,
which will excludemost sodium sulfateparticlesthat may have formed during
the early stages of combustion.

The samplethat was generatedat 900°Cand O.1-secondresidencetime
appearsto have a bimodaldistributionof char. The large particlesare about
100 _m in size, and the smallerparticlesare about 20 _m in size. It
appearsthat the smallerparticlesare fragmentsfrom the larger particles
since no appreciableamount of the fine particleswas evident in the raw coal.
Some (5-10%)of the larger particleshave cracks in them, suggestingthe
occurrenceof fragmentation. A sample of the same syntheticcoal was run at
1500°Cfor 1.4 secondsunder a nitrogen atmosphere,and no molten quartz
particleswere evident, althoughmolten quartz particleswere noted using the
oxygen atmosphere. Mineralparticleselsewhereremainedjagged and apparently
unaffected. There was very little evidenceof coalescenceat this temperature
and residencetime.
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TABLE 74

CCSEMRESULTSOF SHORTRESIDENCETIME RUNS

Temperature Residence Time Avg. Diameter Area % Na-Si

900°C 0.I sec 4.04 #m 1.2

1100°C 0.5 sec 4.06 #m 18.9

1300°C 0.I sec 5.06 #m 1.0

1500°C 0.5 sec 4.20 #m 45.4

Raw Coal - 3.84 _m

At 900% and O.5-seconds residence time the char particles were much
smaller and more homogeneous in size than the shorter residence time sample.
They had an average particle size of about 20 #m. The char samples would be
expected to be smaller, but not this small at this early of a stage of combus-
tion which would imply that fragmentation has occurred. There is a larger
extent of coalescence of the minerals (quartz) than at the shorter residence
times. The coalescence evident is not enough to increase the ash particle
size at this stage.

The 1500%-0.1 second sample showed a similar bimodalsize distribution
as did the 900°C-0.Isecond sample. The two major differencesare that the
higher temperaturesample has a greater degree of carbon burnoutand
coalescence. A larger amount of sodium than the previous samples is found on i
the surface of the char particles, but it is not found appreciably in
conjunction with the quartz particles. Sulfur is also found and is
concentrated along with the sodium on the surface of the unburned carbon.
This may demonstrate the early formation of sodium sulfates, but their actual
presence is hard to verify visually.

For the 1500%-0.5 second sample, the amount of carbon remaining has
decreased substantially. The ash particles formed are as large as 30 #m
which is larger than the ash after 1.4 seconds of combustion which may
demonstrate the formation of cenospheres during the early states of
combustion. The size of the particles also demonstrates an early stage of
coalescence. The quartz particles have a small amount of sodium associated
with them (5%). There is also a small amount of sulfur present with the
unburned carbon, but no sodium is present along with it. There appears to be
some submicron particles found on the quartz particles, but they do not show
the presence of sodium or sulfur when analyzed.
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4.8 Conclusions

Kentucky #9 coal contained about 15% ash and had high iron (20%) and
moderate calcium (3.4%) and potassium (3%) contents on a normalized oxide
basis. The most abundant minerals were quartz, aluminosilicate (degraded
illite or mixed clay), illite, pyrite, and for the 74-106 /_mand unsized
fraction, siderite. Ash content decreased with increasing coal size, but
minerals sizes increased. Variability in mineral content was noted for these
different coal sizes analyzed by CCSEM. An increase in pyrite with coal size
corresponded with an increase in iron oxide in the coal ash.

Kentucky #9 fly ash showed interaction between iron in the pyrite with
aluminosilicate to form Fe-aluminosilicates. Pyrite transformation was
evidenced by reduction from 28% to 0%, and iron oxide was increased from 8% to
22% of the minerals using CCSEManalysis. Kentucky #9 minerals that were <10
/_munderwent coalescence to a size range mostly between 22-46 /_m, while the
largest Kentucky #9 minerals (>46 #m), which include pyrite and illite,
underwent fragmentation. Time-resolved studies showed that k-aluminosilicate
and iron oxide increased with time. Quartz remained fairly constant in
quantity from coal to O.8-seconds residence time char. The finest fraction of
the Kentucky #9 size segregated fly ash was enriched in CaO, S03, and Ti02.

San Miguel lignite had about 53% ash on a dry basis and was very low in
iron (1.9%) and calcium (3.5%). Sodium content was moderately low at 2.5% of
the ash. Sodium and calcium were 65% and 72%organically bound, respectively.
The major minerals in the San Miguel lignite as determined by CCSEMwere
quartz, clinoptilolite, and an unknownaluminosilicate that was probably mixed
clay or montmorillonite. Mineralogic compositions on a mineral basis were
similar for 38-53, 53-74, and 74-106-/_m coal fractions; however, larger
minerals were observed with increased coal size. The total ash contents and
elementaloxide chemistrywere similar for the differentcoal size fractions.

Analysis of San Miguel short residencetime char revealed that quartz
and K-aluminosilicatecontents remained fairly constantthroughthe combustion
process,relative to their abundancein the originalcoal. Aluminosilicate
was slightlyreduced, and Fe-aluminosilicateand calciumsilicatewere
slightly increased. The particle-sizedistributionsof the char inorganic
phases showed coalescencewith increasedresidencetime. Smallerminerals
between I and 10 _m decreased in abundance,and large inorganicphases 22-46
_m increasedin abundanceprogressivelyuntil 0.5 seconds into combustion.
The 0.5 and 0.8 second chars were nearly identicalin particle size and
composition. This is the result of near 100% carbon burnout by 0.5 secondsof
combustion.

Fly ash was producedusing a residencetime of about 2.6 secondsand
collectedon bulk filtersfor the San Miguel 53-74 _m and unsizedcoals. In
general, these San Miguel fly ashes were similarlycomposed. Aluminosilicate
and K-aluminosilicatedecreasedwith combustion,probablythrough interaction
with the other mineral components. SEMPC analysisof the size-segregatedfly
ash from the multicycloneshowed the major phases of quartz or silica,amor-
phous illite,and amorphousmontmorillonite. The amorphousillitewas actu-
ally the derivativeof potassium-richzeolites in the coal. Most of the fly
ash mass (89%) was greater than 22 _m in averagediameter. It was observed
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that Si02and K20 oxides increasedwith increasingfly ash particle size,
correspondingto greater amountsof the amorphousillite-derivedphase. The
finer fly ash fractionhad more CaO and A1203.

The Kentucky#9 shows no change in particle-sizedistributionchange for
a change in startingcoal size or combustiontemperature. Neitherthe
multicycloneor the cascade impactorshowed any difference. The San Miguel
size distributionschange with both temperatureand initialcoal size. The
impactordata, and some of the multicyclonedata, show that the lower the
temperatureand the smaller the initialcoal size, the larger the particle-
size distribution. This impliesthat coalescencemay dominate at the lower
temperaturesand coal sizes and fragmentationat the higher temperaturesand
larger coal sizes.

The formationof sodium silicatesduring coal combustionis favoredby
longer residencetimes and higher temperatures. The formationof sodium
sulfatesdo not interfereto any large degree with the formationof sodium
silicatesdue to the high temperatureof combustiontaking place within the
burningcoal environment. The formationof fly ash at the four temperatures
appearsto be governed by differentmechanisms. At the lower temperatures,
coalescenceis dominating,while at the higher temperatures,fragmentationand
sheddingdominate. The formationof cenospheresat the lower temperaturesmay
also effect the particle-sizeresults. The exothermicreaction temperatureof
a burning piece of syntheticcoal appears higher than that of coal, which may
sway resultstowards the higher temperatureregimes,but overall resultsof
the syntheticcoal appear good.

5.0 FUTUREWORK

The next year of work includesan exciting agendaof CCSEM development,
coal and ash characterizationof one new coal, formulationof new synthetic
coal mixturesdoped with quartz, aluminosilicate,and Ca, and developmentof a
mathematicalmodel to predict fly ash particlesize and compositionfrom
initialraw coal data. Additionalcombustiontestingwill be done on the
sodium sulfur,the silica syntheticcoal, and on the unsized Beulah,Upper
Freeport,and Eagle Butte coals.
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LIQUEFACTIONREACTIVITYOF LOW-RANKCOALS

1.0 EXECUTIVESUMMARY

In the precedingdecade, molten zinc chloride was demonstratedto be an
effective catalyst for the productionof clean gasoline fuels; however, some
disadvantagesrelating to its corrosivenessand loss during regenerationwere
noted. Duringthe last year we have extensivelyinvestigatedsupportedforms of
zinc chloride which may overcome these problems. Silica gel-supportedzinc
chloridewas shownto be an effectivecatalystfor hydrotreatingfirst-stagecoal
liquefaction products to a distillate fuel containing no sulfur. Higher
conversions (53-68%) were obtained with this catalyst than that with a
commercially available Ni-Mo catalyst (35%). Extensive studies with model
compoundswere carriedout with the objectiveof achievinga betterunderstanding
of the chemistryof hydrotreatingcoal liquidswith solid strong-acidcatalysts.
These studiesshowedthat the silicagel-supportedzincchloridecatalystcleaves
aryl sulfides, ethers, phenols, nitrogen heterocyclics, and alkylaromatic
compounds. Alkyl transferreactionsalsooccur very readily. Molecularhydrogen
is not utilizeddirectly in the cleavage reaction,but it is needed to prevent
coking and condensationreactionsand is indirectlyincorporatedinto products.
Products are consistentwith a mechanism involvingformationof carbonium ion
intermediateswhich are converted to products via hydride abstraction. The
sources of the hydride ions apparently are various aromatic condensation
intermediates. Tertiaryalkanesare not effectivehydridedonors. Polynuclear
aromaticsare hydrogenatedbut single ring aromaticsare not.

Characterizationof the silicagel-zinc chloridecatalystwas carriedout
to provide further information on the nature of the zinc chloride in the
catalyst. The acidicpropertiesof the SZC catalystwere determinedby several
methods. Hammett acidities obtained by titrations with various weak bases
demonstratedthat the catalyst contained a relatively large number of highly
acidic sites. Total acidities (Bronsted and Lewis) were determined by
thermogravimetricpyridineadsorption-desorptionexperiments. Infraredstudies
of the pyridine adsorbedcatalyst also gave relative amounts of Bronsted and
Lewis acid sites. Elementalanalysisshowedthat very littleof the chloridewas
lost in the preparationof the catalyst. SEM/EDA studiesshowed that the zinc
chlorideis evenlydistributedover the surfaceof the silicagel support. X-ray
diffraction indicated that recovered catalysts from hydrotreatingtests had
incorporatedpartof the sulfurreleasedfrom the substratesas zinc sulfide(the
rest becomeshydrogensulfide). The zinc sulfidemust be microcrystallinesince
it appearedin SEM/EDAmaps to be evenlydistributedon the surfaceof the silica
gel support,rather than as crystals.

The optimum loading of zinc chloride on the silica gel support was
investigated. Resultsfor hydrotreatingtests with loadingsof 5%, 16%, and 50%
zinc chloride by weight on the silica gel indicated that the 16% and 50%
catalysts had essentiallythe same activity,whereas the activity on the 5%
catalyst was substantiallyless. The 16% composition may represent close
exhaustivesurfacecoverageby the zinc chloride. Becauseof the slow rates for
some of the hydrotreatingreactionsat temperaturesless than 400oC, a catalyst
to substrateof 0.5 was found to give decent conversionsin a reasonabletime



period. Carbon tetrachloridehas been found to be a better solventthan water
for the preparationof the silica gel-supportedcatalyst.

A catalystwas preparedby supportingzincchlorideon montmorilloniteclay.
This catalyst was effective in cleaving sulfides and alkylbenzenes;however,
condensationreactionsto oligomericproducts were more extensivewith a low-
severity liquefaction product from Wyodak subbituminous coal which gave
conversionof 53%, 57%, and 62% to distillableliquids. Pumice-supportedzinc
chloridewas a considerablylesseffectivecatalystthan the silicagel-supported
catalyst.

A pillaredclay-supportedmetal sulfidecatalystwas preparedand testedfor
hydrotreatmentof first-stagecoal liquefactionproducts. This catalyst was
based on the conceptthat the pillaredclay will allow large microporevolumes
for accommodationof the very large coal macromoleculesat the active metal
sulfidesites in the catalyst. A chromia-pillaredwas prepared and nickel and
molybdenum were dispersed in the interlayer spaces. After sulfiding, the
catalyst was tested in hydrotreatingreactionswith model compounds and low-
severity product. This catalyst gave very high conversions in cleavage of
alkylbenzenesand sulfides (98-99%)and in hydrogenationof aromatic compounds
without condensationto larger molecules or coking. Conversionof the Wyodak
low-severityproductto distillatewas 47%, which was higher than that obtained
with commercialcatalyst. Removalof sulfur from the distillatewas complete,
and 75% was removed from the vacuum bottoms.

Total acidity and type of acidity of the pillared clay-supportedmetal
sulfidecatalystwere determinedand comparedwith the pillaredclay. Infrared
spectroscopyand thermogravimetricanalysis of the pyridine-adsorbedcatalyst
showedthat these materialscontainsignificantnumbersof highly acidic sites,
the metal-loadedpillared clay containing fewer sites than the pillared clay.
The number of Lewis acid sites are almost twice the Bronstedacid sites.

Hydrotalcites were also investigated as supports for metal sulfide
catalysts, and as catalysts themselves. Both the pillared hydrotalcitesand
molybdenum-loaded pillar hydrotalcites were ineffective in hydrocracking
alkylbenzenes. However, both catalysts were highly effective for hydro-
desulfurizationof aryl sulfidesand benzothiophenes.Hydrotalciteand pillared
hydrotalcitegave benzene as the major product,whereas the molybdenum-loaded
hydrotalcitegave cyclohexanein additionto benzene. Promisingresults were
also obtained for hydrodeoxygenation of aryl ethers to benzene and
hydrodenitrificationof quinolineto various products.

2.0 GOALS AND OBJECTIVES

The efficient production of environmentally acceptable distillate fuels
requires catalysts for hydrogenation and cleavage of the coal macromolecules and
removal of oxygen, nitrogen, and sulfur heteroatoms. Currently, two stage
processes for coal conversion are under development. The first stage converts
coal to a soluble form with minimal cracking and hydrogenation. This process
presently involves no catalyst other than the coal mineral matter, but a
promoter, hydrogen sulfide, is added, which may have a catalytic effect. The



second stage involves hydrogenation upgrading of the first-stage product to
distillates with fixed or ebullated bed catalysts.

The catalysts currently used in the coal liquefaction are the same as those
used in conventional petroleum refining; however, this application has not been
very successful. Improvements in upgrading efficiency could be obtained if
catalysts with longer life and better activity and selectivity were available.
Rapid deactivation of the conventional Co-Mo and Ni-Mo catalysts on an alumina
support have been attributed to coke formation (I), metals deposition (2), and
inhibition of active center by chemisorbed compounds (3). The objectives of this
research project are to develop and test novel heterogeneous catalysts for
hydrotreatment upgrading of first stage coal liquefaction products. The new
hydrogenation catalysts are based on pillared clays and hydrotalcites, which have
very large micropore dimensions which can accommodate the coal macromolecules,
but do not possess strong acidities which lead to coking at high temperatures.
A second objective is to develop a solid acid catalyst for depolymerization of
coal macromolecules. The acid catalysis process for coal liquefaction is
believed to operate by ionic mechanisms. Some molten acids have successfully
depolymerized coal, but the poor efficiencies of catalyst recovery and the
corrosive nature of the catalyst make the process uneconomical. Stable solid
acid catalysts will be developed which will avoid these difficulties. These
catalysts are also based on pillared clays as well as silica bases.

3.0 ACCOMPLISHMENTS

3.1 Introduction

The development of new heterogeneous catalysts for hydrotreating was
continued. The synthesis of several new catalysts was accomplished. The new
catalysts are basically of three types: hydrotalcites, sulfided metal
hydrogenation catalysts, and solid acid ionic hydrogenation catalysts. These are
discussed separately below.

3.1.1 Metal HydrogenationCatalystson PillaredSmectiteSupport

Acid smectite clays are used as catalysts in petroleum-cracking and various
other reactions. Unfortunately, they dehydrate and collapse at temperatures
above 200C. Acid zeolites are more stable at high temperatures; however, the
pores are too narrow to be useful for coal macromolecules, and they are not
effective in upgrading as compared with conventional Ni-Mo or Co-Mo catalysts.
In the pillared clays, intercalation of hydroxylated or complexed metal cations
maintains the clay layer structure after loss of water and generates large pores.
These structures are stable to 450° or 500°C. The alumina cluster pillared clays
are effective catalysts for petroleum catalysis. Chromia pillared clays with
even larger pore spacings have considerable potential for upgrading. A new
catalyst has been prepared by dispersing/exchanging active metals (Ni and Mo)
into chromia pillared clay, and tested for hydrocracking and
hydrodesulfurization. This catalyst gave almost quantitative conversion of
diphenylsulfide into benzene, and unwanted side reactions such as coking and
oligomer formation were prevented.



3.1._. Solid Acid-CatalyzedHydrocrackinq

Acid-catalyzed coal conversion has been thoroughly investigated; however,
the efficiencies of catalyst recovery are not high enough or the catalyst is
consumed, resulting in high cost. Another disadvantage is the corrosive nature
of the catalyst. A stable solid acid catalyst may have more potential in
recovery schemes. Acid zeolites can be used at high temperatures, but have pore
sizes too small for the large coal macromolecules. Thermally stable pillared
clay catalysts with large interlayer pores are more attractive for acid-catalyzed
depolymerization of coal macromolecules. Chromium and aluminum cluster-pillared
smectites are being tested both in the Bronsted and Lewis acid form, the latter
being formed from reactions with metal chlorides. The liquefaction reactivity
of Wyodak coal which has been in-situ pillared with polyoxy chromium ions or
metal(s) supported will be compared with other solid acid catalysts, such as
Drago aluminum chloride-silica complex and similar zinc chloride complex.
Reactions of supported zinc(ll) chloride catalysts as a function of amount of
zinc chloride loading (5 or 16 wt%), solvent for catalyst preparation
(carbontetrachloride or water), supporting material (silica gel or pumice powder),
and the catalyst amount (10 or 50 wt%) will be compared with silica gel-zinc
chloride catalyst.

3.1.3 Metal HydrogenationCatalystson HydrotalciteSupports

The hydrotalcites are bimetallic hydroxides with cationic layers separated
by exchangeable anions which have been applied to the catalysis of polymerization
and carbon monoxide reduction. A pair of di- and trivalent metal ions such as
magnesium, aluminum or zinc, and chromium are used in generating the cationic
layers. The cationic layer is then pillared with a bulky inorganic or organic
anion to create a gallery space when water is driven out.

Reichle (4) has provided an account of the anionic hydrotalcite clays.
These anionic clays are easily synthesized, and a variety of compositions are
readily prepared. Thus the potential to design a clay-like material to
hydrotalcite-like compositions has been described (5-7).

The catalytic capabilities of these materials have been investigated to some
extent by Reichle and other workers (7-12). To be useful as hydrotreating
catalysts, the introduction of a metal sulfide or other transition metal complex
catalysts into the interlayer is required. Our interest has been in exploring
the possibility of initially placing a molybdenum-containing ion in the space
between the hydrotalcite-like layers and examining the catalytic activity related
to the hydrogenation of compounds which model those found in liquefaction
products of coal.

3.2 Experimental

3.2.1 Catalyst Preparation

3.2.1.1 Preparation of Zinc Chloride supported catalysts

Silica gel-zinc chloride catalysts were prepared by loading 5 and 16 wt.%
of anhydrous zinc chloride on silica gel in carbon tetrachloride using same



procedure as described for the preparationof silica gel-zinc chloride in our
previous quarterlyreport (13). Pumice powder was also loadedwith 16 wt.% of
zinc chloride in carbon tetrachlorideusing the same general procedure.

In a separateexperiment5.0 g silicagel was added to a solutionof 1.0g
of zinc chloridein 50 ml water, and stirredovernight. The solventwas removed
by evaporation,and residuedried at 200:C.

3.2.1.2 Preparationof metal supportedhydrotalcites

Hydrotalcites and molybdenum exchanged hydrotalcites were prepared as
described earlier (14). Instead of ammonium molybdate, ammonium
tetrathiomolybdatewas exchangedinto hydrotalcite.

3.2.2 ElementalAnalysis

Total sulfur determinationwas done with a LECO model 532 sulfur analyzer
using the ASTM D1551 method. The method of Vogel (15) was used for chlorine
analysis. Carbon, hydrogen,and nitrogen analyseswere performedon a Control
EquipmentCorporationModel 240XA ElementalAnalyzer.

Proton and 13CNMR spectra were obtained in dichloromethane-d__with TMS
standardon a Varian XL200 NMR spectrometer.Infraredspectrawere obtained in
KBr on either a Perkin Elmer Model 283 spectrometeror a Nicolet 20SXB FTIR
spectrometerequipped with a mercury cadmium telluride (MCTA)detector, and a
Nicolet 1280 computerwith a fast Fouriertransformcoprocessor.

QuantitativeGC/FIDanalyseswereperformedwith a HewlettPackard5880Agas
chromatographequipped with a J&W 60 m x 0.25 mm (i.d.), 1.0 micron DB-1701
capillary column, n-Octadecanewas the internal standard. Isotopedilution
GC/MS was performedon a Finnigan800 ITD ion trap detectorwith an HP 5890A gas
chromatographand a J&W 30 m x 0.32mm (i.d.),1.0 micron film of DB-5. Phenol,
naphthalene,and tetralin were determined with per-deutratedanalogs as the
respectiveinternal standards. A 15 m x 0.25 mm (i.d.),0.25 micron DB-5 film
capillarycolumn was used for the analysisof high boiling point components.

3.2°3 Characterizationof Solid Acid Catalysts

3.2.3.1 Acidity Measurements

The aciditiesof the solidacidcatalysts,chromiapillaredclay and chromia
pillared clay supportedNi-Mo were determined by the pyridine adsorptionand
desorptionmethod using FTIR and the Thermogravimetric(FGA)method.

3.2.3.2 InfraredMethod

A small amount of sample (100mg) was placed in a glass chamberattachedto
a vacuumpump, gas inlet,and a gas outlet. The chamberwas evacuated,and argon
saturatedwith pyridinewas introducedintothe chamberuntilthe weight increase
ceased. At this stage the chamberwas evacuateduntil the physisorbedpyridine
was removed, as indicatedby the constantweight of the base absorbed sample.
The infrared spectra of the pyridine-absorbedcatalyst was obtained oi_the



Nicolet FTIR spectrometer with the diffuse reflectance cell. Infrared spectral
data are presented in Tables 3 and 4.

3.2.3.3 Thermogravimetric method

Total acidity of the catalyst was determined from chemisorption of pyridine
on the catalyst surface using a thermogravimetric analysis (TGA) technique.

Approximately 20 mg of catalyst were placed on the sample pan of the DuPont
951 thermogravimetric balance module, which was interfaced with a DuPont 1090
Thermoanalyzer (controller and data station). The sample was purged with argon
at ambient temperature until constant weight was achieved (several minutes). The
argon flow was then stopped and the sample chamber was evacuated. The vacuum
pump continued to hold the partial vacuum until constant weight was once again
achieved. The pump was turned off and a flow of pyridine-saturated argon at
ambient temperature was introduced into the sample chamber. The pyridine-argon
flow continued for 180 minutes, at which time the weight gained by the sample had
nearly ceased. The chamber was again evacuated, still at ambient temperature,
and held under partial vacuum for 40 minutes. Whenconstant weight was achieved,
the temperature was increased at a rate of 20°C/min to I05°C, where it was held
for 30 minutes. The temperature was then increased at a rate of 2 C/min to 202°C
and held there for 30 minutes, followed by a temperature increase at a rate of
20°C/min to 300°C, where it was held for 60 minutes. The experiment was
terminated when constant temperature was achieved.

The 1090 Thermoanalyzer records time, temperature and weight during the
experiment. On reducing the data, dw/dt is calculated and the data are reported
on a plot of wt% and dw/dt vs time, wt% and dw/dt vs temperature or in tabular
form.

3.3 Results and Discussion

3.3.1 Zinc chloride-Supported catalysts

3.3.1.1 Characterization of Catalysts

Mixtures of silica gel and pumice powder with zinc chloride were
characterized by elemental analysis, infrared spectroscopy, and thermogravimetric
methods.

3.3.1.1.1 Elemental analysis

Elemental analyses of the zinc(ll) chloride mixtures with silica gel and
pumice powder, both obtained from the reaction in carbon tetrachloride, indicated
that no loss of chloride occurred during the heating procedure. Thus, most of
the zinc is present as ZnCI2, part of which is complexed with silica hydroxyls.

3.3.1.2 Testing of Supported Zinc Chloride Catalysts



3.3.1.2.1 CatalyticHydrotreatingof Bibenzyl

Bibenzylwas used as a test compoundto investigatecatalyticactivityof
supportedzinc chloride catalysts. The reactionswere carried out by heating
bibenzyland the catalystin the presenceof 1000 psig of molecularhydrogen(if
needed) at 350C for 3 hours. The effects of zinc chloride loading, support
material,solvent used for catalyst preparation,and the ratio of catalyst to
substrateon the catalyticactivityof zinc chloride supportedcatalystswere
investigated. The roles of hydrogen, hydrogen transfer, and hydrogen donor
solvent in the hydrotreatingwere also investigated. Relevant physical and
analyticaldata are given in Table I.

In a typical run, 1.0 g of bibenzyl, and 0.5 g of desired catalyst,and
hydrogen donor solvent (if needed) were placed in a tubing bomb (12 ml
microreactor). The microreactorwas evacuated,pressurizedwith 1000 psig of
hydrogenor deuterium (if needed), and placed in a rockingautoclaveheatedto
350°C. At the end of the reaction period,the microreactorwas cooled to room
temperature,degassed and opened. The desired amount of the internalstandard
was added to the product slurry, the product slurry was transferred into a
centrifugationtube by washingwith methylenechloride,and the solid catalyst
was removed by centrifugation. The liquid sample was analyzed by GC/FID and
GC/FTIR/MS.

The chlorineanalysisof the recoveredcatalystdid not indicateany loss
of chlorineduringreaction. Detailedcharacterizationof the recoveredcatalyst
to determinetilepossibleloss of catalyticactivityis in progress.

TABLE 1

CATALYTICHYDROCRACKINGOF BIBENZYL
(REACTIONTEMP. : 350°C, REACTIONTIME : 3 HRS)

Catalyst Substrate Reductant Conversion Major Products
(g) (mmol) (%)

SG 5.49 1000 units 2 Benzene (tr.)
(0.25) Ethylbenzene(tr.)

Toluene (tr.)

ZC-melt 5.62 1000 units 13 Benzene (0.08)
(0.25) Ethylbenzene(0.04)



TABLE I (CONTINUED)

CATALYTICHYDROCRACKINGOF BIBENZYL
(REACTIONTEMP. = 350°C,REACTIONTIME = 3 HRS)

Catalyst Substrate Reductant Conversion Major Products
(g) (mmol) (%)

Toluene (0.02)

SZC 5.49 1000 units 80 Benzene (3.54)
(0%) Toluene (0.15)

Ethylbenzene (1.35)
Cond. Prod. (18%)
Coke 0%

SZC 5.50 I000 units 18,5 Benzene (0.35)
(0.1) Ethylbenzene (0.24)

SZC-5 5.52 I000 units 39.9 Benzene (1.0)
(0.5) Toluene (0.1)

Ethylbenzene (0.4)

SZC-16 5.63 I000 units 74.6 Benzene (3.12)
(0.5) Toluene (0.2)

Ethylbenzene (0.9)

SZC-16A 5.51 1000 units 64 Benzene (2.2)
(0.5) Toluene (0.2)

Ethylbenzene (0.5)

PZC-16 5.62 1000 units 3 Benzene (0.03)
(0.5) Toluene (0.05)

Ethylbenzene (0,04)

SZC 5.49 None 83 Benzene (3.2)
(0.5) Toluene (0.2)

Ethylbenzene (0.8)
Cond. Prod. = 27%
Coke =7%

SZC 5.53 Deuterium 64 Benzene (2.6)
(0.5_ (1000 units) Toluene (0.1)

Ethylbenzene (1.1
Cond. Prod. : 24%
Coke : 0%



TABLE 1 (CONTINUED)

CATALYTICHYDROCRACKINGOF BIBENZYL
(REACTIONTEMP. = 350°C, REACTIONTIME : 3 HRS)

Catalyst Substrate Reductant Conversion Major Products
(g) (mmol) (%)

SZC 5.52 Isopentane 76 Benzene (2.73)
(0.5) (0.2 units) Toluene (0.2)

Ethylbenzene(0.75)
Cond. Prod. = 29%
Coke = 6%

SG = Silica gel
ZC-melt = Molten zinc chloride

SZC = Silica gel-zincchloride (50% zinc chloride)
SZC-5 = Silica gel-zincchloride (5% zinc chloride)
SZC-16 = Silica gel-zinc chloride (16%zinc chloride)
SZC-16A = Silica gel-zinc chloride (16% zinc chloride,water solvent
PZC-16 = Pumice powder-zincchloride (16% zinc chloride)
tr = trace

The reactionof bibenzylwith unsupportedsilicagel in hydrogengave very
small conversion of bibenzyl into products, mainly benzene, toluene, and
ethylbenzene. Simila;lywith molten zinc chloride,the conversionwas only 13%,
and benzeneand ethylbenzenewere major products. A small amount of toluenewas
also formed. However,when the same reactionwas carried out with silica gel-
zinc chloride (50% zinc chloride)catalyst,85% of bibenzylwas convertedinto
the productsbenzeneand ethylbenzene,with a small amountof toluene. The ratio
of benzeneto ethylbenzenewas 3. In addition,18% of the startingproductwas
convertedinto oligomers. No coke formationoccurred under these conditions.
When the ratio of silica gel-zinc chloride / bibenzyl was reduced to 0.1 the
percentconversiondropped from 85 to 18.5. The productdistributionwas the
same as in the previousreaction. These reactionsindicatethat the combination
of zinc chloridewith silica gel generatesthe highly acidic sites needed for
hydrocrackingreactions. A considerableamount of the catalyst is necessaryto
get a reasonableamount of reactionto occur under the conditionsused.

The effect of percentage of zinc chloride on the catalytic activity of
silica gel-zinc chloride was investigatedby comparingthe results using zinc
chloride loadings of 50%, 16%, and 5%. The reactionwith 5% zinc chloridion
silica gel (SZC-5) gave only 39.9% conversion of bibenzyl into products.
However,the conversionof bibenzylwith SZC-16was comparablewith that obtained
from SZC. The productdistributionsfrom the reactionsof SZC-5 and SZC-16were
same as that obtained from the reaction of bibenzyl with SZC. These results
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thatdirectdeuteriumadditionto the2-phenylethylcarboniumionwasnot amajor
pathway.

In anotherreaction,molecularhydrogenwas replacedwith isopentaneas a
hydrogendonorsolvent. Isopentaneis a good hydridedonor in reactionsin
superacidmedia. This reactionresultedin almostthe same conversionand
productdistributionas in the reactionwithout hydrogen. As before,a
significantfractionof the substratewas convertedintocoke and condensation
products.A quantitativeamountof isopentanewas recoveredat the end of the
reaction.Theseresultsshowthatisopentanedoesnotdirectlytransferhydride
to the fragment_formedfrom the crackingof bibenzylwith the solidacid
catalyst. It also does not reducethe condensationproductsor indirectly
transferhydrogento the products.

3.3.1.2.2CatalyticHydrotreatingof 1-Methylnaphthalene

In continuationwith our studies of the relative kinetics of the
hydrotreatingreactionsof polynucleararomaticswith solid acid catalysts
(Silicagel-zincchloride),the effectsof hydrogenand hydrogendonorsolvent
onthehydrotreatingofmethylnaphthalenewereexaminedduringthisquarter.The
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FigureI. Reactionsof phenylethylcarboniumion.
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