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HIGHLIGHTS 

COAL CONVERSION RESEARCH 

Gasification Wastewater Treatment and Reuse 

• Two long gasification tests were accomplished (66 and 72 hours of 
slagging operation) this quarter, and the balance of the wastewater 
needed for the second cooling tower (CT) test ("-11,000 gallons) was 
generated. 

e Eleven thousand gallons of slagging fixed-bed gasifier (SFBG) wastewater 
were solvent extracted and ammonia stripped (AS) to nominal levels of 160 
mg/l phenol and 600 mg/1 NH3 . This wastewater is being further treated by 
activated sludge (AS) and granular activated carbon (GAC) processing to 
prepare a high quality makeup for the second CT test. 

• Component material balances have been completed for some key species from 
the first UNDERC CT test based on rates and composition of makeup, blow­
down, drift, and evaporate. Phenol mass balances indicated that >90 pet 
of the phenol was stripped from the tower, indicating that previous as­
sumptions of high levels of biodegradation were erroneous. Over 80 pet 
of the ammonia and about 25 pet of the methanol were also stripped. 

• Data collected during steady state operation of the bench-scale rotating 
biological contactor indicate complete removal of phenolics and alcohols, 
and 94 pet removal of BOD. Nitrification also occurred in this unit, 
with over 30 pet removal of ammonia. Operating conditions for the unit 
included a hydraulic detention time (HDT) of 0. 48 days and a hydraulic 
loading of 0.1 gal/ft2 /day. Operation of this unit on SGL was excep­
tionally good. Considering the low initial investment, low operating 
costs, and the stability of this tyPe of biological treatment process, 
its use should be evaluated at a larger scale. 

• Some problems have been encountered in operation of the pilot-scale AS 
system, including foaming and variable levels of COD in the influent. 
Nevertheless, oper~tion has been good and steady state samples with an 
HDT of 3 days and a sludge age of 20 days have shown complete removal of 
phenolics and alcohols and over 94 pet reduction in BOD.. With the rel­
atively short sludge age, little nitrification was expected and none was 
seen. 

• Problems due to individual bacteria, present in the biotreated waste­
water, passing through the multi-media i;i 1 t.er. and thus decreasing the 
carbon adsorption efficiency of the GAC system, have resulted in lower 
treatment rates than originally anticipated. Since chemical addition may 
present problems when reusing wastewater at high cycles of concentration 
in a cooling tower and could affect UNDERC's analytical techniques, only 
a physical filtration step (multi-media filtration) is used when pre­
paring water for the carbon columns. As a result, to achieve the desired 
treatment, the contact time of the wastewater with the carbon in the 
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granular activated carbon system has been increased. Since this has 
decreased the treatment rate, a larger carbon adsorption system has been 
designed and is presently being constructed. 

Hydrogen Production from Low-Rank Coals (LRCs) 

• It is planned to utilize a relatively large-scale TGA apparatus for the 
major portion of the test work in H2 production from LRCs. The design 
has ·been completed, and construction has begun of a unit in which samples 
of up to 1 pound can be tested. While the main operating areas of in­
terest for H2 production are temperatures of ~650°C at atmospheric pres­
sure, the TGA apparatus was designed for use in Coal Science projects to 
approach reaction temperatures of 1000°C and pressures up to 1000 psig. 

Fine Coal Cleaning 

• The "forms of sulfur" analytical procedures at UNDERC have been completed 
and Will be used on a vanety ot projects. The sulfate ion will b~ 
measured directly using an ion chromatograph. A modified ASTM method 
D2492, using AA rather than ICAP analysis for iron, was selected as a 
more rapid method to determine pyritic sulfur content in the coal samples. 

Coal-Water Slurry Preparation 

• Contract construction of the hot-water/coal drying process development 
building was completed the last week in September, nearly two months 
later than scheduled. The general contractor completed the painting 
requirements, while the electrical and plumbing subcontractors finished 
installation of the lighting and heating systems. The building is now 
ready for occupation and erection of work structures, and the placement 
of process equipment has started. 

• Pilot plant construction during the quarter included fabrication of the 
main work platform, the coal feeder stand, the coal storage hoppers, the 
overhead crane support structure, and the vacuum pump stand. In addi­
tion, several small pump bases and pedestal stands were also completed. 

• Fabrication of a bench-scale hot-water/steam drying apparatus designed to 
operate in a cold-charge batch mode, drying up to a maximum of one gallon 
of coal in slurry per cycle, was completed. The apparatus has the versa­
tility to operate with either liquid or vapor phase water for coal drying 
purposes. The test fixture consists of two high-temperature/high-pressure 
autoclaves, one acting as the coal dryer while the second accumulates 
evolved gases and water condensate. Thus, material balances can be 
closed and the product gases analyzed. 

Low-Rank Coal Liquefaction 

• Hexane-soluble portions of chloroform Soxhlet extracts of seven lique­
faction coal samples have been partially characterized. These fractions 
contain alkanes such as terpane, triterpanes, and pristane, which are 
considered biological markers. While there were some correlations as a 
function of coal rank, such as an increasing pet of pristane and a de­
creasing average chain length with rank, others, such as weight pet 
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• 

• 

n-alkanes, showed no apparent rank effect. Nonetheless, each coal ex­
tract gave a unique capillary GC profile, which may serve as an identi­
fier. 

At "normal" liquefaction temperatures (420°C in the presence· of H2S to 
460°C without H2S) increasing the fraction of hydrogen in the feed gas 
generally results in increased liquid yield (i.e., distillate plus sol­
uble residuum) and increased hydrocarbon gas yield. These same trends 
were noted for the staged runs where the second-stage temperature was 
440°C. However, at low liquefaction temperatures typically used in the 
first-stage reactions (i.e., 380°C), the total liquid yield declined with 
increasing hydrogen concentration in the feed gas. Thus, it is seen that 
roles of the CO and H2 feed gas constituents vary depending on the reac-
tion temperature. 

Time sampled batch autoclave data at low temperatures simulating proposed 
first-stage operation (320° to 400°C) with CO reductant suggest either 
different mechanisms or competing reactions begin influencing conversion 
at ~375°C. Below 375°C a conversion maximum is reached in less than five 
minutes, whereas above 375°.C, conversion initially appears lower than 
obtained at lower temperature and continually increases through the 
entire 60-minute test. 

COAL UTILIZATION RESEARCH 

SO /NO Control 
X X 

• Bench scale testing of potential catalysts for NO reduction has shown 
synthetic mordenite to be the most reactive. Syn~hetic mordenite is a 
hydrated aluminum silicate whose open structure may indicate that surface 
area is the critical cat~lyst property. · 

Particulate Characterization 

• Examination of coal ash characteristics and fabric filter performance 
indicates a strong correlation between Na 20 level and collection effi­
ciency. Increased sodium levels appear to result in increased collection 
efficiency. 

Waste Characterization 

e Leaching tests on ashes generated by combustion of pulverized low-rank 
coals from the Gulf Coast and Fort Union Regions indicate significant 
levels of Cr, Se, and Mo in leachates from selected coal ashes. 

Combustion Research and Ash Fouling 

e Combustion of micronized ( <15 ~m) high-sodium lignite indicates a slight 
decrease in deposition rate and bonding strength for deposits formed 
thHiug pilot scale tcoting when compa.ren tn conventional (80 pet <74 ~m) 
grind coal. 
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o Operation of the bench-scale combustion device at UNDERC indicates coal 
particles are exposed to heating rates of approximately 5 x 104 °K/ sec. 
This is based on a gas temperature of about 1200°C at the exit to the 
high temperature furnace. 

Fluidized-Bed Combustion of Low-Rank Coals 

o Operation of the 2. 25 sq ft AFBC on a high sodium lignite with about 
0 pet excess air and a silica sand bed did not result in bed agglomer­
ation in 100 hours of operation. A rapid rise in bed Na 2 0 content and an 
increase in bed particle size were observed, which may indicate a poten~ 
tial problem if-the run duration had been increased. 

COAL SCIENCE 

Ash and Slag Characterization 

• An in-house sample bank has been established which so far contains 16 
low-rank coal samples from five states. The purpose of this activity was 
the collection of samples for laboratory ashi ng studies; however, the 
samples will actually be of use in all Coal Science projects. 

• Preliminary data on ashing of five coals at 150°, 750°, a_nd 1000°C has· 
shown a number of interesting mineral transformations as a function of 
ashing temperature. Of particular interest are the oxidation of pyrite 
to hematite and magnetite, the fixation of- sulfur by calcium as anhy­
drite, and the formation of the melilite aluminosilicate solution series. 

• Viscosity vs temperature tests on low-rank coal ash slags confirmed 
earlier observations that the viscosity at a given temperature is sig­
nificantly higher in air than in neutral or reducing atmospheres. 

• Analysis of slag phases found in the hearth section of the UNDERC 
slagging gasifier, after runs which had aborted early, suggests that the 
failure mechanism is a re~ction of alkalies o:r ::tlk:dine earths with the 
refractory to produce phases which would be fluid at the high temper­
atures of the tuyere blast but would solidify in the relatively cooler 
taphole region. · 

Organic Structure 

• Development of a method for determination of cellulose in lignite has 
proven to be difficult. The methods utilized do not appear to go to 
completion. Nevertheless, the amounts of cellulose found so far are 
quite small, ranging from .003 to .015 pet in as-received coal. 

• Lignin is determined by measuring the methoxy ether content by oxidizing 
the coal sample with pertrifluoroacetic acid followed by hydrolysis of 
the product esters and gas chromatographic determination of the resulting 
methanol. The yield of methanol from Indian Head lignite by this pro­
cedure is comparable to that obtained by supercritical water ex-traction 
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and by hot water slurry drying, suggesting that one effect of these two 
processes is to degrade the lignin residues in the coal structure. 

• Oxidation of lignite with sodium periodate is a specific measure of 
o-methoxyphenol structures. Preliminary results suggest that at least 
one-third of the methoxy groups in lignite are located ortho- to free 
hydroxy groups. 

• Studies of model compounds and polymers by pressure differential scanning 
calorimetry confirmed the previous assignment of the low-temperature peak 
in the the·rmogram to the aliphatic portion of the structure and the high 
temperature peak t.o· the aromatic portion. An interesting model polymer 
found to have lignite-like.' combustion characteristics is polyvinyl 
toluene. 

Distribution of Inorganics 

• The technique for c;hemical fractionation was extended to incorporate an 
additional ammonium acetate extraction, to insure full removal of the 
ion-exchangeable cations. 

• A method for determination of carboxylic acid groups was modified for use 
on lignites. The principal features of the method are the reaction of 
demineralized coal with barium acetate under an inert atmosphere. The 
acetic acid formed in the reaction is a measure of the carboxylic group 
content of the coal. 

• Electron microscopy techniques were used to distinquish between syn­
genetic pyrite, formed in the early stages of coalification, and epig­
enetic pyrite resulting from postdepositional processes. These tech­
niques have been applied to a detailed study of minerals and inorganic 
element associations in a vertical section of coal in the Beulah (North 
Dakota) lignite seam. 

• The separation of lignite and subbituminous lithotypes into durain, 
fusain, and vitrain has been accomplished successfully. The application 
of traditional petrographic techniques to low-rank coals has required 
solving problems associated with high-moisture· contents of the coals, and 
mainly has required always keeping the exposed part of the polished 
specimen covered with the oil used for the oil-immersion microscope 
lenses. 

Physical Properties and Moisture 

$ A battery of simple tests has been developed to predict and compare the 
shift in particle size for different coals subjected to comparable 
degrees of thermal and mechanical treatment. The shape of the resulting 
size distribution curves indicates which coals are most subject to 
thermal or mechanical comminution and whether the mechanical degradation 
arises from fracture by impact and compression or by abrasion. The 
mechanical friability of low-rank coal increase sharply with the amount 
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of drying prior to tumbling. The shrinkage of lignite particles on 
drying also has an effect on size distribution in addition to that caused 

1 by fracturing. 

• The distribution of pore diameters was determined for Beulah lignite by 
small angle x-ray scattering. The distributions are unusual in that they 
have neither an upper nor lower bound for pore size and have no extre~um. 
The effect of heating to 550°C is the creation of very small pores, 
probably by the escape of volatile matter, but leaving the coal matrix· 
largely intact. 

Supercritical Solvent Extraction 

• Twenty-three tests were made using supercritical water to extract Indian 
Head (North Dakota) lignite. The maximum conversion noted wa·a 54.4 pet. 
Most ot the converSI.on occurs in about th~ first 15 minutes of operaLiuu, 
with further conversion occurring slowly thereafter. A slight increase 
in percentage conversion with increase in operating temperatures "'as. 
noted, but the percentage conversion increased significantly with oper­
ating pressure up to 4000 psia. The aqueous phase was found to contain 

·methanol, acetone, phenol, and cresols. The tarry extract is difficult 
to analyze. The residual solid had a surface area of 13 to 17 m2 /g_. 

Pyrolysis and Devolatilization 

• The principal focus of work was small-scale pyrolysis using an externally 
heated tubular reactor and ucing the thermogravimetric analysis appar-.. 
atus. The data being obtained will be a guide to further design and 
development of a large sample thermogravimetric unit now under construc­
tion. Tests using the residual char from the supercritical solvent 
extraction work showed it to have a high reactivity, similar to a highly 
reactive coal-based activated carbon. 
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2 . 1 GOALS AND OBJECTIVES 

W.G. Willson 
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J.G. Hendriksen 
C. Turner 
B.W. Farnum 
M.D. Mann 
R.E. Shockey 
J.R. Gallagher 
M.M. Fegley 

J. Worman 
Chia-Yuan Chao 
S. Galegher 
J. Meyer 
K. Kempf 
S. Karner 

The principal goal of the University of North Dakota Energy Research 
Center (UNDERC) Wastewater Treatment program is to develop public data on 
environmentally acceptable means of treatment, either for reuse or disposal, 
of wastewater derived from slagging fixed-bed gasification (SFBG) of lignite. 
All wastewater treatment and reuse unit operations at UNDERC are designed to 
yield scalable data and are operated on a real gasification effluent. To the 
degree that SFBG wastewater is representative of commercial fixed-bed gasifi­
cation, an immediate goal is to assess the consequences, both process and 
environmental, for the use of solvent-extracted and ainmonia stripped waste­
water (stripped gas liquor--SGL) as makeup to a cooling tower. To the extent 
that problems are expected with the use of SGL as cooling tower makeup, 
another objective is to test alternative treatments that may be necessary if 
disposal is used rather than zero discharge. The long-range goal is to de­
velop and validate a working model for wastewater treatment design ultimately 
capable of using as input basic coal characterization data. 

To accomplish these objectives, the four major activities in the gasl.­
fication wastewater treatment and reuse program during the first year of the 
cooperative agreement are: 

1. Phase I cooling tower assessment using SGL as makeup, to determine 
environmental parameters and process fouling rates in cooling tower 
circuit. Wastewater will be prepared by tar/oil/water separation, 
filtration, solvent extraction, and ammonia stripping. 
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2. Phase II cooling tower assessment using SGL treated by single-stage 
activated sludge processing followed by carbon adsorption as makeup. 

3. Characterization of the organic contaminants in lignite-derived 
wastewater, before and after each stage of treatment. Emphasis will 
be placed on the mechanism and kinetics for hydantoin formation and 
on methods development as needs arise in characterizing the differ­
ent process streams. 

4. Development of models for solvent extraction, inorganic fouling of 
the cooling tower, and (for the first time) the effects of key 
organics in the cooling tower. 

2.2 ACCOMPLISHMENTS 

2. 2. 1 ~nmm;~ry of Opl>r;tti nns 

Water for use in t.hf' PhAsP TT rnnling tower tests ~Talil produced in tho 
UNDERC slagging fixed-bed gasifier, then processed in a solvent extraction­
ammonia stripping train. This was followed by processing in an activated 
sludge reactor to reduce organic loading and remove the BOD content. The 
final step was passage through a granular activated carbon adsorption train. 
A summary of these operations follows. 

2.2.1.1 Gasification 

Three gasifier tests were made during-the quarter, two of which provided 
a total of approximately 11,000 gallons of wastewater for future use. Tables 
l-1 and l-2 present data from the tests. 

Run UND-6 was terminated because of the inability to initate any slag 
flow even though a concerted effort was· made to open the taphole through use 
of the taphole burners. 

Slagging operation for UND-7 totalled 66.4 hours before a leaking hearth 
plate caused stoppage of slag flow which resulted in termination of the run. 
Slag flow was erratic during the latter portions of the test due, in part, to 
the hearth plate problems. 

UND-8 was operated to a scheduled shutdown when the lignite supply was 
exhausted. A total of 72.2 hours of slagging on the new hearth plate produced 
approximately 6,000 gallons of wastewater. 

In an effort to verify or disprove a theory that the hydantoin formation 
during gasification was the result of the low offtake temperature (~325°F), 
the product gas sidestream sampler was fitted with a preheater. This pre­
heater was operated at temperatures of 530°F (the anticipated offtake tem­
perature of the GPGA Lurgi gasifiers) and at 800°F (the offtake temperature of 
the Sasol gasifiers). Hydantoins form when ketones react with ammonia, ganide, 
and C02 in the course of tar/oil/water separation; therefore, if the acetone 
(or higher ketones) were removed from the heated exit gas stream, hydantoin 
formation should be eliminated. Acetone will thermally decompose in the 600° 
to 1200°F range and at 800°F the decomposition is rapid (1). The reaction. 
involved in the decomposition is shown in equation 1. 
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TABLE 2-1 

SUMMARY OF PROCESS VARIABLES 

Run Number 
Date: Start: 

End: 

Feedstock, Hours of Slagging: 

Indian Head lig~ite 

Controlled Variables: 

Pressure, psig 
0 2 feed rate, scf/hr 
02 /steam molar ratio 

Design Conditions: 

Hearth plate number 
·vertical distance, tuyeres 

to taphole, inches 
Integral ring taphole burner 
Slagging section relined 

Response Variables: 

Coal feed, lb/hr 
Coal feed, maf, lb/hr 
Product gas, IGF, scf/lb coal 
02 use, scf/lb coal 
Steam use, lb/lb coal 
Heating value of gas, Btu/scf 
Average offtake gas temp., °F 

Reasons for Shutdown: 

Voluntary (test completed) 
Hearth plat~ leak 
Loss of slag flow 
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UND-6 
07-ll-83 
07-ll-83 

0 

300 
6500 
0.9 

24 

3 5/8 
Yes 
Yes 

Yes 

UND-7 
08-08-83 
08-ll-83 

'66.40 

300 
6500 
0.9 

24 

3 5/8 
Yes 

No 

2043.5 
1329.5 

17.27 
3.18 

.17 
319.8 
342.0 

Yes 
Yes 

UND-8. 
08-22-83 
08-25-83 

0 

72.18 

300 
6500 
0.9 

25 

3 5/8· 
Yes 

No 

1946.0 
1255.0' 
16.74 
3.30 

.17 
319.9 
342.7 

Yes 



TABLE 2-2 

SUMMARY SHEET 

Run number: 

Total slagging hours 
Data period, hours 
Oxygen/steam molar ratio 
Operating pressure, psig 
Oxygen rate, scf/hr 
Steam rate, lb/hr 
Fuel rate; lb/hr 
Fuel rate, lb maf/hr 
Fixed carbon rate, lb/hr 
Flux rate, lb/lu· 
Flux ratio, lb flux/lb fuel ash 
Total gas, inert gas free, scf/hr 
Slag recovered, lb/hr 

Oxygen consumption, inert gas free: 
Per 1000 scf product gas, scf 
Per 1000 scf CO + H2 , scf 
Per lb fuel, scf 
Per lb maf fuel, scf 

Steam consumption, inert gas free: 
Per 1000 scf product gas, lb 
Per 1000 scf CO + H2 , lb 
Per lb fuel, lb 
Per lb maf fuel, lb 

Gas. production, inert gas free: 
Per lb fuel, scf 
Per lb maf fuel, scf 

Cold gas efficiency, pet 
Operational efficiency, pet 
CO + H2 production, scf/lb maf fuel 
Average offtake temperature, °F 
Gas liquor production, lb/hr 
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UND-7 

66.40 
65.02 

.90 
300 

6497.0 
342.5 

2043.5 
1329.5 
669.9 

0 
0 

35288 
106.8 

184.12 
.216.97 

3.18 
4.89 

9.71 
11.44 
0.17 
0.26 

17.27 
26.54 

79.0 
83.9 

22.52 
342.0 
591.0 

UND-8 

72.18 
57.52 

.89 
300 

6420.5 
337.6 

1946.0 
1255.0 
640.4 

0 
0 

32568 
101.9 

197.14 
231.07 

3.30-
5.12 

10.37 
12.15 
0.17 
0.27 

16.74 
25.95 

76.5 
82.2 
22.14 

342.7 
648.4 



CH3....._ C = 
cH:("' 

0 + heat ~ CH2 = C : 0 + CH4 
Ketene 

[1] 

The ketene formed by the decomposition will react with water to yield a fatty 
acid (in this case acetic acid) as shown in equation 2. 

Ketene 

II 

0 
acetic acid 

[2] 

Table 2-3 gives the analysis from the condensate collected in the side­
stream sampler with no preheat and with the two preheat conditions. While.the 
results are somewhat inconclusive, there does appear to be a reduction in the 
acetone concentration under conditions of preheat to some "equilibrium" value 
of about half the initial concentration and, with one exception, a subsequent 
reduction in the dimethylhydantoin formation. 

A column which will give us the capability to analyze for organic acids 
on the ion chromatograph is currently on order. These samples have been 
preserved and will be analyzed for acetic acid in the near future. If the 
acetone reductions are accompanied by an increase in acetic acid; then the 
reactions shown in equations 1 and 2 are probably operative. 

TABLE 2-3 

EFFECT OF OFFTAKE TEMPERATURE ON GASIFIER 
CONDENSATE COMPOSITION 

Date 8/23 8/23 8/25 
Preheat Temp., oF None 530 530 
Sampler gas flow, scfm 3.2 3.8 1.0 
Preheater residence time, sec 1.53 5.88 
Total phenols, mg/! 6770 7270 7020 
5-5-dimethyl hydantoin, mg/! 120 20 30 
5-methyl-5-ethyl hydantoin, mg/! 60 60 50 
Acetone, mg/! 830 400 420 
Acetonitrile, mg/! 310 200 180 
Propionitrile, mg/! 30 20 20 
Methanol, mg/! 1700 1200 llOO 
Ethanol, mg/! 10 10 10 
1-propanol, mg/! 120 80 50 
_ __......,.,_ ___ 
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8/23 8/25 
800 800 
2.7 1.0 

1.82 4.96 
7080 6230 

130 20 
60 40 

390 550 
180 200 

10 20 
1200 1020 

10 10 
50 so 



2.2.1.2 Solvent Extraction-NH3 Stripping Train 

Five solvent extraction-ammonia stripping train tests, each of 4 to 5 
days duration, were made during this quarter. The objective was again to 
produce wastewater with phenol and ammonia concentrations similar to Great 
Plains Gasification Associates (GPGA) expe·cted concentrations of ISO mg/R. and 
600 mg/t, respectively. Table 2-4 gives results for the five tests. Waste­
water feed for the five tests came from gasifier runs UND-4, UND-7, and UND-8. 

TABLE 2-4 

RESULTS OF SOLVENT EXTRACTION AND STEAM STRIPPING 

Water Total Phenol Total NH3 
Processed, Exit Treatment Train Exit Treatment Train 

Run No. Gallons Average, mg/t Average, mg/t 

15 4250 160 593 
16 4300 179 530 
17 5100 122 597 
18 4000 137 570 
19 4000 146 649 

Averages of the rlai Jy MHtlyses available from Run3 15 through 17 are 
given in Table 2-5. Sample S-2 is thP. r~w w.:t.stewater produced in the UNDERC 
slagging gasifier. Oils and tars were gravity separated, and the water was 
rough filtered prior to charging to the extraction column. Sample S-7 is the 
wastewater after solvent extraction with rlii~nprnpyl Pther, and S·lO ic the 
processed wastewater after both solvent extraction and ammonia stripping. All 
of this water will be processed in the activated sludge biological treatment 
unit in preparation for the Phase II ~oolini tower s~IrliPs. 

2.2.2 Cooling Tower--Phase I TP.st 

The Phase I cooling tower test was completed May 26, 1983, and prelim­
inary results have been reported (2, 3 1 4). Data reduction and reporting havP. 
continued in an effort to issue a fin~l report (draft) on the Phase I testing 
by October 31. Analytical results received this quarter verify speculations 
concerning biological fouling. Results from drift and evaporate sampling have 
also been received and reported (5, 6, 7). 

2.2.2.1 ~~mospheric Emissions 

During Phase I testing, sampling was performed to determine the atmos­
pheric emissions from the cooling tower. Several types of equipment were used 
in the Phase I cooling tower test for the collection and retention of compon­
ents in the tower evaporate and to quantify the total drift. Methods and 
results are presented here, with more detailed information reported elsewhere 
(5' 6' 7). 
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TABLE ~·-s 

WASTEWATER ANALYSES FOR SOLVENT EXTRACTION-~ONIA STRIPPING RUNS 

Run Number IS 16 17 
Sample Location S-2 S-7 S-10 S-2 S-7 S-10 ~-2 ~-7 S-10 

Methanol ND ND ND 12SO 1210 110 1280 ND 90 
Ethanol ND ND ND 0 0 0 0 ND 0 
Acetone ND . ND ND ISO 130 0 303 ND 0 
2-Propanol ND ND ND 0 20 0 0 ND 0 
Acetonitrile ND ND ND 300 280 0 293 ND 0 

DIPE ND ND ND 40 420 0 30 ND 0 
!-Propanol ND ND ND 30 0 0 33 ND. 0 
Propionitrile ND ND ND 30 30 0 40 ND 0 
Phenol 3760 167 167 4470 17S 140 3800 . IS7 107 

o-Cresol S33 0 0 S8S s 0 S77 Q 0 
p-Cresol 677 3 3 1620 10 10 990 0 0 
m-Cresol 907 3 3 877 4 3 
Dimethyl Hydantoin 1193 11S3 1100 ND ND ND 7S3 NP 933 
Ethyl-methyl 

Hydantoin 347 290 287 ND ND ND 290 NP 300 
pH 8.4 8.7 8.8 8,6 8.8 8.6 8.4 8.q 8.2 

Al~alinity 16800 I67SO 1140 IS800 I6SOO 800 17130 16430 1020 
NHa S778 S942 480 S48S 612S 460 f>277 6060 637 
Sulfide 233 ISS 0 200 105 10 300 1~~ 10 
Cyanide 51 42 44 28 39 34 37 42 28 
Thiocyanate 393 308 153 300 20S 18S 210 220 223 
COD 29050 1147S 713S 29800 10710 6270 37230 1SS70 8130 

ND = Not Determined 

2.2.2.2 Air Stream Sampling Eq~ipment 

The sampling train used for collecting components of the overhead tower 
exhaust was comprised of a five-stage multicyclone, an XAD-2 resin trap, a set 
of four cooled impingers, and a vacuum pump equipped with a caHbrated orifice 

. meter. An illustration of this equipment ~s it was assembled,for air stream 
sampling is presented in Figure 2-1. 
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CONTROL MODULE 

~ 

ELECTRICAL CORD 

MUL TICYCLONE 

/ ~ 
SAMPLE TUBE--'-..... 

/ 

UMBILICAL CORD 

FIGURE 2-1; Assembled exhaust sampling train used at UNDERC. 

During sampling runs, the entire multicyclone unit was located in a 
horizontal position within the cooling tower exhaust duct. In an attempt to 
prevent condensation from occurring within the cyclones, a thermister probe 
was inserted into the unit and sampling was begun only afer the recorded 
temperature reached that of the exhaust gas. Following the multicyclone the 
gas . sample was drawn through a series of three dry impingers, through the 
XAD-2-filled resin trap, and finally through a silica-filled impinger prior to 
reaching the vacuum pump. The four impingers were partially submerged 1n an 
ice bath to promote condensation of the evaporate. The impinger and resin 
trap portion of the sampling train was mounted just outside the exhaust duct 
sampling port so as to minimize the amount of interconnecting tubing needed. 

A five-stage stainless steel multi cyclone, the Gram Slam Sampler, man­
ufactured by Flow Sensor Corporation (FSC), was used for this aerosol sampling 
work. The largest available straight nozzle, ~ inch in diameter, was used to 
carry out isokinetic sampling of the UNDERC test cooling tower exhaust. The 
operating principle of a multicyclone sampler is to size fractionate particles 
in an air stream by drawing the sample through a series of consecutively 
smaller diameter cyclones. The basis for its use in this work was to try to 
separate and size fractionate cooling tower drift emissions. The droplet size 
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fraction collected in each cyclone is dependent on the viscosity of the gas 
stream and the sa~pple flow rate. This flow rate and the approp:date nozzle 
size were determined from the results of stack velocity and temperature trav­
erses. Manufacturer specifications for this sampler state that it may be oper­
ated in any orientation without affecting its particle collection character­
istics. 

Empirical equations have been derived for predicting the mean cut dia­
meter, referred to as the D50 , of each cyclone from known flow rates and gas 
viscosity (8). The gas viscosity, in turn, can be calculated from polynomial 
fits to published data using the gas temperature and approximate composition 
(9). A computer program has been developed which uses these polynomial curve 
fits and empirical equations to obtain mean cyclone cut diameters and also the 
mass loading characteristics of each droplet size range. Th~ latter is done 
by assuming the droplets collected in each cyclone to have diameters between 
the D5 o of that cyclone and the D50 of the preceding cyclone. 

The impingers used in this sampling trai~ were designed to minimize the 
number of turns the gas stream would be pulled through. As such, the outlets 
and inlets of consecutive impingers were located on the same horizontal plane, 
and the resin trap was inserted such that its connections were also directly 
in line. In order to prevent contamination of the samples by joint sealing 
lubricants, only non-grease glass-to-glass connections were used in. this 
sampling train. 

A 4-inch diameter pyrex cylinder with internal porous pyrex membranes 
served as the sampling train resin trap. The trap was filled with XAD-2 
synthetic resin. This particular resin was chosen because of its effective­
ness in retaining a wide variety of organic vapors, and because the retained 
organics are easily extracted with a number of different solvents. 

A Misco Model 7200 source sampler was used to draw samples isokinetically 
from the tower exhaust stream. This control module is an enclosed vacuum pump 
equipped with manometers, a calibrated orifice, wet and dry test meters, and 
an umbilical cord which connects it to the final silica-filled impinger. 

Sampling of the drift was performed using a Heated Glass Bead Isokinetic 
(IK) !:Jampling System developed by Envi ronmP.ntal Systems Corporation (ESC) 
(10). The IK system employs Pyrex sampling tubes filled with Pyrex beads and 
wrapped with heating tape. One end of the tube is attached to a vacuum source 
and the ·tube is placed at the measurement point such that the air flow is 
directed into the tube opening. The mean flow velocity through the tube is 
th.en adjusted so that it is equal to that of the air surrounding the tube to 
achieve isokinetic sampling. Current is applied to the heating tape sur­
rounding the tube, elevating the temperature of the glass surface inside. 
Drift droplets are transported through the tube opening and evaporate after 
impinging on the hot internal surfaces of the Pyrex tubing, leaving a residue 
of the minerals contained in the droplets. After the exposure period, the 
mineral residue is washed from the tube and analyzed for selected components. 

The Sensitive Paper Method (SP), developed by ESC, was also used to 
measure drift. This method utilizes a water-sensitive paper that has been 
ch~mir.ally treated such that a drop of water striking the surface of the paper 
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will produce a stain whose size is related to that of the original droplet. 
The sensitive paper is exposed to the exhaust stream for a preset time period 
to produce a paper stained by the drift droplets. The droplet stains are 
measured and counted and used along with corresponding data on duct dimen­
sions, impingement velocity, and sampling time and location. With these data, 
a determination is made of the drift particle size distribution and mass flux 
distribution, which can then be used to compute the total drift mass emission 
rate. 

Other methods of drift determination were done using process and concen­
tration data recorded during the test period. 

2.2.2.3 Atmospheric Emission Sampling Results 

The cooling tower operating parameters are presented in Table 2-6. The 
makeup and blowdown rates were determined from flow totalizer data, while the 
exhaust and evaporation rates were calculated from linear velocities and 
colle~cted psychrometer data. All conditions remained unchanged with the 
exception of evaporation rate, which varied from day to day due to differences 
in inlet air humidity. 

a 

TABLE 2-6 

COOLING TOWER WATER STREAM AND EXHAUST PARAMETERS 

Tower recirculation rate (gpm) 
Net makeup rate (gpm) 
Blowdown rate (gpm) 
Drift rate (gpm) 
Cycles of concentrationa 

Air Circulation Rates: 

Spray chamber (m3 /min) 
Non-spray chamber (m3 /min) 

Total (m3 /min) 

Evaporation Rates: 

Spray chamber (gpm) 
Non-spray chamber (gpm) 

Tulal (gpm) 

Cycles based on C1 concentration 

8.2 
0.3129 
0.0317 
0.0044 
9.0 

21 
38 
59 

0.1031-0.1322 
0.0291-0.0846 
0.1322-0.2168 

Four independent sampling runs were made. The results from the droplet 
size distribution collected in the five-stage multicyclone are presented in 
Tables 2-7 and 2-8. Table 2-7 presents the moisture collection rates from the 
sampling. Collection rates in the cyclones average 0. 035 g/min with good 
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reproducibility between runs. The drift rate measured for the UNDERC cooling 
tower was less than 0. 046 pet, depending upon measurement techniques, which 
corresponds to a rate of 0. 002 g/min through the 1/2-inch sample nozzle (5, 
7). This drift rat:e is up to 20 times lower than the totai collection rate in 
the cyclones, indicating that over 95 pet of the moisture collected in the cy­
clones was due to 'condensation of the evaporate in the multicyclones. Also, 
no hydantoins were detected in the samples collected in cyclones. At the 
level of hydantoin,present in the basin water, hydantoins would be detected in 
the cyclones if the drift rate was ov~r 0.15 pet of the total catch. These 
data indicate that the five-stage multicyclone used for this test was not 
adequate for sepa~ating the drift from the evaporate. Rather, it collected a 
significant amount' of evaporate in the cyclones along with the drift. 

TABLE 2-7 

MOISTURE COLLECTION RATES FROM SAMPLING OF COOLING TOWER 
(SPRAY CHAMBER) EXHAUST 

Multicyclone Total Impinger Total Moisture 
Sampling Collection Rate Collect:lon Rate Collection Rate 
Run Number g/min g/min g/min 

CES-1 0.03 0.23 0.26 
CES-2 0.04 0.20 0.24 
CES-3· 0.03 0.20 0.23 
CES-4 0.04 0.25 0.29 

Averages 0.035 0.22 0.26 

TABLE 2-8 

DROPLET SIZE DISTRIDUTION RESULTS FOR FIVE-STAGE MULTICYCLONE COLLECTION 

Distribution 
Parameters Cyclone I Cyclone II Cyclone III Cyclone IV Cyclone v 

Dso = Mean cut 11.9 6.6 4.0 2.7 2.0 
diameter, ~m 

Pet of total 24.3 37.5 10.6 16.3 9.1 
mass collected 

Cumulative pet 75.7 38.2 27.4 9.1 0.0 
of mass with 
d<Dso 

2-11 



The droplet size distribution for the fractions collected in the five­
stage multicyclone is given in Table 2-8. The individual and cumulative ma·ss 
fractions for each of the staged cyclones is shown in addition to the mean cut 
from each stage. This analysis indicates that 75 pet of the particles col­
lected have a mean diameter less than 12 microns. Fog, or evaporate conden~ 
sate, generally has a mean diameter of approximately 10 microns (11), which 
was the size range predominantly measured and collected in the multicyclones. 
The cyclone cuts from the two sample runs show good reproducibility_. 

The fractions collected from each cyclone, the impingers, and the XAD-2 
resin were weighed and analyzed. These data were used to compute mass flow 
r·ates and total exhaust concentrations. Exhaust concentrations for the major 
species are presented in Table 2-9. Component material balances on the UNDERC 
cooling tower were then derived using the measured exhaust rates and the 
makeup, blowdown, and drift rates already known. The phenol balance on the 
system indicated that. an average of 91 pet of the phenol in the makeup to the 
cooling towpr was stripped during t.he cooling cycle. Eighty-one pet of the 
ammonia and 25 pet of the methanot were also stripped. This io aumm:arizPo i.n 
Table 2-10. Material balances also indicate that approximately 75 pet of the 
methanol was available for biodegradation, while only a amall portion of the 
phenol was available for consumption by the microorganisms. 

ND = Not 

TABLE 2-9 

UNDERC COOLING TOWER EXHAUST CONCENTRATIONS 

Concentration 

Com:eonent ~~ ~ 

Ammonia 26900 39 
Phenol 8000 2.0 
Methanol 2500 :L.O 
C:r:&liiol 1300 0.3 
5-Ethyl-5-methyl 

hydiutt.oin ND ND 
5,5-Dimethyl hydantoin N'D. ND 

Detectable 

TABLE 2-10 

PERCENT OF INFLUENt EMITTED IN UNDERC COOLING TOWER RXHAUST 
FOR MAJOR SGL MAKEUP CONSTITUENTS 

Com:eonent 

Phenol 
Ammonia 
Methanol 

2-12 

Percent of 
Influent Stri:e:eed 

91 
81 
25 



Two independent direct measurements were taken to determine the drift 
rate from the UNDERC cooling tower: The Sensitive Paper Method (SP) and the 
Heated Glass Bead I Isokinetit Sampling Method (IK). Results from the SP in­
dicate a drift ra~e of 0. 0025 pet of circulation. This drift rate was cal­
culateg f:J;"_om point! measurements assuming a uniform drift over the entire exit 
plane. Tlie drift 'rate determined from IK sampling was 0. 031 pet based on the 
sodium ion. 

The IK indicated higher drift rates than that indicated by the SPs. This 
is typical and associated with at least two phenomena. The first is that as 
the droplets evapo~ate, the droplet mineral-to-liquid concentration increases. 
Since the IK measu~es mineral deposition, the implied liquid flux., if appreci­
able while evaporation is occurring, will be greater than actual. The second 
phenomenon is tha~ the surrounding air deposits additional quantities of var­
ious minerals, again making the implied liquid flux greater than actual (10, 
12). The fact that no hydantoins were detected in the multicyclone collec­
tions also support~ the lower drift rate determined by the SP. 

Two indirect ! methods were also used to approximate the drift rate. A 
material balance over the system indicated a drift rate of 0. 059 pet. The 
"concentration equation," which determines specific ion concentrations as a 
function of time and drift rate, approximated the drift at 0.048 pet. These 
indirect determinations of the drift rate are extremely sensitive to small 
errors in the mea;sured makeup rate and ion concentrations. Therefore, var­
iations of an order of magnitude are not uncommon. These methods are dis­
c~ssed by Mann (4). 

Based on the various measurements and the sensitivity of each, the drift 
from the UNDERC cooling tower is estimated at 0.0025 pet. This drift rate is 
relative to the drift elimination system of the UNDERC tower during Phase I 
testing and will therefore vary from other commercial towers. The emission 
rates measured, however, are independent of the drift elimination system, and 
packed towers with similar L/G ratios can expect similar emission rates of 
phenol, ammonia, and methanol. 

2.2.2.4 Biological Evaluation 

Identification of the microorganisms in the cooling tower recirculation 
water was continued.. Pseudomonas aeruginosa is the predominant microbe is­
olated and identified. Other microbes identified thus far include pseudomonas 
stutzeri and CPC Group V E-1. Yeast, filamentous fungi, as well as some Gram 
positive bacilli, have been isolated. Sulfur oxidizers, iron oxidizers, and 
nitrifiers were not found in either the suspended or attached growth from the 
cooling tower. 

Solids were scraped from the cooling tower at various locations and 
extracted with CH2Cl2 ; 15 to 30 pet of the solids were soluble in the CH2Cl 2 . 
The CH2 Cl2 was evaporated to give mainly dimethylhydantoin. The CH2Cl2· in­
soluble portion was subjected to C, H, N, and ash analysis. The analysis 
indicated the residue was highly organic: average carbon was approximately 35 
pet; hydrogen approximately 5 pet; nitrogen approximately 11 pet; and ash was 
approximately 20 pet. Sodium, silica, sulfur, iron, and aluminum were the 
major species in the ash, while phosphorus, potassium, calcium, and magnesium 
were found as minor components. The infrared spectra of typical samples were 
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remarkably similar to amino acids (see Aldrich Catalogue of Infrared Spectro­
scopy Non-Aromatic Amino Acids). The compounds, which were highly insoluble 
in most solvents, contained -OH, amide, and acid-type carbonyl stretching. 
They dissolved in DMSO and DMF, and appeared to react in trifluoroacetic acid. 

It is suspected that the insoluble portion of these sludge deposits is 
primarily biological fouling material. A significant amount of hydantoins was 
found in these deposits as well. The mechanism of formation of these deposits 
is not known. Biological fouling may have occurred first, followed by pre­
cipitation of hydantoins into the biological matrix; or hydantoins may have 
fouled the surfaces and the biological growth attached to these surfaces; or 
both may have occurred simultaneously. 

· 2.2.2.5 Slowdown Trace Metal Analysis 

An analy.!i3 of th~ blvwdvw'ti. w.iteJ. fu1. Lhe EPA l'.L'iudly vullulanl~ and 
RCRA trace element levels has been performed, with the results listed in Tahlt'! 
2-11. This determination is important as the metals present in the blowdown 
will ultimately end up in a disposal stream. In the GPGA proposed treatment 
scheme, these metals will be present in the ash f~o~ the {ncineratio~ of th~ 
residue from the multi-ef.fect evaporators (cool,ing towe:r;- blowdown will be used 
as feed to the evaporators). 

* = 
A = 
B = 

TABLE 2-11 

EPA PRIORITY POLLUTANTS AND RCRA TRACE ELEMENT LEVELS 
IN COOLING TOWER SLOWDOWN 

Slowdown 
Element Concentration, ppm 

Ag'" A 
A&* 0.3 
Ba* 0.13 
Cd* A 
Cr'" <0.1 
Cu <0.1 
Ni 0.028 
PbA <..0.1 

Se* A 
Zn 0.3 
Be B 
Hg''~ B 
Sb B 
Ti B 

RCRA elements 
Not detected 
Not determined 
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2.2.3 Activated Sludge - Granular Activated Carbon Adsorption 

The Phase II cooling tower assessment will involve the operation of a 
cooling tower utilizing wastewater treated to a greater degree than in Phase 
I. Treatment steps will include solvent extraction, ammonia stripping, acti­
vated sludge processing, multimedia filtration, and granular activated carbon 
adsorption. 

The objective of this portion of the Phase II study is to use activated 
sludge treatment and granular carbon adsorption on pretreated (extracted and 
stripped) wastewater to prepare a satisfactory fee? to the cooling tower. The 
major goals of this work will be to: 

1. Optimize the operation of the activated sludge process in combi­
nation with granular activated carbon adsorption. 

2. Develop scalable biokinetics. 

3. Demonstrate hydantoin (COD) removal with granular activated carbon 
adsorption. 

4. Determine the lowest "reasonable" hydraulic detention time for 
operation of the activated sludge process using SGL. 

A flow diagram showing the test equipment is presented in Figure 2-2. 

2.2.3.1 Biological Treatment 

The pilot-scale activated sludge unit is being operated in a manner that 
will produce the greatest amount of kinetic and operational data possible 
while ensuring the production of 20,000 gallons of biologically-treated SGL 
for use in the pilot cooling tower. The pilot-scale treatment unit is an 
aerobic, completely mixed activated sludge system with a separate solids 
separation tank and activated sludge recycle. Two 1500-gallon tanks provide 
feed for the activated sludge (AS) reactor. The tanks are nitrogen purged to 
minimize biological activity and are continuously mixed and "topped off" daily 
to reduce the variability of feed to the AS unit. 

Operating conditions for the activated sludge process are shown in Table 
2-12. The feed rate to the reactor is 180 gallons per day. This corresponds 
to a hydraulic residence time (HRT) of three days (the tank volume is 540 
gallons). The unit will be operated at this HRT for the majority of the test. 
Near the end of the test period, the HRT will be reduced (feed rate increased) 
until sludge bulking or other operational problems are encountered. 

Air to the reactor is controlled in order to maintain a dissolved oxygen 
(DO) level between 2 and 3 milligrams per liter. Complete mixing of the 
liquor in the reactor is accomplished using hydraulically driven stirrers. 
Wastewater to the reactor is maintained at 80°F. These operational parameters 
should allow the development of scalable biokinetics. 

Operation of the unit is aimed at producing steady state conditions at 
various food-to-microorganism (F/M) ratios, so that kinetic coefficients can 
be determined. However, development of these data may be limited by the 
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FIGURE 2-2. Flow schematic of activated sludge carbon adsorption process. 

TABLE 2-12 

ACTIVATED SLUDGE PILOT PLANT OPERATING CONDITIONS 

Activated Sludge Treatment: 

Influent flow rate 
Inlet H20 temperature 
Mixed liquor 02 concentration · 
Stirrer speed 
Hydraulic detention time 
Sludge age 
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0. 125 gpm 
80°F 
2 - 3 mg/Jl 
27 rpm 
72 hours 
15 - 25 days 



quantity of SGL available. Long periods of operation at each condition are 
necessary to collect data for determination of kinetic parameters. 

2.2.3.2 Activated Carbon Adsorption 

The activated sludge process is highly efficient in removing phenolic 
compounds, yet it has little effect on the two major organic compounds, 5,5~ 
dimethylhydantoin and 5-methyl-5-ethylhydantoin, found in the SGL. Granular 
activated carbon adsorption is used in conjunction with biological treatment 

·for the removal of the organic compounds which are resistant to biological 
treatment, such as the hydantoins. 

A multi-media filter is used to prefilter the incoming wastewater stream 
before it enters the activated carbon bed. This process decreases the sus­
pended solids content of the wastewater and eliminates deposition of these 
materials in the carbon beds. The filter has backflush capability to remove 
solids when flow through the filter becomes restricted. 

Carbon adsorption consists of six equi-sized columns filled with granular 
carbon. As the biotreated and filtered wastewater passes through and adsorp­
tion proceeds, the saturated zone moves forward until the breakthrough point 
is reached. As each set of three columns becomes contaminant saturated, it is 
taken out of service for reloading. Table 2-13 shows the design operating 
conditions for the pilot plant carbon adsorption unit. 

TABLE 2-13 

ACTIVATED SLUDGE-CARBON ADSORPTION DESIGN OPERATING CONDITIONS 

Granular Activated Carbon Adsorption: 

Carbon 
Contact time 
Carbon bed depth/column 
Optimum mass transfer zone 
Hy~raullc lua~iug 

Filtrasorb 400 
120 minutes 
5 feet 
15 feet 
0.65 gpm/ft.2 

2.2.3.3 Status of Activated Sludge - Carbon Adsorption Activities 

Fabrication and installation of all equipment needed for continuous 
activated sludge and carbon adsorption processing of wastewater was completed 
this quarter. Activated sludge processing of SGL began July 25, with waste­
wa·te.L' collection for the Phase II cooling t.ower assessment beginning August 
15~ 1983. Activated carbon adsorption of the biotreated wastewater was ini­
tiated August 29, 1983. 

Table 2-14 presents data collected from the steady state operation of the 
pilot plant activated sludge unit. Samples were taken daily and analyzed. 
Result5 were averaged, with the average analysis being presented. Test re-
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sults indicate complete removal of phenolics and alcohols; 94 to 98 pet re­
moval of BOD, and approximately 45 pet removal of the COD. The low rate of 
removal of the COD is due primarily to the non-biodegradable hydantoins 
present in the wastewater. 

TABLE 2-14 

PILOT PLANT ACTIVATED SLUDGE UNIT 

Influent, (mg/.£) Effluent, (mg/.£) 

BOD 5 2410 55 
COD 7620 3290 
Alcohols ~0 0 
Phenols 150 0 
SCN 22!1 20 -· CN 15 10 
NH3 660 660 
Hydantoins 1175 1185 

Problems encountered in the operation of the continuous activated sludge 
unit include the variability of the COD in the feed and the foaming tendencies 
of the mixed liquor in the reactor. Conversion from a 500-gallon feed tank to 
"' ·:woO-gallon capacity system with mixing has minimized feed variability 
problems; Although feed variability has not had a prouuuuced effect on con­
stituent removal efficiencies within the activated sludge system, steady state 
operatiop for development of biokinetics necessitated the change. A silicon­
based antifoamiug agent from Calgon (<.;L-37), whidt uues not interfere ~;od.th 
UNDERC's analytical techniques for wastewater analysis, is used to control the. 
foaming in the activated sludge reactor. This is the same antifoaming agent 
used to control the foaming within th~ cooling Luwe~. 

Problems associated with the operation of the granular activated carbon 
system have resulted in lower treatment rates than originally anticipated. 
Since chemical addition may present problems when reusing wastewater at high 
cycles of concentration in a cooling tower and could affer.t lJNT>ERC' s ap.aly­
tical techniques, a physical filtration step (multi-media filtration) iG used 
only when preparing water for the carbon columns. Individual bacteria, pres­
ent id the biotreat~d wastewater, pass through the multi-media filter, de­
creasing the carbon adsorption efficiency. As a result., to achieve the desired 
treatment, the contact time of the wastewater with the carbon in the granular 
ar.:tivated carbon system has been increased. Since this has decreased the 
treatment rate, a larger carbon adsorption system has been designed and is 
presently being constructed. Completion of this unit :n:ui installation are 
planned for the month of October. Even though treatment rates in the carbon 
adsorption system at the present time are low, the rate of contaminant removal 
from the biotreated wastewater is quite ·good.· Data indicate over 96 pet 
removal of hydantoins present in the wastewater and 88 pet removal of the COD. 
Much of the COD remaining in granular activated carbon treated water is due to 
the bacteria passing through this system. 
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2.2.4 University of North Dakota Bench-Scale Studies 

The University of North Dakota Civil Engineering Department is performing 
bench-scale studies in support of wastewater treatment activities at UNDERC. 
The major goals involved in this effort are to: 

1. Obtain design data for pilot plant operations through bench ... scale 
modeling; 

2. Assess problems associated with pilot plant operations; and 

3. Assess alternative treatment methods. 

A series of batch and continuous bench-scale activated sludge acclimation 
tests were performed to obtain data for the design of the pilot plant acti­
vated sludge system. This work has been completed, with results being pre­
sented in a previous quarterly report (4). 

Studies currently in progress utilize a variety of treatment techniques, 
with each being evaluated as to its effectiveness in the treatment of fixed­
bed gasification wastewaters. Emphasis is presently on bench.,- scale work to 
support PDU activity at UNDERC; however, this will change, with future work 
focusing on multistage biodegradation nitrification/denitrification studies to 
remove organics and ammonia from wastewater if the final goal is discharge. 
Status of the work follows. 

2.2.4.1 Powdered Activated Carbon- Activated Sludge Treatment 

The objective of this project is to determine the effectiveness of adding 
powdered activated carbon to a bench-scale model of an activated sludge system, 
in order to improve mixed liquor characteristics and to remove hydantoins and 
other nonbiodegradable organics. 

In the activated sludge process using powdered activated carbon (PAC), 
PAC is added directly to the aeration tanks of a conventional activated sludge 
system. This combination permits more complete treatment of the wastewater. 
Some of the advantages of adding powdered activated carbon to a biological 
p~ocess thac have been CiLed in liLeracure include: 

1. Added system stability against shock loading and temperature changes. 

2. Improved nonbiodegradable organics removal. 

3. Color removal. 

4. Improved removal of compounds on EPA's priority pollutant list. 

5. Resistance to biologically toxic substances in the ·wastewater. 

6. Improved hydraulic capacity of existing plants. 

7. Improved nitrification of ammonia. 
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8. Suppressed foaming in aerators. 

9. Improved sludge settling/thickening/dewatering. 

10. Reduced sludge bulking. 

The unit to be used in this study has been operating as a standard ac­
tivated sludge process to establish baseline operating conditions. Steady 
state operation of this unit was achieved during the first week of August. 
Table 2-15 presents data collected from the steady state operation of the 
bench-scale activated sludge unit. Results indicate complete removal of 
phenolics and alcohols, 96 pet removal of BOD, and approximately 50 pet re­
moval of COD. Operating conditions for the unit include a hydraulic detention 
time of 1. 8 days and a sludge age of 26 days with a biomass concentration 
(MLVSS) of 3600 mg/JL PAC addition to the unit is scheduled to begin the 
Eecond week of Oc:tohP.r 1983, The powdered activated carbon used in this 
research will be Nuchar Type S-A. A-n inilial ~..:um:.entration of' 2000 mg/ Jl ot 
PAC will be used in the study with higher concentrations being tested as time 
permiLs. 

TABLE 2-15 

BENCU-SCALE ACTIVATED SLUDGE UNIT 

- Influent Effluent 
(mg/ P.) (mg/fl,) 

BOD 5 1380 48 
COD 5870 2910 
Alcohols 230 0 
Phenols 160 0 
SCN 220 <10 
CN 32 9 
NH3 570 460 

2. 2. 4. Z Effects of __ ~tl;1:,EJ~!l~.--~~dition on Cooling Tower 0Eeration 

One of the most critical and often neglected areas of a cooling water 
treatment program is microbiological control~ Inadequate biological control 
can lead to fouling ot surfaces, Lhus reducing h~at transfer. E~cn if that by. 
itself doesn't reduce heat transfer rates, the gelatinous nature ·of the col­
onies tends to trap particulate matter from the fluid, resulting in a dense 
mass which can seriously interfere with water distribution and can restrict 
air flow in a cooling tower. Biomass. on metal surfaces can also lead to under 
deposit corrosion. The combination of these problems tends to degrade the 
efficiency of the cooling tower system. 

In general, the differences in appearance, quantity, or consistency of 
slime are not inherent in the organisms generating it, but rather are con­
nected with the availability of nutrients (13). During respiration, under 
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conditions of limited nutrients, one-fourth to one-third of the carbon removed 
from organic substrates is transformed into extracellular polysaccharides in 
the form of slime, instead of new protoplasm. This can, under adverse condi­
tions, serve as a source of food for the organisms; however, it also trans­
lates into severe fouling problems in a cooling tower system. 

The primary objective of this investigation is to conduct a preliminary 
study on the effects of using SGL as makeup water to cooling towers. Indepen­
dent bench-scale cooling towers are being operated to determine the difference 
in biological and chemical fouling, and contaminant removal efficiences of 
nutrient-enriched and nutrient-deficient wastewater recirculated through the 
towers. It is anticipated that this study will show whether nutrient addition 
is required for optimum cooling tower operation. 

The pilot-scale cooling tower in operation at UNDERC, upon which the 
bench-scale units at UND are based, is a packaged Baltimore Air Coil Company 
model VXT-20WC with a forced-draft fan which operates in a counte~flow mode. 
The air and water aie contacted on a corrugated packing constructed of molded 
PVC sheets. 

At UND the bench-scale cooling towers are similar to trickling filters, 
and the BOD loading is the main criterion used to establish steady state 
operation. The BOD loading at UNDERC, based on a makeup water BOD concen­
tratio'n of 1200 mg/fl, was determined to be approximately 550 lb BOD/1000 
ft 3 /day. This value was used to calculate flow rates for the bench-scale 
units. Based on the BOD loading at UNDERC, which most closely resembles 
loadings for two-stage trickling filters (14), a flow rate of 83.7 ml/min is 
used. The depth of the cooling tower basin was determined to be 1. 4 inches 
based on a detention time of 20 minut~s and reactor dimensions of 6 inches by 
12 inches. 

Operation of these units and collection of the resulting data is sched­
uled for completion the middle of October 1983. Preliminary results indicate 
a significant difference in the biological communities present in each of the 
cooling towers. The cooling tower with phosphorous addition appears to have a 
more diverse growth of organisms compared to the unit without phosphorous 
addition. More rapid build-up of both attached and suspended growth was also 
noted in the unit with phosphorous addition. Table 2-16 presents data from· 
the first month of operation of the two cooling towers. Table 2-17 presen~s 
data from the final month of operation of the units. The towers were operated 
at three cycles of concentration based on chloride content in the makeup and 
recycle. BOD removal was 81 pet and 96 pet, respectively, for the unit without 
and with phosphorous addition. Analysis for polysaccharides present in the 
deposits on cooling tower surfaces and the quantity of deposits present in 
each of the towers has not been completed and will be reported later. 

2.2.4.3 Multistage Activated Sluqge Nitrification 

The purpose of this research is to determine the feasibility of a two­
stage activated sludge process for removal of ammonia from coal gasification 
wastewater (SGL). Kinetic parameters, optimum sludge age, and minimum hy­
draulic detention times are to be evaluated through use of a bench-scale: 1) 
continuous flow stirred tank, activated sludge reactor (CFSTR); and 2) mul­
tiple batch reactors with various mixed liquor concentrations obtained from 
the activated sludge CFSTR. 
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Parameter 

BOD (mg/Q) 
COD (mg/Q) 
Phenol (mg/Q) 
NH 3 (mg/Q) 
Plate count 
(microbs/mQ) 
V SS (mg/Q) 

Makeup Water 

1368 
6091 

160 
535 

TABLE 2-16 

COOLING TOWER ANALYSIS 
JULY 1983 

Basin Water Without 
Addition of Phosphorus 

1554 
14545 

76 
465 

1.1 X 108 

54 

() 

Basin Water With · 
Phosphorus Addition· 

1520 
16248 

18 
344 

4.1 X 108 

79 

---------'-----------------·-··-· --

Parameter 

DOD (m~/Q) 
COD (mg/Q) 
Phenol (mg/Q) 
IDI3 (m~/ i) 
Plate Count 
(microbs/mQ) 
V SS (mg/Q) 

Makeup Water 

1~84 
5840 

125 
460 

TABLE 2-17 

COOLING TOWER ANALYSIS 
SEPTEMBER 1983 

Basin Water Without 
Addition of Phosphorus 

~6Y 

6433 
29 

J!>U 

1.5 X 108 

61 

Basin Water With 
Phosphorus Addition . 

165 
5680 

5 
375 

9.5 X 10 7 

52 

Nitrification, by definition, is the biological oxidation of ammonium, 
fj rst to the nit.rite ~ then to the n.i t.r.At.P fnrm, This oxidation is accom­
plished in a two-step process by two specialized aerobic, autotrophic bac­
teria, Nitrosomonas and Nitrobacter. Equations three and four define the 
stoichiometric relationship of nitrification. 

2NH4
+ 

+ 302 
Nitrosomonas 

- + 
~ 2N02 + 4H + 2H20 [3] 

Nitrobacter 
2N03 [4] 
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In comparison with carbonaceous removal, nitrification is a slower proc­
ess, and is more sensitive to environmental conditions such as pH, .temperature, 
dissolved oxygen, nutrient concentrations, heavy metals, and toxinS. Each of 
these conditions must be maintained at levels that are non-limiting to the 
nitrification process to ensure that accurate kinetic rate coefficients may be 
determined. 

As shown in Figure 2-3, an 8-liter, plexiglass tank serves as the basic 
CFSTR unit. Feed (activated sludge effluent) is continuously pumped into the. 
reactor at an initial rate of 1.5 liter/day, allowing for a hydraulic deten­
tion time of 5. 33 days. The hydraulic detention time will be varied until a 
stable, steady state condition occurs in CFSTR. Continuous waste procedures 
are provided by a hydraulic head differential between the reactor and the 
clarifier. Intermittent sludge return from the clarifier to the CFSTR is 
pumped at hourly intervals with a pump duration time of one minute. A mech­
anical stirrer and a submerged air diffuser are used to ensure a·homogeneous 
mixed liquor and a sufficient oxygen supply. . · 

INFLUENT FEED SOURCE 

-- PERISTALTIC PUMP 

AIR 
DIFFUSER 

RETURN SLl.JDGE LINE 

FIGURE 2-3. Bench-scale activated sludge CFSTR. 

PERISTALTIC 
PUMP 

CFSTR EFFLUENT LINE 

CLARIFIER 
EFFLUENT 
STORAGE 

The clarifier consists of an inverted 1000-ml Erlenmeyer flask with its 
base removed. An internal weir allows the effluent' to flow from the clarifier 
to a storage container. An opening located at the bottom of the clarifier 
provides for return and waste of the settled sludge. The clarifier volume is 
varied by adjusting the weir height in the clarifier unit. A hydraulic deten­
tion time in the clarifier of less than 4 hours is desirable; t&is is varied 
until adequate settling in the clarifier occurs and a·steady state condition 
exists in the entire CFSTR system: 

Up to this point, operation of this unit for removal of ammonia has not 
been successful. The activiated sludge nitrification process is very sus­
ceptible to upsets caused by influxes of cyanide and thiocyanate. Direct PAC 
addition to the nitrification unit is being considered in order to remove 
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toxic substances that are inhibiting the growth of the nitrosomonas and nit­
robacter bacteria. This should also aid in system stability against shock 
loading. 

2.2.4.4 Attached Growth Treatment - Rotating Biological Contactors 

The purpose of this study is to determine the feasibility of rotating 
biological contactors (RBC) for the carbonaceous substrate removal of waste­
water generated by coal gasification using bench-scale reactors .. 

After completion of the solvent extraction and ammonia stripping the 
wastewater (SGL) is used for biological treatment. The RBC consists of paral­
lel circular discs attached perpendicularly to a horizontal shaft. The discs 
are slowly rotated with 40 pet of their surface area submerged in the tank. 
As the SGL flows past these discs, a film of biomass develops on the discs. 
Rotation of the discs aids in the transfer of oxygen and nutrients to the 
biomass. When the biomass, whieh uses certain organll: l:umvum::ut~ of the f;CL 
for growth and energy requirements, becomes too thick, the shearing forces 
overcome the adhesion forces of the biomass, and ~t 1s sloughed into th~ ~{­
fluent. The discharged biomass has good settling characteristics and is 
removed in a settling tank. 

The RBC consists· of 21, 6-inch discs connected on a 3/8-inch nickel­
plated shaft. The area of the discs was determined by the flow. The ratio 
used in this study for determination of disc surface area is 0.625 gal/ft2 ( 
day. The total area of disc is 8. 24 ft 2 • The volume of the tank was deter..; 
mined using an industry standard of 0.12 gal/ft2 (15). The total volume of the 
RBC tank used in this study is 0.128 ft 2 . The discs are mounted so that the 
flow will be pumped perpendicular to the disc.· The discs will be rotated by a 
variable motor and the influent will be delivered by a master flux pump. 

Table 2-18 presents data collected during stea~v ~tate operal.ion of the 
bench-scale rotating biological contactor. Resul·Ls imllc<rte ~oauplete removal 
of phenolics and alcohols, and 94 pet removal of BOD. Nitrification also 
occurred in this unit, with over 30 pet removal of ammonia. Operating con­
ditions for the unit included a hydraulic detention time of 0. 48 days and a 
hydraulic loading of 0.1 gal/ft2/day. Operation of this unit on coal gasif­
ication wastewater was exceptionally good. Considering the low initial in­
vestment, low operating costs, and the stability of this type of biological 
treatment process, its use in indust.ri.al coal gasification facilities should 
be evaluatod. 
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TABLE 2-18 

ROTATING BIOLOGICAL CONTACTOR 

Influent Effluent 
(mg/~) (mg/~) 

BOD 5 1380 74 
COD 5870 4884 
Alcohols 230 0 
Phenols 160 0 
SCN 220 92 
CN 32 15 ·~· 

·: 
NH3 570 395 
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3.1 GOALS AND OBJECTIVES 
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P.A. Kongshaug 

The goal of this project is to enhance the production of hydrogen in 
gasification of low-rank coals by increasing the already high reactivity of 
these coals through the use of catalysts. The approach will be to increase 
the gasification rate and the water-gas shift reaction by use of catalysts at 
temperatures and pressure conditions which are unfavorable to methane pro­
duction. An additional goal of the project is to expand the data base on the 
contributions of catalysts to gasification of low-rank coals, both as inherent 
minerals which catalyze the reactions and as additives; and to establish those 
conditions of temperature, pressure, catalyst application techniques, and coal 
source which optimize or influence the production of hydrogen. 

3.2 ACCOMPLISHMENTS 

3.2.1 Literature Survey 

Catalytic coal gasification has been the subject of extensive research. 
The goal of the major portion of this research has been to increase production 
of methane. The inherent high reactivity of low-rank coals is recognized in 
the literature, but contributing differences in ash compositions and physical 
structural properties have not been defined to any satisfactory extent. The 
literature review is a continuing effort in progress by which the project work 
plan and candidate catalysts for initial testing will be selected. 

3.2.2 Test Apparatus 

It is planned to utilize a relatively large-scale TGA apparatus for the 
major portion of the test work. The design has been completed and construc­
tion has begun of a unit in which samples of up to 1 pound can be tested. 
While the main operating areas of interest for H?. production are temperatures 
of ~650°C at atmospheric pressure, the TGA apparatus was designed for use in 
Coal Science projects to approach reaction temperatures up to 1000°C and 
pressures up to 1000 psig. The external water-cooled pressure vessel has .been 
completed and installed in a test bay for high-pressure operations. 
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Fabrication of a thin-walled, stainless steel sample chamber, surrounded 
by heating elements and suspended from a load cell, is in progress.· Preheated 
reactants (steam) will be passed into the sample chamber and sampled and 
analyzed after reaction. Calibration and shakedown operation of the apparatus 
will be performed in the next quarter, initially for devolatilization studies . 

. Subsequent modification for catalytic gasification tests will be made after 
apparatus capabilities are established. 

In addition, smaller-scale reaction units are being considered. These 
have advantages for screening functions, so that the number of tests performed 
in the larger-scale unit can be reduced. 

Selection of instrumentation for temperature recording and control and 
gas analyzing has not been finalized, but no particular problems are antic­
ipated. 
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4. i GOALS AND OBJECTIVES 

The goals for the Fine Coal Cleaning project are two-fold. The first 
concer.n is to support PETC in building a uniform data base on fine coal clean­
ing of western coals by float-siuk methods. The second goal is to investigate 
advanced coal cleaning methods for selected low-rank coals, with emphasis on 
u.pgrading the quality of low-rank coal/water slurries. 

4 .. l. 1 Uriiform Data Base on Fine Coal Cleaning of Western Coals 

The Pittsburgh Energy Technology Center (PETC) is providing 156 samples 
fon centrifugal float-sink analysis. The testing plan is given in Figure 3-1 
Firie Size Centrifugal Float-Sink Procedure, Quarterly Progress Report, April­
June 1983, this project. Splits of coal, prepared to 65, 200, and 325 mesh 
to~ size will be separated at specific gravities of 1. 3, 1. 4, and 1. 6. Wash­
ab~lity studies on these same coal samples in the conventional size range is 
bei~ng performed in other PETC-funded projects. 

I 

, The specific objectives of the float-sink studies scheduled to continue 
th~ough 1985 are as follows: 

' 

1. Establish consistent comminution methods to provide usable size 
fractions for the float-sink studies. 

2. Establish limits of applicability for float-sink methods used in 
this Gtudy with regard to fine coal particle sizes, while performing 
the float-sink cleaning studies. SpecificalJy, identify the smallest 
coal particle size that is amenable to wet gravity separation in 
float-sink tests performed at specific gravities of 1.30, 1.40, and 
1.60. 

J. Evaluate the impact of surf<H'P anti hound moisture on the fine coal 
cleaning procedure used in this study. 

4. Determine the degree of segregation of inorganic constituents of 
selected low-rank coals as a function of coal source, coal moisture 
(after conventional or steam drying), and size fL·action. In addi­
tion, identify the separation. of coal components as a function of 
size fraction of t·he comminuted samples. 
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5. Compile and reduce data leading to evaluation of the levels of 
physical removal of inorganics from the fine coals investigated (in 
conjunction with PETC). 

Objectives for this reporting period included: 

1. Determine the size distribution of tested samples by wet screening. 
Analyze each fraction to establish base data. 

2. Select and standardize a method for pyritic sulfur determination; 
and 

3. Initiate the heavy media separation studies. 

4.2 ACCOMPLISHMENTS 

1. Size analysis by wet screening was completed on the first 24 samples 
prepared for the flo~t-sip~ tests. Differen~es ~etween w~t ~ng dry 
screening methods were noted for some western coals. ·It appears 
that particles swell when wetted for some coals. Prv particles pass 
screen sizes· in the large size range (65 mesh as an example) but 
will . not when \~et. When redried, the material again passes the 
screen. 

2. Analytical determinations on the size fractions of samples obtained 
by wet screening is near completion. For some of the finer size 
fractions of some coals, in!:iufficient material· was obtained with 
which to perform all of the analytica). tests. The selection of 
which determinations to make will depend on the availability of data 
on the rest of the coal as established with .PETC. The analytical -
data on t.he finer sizes of· the float-sink portion of the study may· 
alsu b~ re~uired to ~el~cL th~ mo~t n~eded au~ly~is. 

3. The "forms of sulfur" analytical procedures at UNDERC are completed 
and will be used. on a variety of projects. The sulfa!e ion will be 
measured directly using an ion chromatograph. The SO~ appears as a 
clean peak of sufficient intensity for quantitative use on the 
instrumen.t and is reproducible. The instrument has been calibrated 
for this procedure,.but blanks have not been run due to high util­
ization of the ion chromatograph by other projects. 

" 
ASTM method D2492 using AA rather than !CAP analysis for iron in a 
modified method was selected t.o determine pyritic sulfur content. 
The AA method is faster and more available at this time. 

4. Float-sink analysis at 1. 30 specific gravity on 65-mesh top size 
s~mples is complete. Results for the last four samples have not 
been reported. The range for float values at 1.3 specific.gravity 
ranges from~ on W-~ (Upper Hartshorne Bed, Lamar Co., Arizona) and 
0.22 pet on W-11 (Bull Creek Bed, Coleman Co., Texas) to 37 pet on 
W-10 (San Pedro Bed,· Webb Co. 1 Texas) and 59 pet on W-9 (Secor Bed, 
Wagner Co., Oklahoma). Float-sink separations at 1.4 specific 
gravity have started. No problems have been encountered with the 
separations. 
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Work planned for third quarter 1983 includes: 

1. Proximate analysis determinations will be resumed in late October. 
The proximate analysis unit is down; parts delivery is now expected 
in late October. 

2. The sulfate analysis procedure will be completed and samples will be 
analyzed for pyritic sulfur. 

3. Float-sink testing and analyses of the finely-ground coal samples 
will continue. 
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5.1 GOALS AND OBJECTIVES 

The overall project objective is to develop methodology to prepare. stable 
low-rank coal-water slurries with high enough solids and Btu contents to be 
economically utilized as replacement fuel for oil-fired combustors, feed to 

·high-pressure gasifiers, and/ or to be transported by pipeline. The key to 
accomplishing this goal is the development of an economical coal drying pro­

·. cedure that gives a product which is resistant to moisture reabsorption. One 
of the most promising processes is hot-water drying of finely ground coal in 
slurry. 

Hot-water drying is a process for removal of liquid water from high­
moisture coal by heating the coal-water slurry under pressure. The drying 
temperature may be. sufficiently high so that some ca.rbQxylic groups in the 
coal decompose to form carbon dioxide. Dewatering is enhanced when the carbon 
dioxide formed in the pores of the coal forces the liquid out of the pores and 
into the carrier medium. Drying also occurs because of surface modification 
which reduces the ability of the coal to bind water. This is due to the 
replacement of the hydrophilic carboxyl groups on the surface of the coal by 
hydrocarbon groups which are hydrophobic. Energy require!Jlf!Uts for drying can 
be minimized because vaporization of the water is not· ·:r·equired, and feed/ 
effluent heat exchange can be employed. Hot-water drying of low-rank coals 
produces a product that will reabsorb a minim~ amount of water. Further, 
evidence exists that this process will reduce sodium resulting in a higher 
quality fuel. Some of the more attractive features of this process include: 
high coal throughput; good heat recovery; and the potential to incorporate 
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fine coal cleaning and coal beneficiation via ion removal. An additional 
benefit may be that the water removed in drying may be used for slurrying the 
solids, resulting in reduced surface or groundwater usage, which may be an 
important consideration in the western United States, where most of the low­
rank coals occur, and where water is relatively scarce. 

Specific objectives for the current budgetary year are: (a) perform 
autoclave tests on North Dakota lignite to produce data necessary for the 
successful design of a hot-water/coal drying process development unit (PD'U) 
and perform autoclave tests on other coals ·to develop a low-rank coal hot­
water drying data base, and (b) design and construct a hot-water/coal drying 
process development unit to prepare high solids-content low .. rank coal-water 
slurries. The initial design will include steps for coal-water mixing, heat­
ing, drying, and concentration by flash evaporation. 

Near-term objectives of the project for the period of July through Sep­
tember 1983, were: 

1. Continue construction of the hot-water coal drying process develop·:.. 
ment llflit,. 

2. Continue procurement of major equipment items needed for the fabri­
cation of the process development unit for the analysis of hot­
water-dried coal-water slurries. 

3. Design and construct a bench-scale hot-water/steam drying apparatus 
to provide comparative data on hot -water and steam-dried coals. 

~- Design and build an extrusion viscometer for testing hot-water-dried 
coal-water slurries under conditions similar to pipeline flow and 
atomizat.ion . 

.'l. Cop.tinue studies relevant to the analysis of hot-water-dried coal 
and to the design of the coal-wat.er sluny pilot plant. 

5 . .2 ACCOMPLISHMENTS 

5.2.1 HoL-Water/Coal Drying Process Development Unit 

The Hot-Water/Coal Drying Process Development Unit (HWCD-PDU) is de­
signed to dry 100 pounds per hour uf lignite continuously uorlP.r pressure, and. 
at elevated temperature in a water slurry. The main product from the plant 
consists of a low-rank coal-water slurry that· has been concentrated to 60 or 
70 wt pet "bone dry" solids. The design of the PDU used existing pumps, 
vessels, instrumentation, and other equipment ·to minimize costs. A majority 
of this process equipment was salvaged from the decommissioned Project Lignite 
coal liquefaction process development unit. 

Construction of the HWCD PDU was initiated in April 1983. The salvage of 
structural steel, floor plate, and stairways from the Project Lignite Coal 
Preparation building was completed. Approximately 620 square feet of floor 
plate, 340 linear feet of "H" and "I" beam, 240 linear feet of stairway 
stringer, and 65 pieces of stair tread were recovered. Almost all of this 
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will be reused in building the work platforms and vessel support structures 
for the hot-water/coal drying preparation facility. Savings for the project 
because of· structural steel salvage was estimated at between $5,000 and 
$10,000 based on current-day replacement costs less labor costs for recovery. 
In addition to the structural steel, a 5-ton electric hoist was also removed 
from the Project Lignite facility and transported to the Energy Research 
Center. The hoist was rewired for monorail use and tested. The hoist will be 
installed in the new coal preparation facility and will be used to load coal 
into the coal feeder by hoisting 2-ton feed hoppers into position. Estimated 
cost savings by reuse of the 1945 model hoist range from $20,000 to $25,000 
depending on options. 

Outside contract construction of the hot-water/coal drying process de­
velopment building was completed the last week in September, nearly two months 
later than scheduled. The general contractor completed the painting require­
ments, while the electrical and plumbing subcontractors finished installation 
of the lighting and heating systems. The building is now ready for occupation 
and erection of work structures, and the placement of process equipment has 
started. 

Pilot plant construction during the quarter included fabrication of the 
main work platform, the coal feeder stand, the coal storage hoppers, the 
overhead· crane support structure, and the vacuum pump stand. In addition, 
several smaller pump bases and pedestal stands were also completed. 

The main work platform is a three-level structure measuring approximately 
4~ feet wide by 22 feet long by 28 feet high. Each level is 7 feet above the 
one below it, with the first level 7 feet off the concrete floor. On both 
sides of the structure and at the 28-foot level are mounted ~-ton air hoists 
to facilitate vessel mounting and removal. The east side of the platform will 
support the slurry recovery and concentrating equipment (Figure 5-1), while 
the west side supports the slurry heaters and the coal drying reactors (Figure 
5-2). This structure has been completely framed and erection of the uprights 
has. begun. It is anticipated that final erection and assembly will be com­
plete by the second week of October. 

The coal feeder stand was completed and moved into the coal drying pre­
paration facility. The structure measures approximately 5 feet by 7 feet by 
9 feet tall. At the top are mounted four load cell capsules designed to mate 
with and weigh the coal supply hoppers (Figure 5-3). Below these is mounted 
the volumetric coal feeder, which also rests on load cells. Beneath that and 
off to the side is the multistage, horizontal slurry mix tank, which again 
rests on load cells for weight measurement. The coal feeder stand also houses 
the low-pressure slurry circulation pump and the precision metering water feed 
pump. Both pumps are mounted to permit easy access and to facilitate floor 
maintenance and clean-up. 

Three coal storage/supply hoppers were fabricated by a local weld shop. 
The hoppers are cylindrical in design with right angle cones terminated by 
knife gate valves to facilitate unloading. Each hopper is 4 feet in diameter 
by 9 feet high with sufficient volume to hold roughly 3,000 pounds of pul­
verized coal. They were constructed of \-inch mild steel plate rolled and 
coned to meet design dimensions. When the pilot plant is operating, these 
hoppers will be used to transport coal from the coal grinding facility to the 
hot-water coal drying building--a distance of approximately 500 feet. 
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FIGURE S-1. Isometric drawing of the center work platform with the slurry 
recovery and concentrating equipment mounted on the east side. 
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FIGURE 5-2. Isometric drawing of the center work platform with the slurry 
heaters and the coal drying reactors mounted on the west side. 
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FIGURE 5-3. Isometric drawing of the coal feeder support stand and ancillary 
.,quipmiiUJ.t. 

Also completed this quarter were the overhead crane support structure and . 
the vacuum pump stand. The overhead crane support structure consists of two 
27-foot stanchions and a 27-foot horizontal monorail. The stanchions were 
built in the shape of a capped "H" using salvaged 6"-25 lb/ft wide flange 
beams with reinforcement and stabilization accomplished by cross bracing with 
2-inch: angle iron. The monorail is a single length of 18"-55 lb/ft 1-beam. 
This structure was framed on the ground and then erected in the building. The. 
5-ton electric hoist was installed shortly thereafter·. 
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The vacuum pump stand was the final item completed this reporting period. 
It consists of a metal table approximately 3 feet by 8 feet with vertical 
racking along one of the longer edges. Mounted on this were three vacuum 
pumps with motors, two knockout pots, two cold traps, a pressure transmitter, 
a control valve, and a positive displacement gas meter. The unit was com­
pletely piped and is ready for relocation to the hot-water coal drying facil­
ity. 

In addition to PDU construction, other activities included procurement of 
structural steel tubing to build the stairways and landings for the main work 
platform; design of the slurry heater coils; and making a preliminary outlay 
of the process instrument panel. 

5.2.2 Procurements 

Several major items were procured or ordered as needed for constructing 
the HWCD-PDU or for analyzing hot-water-dried products . These included: 1) a 
laboratory-scale pulverizer with an a. c. frequency speed controller to vary 
hammer s.peed up to 14,000 rpm. This pulverizer will be used to extend the 
grinding studies on lignite and to prepare coal samples of a variety of par­
ticle size distributions for hot-water-water drying in the autoclaves and for 
slurry rheology studies; 2) a multi-point data acquisition system complete 
with a 16-bit personal computer and dual 320 K 5-inch floppy disc drives . The 
data logger features 100 separate input and 40 individual output channels 
along with an RS 232 interface for communications by hardwire to the persona l 
computer and by telephone modem to the IBM 370 main frame computer on the UND 
campus. As an end use, the system will become part of the control and moni ­
toring instrumentation for the continuous hot-water/coal drying unit; 3) a 
low-temperature incubator featuring 19.9 cubic feet of storage capacity and 
temperature adjustability from -10° to 50°C. The incubator is used in con­
junction with performing equilibrium moisture tests on dried lignite samples 
as per ASTM procedures; and 4) three custom-built coal storage hoppers each 
capable of holding approximately 3,000 pounds of pulverized coal, enough coal 
to provide 30 hours of operation on the hot-water coal drying PDU. The bins 
complete the equipment requirements for the coal-water slurry mixing section 
of the pilot plant. 

In addition to the previously cited procurements, the UNDERC coal-water 
slurry .lH.ujecL also acquired the use ot a Haake Rotovisco viscometer which was 
purchased by the Grand Forks Federal Project Office through actions initiated 
before the defederalization of the DOE's Grand Forks Energy Technology Center. 
The viscometer, a Rotovisco RV 100, features a shear rate prograiiiDer, an 
xy-L-recorder and co-axial rotational cylinders of the Searle type. All 
functions of the instrument and calibration of the recorder are pushbutton 
controlled. The speed controller is programmable and can be started with a 
lwlu Lime at zero speed to allow the sample to reach a predetermined tem­
perature or structure recovery. It is followed by a time linear speed in­
crease up to Lhe chosen maximum rotor speed which can be any value between 0.5 
and 500 rpm. The maximum speed can be maintained for a selected hold time and 
then the speed program reversed. Following this routine, the thixotropy of a 
sample can be measured and recorded. The instrument is also suitable for 
measuring the samples' yield stress at zero shear and for determining the 
rheological properties of fluids as a function of time at a constant shear 

S-7 



rate. The viscometer is used to characterize dried lignite-water slurries and 
to a limi~ed extent quantify their storage stability by measuring yield stress 
at zero shear. 

5.2.3 Coal Hot-Water/Steam Drying Apparatus 

The hot-water/steam drying apparatus is a bench-scale unit designed to 
operate in a cold-charge batch mode, drying up to a maximum of one gallon of 
coal per cycle. The apparatus has the versatility to operate with either 
liquid or vapor phase water for coal drying purposes. The test fixture con­
sists of two high-temperature/high-pressure autoclaves, one acting as the coal 
dryer while the second accumulates evolved gases and water condensate. Thus, 
material balances can be closed and the product gases analyzed. Figure 5-4 is 
a photograph of the coal hot-water/steam drying apparatus. 

FIGl~ 5-4. Steam drying apparatus. 

A 2 - gallon autoclave with a removable stainless steel insert is utilized 
as the coal dryer. A preweighed charge of coal is placed into a basket and is 
either submerged in a known amount of water for hot-water drying or placed 
above the liquid level in the vapor space for steam drying inside the re­
movable insert. The insert is placed in the 2-gallon autoclave, the autoclave 
closure is holted down, and the autoclave is heated to the desired drying 
temperature with external temperature-controlled electrical heaters. The 
temperature of the coal bed is monitored hy a thermocouple protruding frcm the 
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bottom or the top of the autoclave depending upon the drying medium used. The 
autoclave closure has a centrally located dip tube which is connected to a 
condenser and a 1-gallon autoclave. The pressures of the autoclaves are 
monitored using pressure gauges. 

In steam drying, after the prescribed drying time, live steam and evolved 
·gases are passed through the condenser and into the cold 1-gallon autoclave. 
Also, any remaining water is vaporized and the 2-gallon autoclave is cooled. 
In hot-water drying, the 2-gallon autoclave is cooled prior to venting the 
evolved gases, after the prescribed drying time. The products of drying are 
then recovered, measured, and analyzed; 

Hot-water and steam drying runs are planned using North Dakota lignite in 
the apparatus. The results of the testing will be used to compare the two 
drying methods, and the coal slurry products from the hot-water drying testing 
will be used for rheological studies. Experiments will also be conducted with 
the apparatus to aid in designing the slurry separation and slurry flash 
concentration sections of the HWCD-PDU. 

5.2.4 Slurry Rheology 

The Haake Rotovisco RV 100 viscometer, with an assortment of spindles, 
was received and set up. Testing was started using coal-water slurries to 
define and develop a standard procedure for slurry preparation, handling, and 
viscosity measurement; and to become familiar with operation of the instrument 
in general. 

Besides the preliminary work with the rotational viscometer, an extrusion 
rheometer was fabricated in-house. This instrument will be used for measuring 
rheological properties of coal-water slurries by using tube flow data. These 
data will be used to supplement the measurements obtained by other viscometry 
methods and to give a more accurate simulation of slurry rheological proper­
ties in pipeline flow and in atomization nozzles. 

The extrusion rheometer consists of a cylindrical, water-jacketed, re­
servoir with interchangeable tubes of different inner diameters (see Figure 
5-S). A selectable timing device is used for controlling the electrically­
actuated tube flow valve mounted at the bottom ot the unit. The ~emperature 
of the sample is measured by a thermocouple in the reservoir. A digital 
readout scale, accurate to the nearest gram, is used in conjunction with the 
timing device for measuring flow rates. A variable speed cylindrical stirrer 
is mounted within the reservoir and is used for maintaining slurry suspension. 
Also included are controls for pressuring the unit to 200 psig. · 

The apparatus was tested using a Newtonian viscosity standard. Several 
runs were made with.the unit pressured from 5 to 30 psig at 23.7°C and from 35 
to 65 psig at 24. 7°C. The data and results are shown in Table 5-L A signi­
ficant rise in sample temperature was detected as the shear rate increased. 
This may account for the lower experimental viscosities compared to the re­
ported viscosities for the standard. The extrusion rheometer is fitted.with a 
water jacket, and a constant teoiperature water circulation system will be 
added to attempt to improve the correlation between the measured and reported 
viscosities. 
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FIGURE 5-5. Extrusion rheometer.

TABLE 5-1

CALIBRATION TESTS ON EXTRUSION RHEOMETER

Sample temp., oC 23.7 24.7
Shear stress range, gl m·sec2 554-3079 3519-6154

Shear rate range, sec 748-3135 3666-6467

Actual viscosity, poise 1.180 1.109

Experimental viscosity, poise 1.044 0.954

Percent error 11.5 14.0

Correction factor 1.13 1.16

Viscosity standard:  S60  Lot No. 75106
Extrusion tube length:  49.15 cm
Extrusion tube I.D.: 0.318 cm
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5.2.5 Special Studies and Methods Development 

5.2.5.1 Coal Grinding Studies 

Particle size distribution is an important factor in stable coal-water 
slurry prepration and, therefore, will be one of the parameters investigated 
in hot-water drying tests and during operation of the process development 
unit. 

In order to determine which particle size distributions can be obtained 
with existing equipment, tests were conducted on the Mikro-pul Model 2DH pul­
verizer. The pulverizer can be operated with hammer speeds of 3300, 4000, or 
6800 rpm by changing the sheave on the hammer shaft. The selection of re­
movable screens include: 1/2-inch, 3/8-inch, 1/8-inch, and 1/32-inch round 
perforated, 1/4-inch jump-gap, 0.027 and 0.010 wedge bar, and a 1/32-inch her­
ring bone. 

Initially, pulverizing tests were run using an eastern coal. From these 
tests, it was found that at the same hammer speed there is little difference 
between the particle size distributions for coal ground with 1/2-inch and 
3/8-inch round perforated screens or between 0.027 and 0.10 wedge bar screens. 
It was also found that particle size distributions obtained at 4000 rpm;could 
also be obtained with the 3300 and 6800 rpm hammer speeds. 

Indian. Head lignite from west-central North Dakota was used in the second 
.series of pulverizing tests. The high and low hammer speeds were used to give 
the total range of particle size distributions obtainable with th·e existing 
equipment. 

Figures 5-6 and 5-7 show. P~Fticle size distributions for Indian Head 
lignite pulverized at 3300 rpm aDd 6800 rpm, respectively. The sieve analysis 
to determine these distributions· was run according to the ASTM D410-38 pro­
cedure. In Figure 5-6, it is apparent that there is little difference among 
particle distributions for coal pulverized at the same hammer speed using the 
1/16-inch and 1/32-inch round perforated screens or the 1/32-inch herring bone 
screen. 

In general, the ·results of the grinding work showed considerable dif­
ferences between the grinding characteristics of different coals, with the 
differences not solely attributable to the differences in coal rank. For 
instance, in grinding the Indian Head lignite to match the particle size 

. distribution obtained with a Texas lignite ground at 6800 rpm hammer speed 
using the 1/8-inch round perforated screen, it was necessary to first grind 
the Indian Head coal at 6800 rpm using the 1/8-inch round perforated screen 
and· then to regrind it using the same hammer speed but with the much finer 

·0.027 wedge bar screen. 

Grinding work thus far has shown that the most significant variable in 
·grinding coal with this pulverizer was hammer speed and that the effects of 
screen size are much smaller. 
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FIGURE S-6. Particle size distributions tor Indian Head liguiL~ pulv~Li:t.etl 
in a Model 2DH Mikro-pulv pulverizer at a hammer speed of 3300 rpm. 

5.2.5.2 Methods Development for Determination of Equilibrium 
Mois~ure CouLeuL uf Coal 

The procedure for determining equilibrium moisture in coal was further. 
developed and refined. Equilibrium moisture is used as an indicator of how 
much moisture can be reabsorbed by dried coal and can also be used to compare 
drying effectiveness for different drying processes. Comparing the equili­
brium moisture of "as received" coal to the equilibrium moisture for hot­
water-dried coal is especially useful because of the difficulty in determining 
the inherent moisture of coal in a slurry. 

The current method of determining 
outlined in the ASTM D1412 procedure. 
to 15 g of pulverized coal are placed 
m.Q. of freshly distilled water. The 

equilibrium moisture is similar 
The procedure is as follows: 

into a 250-m.Q. Erlenmeyer flask 
slurry is stirred magnetically 
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FIGURE 5-7. 
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minutes and then placed in an incubator at 30°C for 3 hours. At· the end of 
the wetting period, the excess water is removed fromthe coal on an 11.0-cm 
Buchner funnel with a water aspirator supplying suction. The coal is trans­
ferred to the filter with a minimum of distilled water. · 

During filtration, air saturate~ with water vapor is passed 
filter cake in a closed system to prevent drying of the coal..· 

through-the 
After fil-

tration, about 5.0 g of the wet coal is placed uniforinly.:in a preweighed 
7. 0 em diameter low-form, flat-bottom weighing b'ottfe. f: _;:; .:·:h;.,J·,.I:.~,~ · ... 

The weighing bottle is placed in a 160~mm diameter vacuum-type desiccator 
containing a saturated solution of K2 S04 • Excess crystalline K2 S04 extends 
above the solut.ion level at the bottom of the desiccator. The deoiccntor io 
evacuated to 30 mm mercury absolute pressure and placed in ail incubator at 
30°C for 72 hours. 
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After 72 hours, the pressure in the desiccator is restored to atmospheric 
in no less than 15 minutes by bubbling air through H2 S04 • The rate of air 
flow is controlled with a needle valve. 

The weighing bottle is removed from the desiccator and weighed to the 
nearest 0.1 mg. After weighing, the weighing bottle is placed in a moisture 
oven for 1~ hours at 105°C and then cooled in a desiccator for 30 minutes. 
The weighing bottle is then reweighed to the nearest 0.1 mg to determine the 
dry weight of coal. 

5.2.5.3 Development of Procedure for Filtering Coal-Water 
Slurries 

A procedure for filtering coal-water slurries was developed as an addi­
tion~! aid in a~alyzing hot-water-dried coal-water slurries and for concentra­
ting tbese slurries for additional rheology and 111tability otudy. As;-received 
coal was slurried wlth dlstilled w3tar and r.hts Wi<f!ii used to develop the proper 
techniques. 

The procedure for filtering the as-received coal-water slurry is as fol­
lows: 150 to 250 g of as-received pulverized coal is placed in a preweighed 
50 ml Erlenmeyer flask containing a magnetic stir bar. Water is added to the 
flask so that the concentration is at least 50 wt pet water. 

The coal and water are well mixed and stirred for 10 minutes using a 
magnetic stirrer before filtering. After mixing, the slurry is transferred to 
a 24-cm Buchner funnel and filtered for one hour. The slurry is transferred 
Lo the funnel with ~ minimum of water from a preweighed wash bottle. During 
filtration, a cold trap cooled with isopropyl alcohol and dry lee collects 
evaporated water between the filter and vacuum pump. 

After filtering is complete, the filtrate is collected in a preweighed 
bottle. The filter cake is scraped from the filter paper and the loose coal 
is then transferred to a second preweighed bottle. 

When filtering hot-water-dried slurry, 300 to 500 g of slurry is used. 
Water is not used to transfer the slurry to the Buchner funnel. After trans­
fer of the hot-water-dried slurry to the funnel, the procedure is the same as 
for the as-received slurry. 

Filtering tests were conducted on a variety of test coals to check the 
procedure. Material balance closures ranged from 94 to 96 pet without the 
cold trap and from 96 to 100 pet after the cold trap was added. 

5.3 TRAINING 

A seminar and workshop on measurement of absolute viscosity was attended 
on July 19, 1983, in Mintleapoli~, Minnesota. The seminar was sponsored by 
Haake Buchler Instruments, Incorporated, and brought out the importance of 
uniformity in sample preparation and shear history prior to making the vis­
cosity measurements, mainly because of the thixotropic nature of some mater­
ials. 
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·A conference and workshop on particle characterization was attended on 
September 20-22 in Rosemont, Illinois. The workshop was sponsored by Micro­
metries. Topics covered at the workshop included: surface area, pore struc­
ture, density, zeta potential, particle size analysis, and chemisorption. 
Background information was given in each area, developments in the state-of­
the-art instrumentation capabilities, applications and limitations were 
presented. 

/ 
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6.1 · GOALS AND OBJECTIVES 

The overall goal of the Low-Rank Coal Liquefaction project is to continue 
developing the technical data base necessary to adapt direct 1 iquefaction 
expressly for low-rank coals (LRC), including both lignites and subbituminous 
coals. The data base includes correlations of process yields with operating 
parameters and with process modifications, such as use of synthesis gas ami 
cat.alyf;ts, that effectively capitalize on unique properties of LRC. These 
properties include high moisture, high reactivity associated with oxygen 
functionality, and alkaline mineral matter. 

During the term of the Cooperative Agreement,. four. major research areas 
are to be pursued. They are: a) catalytic liquefaction, with- increased 
attention on understanding the effects of adding H2S, particularly. in the 
presence of iron-containing materials; b) staged liquefaction, with emphasis 
on low-temperature first stage reactions using C..:O as the reductant where 
differences in coal rank will be most evident; c) mechanism/kinetic studies 
using labeled reactants and reductants, to determine the effects of CO reac­
tions with coal and to elucidate the role of H2 in LRC liquefaction; and d) 
determining the effects of solvent on LRC liquefaction· (specifically, to 
evaluate how start-up solvent composition influences lined-out product)· and 
continued characterization of liquefat:tiuu p.roducts. 
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6.2 ACCOMPLISHMENTS 

6.2.1 Catalyst Preparation and Testing 

6.2.1.1 Background 

Various catalysts have been used in coal liquefaction with molybdenum 
(Mo) and iron (Fe) catalysts being the most frequently used. In most cases, 
the Mo and Fe are combined with other metal oxides to form the catalysts. A 
catalyst formed using oxides of molybdenum and cobalt (Co) supported on 
alumina is used in the H-coal process. In other processes iron in the form of 
"red mud" is used, sometimes after mixing with elemental sulfur. 

It is our objective in this study to design a highly active catalyst for 
LRC liquefaction. A series of supported iron catalysts was prepared with the 
guidance of Professor Hideshi Hattori, a catalyst expert from Hokkaido Uni­
versity who spent two months at Grand l?orks t.his summer, and tested wilh wucl~l 
compounds (diphenylmethane (DPM) and diphenylether (DPE)) and coal/anthracene 
oil solvent with hydrogen gas (H2 ) and hydrogen sulfide (H2S). Selectiol'i of 
the specific iron catalysts to be prepared was based on the following exper­
imental observations: 

1. Adding H2S when an iron catalyst was present promoted hydrocracking 
of DPM. 

2. The effect of adding H2 S depended on the nature of the support for 
the iron catalyst. Comparing iron catalysts supported on Si02 , 
Zr02 , and Ti02 , the Fe203 /Si02 catalyst had the greatest a~tivity 
for hydrocracking DPM when H2S was added. · 

3. The activities of Fe20 3 /Si02 catalysts depended on the method of 
support preparation. Iron (Ill) oxide supported on high surface 
area silica exhibited higher activity than did Fe203 on low surface 
area Si02 .. An Fe203-Si02 catalyst prepared by coprecipitation did 
not have high activity. · 

4. Adding a small amount of molybdenum to an Fe20a/Si02 catalyst caused 
an increase in activity. 

5. An Fe203 /Ti02 catalyst was active not only for hydrocracking DPM but 
also for hydrocracking diphenylether DPE. 

The catalysts that were prepared are listed in Table 6-1. The reasons 
for preparing the particular catalysts follow. 

1. To determine the effect of Si02 (support) surface area,. catalysts 1, 
2, and 3 were prepared at different pH values from a Na-free Si 
source. 

2. To examine the effect of different sources of the Si02 support, 
catalysts 4, 5, and 6 were prepared at the same pH values but using 
sodium metasilica'te as the source. 
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No. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 

16. 

17. 

18. 

19. 

20. 
21. 
22. 
23. 

24. 
25. 
26. 

27. 
28. 

29. 

TABLE 6-1 

LIST OF CATALYSTS PREPARED 

Catalyst 
Composition (wt. ratio) 

Fe2 03 /Si02 (1/9) 
Fe203 /Si02 (1/9) 
Fe20s/Si02 (1/9) 
Fe203 /Si02 (1/9) 
Fe203 /Si02 (1/9) 
Fe203 /Si02 (1/9) 
Fe 203 /Si02 (1/9) 
Fe203 /Si02 (1/9) 
Fe203 /Ca0 (1/9) 
Fe203 /Li203 (1/9) 
Fe203 /Zr02 (1/9) 
Fe203 /ZnO (1/9) 
Fe203 /Sn02 (1/9) 
Fe203 /Ti02 (1/9) 
Fe2 03 /Ti02 (1/9) 

Mo03 ·Fe203 /Si02 (1/9/90) 

W03 •Fe203 /Si02 (1/9/90) 

Co 303 ·Fe203/Si02 
(1/9/90) 

NiO·Fe 303 /Si02 (1/9/90) 

Fe20~/Si02 (1/9) 
Fe203 /Si02 (1/9) 
Na/Fe203 /Si02 (2/9/89) 
K/Fe 203 /Si02 (2/9/89) 

Fe203 /Ti02 (1/9) 
Fe203 /Ti02 (1/9) 
Fe203 /Active C (1/9) 

Fe20 3 
Fe203 + Si02 

Fe(N03 h 
Fe(N03 h 
Fe(N03 )a 
Fe(N03 h 
Fe(N03 h 
Fe(N03 )a 
Fe(N03 ) 3 
Fe(N03 ) 3 
Fe(N03 )a 
Fe(N03 ) 3 
Fe(N03 h 
Fe(N03 )a 
Fe(N03 h 
Fe(N03 ) 3 
Fe(N03 )a 

Fe(N03 )s + 
(NH4) 6 M04024 

Fe(N03 ) 3 + 
(N04) 12W12041 

Fe(N03 )a + 
Co(N03 )a 

Fe(N03 ) 3 + 
Ni(N03 h 

Fe(N03 ) 3 
Fe 2 (S04)a 
Fe(N03 ) 
Fe(N03 ) 

Fe(N03 ) 

Fe(N03 ) 
Fe(N03 ) 
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Starting 
Material 

Si(OC2H5 )"4 
Si(OC2H5 ) 4 
Si(OC2H5 ) 4 
Na2Si03 
Na2Si03 
Na 2Si03 
Si(OC2H5 ) 4 
Si(OC2H5 ) 4 
Ca(OHh 
La(N03 ) 3 
ZrOCl2 
Zn(N03 h 
SnC12 
TiCl4 
TiCl4 + 

(NH4hS04 

Support 
Precipitation 

Reagent 

HN03 
HN03 
NH40H 
H2S04 
H2S04 
H2S04 
H2S04 
NaOH 
-(calcined at 
NH40H 
NH40H 
NH40H 
NH40H 
NH40H 
NH40H 

Commercial silica gel 
Fisher Sci. Co. 

1 
I 5, 
11 

1. 

5 
11 

1 
11 

600°C)-
9 
9 
9 
9' 
9' 
9 

Catalog No. S-156, 14-20 mesh 
Lot No. 744571 

Commercial, MCB, TX0685-1, Anatase 
Not prepared, rutile form of Ti02 
Commercia~, Union Carbide, LCK, 

Columbia 
Vapor phase oxidation of FeC1 3 
Commercial JMC, Puratronic + 
Fisher Si02 

Harshaw Co-Mo-0401 



3. To examine the effect of precipitating agent, Si02 supports for 
catalysts 7 and 8 were prepared using a Na-free source of Si, but 
precipitating with-H2S04. 

4. Catalysts of varying basicity were prepared to observe the effect of 
support basicity on activity (catalysts 9 through 15). 

5. Sodium (Na)- and potassium (K)-poisoned catalysts were prepared to 
determine the effect of acidic sites on catalysis (catalysts 22 and 
23). Poisoning acidic sites may avoid coke formation. At the same 
time, the interaction of Fe and K in a catalyst, which is present in 
Fischer-Tropsch and ammonia syntheses, will be examined. 

6. Evaluation of additives to Fe203 /Si02 resulted -in catalysts 16 
through 19. The additives were Mo, W (tungsten) Co, and Ni 
(nickel). 

7. A relatively high surface area Ti02-supported catalyst (catalyst 15) 
was prepared ir1 the presence of sulfate ions. 

8. Because active carbon has very high surface area, an Fe203/ Active C 
catalyst was prepared (catalyst 26). Highly dispersed Fe203 is 
expected, while resistance to coke formation may also result. 

The catalysts were subjected to three types of reaction, and the reaction 
products were characterized. The three reactions were: 

1. Hydrocracki.ag of DPM t.n henzene and toluene; thio is a model reac­
tion for c-c bond cleavage. 

2. Hydrocracking of DPE to phenol and benzene; this is a model reaction -
for c-o bond cleavage. 

3. Liquefaction of Zap (North Dakota) lignite. 

Reaction conditions are summarized in Table 6-2. The reactions were 
carried out using the tubing bomb apparatus. The surface areas of the cat­
alysts were measured, and selected catalysts were to be subjected to detailed 
analyses using scanning electron microscopy (SEM) and electron probe micro 
analysis (EPMA). 

6.2.1.2 Results 

Table 6-3 summarizes the results obtained from testing the catalysts 
using the two model compounds and the surface areas of t~e support alone and 
of the prepared catalyst. Tables 6-4 and 6-5 show more detailed results 
obtained in the reactions of the model compounds, DPM, and DPE, respectively. 
Several observations have been made. For the hydrocracking of DPM: 

1. Catalyst activity varies depending on the character of the support. 
This indicates interaction of the Fe203 with the support, and that 
the "state" of the Fe20 3 depends on the catalyst support. 
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TABLE 6-2 

REACTION CONDITIONS 

Reaction Ratio Pressure, psig 
Temperature, of Reactant/ (Cold Charge) Reaction 

Reaction . oc Catal~st b~ wt. H2S !!2. time 2 min. 

Hydrocracking of 425 10/1 100 700 20 
diphenylmethane 

Hydrocracking of 425 10/1 100 1400 60 
diphenyl ether 

Liquefaction of 360 10/1 100 1400 20 
coal 

2. Catalyst activity increased with increasing surface area of .. the 
support. Additional characterization of the catalyst and of,Fe 20 3/ 
support interactions are required before definitive reasons c~n be 
established. 

3. Adding oxides of Mo, W, Co, and Ni to the Fe203/Si02 catalyst en-
hanced catalytic activity. This may be caused either by inultifunc- 1 

tional behavior of the additives and Fe20 3 or by altering the ."state" 
of Fe203. l: 

I 
4. Adding Na and K reduced catalyst activity. This indtcates 1the 

importance of acidic sites for the hydrocracking of DPM. i ·! 
I 

For the hydrocracking of DPE: i . 
1. Catalysts containing Mo were more active than Fe-contali.nin~ cat­

alysts. Large quantities of hydrogenated products such !as methyl-
' I cyclopentane and cyclohexane were produced in the preset;tce of the 

Mo-containing catalyst. I 
I 

2. For Fe20 3 catalysts, activity increased with increased s~rface area 
of the s;uppo.rt. · ! J 

I I 
I 

3. Adding Mo and W oxides to Fe 20 3/Si02 catalysts enhancedi activity. 

4. 
! 

I 
Poisoning effects of adding Na and K were not as jot~ceable as 
compared with the hydrocracking of DPM. , 1 . 

' i 

It should be noted that the first tests with lignite were m~d¢ at 425°C, 
and conversions were high for all catalysts, thus making differentiation 

I . 

virtually impossible. Therefore, reaction conditions for ~creening the 
catalysts with coal were modified so that the "base . case" c~nvbrsion and 
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TABLE 6-3 

SUMMARY OF RESULTS ?ROM CATALYST TESTING 

SUEEort 
Wt. Precip. S•rface Area 2 m2/g Conversion 2 % 

No. Catalyst* Ratio Start. Reagent ~ Reagent SuEport Fe203 /SupEort DPM DPE 

}. Fe203 /Si02 1/9 Si(OC2H5 ) 4 1 HN0 3 71)4 579 74.1 35.1 
2. Fe203/Si02 1/9. Si(OC 2H5 ) 4 5 HN03 459 382 25.0 19.0 
3. Fe203 /Si02 1/9 Si(OC 2H5 ) 4 n NH40H 27.3 28.1 2.3 6.6 
4. Fe203 /Si02 1/9 Na2SiOs 1 H2S04 636 578 <14.5 
5. Fe203 /Si02 1/9 ·Na2Si03 5 H2S04 404 349 5.6 <12.0 
6. Fe203 /Si02 1/9 Na2Si03 11 H2S04 318 <1.0 < 6.3 
7. Fe203 /Si02 1/9 Si(OC2H5 ) 4 1 H2S04 633 568 14.0 <11. 7 
8. Fe203 /Si02 1/9 Si(OC2H5 ) 4 1} NaOH 41.2. 38.8 <1.0 <15.5 
9. Fe203 /Ca0 1/9 Ca(OHh 12.7 0.89 <1.0 3.9 

0"1 10. Fe203 /La203 1/9 La(N03 )s 9 NH40H 59.3 11.2 <1.0 7.2 
I 11. Fe203 /Zr02 1/9 Zr0Cl2 9 NH40H 94 74.3 2.7 4.6 0"1 

12. Fe203/Zn0 1/9 Zn(N03 ) 2 9 NH40H 4.7 4 .. 6 1.8 <ll.5 
13. Fe203/Sn02 1/9 SnCl2 9 NH40H 29.2 28.4 5.7 <5.1 
14. Fe203 /Ti02 1/9 TiCl4 9 NH40H "43.:: 41.2 4.3 19.2 
15. Fe203 /Ti02 1/9 TiCl~+(NH~)3SO~ 9 NH~OH 61.1 56.3 12.5 10.2 
16. Mo03 •Fe203/Si02 Commercial silica gel 107 477 80.2 58.2 
17. W03 ·Fe203 /Si02 Commercial silica gei 707 496 89.0 36.5 
18. Co304 ·Fe203 /Si02 14-20 mesh 707 550 80.3 12.1 
19. NiO•Fe203 /Si02 Lot 71 707 502 81.2 24.1 
20. Fe203 /Si02 Lot 71 707 521 71.2 33.3 
21. Fe203 /Si02 Lot 71 707 344 36.7 <20.7 
22. Na20/Fe203 /Si02 Lot 71 707 200 <1.0 5.6 
23. K2/Fe203 /Si02 Lot 71 707 205 <0.1 2.9 
24. Fe203/Ti02 1/9 Commercial, MCB Anatase, TX0685-1 7.6 11.1 2.3 6.0 
25. Not Prepared 

Comm. Union Carbid~, LCK1 ColumbiaR 26. Fe20a/Active c 1il06 946 3.6 9.7 
27. Fe203 FeCl3 vapor phase c•xidation 
28. a-Fe20a + Si02 Comm. JMC Puratronic + Fisher Sci. (Fe203 )12. 0 <1.0 4.7 
29. Co··Mo•/Al203 Harshaw Co·Mo•0401 195 48.3 98.8 

*For more detail regarding catalysts, see Table 6~1. 



TABLE 6-4 

HYDROCRACKING OF DIPHENYLMETHANE 

Product Yield/mol/100 mol Reactant Charged 
Benzyl-

Catalyst* Conver- Cyclo- Ethyl- cyclo:.. Unknown 
No. ComEosition sion 2 % hexane Benzene Toluene benzene hexane (Wt %) 

1. Fe203 /Si02 74.1 0 75.3 68.3 1.0 1.0 1.4 
2. Fe203 /Si02 25.0 0 24.1 23.4 0 0.8 0.2 
3. Fe203 /Si02 2.3 0 1.9 2.0 0 0.3 0 
4. 
5. Fe20 3 /Si02 5.6 0 4.4 4.7 0 0.4 0.6 
6. Fe 203 /Si02 <1.0. 0 tr-k-k tr 0 0 0.5 
7. Fe 203 /Si02 14.0 0 14.6 13.4 0 0.1 1.4 
8. Fe203 /Si02 <1.0 0 0 0 0 0 tr 
9. Fe20a/Ca0 <1.0 0 tr tr 0 0 0.5 

10. Fe203 /La 20a <.1.0 0 tr tr 0 tr 0.7 
11. Fe 20 3 /Zr02 2.7 
12. Fe20 3 /Zn0 1.8 0 0.4 0.5 0 0.5 0.8 
13. Fe 203 /Sn02 5.7 0 3.3 1.5 0 0 3.4 
14. Fe203 /Ti02 4.3 ·0 3.1 3.2 0 0.4 0.8 
15. Fe 203 /Ti02 12.5 0 11.0 11.4 0 0.6 0.6 
16 . . Mo03 ·Fe203 /Si02 80.2 0 77.0 70.6 1.0 0.4 0.5 
17. W0 3 ·Fe203 /Si0 2 89.0 0 91.3 82.4 2.0 0.2 0.2 
18. Co 30 4 •Fe203 /Si02 80.3 0 79.9 73.9 1.4 0.2 1.4 
19. NaO·Fe203 /Si02 81.2 0 83.1 74.5 1.6 0.2 0.5 
20. Fe203 /Si02 71.2 0 63.5 60.0 1.0 0.2 0.9 
21. Fe20 3 /Si02 36.7 0 37.6 35.2 tr 0.1 0.7 
22. Na/Fe203/Si02 <1.0 0 tr tr· 0 0 0.8 
23. K/Fe 203 /Si02 <1. 0 0 tr tr 0 o· o·.9 
24. Fe203 /Ti02 2.3 0 1.1 1.2 0 0.3 0.8 
25. 
26. Fe20a/Active 3.6 0 2.2 2.4 ·0 0.4 0.3 
27. 
28. a-Fe 20 3+Si02 <1.0 0 tr tr 0 0 0.7 
29. Co•Mo/Al20a 49.6 0.4 46.4 42.4 0 6.9 1.4 

* For more detail on catalysts, see Table 6-1. 
~~'\ trace 
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TABLE 6-5 

HYDROCRACKING OF DIPHENYL ETHER 

Product Yield/mol/100 mol Reactant Charged 
Catalyst Conver- Met,hyl cyclo- Cyclo- Unknown 

No. Composition sion, % pent(lne hexane Benzene Phenol (Wt %) ---
1. Fe203 /Si02 35.1 8.0 4.7 25.3 20.4 0.4 
2. Fe 20 3 /Si02 19.0 4.0 5.5 14.8 14.1· 0 
3. Fe 20 3 /Si02 6.6 0 3.0 3.5 6.3 0 
4. Fe20a/Si02 <14.5 tr tr 4.2 3.7· o. 
5. Fe20 3 /Si02 <12.0 0 2.1 3.4 3.6· 0 
6. Fe20 3 /Si02 < 6.3 0 0 0 0 0 ' . .. 
7. Fe20 3 /Si02 <11. 7 0 1.8 2.8 2 .. 4 0 
8. Fe203 /Si02 <15.5 0 0.9 2.4 2.5 0 
9. Fe2 03 /Ca0 3.9 0 1.4 3.2 3.0 0 

10. Fe20a/La2 0a 7.2 0 3.4 5.0 5.7 o. 
11. Fe20a/Zr02 4.6 0 2.6 4.7 2.0 0. 
12. Fe20 3 /Zn0 <11.5 0 1.0 2.2- 1.8 0 
13. Fe203 /Su02 < 5.1 0 tr 2.8 2.4 0 
14. Fe20a/Ti02 19.2 0 6.5 20.3 1.6 0.2 
15. Fe20a/Ti02 10.2 0 1.9 10.4' O.l 0 
16. Mo03 •Fe20a/ 58.2 19.8 8.5 45.6 26.2 0.3 

S102 
17. W03 •Fe20a/ 36.5 9.1 5.1 30.3 25.9 0.2 

~)102 

18. Co 304 ·Fe2 03 / 12.1 2.4 '3.2 12.3 9.5 0 
SiO~ 

19. NiO•Fe20 3 / 24.1 2.9 2.9 13.4 13.5 0 
Si02 

20, Fc20~/Si0z ;n.1 8.4 4.2 31.7 24.7 0.3 
21. Fe 203 /Si02 <20.7 1.2 2.4 9.6 10.5 0 
22. Na/Fe 203 /Si02 5.6 0 1.2 4.7 5.0 0 
23. K/Fe203 /Si02 2.9 0 0.2 1.8 0.6 0 
24. Fe 20a/'fi02 6.0 0 2.7 3.5 5.3 0 
25 
26. Fe20a/Active c 9.7 0 2.8 6.5 9.8 0 
27. ., 

28. a-Fe20s+Si02 4.7 0 2.2 3.2 3.7 0 
29. Co·Mo/Al203 _ 99.5 15.6 86.8 /2.8 0 1.7 
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yields were reduced and so that differences between catalysts became more 
apparent. Figure 6-1 summarizes the runs performed to obtain the catalyst 
screening conditions. All runs were for 20 minutes using Zap lignite and A04-
solvent with H2 feed gas, while the temperature was varied from 350° to 400°C .. 
At a temperature of "'360°C overall conversion of 65 pet (wt) allows for sig­
nificant improvement because of increased catalytic activity. Also, at that· 
temperature the yield of distillate is quite low (14 wt pet) and that of the 
soluble residum quite high (48 wt .pet), again allowing room for improvement 
when a good liquefaction catalyst is present. 
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FIGURE 6-1. Conversion and yields of distillate, solid residuum, and gas as a 
function of temperature. 

6.2.2 Low-Temperature Liquefaction 

Hot-charge autoclave experiments were continued in the program to study 
low-temperature liquefaction of low-rank coal. Specific reaction conditions · 
included using anthracene oil (A04) solvent, Zap lignite (from· the Indian Head 
Mine) as the feed coal, and pure CO as the reductant at low temperature .(ty­
pically 365° to 375°C). The reaction time was 60 minutes unless there was a 
subsequent, higher-temperature stage, in which .case the low-temperatu~e reac-
tion time was 20 minutes. · 
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Results presented last quarter indicat~d that low-temperature liquefac­
tion (i.e., 365° to 380°C) was attractive because of relatively high overall 
conversion and high liquid yield as compared with results obtained at more 
commonly used reaction temperatures (420° to 460°C) using either syngas or 
pure hydrogen as the feed gases. Figure 6-2 shows time-sampled data obtained 
for low-temperature liquefaction. using A04 solvent and pure CO as the feed 
gas. These data form the basis for the time-at-low temperature in staged 
liquefaction experiments. Although we hesitate to draw firm conclusions from 
time-sample results, the data do suggest that, up to a reaction temperature of 
365°C, the conversion reaches its maximum value in less than 10 minutes~ At 
temperatures of 375°C and higher, the conversion was initially lower than at 
lower temperatures, but the conversion increased with time over the 60-minute . · 
reaction time. The data may indicate a change in reaction mechanism in the 
363°-375°C range of temperature, and the time-at-temperature is relatively 
unimportant at times greater than 10-15 minutes. Thus in staged operation, 
the time at the lower temperature in the presence of A04 solvent and CO was 
maintained at 20 minutes. These results led to a series of experiments to 
eval\iate usi~~ l,ow-t;.e~perattJre J,n::etre3tment in the presence of CO in the 
liquefaction scheme. 

Run 

• N-123 
(] M--131 
0 N-124 
6 M--134 
e N-128 

Temp ... ° C 

375 
320 
3415 
400 
383 

0 5 10 15 20 25 30 35 40 45 50 55 80 

Time 

FIGURE 6-2. Conversion of Zap, North Dakota lignite as a function of time 
for a variety of temperatures (non-catalyzed). 

6.2.2.1 Staged Liquefaction 

In the staged reaction runs using the hot-charge autoclave equipment, the 
coal/solvent slurry is first hot-charged to an autoclave containing the reac­
tion gas. The reaction mixture is held in the first-stage autoclave for· the 
desired time; then it is discharged into the second reactor that contains 
solvent and gas. Thus, the solvent can be modified (i.e., a more hydrogenated 
solvent added) and the gas composition changed, although the first-stage 
solvent and a portion of the first-stage gas enter the second stage. · 
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Figure 6-3 shows the results obtained when Zap lignite was subjected to 
low-temperature (365°-370°C) reduction in the presence of pure CO prior to 
being fed to a higher-temperature reactor (440°C). The higher-temperature 
reactor contained pure CO in one case (Run Nl75) and pure hydro·gen in the. 
other (Run N174). The high temperature second stage, with added hydrogen, 
converts the heavy fraction to lighter components--both distillate and hydro­
carbon gases. This results in a lower yield of total liquid and higher gas 
yield, and the overall conversion was reduced somewhat, presumably because 
reactive species. formed during hydrocracking recombine to form THF-insoluble. 
organic matter (IOM). 

a; 
0 

·U 
u. 
<( 

:::!! 
·lit 

70 

Staged Reactions 
ZAP lignite 
20 min at 360°C 

Initial Stage 
Pure CO H2 Gas CO Gas 

2nd Stage 2nd Stage 30 min at 440°C 
100% CO 1st Stage 
A04 Solvent 

Gas 

Distillate 

THF Soluble Residuum 

N123 N174 N175 

Run 

FIGURE 6-3. Comparison of varied reaction gas in staged reactions (non~ 
catalyzed). 

Using pure CO in the higher-temperature stage results in even higher 
yields of distillate and hydrocarbon - gases at the expense of the heavier 
distillate and soluble residuum. The overall conversion dropped from 85.3 pet 
of the maf coal to 78.9 pet, indicating increased coking/repolymerization at 
the higher reaction temperature when hydrogen is not present. Also the total 
liquid yield is significantly reduced from 58.6 pet of the maf co.al fed (at 
the low-temperature condition) to 38.0 pet after the high-temperature stage. 

Figure 6-4 shows the effect of increasing temperature in the second stage 
in the staged liquefaction scheme. In each of the three runs, the first stage 
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80 
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Run 

Zap Lignite 
20 min at 360°C 
30 min at 2nd 

Stage Temp 
Co 1st Stage 
H2 2nd Stage 
A04 Solvent 

THF Soluble Residuum 

YIGU~ b-4. Effect of varied second stage temperature during staged operation 
(non-catalyzed). 

temperature was about 350°C, the solvent was non-hydrogenated anthrancene oil 
(A04) , and the feed gas was pur.e CO. After 20 minutes, the reactor contents·. 
were forced into the second-stage reactor containing pure hydrogen and hy- · 
drogenated solvent (HA061) at higher temperature~ ThP r"'action mixtur~ was 
held al Lhe higher temperature for 30 minutes. The hydrogenated solvent 
presumably made hydrogen available to products resulting from thermal cracking 
at "normal" liquefaction temperatures (i.e., 420° to 460°C). The results show 
the overall conversion increasing slightly (from 85 to 87 pet) when the second• 
stage temperature increased from 424° to 460°C. In a~dition, the distillate 
yield increased from 12.1 pet of the maf coal fed at the lowest temperature·to 
29.3 pet at 460°C. The distillate material also became lighter with in­
creasing temperature with a concurrent increase in hydrocarbon gases, and the 
yield of soluble residuum decreased. 

Figure 6-5 summarizes the ·results obtained using the staged liquefaction 
scheme and compares those results with single-stage results at a variety of 
conditions. Some of the results have been reported previously and are shown 
here for completeness. Run N123 is a single-stage, low-temperature run using 
A04 solvent and pure CO gas, while Run N174 is a two-stage experiment using 
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FIGURE 6-5. Effect of added hydrogen-donor solvent (HA061) in staged lique­
faction. 

A04 solvent in both stages; the second-stage temperature was 440°C. Carbon 
monoxide gas was used in the first-stage reactor, while pure hydrogen was 

, charged to the second stage. In Run Nl73 a hydrogenated solvent was added in 
the high-temperature stage. Adding the second, high-temperature stage with 
hydrogen gas caused increased hydrocarbon gas production and increased -yields · 
of lighter distillate materials' while the yields of soluble residuum. and 
heavy distillate decreased. Also, the overall conversion of maf coal declined 
slightly. This is consistent with earlier observations that heavy cons tit..; 
uents are thermally· cracked to light products at the higher liquefaction· 
temperatures, but that some of the reaction products "repolymerize" ·to form· 
THF-insoluble material. . Making hydrogen available in the· form of a hyc;tro-­
genated solvent in the high-temperature stage causes conversion of heavy 
distillate to a lighter distillate product with a slight decrease in the yield 
of distillate. The yield of soluble residuum is unchanged when comparedwi.th 
the low-temperature run (Run N123), but higher than in Run N174 when non­
hydrogenated solvent wac uacd at high temperature, 

In Run Nl71, the hydrogenated solvent was present in both the high- and 
low-temperature stages. All other conditions were nominally the same. It is 
clear from the results that distillate yield, at 34.2 pet of the maf coal fed, 
was the highest of any of the runs, and the overall conversion was high, .94 
pet of the maf coal fed. The hydrocarbon gas yield does not indicate ·exten•·. 
sive cracking of the solvent as had been seen previously at high temperatures. . . . .• 
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The data from staged liquefaction runs, when compared with single-stage "high­
er" temperature, indicate Lhat the low-temperature stage contributes to higher 
distillate yields at the expense of soluble residuum. Also the fraction of 
light distillate is greater in staged operation. Total liquid yield (dis­
tillate plus soluble residuum) is 72 pet of the maf coal for the staged run, 
65 pet for the single-stage operation at 420°C, and 58 pet when H2S was added 
for single-stage liquefaction. 

There are a number of additional sets of conditions, including adding 
H2 S, that will be run in an effort to further improve low-temperature oper­
ations. However, at this point, it appears that low-temperature liquefaction 
with nearly pure CO present offers promising possibilities in staged low-rank 
coal liquefaction. 

6.2.2.2 Gas Composition 

Table 6y6 SW11ma.rizco data tha.t have heen ~;;ollected over a relatively long 
period of time. The data show the effects of changing feed gas composition at 
different temperatures, for two different low-rank coals, in the presence/ 
absence of H2S, and for two different solvents (i.e., A04--an unhydrogenated 
anthracene oil; and HA061--hydrogenated A04). There are four pairs of runs 
from which compad sons can be drawn. The following observations can be made: 

1. At "normal" liquefaction temperatures (420°C in the presence of H2S 
and 460°C) increasing the fraction of hydrogen in the feed gas 
generally result-s in increased liquid yield (i.e., distillate plus 
soluble residuum) and increased hydrocarbon gas yield. These same 
trenil~ were noted for the staged runs where the second-stage tem­
perature was 440°C. 

2. At low liquefaction temperature (i.e., 380°C), t.he total liquid 
yield declined with increasing hydrogen concentration . in the feed 
gas, and hydrocarbon ga~ yj.eJ.d was r~lativ~ly low in all instan.c::e.s. 

Thus, it i~ seen that the roles of the CO and H2 feed gas constituents vary 
depending on the reaction temperature. 

6.2.3 Solvent Effects 

A significant effort is underway to determine the effect of various 
parameter$, including coal, start-up solve:nt, and cat.alyst.s (i.e., H~S), on 
low-rank coal liquefaction recycle solvent. Work has included several C~U 
recycle runs followed by extensive product analysis. Recycle.solvent can be 
separated into two general physical classes, distillate and non-distillate. 
The light distillate has been analyzed in great detail by methods developed at 
UNDERC under previous DOE sponsorship, while characterization of the non­
distillable or heavy ends have been limited in detail. Increased emphasis has 
been directed at more detailed analysis of the non-distillable recycle sol­
vent. 

6.2.3.1 Comparison of Aromaticity in the Distillate 

Silica gel column fractionation of CPU recycle slurry ASTM .D-1160 dis-· 
tillates is commonly used at UNDERC to prepare fractions for capillary ~C and 
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TABLE 6-6 

EFFECTS OF GAS COMPOSITION ON LOW~RANK COAL LIQUEFACTION 

Run Number N093 N094 N029 N030 N036 N035 
Coal Big Brown Big Brown Big Brown Big Brown Zap Zap 
Solvent HA061 HA061 A04 A04 A04 A04 
Additive H2S H2S None None None None 
Run Time, min. 20 20 20 20 20 20 
Avg. Temperature 418 419 457 455 457 456 
Max. Press., psig 3800 3940 3695 3790 3805 3820 
Pet H2 Feed Gas .0 44.2 52.3 100.0 51.5 100.0' 
Moisture, gms 99.6 99.6 95.8 94.9 96.4 96.5 

Net Yields 2 wt% maf 
coal charged): 

"' cl-ca 2.2 2.4 5.9 8.2 6.8 5.3 I 
~ Gas + H20 26.2 19.8 37.8 27.9 34.2 17.6 U"' .. 

Lt. and Mid. Oil 1.0.0 17.1 15.4 30.2 28.0 33.1 
Hvy. Oil 12.1 6.6 -11.3 -7.9 -6.6 -6.6 
Total Liquid. 69.7 74.1 31.7 45.2 41'.8 46.7 

Solvent Rec. 109.1 109.8 88.0 88.3 90.3 92.3 
Co-nversion 95.9 94.0 69.5 73.2 76.0 64.3 
Mat. Bal. Closure 93.3 98.8 95.9 95.1 94.1 91.6 



TA3LE 6-6 (Continued) 

EFFECTS OF GAS C·)MPOSITION ON LOW-RANK COAL LIQUEFACTION 

Run Number N175 N174 N160 Nl59 N157 N158 
Coal Zap Zap Zap Zap Zap Zap 
Solvent A04-A04 A04-A04 A04 A04 A04 A04 
Additive None None None None None None 
Run Time, min 20-60 20-60 60 60 60 60 
Avg. Temperature 365-440 370-439 380 383 380 383 
Max. Press., psig 4000-2385 4000-2275 3490 3550 3500 3580 
Pet H2 Feed Gas .a 78.6 .0 2-l.9 50.2 75.1 
Moisture, gms 72.9 69.1 99.3 100.1 97.6 105.2 

Net Yields (Wt % maf 
coal charged): 

O"o cl-c3 4.6 6.8 .6 .7 .7 .7 I _, Gas + H20 40.9 34.6 5.2 1-3.0 27.7 26.0 O"o 

Lt. and Mid. Oil 26.8 16.3 26.4 9.0 23.4 22.5 
Hvy. Oil -15 .. 2 2.3 1.4 9.9 -15.2 -15.6 . 
Total Liquid 38.0 49.1 82.4 6L5 54.4 49.4 

Solvent Rec. 10LS 102.2 108.8 103.1 99.8 98.4 
Conversion. 78.9 83.7 87.5 79.5 82.1 75.3 
Mat. Bal. Closure 93.7 103.7 95.3 93.9 97.4 . 95 .. 8 



GC/MS. In a recent GC/MS study, the heavy aromatic fracti'ons from ·CPU· runs 
with four coals (Beulah, North Dakota, lignite; Big Brown, Texas, ll.gnite; 
Wyodak, Wyoming, subbi tuminous coal; and Powhatan, Ohio, bituminous coal) 
processed at 460°C with H2 at 2600 psig total pressure, showed a correlation 
between the sum (wt pet of oil) of these fractions and coal rank. With the · 
exception of the Beulah lignite, an increase in aromaticity of the solvent is 
shown with increasing rank (Figure 6-6.). The sum of silica gel column frac­
tions 5 through 10 was used as it has been suggested that it is a better 
measure of solvent aromaticity than f values from 13C or 1H NMR spectra of 
unseparated samples. This is due to ~he presence of phenols and alkanes in 
the unseparated samples making thes.e NMR measurements very inaccurate. GC/MS 
work during this study resulted in identification of five previously unre­
ported compounds. These include 1-phenylnaphthalene, 2-phenylnaphthalene, 
1-phenyltetralin, 2-phenyltetratin, and 2,2 1 -binaphthyl. 
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FIGURE 6-6. Percent fractions 5 through 10 versus coal rank. 

These results were presented at the American Chemical Society 186th 
National meeting in Washington, D.C., August 28 to September 3, in a paper 
entitled "Characterization of Liquefaction .Recycle Slurry by Capillary GC/MS" 
by David J. Miller and Sylvia A. Farnum (Analytical Division Abstract No. 64). 

6.2.3.2 Comparison of Distillate/Non-distillate Separations 

An ASTM Dll60 distillation subjects t,he cnon~distillate ·portion of the 
recycle solvent to rather severe conditions, including .temperatiire ·up to its 
smoke point. As a result, analysis of the non-distillate por.tion of the 
recycle solvent after being subjected to an ASTM Dll60 distillation was 
questionable. A comparison of the non-distillate before and after an ASTM 
Dll60 distillation was recently lultlaL~d . 
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The non-distillable portion from ASTM D-1160 distillation of the CPU 
recycle product contains the minerals from the lignite as well as non-volatile 
heavy organic materials. To separate the minerals and intractable organics, a 
Soxhlet extraction (20 hours) with chloroform was carried out. Further ex­
traction with tetrahydrofuran gave only a 5- .to 9-pct additional yield. The 
chloroform soluble extract was freed of solvent using a rotary evaporator and 
chromatographed on an open silica. gel column using a modified Mobil SESC 
separation (1). The results are shown in Table 6-7. The scheme was suc­
cessful in sepa.rating the extract into compound classes as shown by the 1H NMR 
spectra. Assignment of compound class in Table 6-7 was based in part on these 
NMR spectra and in part on infrared analyses of the fractions. The 1H NMR 
spectra were also different for comparable fractions of CPU runs with dif­
ferent coals. Those for Run 53 which processed POW1, a bituminous coal, 
showed the most marked differences from the rest. 

TABLE 6-7 

L\NALYSIS OF FRA.\.'fTON'S, CHCla SOLl,JBLE VACUUM BOTTOMS, CPU BOTTOMS 
RECYCLE RUNS, 450°C, 2600 PSIG 

CPU Run Parameters: 

Run No. 45 
Coal a B3 b 
Startup Solvent HAB1 
Recycle Pa~s No. 12 
Processing Gas H2 
Wt % of Bottoms 
Extracted by CliCl3 28.7 

Modified SESC Sep~ration: Wt 

Fraction No.--(Compound Class) 

1 & 2 (alkanes) 0.2.3 
3 (aromatiCs) 34.0 
.4 (heavier aromatics) 11.6 
5 (heavy aromatics) 7.26 
6 (phenols) 13.1 
1-lU (tiiidefined 
polars) :l5.8 

Recovery 92.0 

a B3, North Dakota Beulah lignite 
POW1, Ohio bituminous coal, Powhatan 
BB1, Texas Big Brown lignite 

53 
POW1 
SSOLc 
19 
H2 

44.5 

% of CHCl~ 

0.14 
2.61 

·6.25 
6.69 
5.79 

25.4 

46.9 
.. ·~·· .......... _ .. 

b . 
}Uffi1, hydrogenated anthracene oil bottoms 

64 66 
BB1 BB1 
SSOL SSOL 
13 13 
H2 H~dCO 

50.9 39.5 

Soluble Extract 

0.60 0.29 
32.2 31.7 
8.55 18.9 
6.52 4.48 
14.7 13.3 

23.9 1.~." 

86.5 97.1 

c 
SSOL-surrogate solvent, 60% anthracene oil, A04, 40% SRC II middle distillate 
Ft. Lewis, WA. 

din our modification Fraction 3 is eluted with benzene. 
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When the NMR spectrum for each coal pot residue fraction was compared 
with the spectrum of a corresponding distillable oil fraction, there was a 
very (:lose correspondence. Recognizable features of the well-characterized 
distillable fraction were repeated in the nondistillable fraction. This very 
notable similarity confirms that the structure of the heavy pot residue re­
sembles that of the distillate. Differences lie in the size of molecules and 
in polarity. 

Having determined that the pot residue resembles the distillate, it was 
possible to address two other related areas: 1) Since the pot residue is 
likely to begin to undergo decomposition when heated to the smoke point in the 
D-1160 distillation, it is desirable to separate the heavy ends in some other 
way. If such a separation were used, the overlap between distillable oil from 
the ASTM distillation and the lighter fraction from the second separation 
would have to be investigated; and 2) It is desirable to design a simpler 
separation for the heavy ends that would yield larger fractions and have less 
chance of chromatography solvent adulteration. The solvents used in the SESC 
separation, especially tetrahydrofuran and pyridine, are difficult to maintain 
.in a pure condition and often add a considerable amount of non-coal-derived 
material to column fractions. 

6.2.3.3 Separation of Heavy Ends by Solubility and Comparison 
of Method With Distillation 

Product slurry (Sg-20g) was separated into methylene chloride solubles 
and insolubles using a 40: l volume-to-weight ratio of solvent-to-slurry at 
room temperature with stirring under N2 gas for 4 hours. Methylene chloride 
insoluble material (including mineral matter, insoluble organic materials, and 
unreacted coal) was removed with a fritted glass funnel (40-60 micron) and was 
set aside for later consideration. The methylene chloride soluble extract was 
stripped of solvent using a rotary evaporator at· room temperature and was 
further separated with the same amount of pentane as methylene chloride 
originally used. The pentane soluble fraction (PSHE) and the pentane in­
soluble fraction (PillE) were analyzed separately. An NMR comparison of the 
polar fractions is shown in Figure 6-7. 

To compare the two methods of separation, the distillate from the ASTM 
distillation and the pshe fraction from the solubility separation were both 
fractionated and analyzed by UNDERC standard methods (silica gel column sep­
aration followed by . fraction analysis by capillary GC). It appears that, 
except for small differences, the PSHE fraction closely resembles the ASTM 
distillate. 

When the PillE fraction derived from the solubility separation method is 
compared with the ASTM-Dll60 pot residue from ASTM distillation of the same 
slurry, short silica column separations (pentane, issoctane, methylene 
chloride) methanol) gave different fraction distributions, with the aromatic 
fraction larger in the distillation pot residue. This shows differences in 
composition, probably due to heat-induced reactions (such as aromatization) 
when the pot residue is heated to its smoke point. The PillE extract also 
differed ~onsiderably in volatility from the ASTM D-1160 pot residue. 

For the6e reasons our further Pfforts in characterization will center on 
the slurry separated heavy fraction, not the pot residue from ASTM D-1160 
distillation. 
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FIGURE 6-7. NMR comparison of liquefaction product polar compound fractions 
separated by methylene chloride extraction. 
a) pentane soluble fraction 
b) pentane insoluble fraction 
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6.2.4 Extraction of Hydrocarbons From Liquefaction Coals 

6.2.4.1 Purpose Of Study 

Extractions of seven coal samples used in CPU liquefaction studies were 
carried out to: 1} Compare n-alkanes produced in bottoms recycle coal lique­
faction with n-alkanes extracted from coal under mild conditions; 2) Provide 
baseline extraction data for supercritical extraction; 3) Compare extract 
profiles from the coal tested by capillary GC; and 4) Carry out preliminary 
screening for the presence of biological marker~ and waxes~ 

6.2.4.2 Experimental Procedure and Results 

The seven coal samples extracted are listed in Table 6-8 with their 
elemental and ash analyses. 

TABLE 6-8 

ANALYSIS OF COALS EXTRACTED 

% maf Coal % mf Coal 

c H N s 0 Ash ---
Beulah 3 (ND) 69.49 4.43 0.99 2.81 22.28 16.44 
Morwell (Aust.) 70.64 5.01 0.46 0.33 23.56 3.55 
Big Brown 1 (TX) 73.15 5.22 1.40 1.30 18.93 13.29 
Big Brown 2 (TX) 74.00 6.09 1.22. 1.21 17.48 18.74 
Wyodak (WY) 73.74 5.38 1.22 0.53 19.13 8.15 
Highvale (AL) 74.41 4.92 0.95 0.20 19.52 12.61 
Powhatan (OH) 79.01 5.43 1.29 3.92 10.35 10.22 

The extraction procedure is shown in Figure 6-8. Extractions were carried 
out in a Soxhlet apparatus with the solvents .indicated on the figure·. Each 
extracted fraction was divided into a hexane soluble and a hexane insoluble 
fraction. The results are shown in Table 6-9 .. Each of these fractions con­
tained some long chain waxes, tentatively identified as long chain alcohol. 
esters of long chain fatty acids. The only fraction that contained the hydro­
carbons of interest was the chloroform soluble-hexane soluble fraction (CHX). · 
The CHX fraction was chromatographed to yield the characteristic profile for 
the coal. The best results were obtained using a J&W DB5 6.0M fused silica 
capillary column witll H2 carrier gas and a t;lame ionization detector. Tem­
perature programming from 50° to 125°C at 0. 5°C/min, from l25°C to 250°C at 
1.0°C/min, and from 250° to 350°C at 1.5°C/min, followed by an isothermal 
plateau at 350°C was used. Thermogravimetric analyses showed that >90 pet of 
the extracts were volatile. 
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FIGURE 6-8. Sequential soxhlet extraction of coal. 

TABLE 6-9 

SEQUENTIAL EXTRACTION OF COALS WITH CHC1 3 (SOXHLET), CHC1 3 : 
ACETONE: METHANOL, 47:30:23, AZEOTROPE (SOXHLET) AND SEPARATION OF UEXANE 

SOLUBLES (WT % MAF COAL, DUPLICATES WERE AVERAGED) 

Hexane Soluble 
Hexane Soluble Total Portion of 

Total CHC1 3 Por:tion of Azeotrope Azeotrope 
Soluble (Soxhlet) CHC1 3 Extract Soluble (Soxhlet) Extract 

B3 2.8 1.0 1.6 0.13 
MOC3 0.82 0.58 1.7 0.59 
BB1a 4.2 1.7 2.2 0.16 
BB2 3.7 1.7 2.4 0.19 
WYOl 3.2 2.9 5.0 0.21 
ALB! 0.58 0.35 1.8 0.28 
POW1 0.70 0.51 5.8 1.1 

aValues given from single extraction only. 
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There were some striking similarities and differences between profiles 
for the coal CHX extracts. The profiles for CHX extracts of MOC, BB1, and BB2 
were very similar. They show no detectable alkanes and very few peaks until 
230 min when the maximum temperature was reached. Between 230 and 320 minutes 
a large group of peaks form a dense envelope. 

The capillary GC profiles for B3 and WY01 extracts are also strikingly 
similar, with nearly every major GC peak having a counterpart in each chrom­
atogram. The ALB1 extract chromatogram shows some similarity to the WY01 
trace, while the POW1 extract profile is different. All of the GC profiles 
for B3, WY01, ALB1, and POW1 CHX extracts have continuous baseline resolved 
peak distributions from about 50 to 350 minutes with various recognizable 
patterns. From duplicate extractions of the same coal and by comparing BB1 
and BB2 extracts, it was seen that the profiling of the hydrocarbon extracts 
was reproducible and thus may be used to identify and group coals. 

Each CHX fraction was also subjected to analysis by GC/MS. A total ion 
current (TIC) chromatogram was obtained which matched the FID profile. From 
the TIC chromatogram, selected ion chromatograms were obtained using the 
HP-5985B software. Some of the ions selected were M/Z 141 for alkanes, methyl­
ann rlimethylnaphthalenes, M/Z 91 for alkyl benzenes, M/Z 105 for disubstituted 
benzenes, M/Z 198,183 for cadalene, M/Z 206,191 for sesquiterpenes, M/Z 208, 
193 for sesquiterpanes, M/Z 191 for nearly all terpanes, and M/Z 217 for 
steranes. The compounds identified using these methods are given in Tables 
6-10 and 6-11. 

The sesqui terpenes (M/Z 206) found in the B3, WY01, and ALB1 extracts 
were tentatively assigned bicyclic C10 structures with 5 substituent carbon 
atoms. Baset, Pancirov, and Ashe (2) reported at least 9 M/Z 206 compounds in 
extracts of Wyodak coal which probably correspond to those we found. Py­
rolyates of Wyodak did not contain the M/Z 206 compounds (2). No mass spectra 
were included in the Baset reference so no direct comparisons· were made. 
Gallegos (3) also reported M/Z 206 sesquit~rpenes. Interestingly, these com­
pounds were found in pyrolysates of Wyodak as well as five other coals. No 
attempt was made to assign structures. 

Figure 6-9 shows the M/Z 206 and TIC chromatograms for the WY01 extract. 
The individual mass spectra of the M/Z 206 sesquiterpenes found in our study 
lead us to propose structures similar to those shown in Figure 6-10 reported 
by Philip et al. (4) and Richardson and Miller (5). The M/Z 206 compo\.mds 
would, however, have a double bond in one of the two rings. 

The individual mass spectrum (M/Z 276) of another hydrocarbon identified 
in WY01, B3, and ALB1 (Highvale, Alberta subbituminous coal) (Figure 6-11) is 
identical with that reported by philip and was assigned the structure I shown 
in Figure 6-11. 

A number of pentacyclic triterpenes with M/Z 398, 412, 426, 440, and 454 
were detected. Only one was posit·ively identified. The compound· .h$ving Mass 
412 was assigned the structure II, Figure 6-12, oleanane (6). 

The pristane percentages were low or not-detected in lignites, but were 
appreciable in the POW1 bituminous coal extract. 

6-23 



TABLE 6-10 

ACYCLIC HYDROCARBONS FOUND IN EXTRACTS OF COALS AND THEIR 
DISTILLABLE LIQUEFACTION PRODUCTS 
(Capillary GC, Area Percent, FID) 

WY01 ALB1 
Retention B3 Coal Coal Coal 
Time! min. Extract Extract Extract 

Isoprenoids: 

pri st.ane 168.9 0.15 
(2,6,10,14,tetramethyl-
pentadecane) 

n-alkanes: 

C-14 
C-15 125.8 0.82 
C-16 
C-17 
C-18 
C-19 194.1 0. 74 
C-20 205.0 0.99 
C-21 215.6 1.38 
C-22 223.9 1.22 1.04 
C-23 232.7 0.69 0.73 1.38 

. c-z4 241.2 0.67 0.33 0.1..~ 

C-25 249.2 1.89 0.82 1.85 
C-26 256.9 1.55 0.57 0.37 
C-2.7 264.5 2.92 0 99 0.92 
C-28 271.6 0.42 0.31 0.31 
C-29 278.5 0.76 0.98 0. 77 
C-30 285.1 0.57 0.52 0.2 
C-31 290.2 0.29 0.56 0.59 
C-32 296.1 
C-33 300.1 
C-34 304.3 
C-35 308.7 0.19 
C-36 312.0 0.09 
C-37 316.6 
C-38 320.4 
C-39 324.0 
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POW1 
Coal 
Extract 

1.35 

0.49 
0.41 
0.26 
0.46 
0.31 
0.46 
0.34 
0.29 
Q,33 
0.25 
0.25 
0.25 
0.10 
0.02 
0.03 
0.001 
0.03· 
0.004 
0.01 
0.006 
0.008 



Miscellaneous: 
naphthalene 
2-methylnaphthalene 
1-methylnapbthalene 
c2-naphthalene 
cadalene 

Alic~clic terpenoids: 
0'1 C1sH2s sesq~ite~ene a 
I " b N 

(J1 " c 
" d 
" e 
" f 

" g 

" h 

C2oHas tricyclic alkane 
? 

C11Hso tricyclic alkene 
? 

C2gllso 
CaoHs2 
Cs1H54 
Ca1HS4 
Ca2Hss 
CaaHss 

TABLE 6-11 

OTHER HYDROCARBONS FOUND IN EXTRACTS OF COAL CAPILLARY 
GC AND GC/MS, AREA%, FID 

Retention m/e, Parent Capillary GC, Area % 
Time, Min. Ion B3 MOC BB1 BB2 WY01 --· 

47.9 0.32 0.18 
72.0 0.29 0.19 
75.6 0.04 0.09 
95.3 

160.4 198 0.31 

100.7 206 2.8 
104.8 206 1.0 
106.8 206 1.9 13.2 
108.9 206 1.12 3.3 
111.2 206 0.24 8.3 
113.0 206 4.6 
114.9 206 2.3 1.5 
116.2 206 0.10 0.96 

230.3 276 1.7 0.96 
233.4 252 
236.4 234 1.2 1.0 
272.5 Not Shown 0.66 
284.6 298 
285.2 412 
287.0 426 3.3 
295.8 426 
312.0 440 0.29 3.0 1.1 
321.7 454 0.07 0.10 1.7 3.5 

ALB1 POW1 

. 0.12 1.2 
0.38 2.7 
0.13 2.0 

0.68 
1.3 1.3 

0.70 

0.17 
0.27 
1.9 
0.17 

0.46 
0.50 
0.10 0.10 

0.27 0.13 
·o.13 
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WYOI HEXANE SOL. CHCI 3 EXTR. 

12e t4e t6o 1 ae 200 ~20 240 2c.o 200 100 'J2o :J<4o 

Scali No. 

FIGURE 6-9. a) M/Z 206 and b) TIC chromatograms of Wyodak subbituminous 
coal HCL3. 

SIMILAR COMPOUNDS REPORTED 

Philip et al. 1981 
Austratian Crude 

(Terrestrial) 

Richardson a Miller, 1982 
Crude Oil, Terrestrial 

FIGURE 6-10. Proposed structures· for M/Z 206 sesquiterpenes. 

The n-alkane extract distributions for B3, WY01, and POW1 were compare4 
with the distribution of n-alkanes in CPU bottoms recycle liquefaction runs 
after 13-19 recycle passes (Figures 6-13, 6-14, and 6-15). Odd/even carbon 
number preference indices (CPI) are shown in the figures. If the percentages 
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m/;! 276 found in WYOI and ALBI Extr. 

Spectrum identical with that 
reported by Philip, 1981 (peak 6") 

• m/e 276 

m/e~23 ~ C2H5 

MYO CHCL.3 AI<D HEXRNE SOL. RT- I I -9-3 P. TIMPE 

100] 515 

60 

60 

80 

60 
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' 1B0 
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207 

1 I' t 

200 

95 
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123 
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IIIII 5383 

1&3 

27& 

FIGURE 6-11. Individual mass spectrum of Wyodak and Highvale subbituminous 
coal extracts. 

Oleanane 

Ekweozor et al., 1979 

FIGURE 6-12. Compound structure for oleanans identified and assigned 
M/Z 412. 

of n-alkanes are calculated as wt pet maf coal, the results show (Table 6-12) 
that there are approximately 5 to 10 times larger quantities of n-alkanes 
formed during liquefaction than can be extracted. The distribution and CPI · 
are very different for the coal liquefaction products. The same trend was 
seen by Baset (2). He reported 0. 4 wt pet rna£ alkanes extracted from Wyodak· 
coal and 2.4 wt pet rna£ alkanes obtained by pyrolysis of the coal. 
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FIGURE 6-13. Comparison of n-alkane extract distribution from Beulah lignite, 
n•alkane distribution frnm f.'Pll hot. toms recycle product (Beulah 
lignite feed coal). 
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FIGURE 6-14. Comparison of n-alkane extract distribution for Wyodak subbit­
uminous coal and n-alkane distribution from CPU bottoms recycle 
product (Wyodak subbituminous feed coal). 
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FIGURE 6-15. Comparison of n-alkane extract distribution for Powhatan bituminous 
coal and n-alkane distribution from CPU bottoms recycle p.roduct 
(Powhatan bituminous feed coal). 

.ND = 
NA = 

Coal 

B3 
MOC 
BB1 
BB2 
WY01 
ALBl 
POWl 

Not Detected 

TABLE 6-12 

EXTRACTED/SEPARATED n-ALKANES 
(WT % MAF COAL) 

HX Soluble CPU Liquefaction 
CHC13 Extract After 13 Recycle 

0.15 1.7 
ND NA 
ND 3.8 
ND NA 

0.20 1.7 
0.025 NA 
0.022 0.96 

Comparable values not available 
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Chaffee and coworkers (7) also reported that solvent extractable alkanes 
made up less than 70 pet of the alkanes formed from pyrolysis. Since con­
siderable additional amounts of alkanes are produced by pyrolysis and lique­
faction, these additional amounts of alkanes must arise through bond-breaking 
reactions. 

6.2.4.3 Summary 

The hexane soluble portions of chloroform Soxhlet extracts of seven 
liquefaction coal samples have been partially characterized. These fraction~ 
contain alkanes, including those alkanes considered biological markers. Among 
the components found were a number of bicyclic sequiterpenes, at least one 
tricyclic terpane, several pentacyclic triterpanes, pristane and n-alkanes. 
Steranes were not detected in any of these extracts. 

Each cool 
profiles for 83 
coal 7 MOC, gave 
BB2. 

extracted gave a characteriGtic capilLuy GC profile. The 
and WYOl extracts were very similar. The Morwell Australian 
an extract that in ~eneral contour resembled those of HHl and 

Pristane percentages increase with rank; lignite contained small or 
non-detectable amounts. There was no apparent correlation between wt pet 
n-alkanes extracted and rank. The distribution maximum chain length decreases 
slightly with rank and CPI values decreased with rank. Over 90 pet of a­
alkanes produced during liquefaction or pyrolysis are non-extractable, leading 
to the supposition that bond-breaking reactions during liquefaction lead to 
the formation of alkanes. 

Portions of this work were reported at the· American Chemical Society 
National Meeting in Washingotn, D.C., August 28 through September 2, 1983 (7) 
and will become a chapter in "Chemistry of Low-Rank Coals", an ACS Symposium 
Series volume. edited by Harold H. Schobert, UNDERC. 
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M. Bohman 
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The overall project objective is to develop an economical process for 
simultaneous control of SO /NO emissions derived from combustion of low-rank 
coals. The key to accompl:fshinxg this goal is the development of a dry process 
readily adaptable to retrofit situations and useful in areas of the West where 
water supplies are scarce. A promising process involves the direct injection 
of a calcium based sorbent material with subsequent collection. of flue gas 
particulate (including the calcium based sorbent material) in a high tem­
perature baghouse (1000°F). Use of a catalytic or noncatalytic NO reduction 
step in conjunction with the high temperature baghouse provides Xfor simul..: 
taneous control of SO /NO emissions. · 

. X X 

The specific goals of the project during the first year of the Cooper-· 
ative Agreement are: 

1. Identify and evaluate materials which have the potential for use as 
throwaway NO reduction agents. 

. X 

2. Identify and evaluate additives or dopants for calcium-based com­
pounds to enhance SO capture and sorbent utilization. 

X . 

3. Investigate the use of a pressure hydrator as a means of combining 
additives and dopants with calcium-based compounds and increasing 
sorbent utilization. 

·4. Evaluate NO emissions control using an ainmonia :injection catalytic 
system inco~porated into the 130-scfm propane-fired combustor/high 
temperature baghouse system. 

5. Investigate simultaneous SO /NO emissions control by direct calcium 
injection for S02 control, xandxammonia SCR and/or ammonia throwaway 
reagents for NO control, using the -130-scfm propane-fired combustor/ 
high temperatur~ baghouse system. 
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6. Investigate simultaneous particulate/SO /NO control using a high 
temperature baghouse and ammonia-SCR o~ a~onia throwaway system 
coupled with "the pulverized coal-fired particulate test combustor. 

7. Conduct an· engineering/economic evaluation and begin work in pre­
paration for a field test of simultaneous particulate/SO /NO con­
trol, to be cost-shared with a utility company in 1985. x x 

The planned activities in the second quarter of the Cooperative Agreement 
included the following: 

1. Complete evaluation of identified throwaway NO reduction agents 
X using a bench-scale packed-bed reactor ~ystem. 

2. Complete preliminary evalua"t.i'On of NO reduction capabilities of 
promiaing throwaway m.<~t.P.rials (as identffied from bench-scale packed­
bed testing) on the 130-scfm propaue':"fi.ced combuotor/hisb. terop ... r­
ature baghouse PDU. 

3, Complete preliminary evaluation of the Selective Catalytic Reduction 
(SCR) NO control system inst.alled in the ·130-ocfm propane-fired· 
combustor7high temperature baghouse PDU. . 

4. Complete preliminary testing of a pressure hydrator in conjunction 
with additives identified in the literature survey as having the 
potential to enhance utilization of calcium-based sorbent mater~als 
for so2 control. 

5. Complete preliminary testing of additive enhanced. calcium-based 
sorbents produced in the pressure hydrator in the 130-scfm propane­
fired combustor/high temperature baghouse PDU. 

7.2 ACCOMPLISHMENTS 

7.2.1 Packed Bed Reactor Evaluation of Throwaway NO Reduction Agen~s 
X 

Screening tests on identified throwaway NO control agents using the 
i bench-scale packed-bed reactor system were completed during the quarter. The 
· bench-scale packed-bed Y:"eactor was construct.ed to evaluate the effect of 

various throwaway materials on the ammonia injection catalytic reduction of 
NO in a simulated flue gas stream. Table 7-1 provides data on inlet gas 

X •. 
compo~a t1.on. 

Figure 7-1 illustrates the reactor configuration. The component gases 
are introduced at the top of the preheater, traversing downward through a 
2-inch I.D. tube, heated by a Sybron/Thermolyne Model F21125 Tube Furnace. 
Hot gases then pass through the reactor, which consists of a 2-inch I .D. 
stainless steel tube externally heated by heat tape; a removable holder to 
contain bed material, and two type-K thermocouples. The holder is fitted with 
a wire mesh screen and porous Kaowool pads to prevent entrainment of bed 
material. Static pressure drop across the bed is measured by a manometer. 
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TABLE 7-1 

PACKED-BED REACTOR INLET GAS COMPOSITION 

Constituent 

Nitrogen 
Carbon Dioxide 
Oxygen 
Oxides of Nitrogen 
Anhydrous Ammonia 

N2 0 2 C02 NO NH3 

THERMOfQ.!!!'!& ).­

Concentration (Vol. %) 

78.3 
'16.0 

5.7 
1000 ppm 
1500 ppm 

a: 
w 
1-­
w 
::l 
0 
z 
"' :IE 

nln.ITAt D 
DISPLAY -------J __ 8_!':0 

THERMOCOUPLE 

TO ANALV31!R3 

GAS . SAMPLE 
METER CONDITIONER 

FIGURE 7-1. Bench-scale packed-bed reactor. 
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After passing through the reactor, the gas stream is cooled to 25°C and 
then flows through a gas metering device. Subsequently, the gas stream enters 
a sample conditioner, from which slip streams are removed for analysis. NO 
concentrations are recorded by a Thermo Electron Model 10 Chemiluminescenf 
Analyzer, 02 concentrations by a Beckman Model 755 Analyzer, and C02 concen­
trations by Beckman Model 865 Infrared Analyzer. 

To conduct a test, about 50 g of minus 40 mesh material are placed in the 
bed; the weight of reducing agent used varies with its bulk density, since a 
fixed bed volume is desired. During heat-up, N2 is purged through the system, 
and when the selected temperature is achieved, the sample gases are introduced 
into the preheater. The gas flow rate is kept at about 30 scfh, with the bed 
temperature operated from 400° to 850°F. E1t~>erimental conditions monitored 
throughout a run include bed and reactor wall temperatures, inlet and outlet 
gas flow rate and composit!,on, and pressure drop across the bed. Space vel.:.·· 
ocities are about 15,000 hr 1 • 

Packed-bed reactor evaluation of the throwaway NO reduction agents 
identified in the literature survey has been completed. A ~ist· of the materi­
als tested in order of decreasing reactivity with respect to NO reduction, is . 
as follows: Zeolon 900H (synthetic mordenite), Fisher Iron, ~oal Creek fly· 
ash (lignite), Center fly ash (lignite), Magnetite, Cohassett fly ash (subbi­
tuminous), Flue Dust, and Nahcolite. Tabulated results of the packed-bed 
reactor testing are presented in Table 7-2. One aspect of the data in Table 
7-2 should be noted. When preheater wall temperatures exceeded U~00°F non­
catalytic NO reduction occurred which, in the case of some of the materials 
tested (fly ~sh, magnetite, flue dust, and nahcolite), produced unexpectedly 
high NO reduction values. Test results which were affected by noncatalytic 
NO redfiction have been identified in Table 7-2. Figures 7-2 and' 7-3 illus­
td~te the noncatalytic reduction which occurred at spec1f1c conditions during· 
tests conducted on magnetite and flue dust, respectively. 

FIGURE 7-2. 

!100 

0 NONCATALYTIC/CATALYTIC NOx REDUCTION 

Q CATALYTIC NOx REDUCTION 

400 1100 BOO 700 

TEMPERATURE (DEGREES F) 

!!] 

1100 800 tOOO 

NOx reduction versus reactor bed temperature for magnetite.· 
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TABLE 7-2 

RESULTS FRON PACKED BED REACTOR EVALUATION 
OF POTENTIAL THROI~AWAY NO REDUCTION CATALYSTS 

X 

Preheater Average Space Inlet NO Exit NO % 
Test Catalyst Wall Exit Bed Velocity Concentrat~on Concentra~ion Reductign 
No. Material a Tem12. 2 

Of Tem12. 2 
Of hrs- 1 (j2j2m) (j2j21D) of NO 

1-1 Fisher Iron 935 380 14000 980 718 27.7 
1-2 Fisher Iron 1290 500 14000 970 453 52.3 
1-3 Fisher Iron 1290 608 14000 980 438 55.0 
1-4 Fisher Iron 1920 805 14000 1060 169 84.0* 
1-5 Fisher Iron 2010 856 14000 1120 136 88.0* 

1-1 Zeolon 900H 930 424 13000 880 616 30.0 
1-2 Zeolon 900H 1200 540 13000 890 463 48.0 
1-3 Zeolon 900H 1380 651 13000 1050 294 72.0 
1-4 Zeolon 900H 1560 731 13000 995 276 72.2 
2-1 Zeolon 900H 1500 690 15000 1250 300 76.0 
2-2 Zeolon 900H 1940 700 15000 1250 230 81.6* 

1-1 Coal Creek Fly Ash 1380 590 ·13000 990 921 7.0 
1-2 Coal Creek Fly Ash 1450 660 13000 1000 896 10.4 
1-3 Coal Creek Fly Ash 1510 723 13000 910 742 18.5 
1-4 Coal Creek Fly Ash 1830 800 13000 1110 162 54.5·k 

1-1 Center fly Ash 1150 401 13000 1150 1150 0.0 
1-2 Center Fly Ash 1400 481 13000 950 893 6.0 
1-3 Center Fly Ash 1470 565 13000 980 839 14.4 
1-4 Center Fly Ash 1830 694 13000 980 113 88.5>"< 

1-1 Magnetite 1380 550 14000 915 790 13.6 
1-2 Magnetite 1380 637 14000 980 838 14.5 
1-3 Magnetite 1470 719 14000 900 822 8.7 
1-4 Magnetite 1830 797 14000 1000 181 81.9* 

1-1 Cohassett Fly Ash 932 412 14000 850 814 4.2 
,) 1-2 Cohassett Fly Ash 1360 530 14000 930 865 7.0 

1-3 Cohassett Fly Ash 1430 590 14000 780 717 7.8 
1-4 Cohassett Fly Ash 1830 735 14000 860 183 78 0 7>"< 
1-5 Cohassett Fly Ash 1650 780 14000 840 512 39.0 

2-1 Flue Dust 1360 727 15000 1070 1070 0.0 
2-2 Flue Dust 1830 736 15000 1100 1100 0.0 
2-3 Flue Dust 1990 743 15000 1130 380 66. 41< 

1-1 Nahcohte 8/8 ::J!:l::J l::JUUU lUUU 1000 0.0 
1-2 Nahcolite 986 464 13000 900 900 0.0 
1-3 Nahcolite 1290 570 13000 980 980 0.0 
1-4 Nahcolite 1830 716 13000 850 213 75 0 0>"< 

1- Silica Sand 1830 716 13000 940 202 78 0 5>'< 
2-1 Silica Sand 1300 644 16000 1200 1200 0.0 

a Average particle size for the catalyst materials was 40 mesh or less except for the silica s~nd which had an 
average particle size of 20 mesh. 

b"*" Indicates possible combined non-catalyti~/catalytic reduction of NO 
X 
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FIGURE 7-3. 
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NO:x: reduction versus preheater wall temperature for flue dust. 

The Zeolon 900H, a synthetic mordenite, was found to be the most reactive 
of the materials tested for reducing NO emissions. Mordenite is a hydrated 
aluminum silicate. Results from packed~ed reactor tests show NO reduction 
increasing with increas.ed reactor bed temperature. For reactor b~d tempera­
tures ranging from 400° to 750°F NO reduction ranged from 30 ·-to 80 pet; 
respectively, as shown in Figure 7-4.x Space velocity for the mordenite tests. 
ranged from 13,000 to 15,000 hrs- 1 · 

aoo 

FIGURE 7-4. 
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NO reduction versus reactor bed temperature for Zeolon 900H 
X (synthetic mordenite). 
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Fisher Iron (40 mesh Fe) also exhibited good NO reduction capabilities 
during packed bed reactor testing. Reduction of Ncf was found to increase 

· with increasing reactor temperature for reactor temper~tures ranging from 380° 
to 850°F. Values for NO reduction ranged from 28 to 88 pet, respectively, as 
shown in Figure 7-5. Spice velocity for the iron (Fe) tests.was approximately 

· 14,000 hrs - 1 

so 
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F~GURE 7-5 .. 
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NO reduction versus reactor bed temperature for Fisher Iron 
(45 mesh). 

Two ·lignite fly ashes were tested as possible throwaway NO reduction 
catalysts.. Both fly ashes showed some NO reduction capabilities, lfmt neither 
lignite fly ash exhibited NO reduction ~apabilities comparable to mordenite 
or Fisher I.ron. The high NO xreduction values seen in Figures 7-6 and 7-7 are 
a direct result of noncataly~ic NO reduction. Space .velocity for the lignite 

X -fly ash tests was approximately 13,000 hrs 1 . 

Additional testing with the bench-scale p~cked-bed reactor i~ not planned 
at this time, but would be considered if other potential NO control agents 
are identified. X 
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FIGURE 7-6. 
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NO reduction versus' reactor bed temperature for a lignite fly 
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NO reduction versus reactor bed temperature for a lignite fly 
as~ (Cent.er). 

7-8 



-. 

7.2.2 Evaluation of Throwaway NO Reduction Reagents in the 130-scfm PDU 
. X 

S:lx runs (83 tests) were performed on the 130-scfm propane-fired com­
bustor/high temperature baghouse PDU during the quarter indicating fifty-seven 
tests to evaluate throwaway NO reduction compounds. The materials evaluated · 
were two lignite fly ashes, i~on filings (two particle sizes), flue dust, a 
synthetic mordenite (Zeolon 900H), and a natural mordenite. Injection was 
accomplished prior to the baghouse at temperatures ranging from · 1000° to "' 
1750°F. Baghouse temperatures ranged from 500° to 950°F. 

A schematic of the 130-scfm combustor-baghouse is presented in Figure 
7-8. The combustor burns propane gas to generate a flue gas containing ap­
proximately 11 pet moisture. Anhydrous ammonia (to produce NO) and S02 can be 
added to the flame at any desired rate. Sorbent or NO reduction materials 
may be injected through any sample injection port. The ~aghouse can be oper­
ated over a temperature range extending from the flue gas dewpoint up to about 
1000°F. Ceramic filters are used at flue gas temperatures ranging from 500°-
10000F. 

FIGURE 7-8. 

H_Xf1 

S.gt.luse 
·sy-Pon 
Vtlve 

Bag!ouse COllectton 
\"esse! 

Dry sorbent unit, facility configuration. 

Induced 
Pnft fo.n 

IDFo111 
Throttlf' 
Valve 

A review of the. literature indicated that iron compounds are effective 
catalysts for reducing NO P.missions when combined with ammonia injection. The 
effective temperature ran~e is reported to be 550° to 900°F, with maximum NO 
rpflnrt. ion orc.nrri ng at 7.';0° to 800°F, X 

The iron oxide content of lignite and subbituminous fly ash can vary from 
2 pet up to 35 pet, with typical values for most ashes around 10 pet. There­
fore, NO reduction may be possible by collecting the low-rank coal derived 
fly ash ~n ceramic filters in a flue gas temperature range of 550° to 900°F. 
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Experiments were conducted on the 130-scfm high temperature baghouse PDU 
to characterize NO reduction by iron oxide and other compounds collected on 
ceramic filters i/t the high-temperature baghouse. The results of the NO 
reduction experiments, with ammonia injection, are presented in Table 7-3~ 

Two lignite fly ashes have been tested as potential throwaway NO re­
duction catalysts. Data for the first lignite fly ash (Center) is pres~nted 
in Figure 7-9 as NO reduction versus temperature for both packed-bed reactor 
and 130-scfm PDU da~a. Maximum NO reduction was approximately 28 pet at a 
baghouse temperature of 850°F. Sp~ce velocity for tests conducted with the 
first lignite fly ash (Center) ranged from 16,700 to 23,000 hrs- 1 • 

R 
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0 
N :3 
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FIGURE 7-9. 

:300 

PACK-BED REACTOR 

1:30-SCFM PDU BAGHOUSE 

400 500 BOO 700 800 900 1000 

NO reduction versus temperature for a lignite fly ash (Center). 
X 

Data reduction has not been completed for the second lignite fly ash 
(Coal Creek), but preliminary observations indicate that overall results will 
be similar to those reported for the first ligni~e fly ash (Center). 

A series of tests was conducted on the 130-scfm PDU evaluating the NO 
reduction capabilities of iron filings (40 mesh Fe). Packed-bed reactor dat~ · 
indicated the iron filings should significantly reduce NO emissions. Values 
for NO reduction tests on the 130-scfm PDU were less than ~0 pet for baghouse 
temper~tures ranging from 650° to 950°F. Space velocity for this test series 
ranged from 16,000 to 26,000 hrs- 1 • The poor results seen with the iron 
filings may have been caused by fallout of the 40 mesh iron filings (Fe) in 
the baghouse resulting in limited contact between the flue gas and iron filing 
particles. figure 7-10 illustrates results for both p~cked-bed reactor ~nd 
130-scfm PDU testing. 
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TABLE 7-3 

NO REDUCTION BY POTENTIAL THROWAWAY COMPOUNDS 
x IN A HIGH-TEMPERATurffi BAGHOUSE 

Additivea,b,c 
Injection Baghouse Anhydrous d Total NO A/C Baghouse Ll.P 

Test No. TemE. 2 
Of TemE· 2 

Of Ammonia 2 scfh Reduction
2
x%e ft 3 /ft2 inch-W.C. 

0883.7 I::on filings 1535 640 6.3 18 5.7 4.6-4.9 
0883.8 I::on filings 1470 727 6.3 12 6.1 5.0-5.3 
0883.9 Iron filings 1560 790 6.8 8 7.0 6.0 
0883.10 Icon filings 1560 870 6.7 4 7.3 2.9-5.2 
0883. 11 Icon filings 1750 951 7.5 1 8.7 6.1-6.5 
0883.12 Icon filings 1750 950 3.7 0 8.7 6.6 
0883.13 Icon filings 1190 955 7.1 2 9.0 5.5-6.4 

0983.7 Lignite fly ash 1560 650 6.6 6 6. 1 3.0-5.4 
0983.8 Fil.ue dust 1560 675 6.8 6 6.4 5.4-8.0 
0983.9 F!l.ue dust 1590 720 6.8 8 6.6 8.4 
0983.10 F!l.ue dust 1535 800 6.8 7 7.0 8.9 
0983.11 F'l.ue dust 1525 865 6.7 5 7.3 3.5-9.8 
0983.12 Flue dust 1640 940 7.1 7 8.2 7.4 

-..I 0983.13 Flue dust 1640 940 7.2 8 8.2 7. 7 I 

0983.14 Flue dust 1140 935 7.0 4 8.0 5.3-7.6 

1083. 1a Zeolon 900H 980 500 5.6 4.4 3.6 
1083.1b Zeolon 900H 980 510 5.3 3 4.2 3.5-4.0 
1083.2 Zeolon 900H 1090 585 6.7 20 5.8 5.5-6.2 
1083.3 Zeolon 900H 1115 660 6.5 30 6.0 6.4-6.5 
1083.4 Zeolon 900H 1350 655 6.5 32 5.9 4.0-6.0 
1083.5 Zeolon 900H ·1225 720 6.7 50 6.5 4.4-6.2 
1083.6 Zeolon 900H 1160 805 6.6 64 6.9 4.0-5.7 
1083.7 Zeolon 900H 1215 875 6.6 65 7.2 4.3-7.2 
1083.8 Zeolon 900H 1260 935 6.8 55 7.8 4.4-6.8 
1083.10 Lignite fly ash 1225 870 6.7 24 7.3 4.0-6.1 
1083.11 Lignite fly ash 1255 910 5.4 26 7.6 4.0-6.0 

1183.8 Lignite fly ash 1525 805 6.6 28 6.8 6.2-6.8 
1183. 13 Lignite fly ash 1725 925 7.0 16 8.0 6.5 

aPartic~late concentration fro~ additive injection was about 3.0 gr/scf. 

b Fe 203 in lignite ash, 9.6 pet. 

cParticle sizes for the additives were 40 mesh for the iron filings and <325 mesh for the fly ash, flue dust, 
and Zeolon 900H. 

d 
All anhydrot~s ammonia was injected immediately upstream of the baghouse. 

eFlue gas in]et NO concentrations were maintained at about 700 ppm. 
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NO reduction versus temperature for 40 mesh i·ton filings. 
X 

A second series of tests was performed using -325 mesh iron filings (Fe). 
The small particle size was used in au ~ffort to prevent particl~ fallout in· 
the baghouse. Data reduction ha~ uot yet been completed for this te~t series 
but prelint_!nary observations indicate that NOx reduction was generally less 
thnn 30 pet. 

Flue dust (FeO) was also evaluated on the 130-scfm PDU for NO reduction 
capabilities this past quarter. Overall results were poor. Reducfion of NO 

X emissions was less than 10 pet for all tests performed. 

Zeolon 900H, the synthetic mordenite found to be the most effective NO 
reduction compound during packed bed reactor testing, was evaluated. on th~ 
130-scfm PDU this past quarter. Maximum NO reduction was 65 pet at a bag­
house temperat.ure uf avv.coximatcly 850°F .. Sp~rP VP.locity for this test series 
ranged from about 10,000 to 22,000 hrs - 1 . Figure 7-11 illustrates NO re­
duction as a function of temperature for both packed-bed reactor and 13~scfm 
PPU dat.a. . 

The synthetic mordenite (Zeolon 900H) is an expensive material even for 
use as an experimental NO reduction agent. Therefore, a source of natural 
mordenite was located and tested on the 130-scfm PDU. Data reduction has not 
yet been completed for the natural mordenite test series but preliminary 
observations indicate maximum NO reduction was less than 30 pet. An attempt 
will be made to explain the po~r results experienced with the natural mor- · 
denite when analysis of both mordenite samples has been completed. . 
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7-11. NO reduction versus temperature for a synthetic mordeqite 
(Zeo'lon 900H). 

Preliminary testing of potential throwaway NO reduction agents on· the 
:130-scfm PDU has been completed. Additional testi~g would be considered if 
;other potential NO control agents are identified or if data currently being 
.correlated generatls questions or exhibits unexplained inconsistencies; 

7.2.3 Preliminary Evaluation of Selective Catalytic Reduction 
(SCR) System 

Preliminary testing of the Selective Catalytic Reduction (SCR) reactor 
:has been completed. All data support the findings reported for the first 
:quarter of the Cooperative Agreement. Reactor temperatures below 700°F will 
:not produce 80 pet NO reduction. 

X 

The supplier of the SCR reactor, Engelhard Industries, was contacted 
after the completion of all data reduction ·in an effort to establish. an ex­
~lanation for the poor results. Engelhard Industries agreed to review the 
~est procedures and resulting data. 

After reviewing the test. procedures and resulting data Engelhard In­
~ustries recommendations were as follows: 

• All ammonia (NH3) injection for catalytic reduction of NO with the 
X SCR reactor should be downstream of the baghouse where flue gas 

temperatures are less than 900°F. This step would reduce ·the chance 
of NH3 reacting prior to entering the SCR reactor. 

• Ammoni'a injection should be accomplished with multiple point injec­
tion rather than single point. In addition, static mixing devices 
should be used to assure homogeneous mixing of the NH3 with the flue 
gas upstream of the SCR reactor. 
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• Measurement of flue gas NO concentration upstream of the SCR reac­
tor should be performed tfpstream of the NHa injection point to 
eliminate possible NH3 interference in the NO analyzer. 

X 

• Ammonia injection rates should be controlled to provide the desired 
degrees of NO reduction. Calculated NHa/NO ratios should not be 
used as test xcontrol parameters but should ~e determined and re­
ported as test results. 

• Flue gas NH3 concentration downstream of the SCR reactor is an 
important data point when evaluating performance of the SCR system. 
A simple colorimetric method makes use of a device called a Draeger 
tube. 

During the test program conducted to evaluate the SCR reactor, NHa in­
jection was performed in temperature regimes ranging from 775° to 2000°F. 
Results from the test program showed that for temperature regimes ranging from· 
775° to 1700°F, the location or temperature regime at which the NH3 is in­
jected is· not critical as long as the NH3 is thoroughly mixed with. the flue· 
gas prior to entering the SCR reactor. I'nj ection of NHa into tempcra.1::.ur~ 
regimes in excess of 1700°F is not recommended because of the probable oxida­
tion of NH3 to NO. During any future testing of the SCR reactor NH3 injection 
will be performed downstream of the baghouse at flue gas temperatures below 
900°F. 

Ammonia injection during the test program was performed at several loca­
tions. Minimum distance upstream of the SCR reactor at which NHa injection 
was performed was approximately 19 pipe diameters. Ammonia injection was from 
a single point source directed into the flue gas stream. During any future 
testing of the SCR reactor NH3 will be injected through a tube spanning the 
flue pipe with multiple injection points directed into the flue gas stream. 
In addition a static mixer will be installed immediately downstream of the NH3 
injection location to assure homogenous m.i;o.:ing of the NH3 and flue g.fls. 

Flue gas NO concentration upstream of the SCR reactor is measured up­
stream of the Nli3 injection point, therefore NHg interference in the NO 
analyzer is not possible. The Thermo Electron Model 10 NO analyzer uses f 
catalytic converter rather than a thermal converter therefo~c minimizing any 
possible NH3 interference with NO determinations. 

X 

The NH3 injection rate (scfh), as measured with a flow meter during the 
test program, was calculated based on the measured flue gas flow rate (scfm), 
NO concentration (ppm), and a desired 1:1 mole ratio of NH3 to NO . The 
po~sibility does exist that the potential compounding of errors couldxresult 
in an undesirable NH3 injection rate. Data generated during the test program 
do not support the compounding error theory. A 50 pet increase or decrease in 
the NHa injection rate caused NO reduction values to range from 84 to 60 pet, 
respectively. These data wouldxindicate that any error in the NH3 injection 
rate was not significant enough to cause the SCR reactor's poor performance at 
reactor temperatures below 700°F. 

Wet chemistry techniques were used to determine NH~ concentration in the 
flue gas stream downstream of the SCR reactor. Although results are not 
conclusive, the limited testing performed indicated NH3 concentrations of less 
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than 50 ppm. During any future testing of the SCR reactor, the colorimetric 
method using Draeger tubes will be tested .wh:i!ch should give accurate NH3 
concentrations down to 5 ppm. ·. · ;.;~,. 

Future testing of the SCR system will be minimal UQ.til simultaneous 
SO /NO work begins in October 1983. 

X X 

7.2.4 Operation of Bench-Scale Pressure·Jiydrator 

During the second quarter of the Cooperative Agreement S02 control work 
has centered around the development and operation of a bench-scale pressure 
hydrator. The apparent advantages of an S02 control scheme using a pressure 
hydrator for direct injection of calcium-based compounds include the following: 

1.· Very small particles (average particle size "-0. 4-micron) are genera­
ted in the pressure hydrator, which are further reduced in size by. 
dehydration reactions after injection into a flue gas stream. Small 
particle size provides large surface area for _reaction. 

2. Additives can be readily incorporated in the hydration process to 
increase overall sorbent utilization to meet changing coal sulfur 
levels. 

From previous results calcium hydroxide has proved to be the most reac­
tive calcium-based .material for direct injection into high temperature flue 
gas. If the reactivity of the hydrated product can be increased by addition 
of other compounds during the hydration process overall sorbent utilization 
may be significantly increased from the 40 pet value previously observed. 
Sodium is one of the additives proposed for testing, and will be added by 
hydrating quicklime with a solution of sodium hydroxide. Other additives 
being considered include iron oxide, sodium carbonate, sodium bicarbonate, 
copper oxide, and manganese oxide. 

As a result of quicklime and water feed problems encountered when at­
tempting to operate the pressure hydrator in a continuous mode, a decision was 
made to operate the pressure hydrator in a batch mode assuming the dry product 
was 100 pet hydrated with an average particle size of less than 1.0 ~m. Work 
on the continuous pressure hydration system is continuing but is not a prior­
ity since industrial scale pressure hydration systems are available commer­
cially. 

Batch operation of the pressure hydrator involves charging the preheated 
reactor with a specific quantity of quicklime ("-3 lbs), then injecting the 
desired amount 'of water from a pressurized container. The hydration reaction 
proceeds quickly, causing reactor temperature and pressure to increase. The 
continuously stirred reaction proceeds for approximately 20 minutes with 
reactor t~mperature and pressure reaching maximum values of 300°F and 150 
psig, respectively. Once the hydration reaction is complete reactor tem­
perature begins to decrease slowly. The hydration products are slowly_ ex­
pelled from the reactor for a period of .about 40._minutes. A cyclone is used 
to collect the hydrated product or it can be directly injected from the reac­
tor into a flue gas stream. The pressure hydration system has been success­
fully operated in this manner several times in the past two months. 
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Hydrated lime produced in the first couple of tests was collected with 
the cyclone. The hydrated product was found to be dry and analytical results, 
X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM), showed the 
product to be 100 pet hydrated with an average particle size of less than 1.0 
j.lm. Figures 7-12 and 7-13 illustrate the conversion of. calcium· oxide to 
calcium hydroxide in the pressure hydrator. When coulter counter results are 
available a specific average particle size will be reported. 
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FIGURE 7-12. X-ray diffraction scan of, quicklime feed to pressure hydrator. 
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FIGURE 7-13. X-ray diffraction scan of hydrated product collected in cyclone. 
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Direct injection from the pressure hydrator into the flue gas stream of 
the 130-scfm propane-fired combustor/high temperature baghouse PDU was per­
formed on three occasions with no significant operability problems. Data 
reduction and sample analysis have not yet been completed; therefore S02 re­
moval and sorbent utilization data are not available at this time. 

Preliminary testing of the pressure hydrator· in conjunction with addi­
tives identified in the literature survey was not completed as scheduled due 
to problems encountered in the early development of the pressure hydration 
system. . Completion of preliminary additive testing has been rescheduled for 
the third quarter of the Cooperative Agreement. Testing of additives' in 
conjunction with the pressure hydrator was initiated this past· quarter but 
analytical results are not yet available. 

Preliminary testing of additive enhanced calcium based sorbents in the 
130-scfm propane-fired combustor/high temperature baghouse PDU was not com­
pleted as scheduled due to the delay stated above. Completion o£ additive/ 
sorbent testing in the 130-scfm PDU has been rescheduled for the third quarter 
of the Cooperative Agreement. 

The two scheduling delays reported here should not significantly affect. 
the completion of other intermediate milestones scheduled for the third quar­
ter of the Cooperative Agreement. 
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8 . 1 GOALS AND OBJECTIVES 

The purpose of the Particulate Characterization project is to measure and· 
characterize part.iculate and trace element emissions to the atmosph,ere and 
relate these emissions to the fuel, ash, and .particulate collector parameters, 
and to operation of upstream FGD, or simultaneous· SO /NO reduction devices. 
The long. range goal of this work is to develop a d~taif~d understanding:of 
coal- and collector-specific emissions, in order to reduce these emissions by 
improved collector and station design, coat preparation, or other strategies, 
based upon reliable predictive models. Another goal is to provide data to 

·support development of new or revised emissions standards, which. may relate to 
respirability, ultrafine particle emissions, or metal content. 

8.2 ACCOMPLISHMENTS 

8.2.1 Goal Specific Fabric Filtration Tests 

Fly ash is generated at UNDERC in the nominal . 75 lb coal/hr pc-fired 
particulate tPst. combustor (PTC). The unit is equipped with a versatile 
3-mode baghouse which can operate in shaker, pulse, or low-pressure expansion 
cleaning modes. Since July 1981 when the baghouse was first operational, 88 
runs have· been completed with the PTC and baghouse with 19 different coals. 
The runs have ·ranged in burn time from 8 hours to 100 hours. A wealth of data 
has been accumulated which includes runs with all three cleaning modes and 
with different fabric and cleaning cycle combinations. The body. of our ac­
cumulated quantitative per.fo.r:mance data is being applied . to our efforts to 
develop a predictive model of fabric performance. The focus has been on 
efficiency, r·athe.r than pressure drop because project emphasis has shifted· 
towards particulate emission characterization. 

There are many parameters which are lil,tely to have major effects on 
fabric filter performance. These can be divided into two categories--baghouse 
related and· ash related. The most extensively published research. in fabric 
filtration. has concent.rated on the baghouse related parameters such as fabric 
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type, cleaning mode, cleaning cycle, and air-to-cloth ratio. To a ~esser 

extent studies have considered ash characteristics such as particle size 
distribution and specific filter resistance coefficient, K2 . Little research 
has been done relating coal or ash properties to fabric filter performance, 
even though in many cases fabric filtration is considered to be the economic 
choice for high efficiency particulate control for eastern and especially 
western coals. The particulate characterization research at UNDERC has focused 
on the coal-specific nature .of fabric filtration. Objectives have been to 1) 
identify.to what extent fabric filtration is coal specific, and 2) determine 
what specific ash characteristics have major effects on fabric filter per­
formance. 

For some coals, tests have been done with all three cleaning modes and 
several fabrics. However, in order to isolate ash effects from .different 
coals, a number of tests have been done with the same fabric and cleaning 
combination. The most extensive tests that have been completed at UNDERC are 
with the shaker mode of cleaning and a woven glass fabric with 10 pet Teflon B 
coating. Seventeen coals have been tested with this configuration. For some 
coals, only brief data exists with only a single outlet ·dust loading, while 
for other coals, multiple testing has been completed. 

Des ides ultimate, proximate, and ash analyses of the coal, several fly 
ash charact.er.i.stics have been considered. Particle size distribution (PSD) 
has been recognized by others (1) as affect.ing fabric filter performance. 
Because of this we have employed several methods to document PSD. These 
include aerodynamicmethods (impactors and multicyclones) and noJ;).-aerodynamic 
methods (Coulter Counter and Scanning Electron Microscopy (SEM)). 

We h.<~vP also used SEM to determine ])article morphology and SEM microprobe 
analysis to determine particle elemental composition as a function of particle 
size. Elemental composition of bulk fly ash is measured with x-ray fluor-
escence analysis (XRFA). · '? 

8.2.2 Baghouse Efficiency 

Efficiency_ data for each of the 17 coals are included in Table 8-1: For 
clarity the data are plotted as pet penetration in ~·1.gures is-1 'through 8-3. 
The data reveal a wide variation in baghouse removal efficiency from an ex­
tremely low 76 pet for one Wilcox group Texas lignite (Big Brown) to 99.8 pet 
for two North Dakota lignites and a wesLeuJ. s·ubbituminous coal. One uoually 
hears· of high efficiencies for fabric filtration on the order of 99.9 pet; 
however, efficiency has been reported to be highly sensitive Lu airrto-cloth 
ratio (2). The air-to-cloth ratio for these tests is in th~ 3 to 3.5 range 
which will tend to cause lower efficiencies. Also it is not unusualtfor full 
scale utility baghouses to operate at efficieu~ies of 99.6 pet. For 23 utility 
baghouses the range of efficiencies reported was 98.4 to 99.97 pet with a 
median value of 99.8 pet (3). The efficiency for a full scale utility bag­
house using a shake deflate cleaning mode and an air-to-cloth ratio of 3+ was 
reported to be 99.3 pet (4). This shows that it is not unreasonable to expect 
efficiencies of 99 to 99.9 pet with a shaker baghouse operating at an air-to­
cloth ratio of 3:1. It is unusual, however, to see efficiencies in the range 
of 76 to 95 pet as in the first six values in ·Table 8-1. More will be said 
about this later. 
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Name Source ·Rank 

Big Brown Freestone Co., TX Lignite 

Choctaw 
·:washed) 

?ike Co. 

:hoc taw 
(unwashed) 

Naughton 

Arapahoe 

San Miguel 

Antelope 
High Na 

Beulah 
Low Na 

Antelope 
Low Na 

Choctaw Co. , AL 

Pike Co., Al 

Choctaw Co. , Al 

Lincoln Co. , Wy 

Routt Co., Co 

Atascosa Co. , 'Tx 

Wyoming 

Mercer Co. , ND 

Wyoming 

Caballot Cambell :o. , Wy 
Spring Creek 

Velva V3 

Antelope 
Medium Ra 

McLean Co . , ND 

Wyoming 

Indian Head Mercer Co., NO 
I3 

Antelop~/ Wyoming 
Spring :reek 

Velva V4 

Beulah 
High Na 

McLean Co. , ND 

Mercer Co., ~.;n 

Lignite 

Lignite 

Lignite 

Subbit. 

Subbit. 

Lignite 

Subbit. 

Lignite 

Subbit. 

Subbit. 

Lignite 

Subbit. 

Lignite 

Subbit. 

Lignite 

Lignite 

Inlet Dust 
Loading 

grains/scf 

5.0 

2.7 

3.6 

4.6 

1.6 

2.8 

12.0 

1.5 

3.2 

2.8 

1.9 

1.9 

1.7 

2.5 

1.6 

2.0 

2.1 

TABLE 8-1 

EFFICIENCY AND FLY ASH ANALYSIS 

Baghouse 
Removal 

Efficiency, % 

76.0 

89.6 

90.0 

92.2 

93.6 

95.5 

99.1 

99.1 

99.3 

99.4 

99.5 

99.5 

99.5 

99.7 

99.8 

99.8 

99.8 

Baghouse 
Penetration, % 

24.0 

10.4 

10.0 

7.8 

6.7 

4.5 

0.9 

0.9 

0.7 

0.4 

0.5 

0.5 

0.5 

0.3 

0.2 

0.2 

0.2 

Fly Ash Analysis Pet Concentration as Oxides 

53.6 17.7 7.35 1.62 0 14.7 3.0 0.44 0.9 1.2 

25.2 12.6 19.1 1.0 0.2 26.7 2.4 0.70 0.7 11.7 

34.4 18.8 6.9 1.6 0.1 27.5 1.9 0.71 0.3 8.5 

32.2 13.2 26.8 0.9 0.1 13.8 2.5 0.54 1.1 9.4 

56.4 15.9 8.3 0.85 0.1 7.7 3.2 0.20 1.7 0.8 

·58.4 24.8 3~9 1.2 0.7 6.4 2.1 0.60 1.6 0.9 

60.2 20.1 3.7 1.1 0.04 5.4 1.1 3.6 2.6 1.2 

35.9 10.4 7.1 1.2 0.5 28.6 6.1 2.4 0.6 7.3 

38.2 7.4 12.1 1.7 0.2 19.3 5.2 5.8 0.2 9.7 

47.7 19.7 4.1 2.0 1.3 17.6 4.2. 1.1 0.6 1.8 

37.6 15.1 6.6 2.0 0.6 26.2 4.3 2.4 0.4 4.7 

18.4 10.7 6.4 0.7 0.4 42.2 9.9 3.2 0.1 8.2 

29.7 14.0 8.8 1.4 0.7 30.9 6.3 1.3 0.4 6.5 

29.2 12.4 11.5 1.0 0.4 20.6 5.3 10.2 1.1 8.3 

36.9 13.1 7.5 '1.3 0.6 25.5 5.2 3.1 0.5 6.5 

14.8 9.5 7.6 0.8 0.5 41.4 9.4 4.3 0.1 11.7 

25.5 12.3 11.2 1.1 0.5 18.1 4.3 13.7 0.6 12.9 
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All of th~ tests listed in Table 8-1 were with similar ~perating condi­
tions and with the same fabric; therefore, any difference::; in reported fabric 
filter performance should be due to differences in the coals and their respec­
tive fly ashes. No a·ttempt was made to optimize fabric filter performance for 
ea~h coal. For example, coal A may have a better removal efficiency with a 
two-hour bag cleaning interval while co~l R may have the best eff:i d enc:y with. 
a one-hour cleaning interval. A complete description o'f the bag material used 
for the~e tests and the baghouse operating varameters are given. in Tables 8-2 
and 8-3, respectively. 

TABLE 8-2 

FABRIC SPECIFICATIONS . 

Mfgr.a designation .......... . 
Fiber ....................... . 
Construction 

Count, in- 1 ................. . 

·weight, oz/yd2 ., ............ . 
Finish ...................... . 

Permeability, ft 3 /ft2 ........ . 
(ASTM D737@ 1/2" W.C.) 

· 601E 
Glass 

Woven~ ·Jx1 twill 

s4x3o 
10.3 

10% Teflori B 

30-50 

aFilter Media Products, Kennecott Corporation, Winchester, Va. 
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TABLE 8-3 

BAGHOUSE OPERATING CONDITIONS 

Mode 
Temperature 
Fabric 
Air-to-Cloth Ratio 
Cleaning Interval 
Shaker Frequency 
Shaker Stroke Length 
Shake Time 

Shaker Chamber 
·300°F 

10 oz woven glass (KFM 601E) 
3-3.5 
1 hour 

8 Hz 
1.5 inches 
15 seconds 

The lowest efficiency by far was with the Big Brown Texas lignite. To 
. date ten runs have been completed with this coal using several fabrics and all 
~hree cleaning modes. By changing fabrics the efficiency can be improved but, 
~n all cases, this coal has shown the lowest efficiency when compared with 
<:>ther coals with the same fabric and cleaning configuration. This implies 
that ·the very poor efficiency with this coal must be related to the nature of 
the coal fly ash. More will be said about this in the discussion of possible 
~easoris for differences in efficiency.: The next lowest efficiencies in this 
'group are with the three Alabama lignites which are Gulf Province lignites 

. t"rom the Wilcox and Midway groups. For these coals, only one run, each with 
two outlet dust loadings, was completed because of a limited amount of coal. 

Most of the runs are "one day" runs \'Jith 8 to 16 hours of steady-state 
baghouse operation. With some coals, however, 100-hour runs have· been com­
pleted in order to assess subtle longer term changes in performance. In these 
cases, pressure drop has remained quite steady and efficiency has had only 
minor fluctuations. One example of this is with the Naughton subbituminous 
coal where the average efficiency was only 93.6 pet. This was a 5-day run 
with dust loadings each day. Measured effir:iency for the first day was low 
and it did not improve by the end of the week. Another example of this is 

·with Velva North Dakota lignite where measured first-day efficiency was 99.8 
pet and it remained there for the duration of the 98-hour run. This shows 
'that differences among coals can be detected with one day tests. It does not 
imply that all long term effects (as ip large scale reverse air baghouses 
where high residual dust cakes take months to stabilize) can be studied in one 
day tests. It is important to recognize however, that with the shaker chamber 
tests, the cleaning action is vigorous, leaving a light residual dust cake. 
Because of this, the time required for stable operation is much less for 
shaker cleaning than for conventional reverse air. 

The next coal listed in Table 8-1, the Arapohoe subbituminous coal, gave 
a low efficiency of 95.5 pet. Later entries in the table show that a large 
:number of coals fit into the efficiency range of 99.1 to 99.8 pet·. Coals in 
.this group include a Jackson group Texas iignite (San Miguel), several subbit­
'uminous coals and five North Dakota lignites. In all tests, the.North Dakota 
:lignites have consistently shown.high removal efficiencies. 
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8.2.3 Reasons For Efficiency Differences 
: .':;: _;.:;j'·,J~-~~~l~; .~::···}::.~:;:~ .~ .. ~-;~·:.~ .. 

As previously mentioned, the· particle size distribution (PSD) of the fly 
ash is likely to have a major effect on co 11 ection efficiency in a fabric 
filter. Tests have shown (1) that finer fly ash gives lower baghouse effi­
ciency than coarse ash. Detailed information on PSD of the 17 coal fly ashes 
will not be presented here but briefly our data do not show higher levels of 
fines to be present in the fly ashes ·with poor removal efficiency. It would 
appear that there are other effects which override the PSD effects in causing 
differences in removal efficiency. 

Particle morphology will likely have an effect on the caking character­
istics of the ash as it collects on the bags. This in turn will affect the 
filtering of the fly ash and may cause poor efficiency if the ash does not 
form a good dust cake. In general any ash characteristic that affects the way 
the ash layer bu1lds up on the bags .will have an effect on fabric filtration 
of that ash. This could include PSD, particle morphology, ash "stickiness" or 
adhesive/cohesive properties, electrical properties, and chemical composition. 
Detailed investigation of pariicle morphology of fly ash has been initiated. 
Preliminary data do not reveal gross differences in particle morphology with 
differences in removal efficiency. 

'· 
: Among other ash characteristics that coU:id have an effect on removal 

efficiency is the elemental composition of the fly ash. Table 8-1 includes 
average elemental oxide concentrations of the fly ash for each of the 17 
coals. All data are from x·r.ay fluorescence analysis of the bulk fly ash 
except for the sodium values that are less "than 1 pet which were obtained from 
atomic absorption analysis of digested fly ash. Baghouse pet penetration is 
presented as a function of oxide concentration 1n F1gures 8-1 r.hrough 8-3. 
The. data for the· lignites are the solid points while Lhe llald fo.c the sub 
bituminous coals are the open circles. 

"The graphs for Si02 , Al 203, Fe 2 0 3 , and Ti02 , shown in Figure 8-1, do not 
suggest any correlation between concentration and penetration. Figure 8-2 
presents similar graphs for P2 0 5 , CaO, MgO, and K20. It appears that there 
may be slight correlations especially if the lignites and subbituminous coals 
were. considered separately. For phosphorous it appe•rs that penetration in­
cre;:~ses with decreasing concentration but there is large data scatter. For 
calcium there is not much of a trend except that the two subbituminous coals 
with poor efficiency had a substantiaUy~lower calcium content than the other 
subbituminous coals. The ma&nesi:W.Jt<· tr.aph. ' . .indicates a slight inverse rela­
tionship between concentration an.d·t)enettation. The graph for potassium shows 
too much data scatter to suggest any ·-c~ea.r ·trend. 

Figure 8-3 presents baghouse penetration ·as a function of sodium and so 3 
ton'centration. The graph for sodium indicates a definite inverse trend be­
tween concentration and penetration .... The relationship appears for both the 
lig.nites and the subbituminous coals. If· one applies a straight line fit on 
the log-log plots for the lignite and the suhpituminous coals the two Lines 
appear parallel with the subbituminous line shifted somewhat to the left. It 
appears that sodium concentration has a significant effect on baghouse effi­
ciency for these tests. All of the coals which exhibited poor collection 
efficiency of 95 pet or less (penetrations of 5 pet or greater) had fly ash 
sodium concentrations of less than 1 pet.· Conversely all of the high sodium 
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coals had good baghouse removal efficiencies. The graph for SOs also shows an 
inverse relationship between penetration and concentration; however, the three 
Alabama lignites do not appear to fit in with the other data. 

Of all of the plo.ts the element that shows the most consistent clear 
~elationship between penetration and oxide concentration is sodium. Sodium is 
known to have major effects on ash fouling, precipitator performance, and bed 
~gglomeration in AFBC. It is not surprising then to find that sodium also 
affects fabric filter performance. The mechanism by which sodium affects 
efficiency at this point is not clear. Sodium is one of the more volatile 
elements and is often found to be present in higher concentrations in the fine 
particles and may be enriched on the surface of larger particles (5). This 
may affect the caking characteristics of the ash on the fabric, which will 
~£feet the efficiency. We have observed that the low sodium Big Brown .ash 
falls off the dust loading filter quite easily and we have not observed this 
with any of the other ashes. This indicates that the Big Brown ash has dif­
ferent adhesive properties which will affect its caking properties and re­
tention on a fabric filter. 

8.2.4 Significance of Results 

These results should be considered highly significant. First, they show 
that fabric filter performance is indeed coal specific with large differences 
in removal efficiency with different coals. Second, the results reveal a 
definite inverse correlation between penetration and sodium concentration in 
the fly ash for the fabric and cleaning configuration considered. The tests 
do not rule out applying fabric filtration to the ashes which showed poor 
efficiency, but they do suggest that one would use a different approach in 
fabric filter design for the low efficiency ashes than for the high efficiency 
ashes. For the ashes that demonstrate poor performance in tests such as 
these, careful selection of the correct fabric along with a conservative 
air-to-cloth ratio and the optimum cleaning cycle may all be necessary in 
order to maintain an adequate residual dust cake and bring up the efficiency 
to an acceptable level. In other words, heavy dust cake formation may be 

· necessary to achieve high efficiencies with these "problem" coals. On the 
other hand, residual dust cake for the coals that showed high efficiencies in 
these tests may not be important. These coals may then be candidates for high 
ratio filtration with conventional woven fabric. For example, the tests with 
the North Dakota lignites give excellent efficiencies even immediately after 
starting with new bags. This means that a heavy residual dust cake for these 
ashes is not necessary to achieve high removal efficiency. Apparently the ash 
builds up on the woven fabric layer in such a way that openings in the weave 
and pinholes are immediately bridged over resulting in high efficiency. 

8.2.5 Future Tests 

Most likely several ash characteristis like PSD, particle morphology, and 
elemental composition all contribute to differences in fabric filter perform­
ance with different coals. Future work will involve more detailed analysis of 
PSD and particle morphology in an attempt to evaluate their effects on fabric 

. filter performance. 

For the ashes with poor efficiencies it would be desirable to do addi­
tional testing with other faprics and changes in cleaning configuration to 
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obtain better efficiencies.· For these coals testing should also be done to 
determine if sodium additives such as soda ash will improve efficiency. Also 
the problem coals could be blended with high· sodium coals. to determine bene­
ficial effects. 

The sodium levels for the lignites tested ·to date jumped from 0.7 to 3.5 
pet with no data points in the 1 to 3 pet range. It would be desirable to 
test both Fort Union region and Gulf Coast lignites in this sodium range to 
further assess the effect of sodium in fabric filtration performance. 
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9.1 GOALS AND OBJECTIVES 

J.F. Grohs· 
K.R. Henke 
D.R. Sears 

The goals of the Waste Characterization project ar~ to 1) characterize 
the solid wastes derived from the direct utilization and conversion of low­
rank western coals; 2) assess the environmental consequences ~ssociated with 
the disposal of coal-derived wastes, with emphasis on identification of dele­
terious major and trace elements which may be mobilized into groundwater; and 
3) evaluate and develop measures to mitigate undesirable environmental impacts . 
. These measures may include coal preparation, immobilization by fireside addi­
tives, ash treatment, direct utilization, resource extraction, or. improved 
disposal methods and siting. 

9.2 BACKGROUND 

Long-range projection of the future utilization of western co~ls indicate 
significant increases in the quantities of coal-derived wastes which will 
require disposal using environmentally acceptable methods. Current federal 
regulations do not allow unrestricted disposal of coal wastes and in the 
future may require predisposal treatment to render them innocuous, or spec­
ially constructed dispos:al sitPs t.o prevent leachate from contacting surface 
or ·groundwater. Current practice usually empioys landfill or pond disposal 
~·techniques. Many western utili ties and proposed conversion plants are located 
adjacent to coal mines, and disposal in mined-out areas of neighboring strip 
mines is becoming an attractive alternative. Improper disposal ·of coal­
derived wastes may permit dissolution of deleterious elements by meteoric 
water and groundwater. Once incorporated into the groundwater, these elements 
will ~igrate unless attenuated or isolated. 

Attcnua.tion of deleterious elements ha~ been investigated under condi­
tions typical of municipal landfills. Data on major and trace element soil 
attenuation based on the unique properties of low-rank coal alkalin.e fly ashes 
is very limited, and is expected to be very site- and coal (ash)- specific. 
Proper design of coal-derived disposal sites requires detailed knowledge of 
attenuation effects, with proper attention paid to site-specific effects. 
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The chemical and physical characteristics of coal-derived waste are .~ 

partially defined with respect to major elements (calcium, magnesium, sodium), 
chemical leaching, and physical properties. Many low-rank fly ashes also 
contain significant quantities of toxic trace elements such as arsenic, selen-
ium, and molybdenum. When these alkaline fly ashes are exposed to water, the 
resulting high-pH leachate enhances the mobility of some trace elements. The 
distribution of major and trace elements among the crystalline and amorphous 
phases of low-rank coab ash particles is not well defined. Detailed charac­
terization of the major and trace element distribution in quartz, mullite, 
ma~netite, and other ash mineral phases may help to sug*est methods of im­
mobilization of deleterious elements. · For example, such information coupled 
with a knowledge of the high temperature phase behavior of the coal and ash . 
minerals might lead to development of appropriate precombustion dopants or 
·fireside additives. Ash treatment strategies also can employ such informa-
tion. 

9.3 . ACCOMPLISHMENTS 

9.3.1 Ash Leaching Investigations 

Leaching tests have been performed on several fly ash and bottom ash 
samples obtained in the Particulate Test Combustor (PTC) pc-fired pilot plant, 
from a field test at a utility station, from the UNDERC Atmospheric Fluidized­
Bed Combustor (AFBC) pilot plant, and from the U.S. Bureau of Mines Wellman-. 
Galusha gasifier in Minneapolis. 

We have chosen the ASTM "Method A" batch leaching protocol (1) because it 
is more applicable to alkaline wesr.ern ashes than ia the publishPcl alterna­
tive, the U.S. EPA "EP Method" (2). The ASTM metho<;l is designed for rapid 
evaluation of the extractability of inorganic sp~ciea from finely di.vi.ded 
wastes such as fly ash. Although it is intended to model leaching by ground­
water, th~ ASTM ''Method A" is not suitable for engi.n.eeri ng design of disposal 
sites. For instance, it does not provide informat.ion about waste permeability 
and groundwater hydrology. Its value lies in the focus it places on leacha­
bility, which may be usetl tu asses a relative potPntia 1. for groundwater con­
tamination among various wastes, if other site-specific factors •. ~re equaL 

9.3.2 The ASTM Method A Batch leaching Test 

The following is an abbreviated sununary of the published procedure (1): 

·Using teflon or teflon-coated glassware, a 700 g solid 
waste sample is mixed with 2800 ml of water and agitated for 48 
hours using an oscillating platform shaker operated al 60-70 
strokes/min. The pH of the solution is recorded. The water is 
distilled or deionized to ASTM reagent TypP IV (Specification 
D1193). Following settling of solids, the supernatant fluid is 
filtered through P040 Nucleopore or AP15 Millipore prefilter 
followed by a 0.45 ~m membrane filter under 50 psi pressure of 
argon or other rare gas. Filtrate pH is recorded and then 
adjusted to 1.2 to 2.0 with nitric acid. The acidified fluid 
is stored in airtight plastic containers for subsequent chem­
ical analysis. Calibration of the pH meters is done with 
commercially available certified buffer solution. 
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Because of sample size limitations, the quantities above were propor­
tionately reduced to 200 g solid: 800 ml water. 

Nitric acid acidification and refrigeration preserves samples for as much 
as 2 weeks prior to analysis; routinely, however, samples are analyzed within 
a few days of preparation. Major and trace elements are analyzed both by 
atomic ·absorption (AA) and inductively coupled argon plasma spectrometry 
(ICAP) .. 

Table 9-1 describes several coal-derived wastes and the corresponding 
leachate analyses. Additional investigations performed under non-DOE funding 
are reported elsewhere. 

Several samples are noted to display apparent pozzolanic behavior during 
the batch leaching test. An inherent limitation of this method is that this 
behavior, while observed, cannot be related quantitatively to what would 
actually occur in field conditions. Qualitatively, we expect that both lab-. 
oratory and field leaching rates would be reduced by formation of dense masses 
of altered consolidated ash. 

The samples in Table 9-1 were analyzed for selected trace elements in­
cluding the RCRA trace elements, and molybdenum. The latter is included 
because of reports that it has appeared in unexpectedly high concentrations. in 
groundwater affected by lignite ash disposal in North Dakota (3), and . its 
reported presence in uraniferous North Dakota lignite deposits southwest of 
the· Missouri River (4). Although there is no current U.S. water quality 
standard for molybdenum, the Soviet Union, for example, has published a. 
quality criterion of 0 .. 5 ppm (5). . 

9.3.3 Relation of· Leaching Results to EPA Water Quality Criteria 

In· Table 9-2 we compare the observed leachate concentrations with the 
U.S. water quality criteria and with the EPA trigger concentrations (Maximum 
Concentration of Contaminants for "Characteristic of EP Toxicity" (6)). ·The 
latter are defined as 100 times the quality criterion for water. 

At this time only a limited amount of information is available. For our 
first . efforts we havt:> c-hosP.n only a few low-rank coals (and one AFBC bed 
mate~ial) from several utilization processes or installations. Dir~ct com-· 
parison of pc~fired fly ash, AFBC fly ash, and gasification. ash for each of 
several representative coals would be useful. 

9.3.4 Discussion 

Each of these coals was formed in different depositional environments 
(North Dakota ·non-marine swamps, Texas marine, etc.). With the limited data i 

at hand, it is prematu.re to develop many generalizations. There is some· 
evidence that the three alkaline earths (Ca, Ba, Sr) are interdependent. 
Under natural conditions, these elements commonly form solid solutions of 
sulfates (CaS04 -BaS04 -SrS04 ) and carbonates (CaC03 -BaC03 -SrC03 ), and such may 
also be occurring in these ashes. 

As we· develop a larger body of data, we will be able to test this hy­
pothesis and others. In addition, Fe, Cd, and Hg may accompany Zn because 
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TABLE 9-1 
ASH DESC~IPTION AND FI:.TRATE CHEMISTRY AS DETERMINED• BY IC:AP 

Sample No.: GF81-2126 GF81-48*6 GF83-1668 GFS2-1766 

Dolomite ·>ed 
Coal: Decker Std. rntl. , higi Na High-Na Beul!aJ. San Miguel 

(DS) Beulah bur.l (BA) (BU) (TL) 

Process: AFBC AFBC AFBC (oxygen pc-fired 1 

defident) utility 
station 

Run No.: DS1-06g1 BAS-25!H BU4-<0383 

Ash DescriEtion: 

Light gray Light brown4 Gra~ 4 Homogeneous 
with white gray 
specks4 

Filtrate Descri)!tion: 

Colorless Dark yellow Dart yellow Colorless 

Concentration in bro\on 

mg/!l (EEm) 

Filtrate pH 12.3 12.7 10.9 9.7 
Al 3.70±0.02 138±9* 51.51=C* 8.33±0.60 
Ca 209±2 12.C4±3** 499±133 293.±45 
Fe 0. 16±0 .01 0.:14±0.08 0.2S::C.08 0.21±0.06 
Na 730±9 21500±100* 3:300±700"" 241±53 
Si 5.76±0.04 71.li6±2* 1. 42±(·. 12 0.53±0.05** 
As ND 3. ~4±0. 30~ 0.55±(.07 0.25±0.07 
Ba 4.04±0.01* 0.12±0.03 0.15±(.02 o.:;o±o.o2 
Cd ND Det .. Det. NI• 
Cr <0.01 l.S9±0.2 0. 06±(•.01 0.(5±0.01 
Pb ND ~1) ND NI• 
Se 0.12±0.02 4. = 3±0 . 30"" 7. 39:!:(1. 30* o.= uo. o8 
Sr 71. 70±2* 2.=6±0.02 24.88!:0.22* 3 .=o±o .os 
Cu ND 0. (•2±0 .01 0.03!:0.01 <0. (•1 
Ti <0.01 ND ND ND 
Ni ND ND ND <0.02 
Mn ND <0.01 ND 0.01 
Mo 0.90±0.01 2.06±0.20 55 .11=7* 0~92±0.10 
Zn <0.1 0.31±0.10 <0.1. <0.: 

1San Miguel Station, San Miguel Electric Cooperative, Christine, TIL. 
2Antelope Valley Station, Basin Electric Po~er Cooper~tive, Beulah, ND. 
3U.S. Bureau of Mines, Minneapolis, MN. 
4Apparently semi-pozzolanic; fomed low streng::h mass on expo;ure t·> water. 
5Apparently pozzolanic; fomed hard mass on exposure to water. 

*Unusually high concentration. 

**Ususually low concentration. 

GF83-1693 GF83-1763A 
(BUI-342) (1st) 

Indian Head Indian Head 
(!3) (!3) 

pc-fired2 Wellman- 3 

utility Gelusha 
station gasifier 

Homogeneous grcys Homogeneous 
gray4 

Pale yellow Colorless 

12.5 11.7 
1.66±0.04 87.19 

532±72 136.2 
0.42±0.02 0.26 

6140±10 3338 
5. 72±0.3 3.29 
ND 0.35 
0.12±0.02 0.29 
ND ND 
0.97±0.20 0.02 
ND ND 
0.39±0.10 0.09 

31. 66±5* 2.24 
ND <0.01 
ND <0.01 
ND <0.01 

<0.01 <0.01 
0.94±0.12 0.81 
0.17±0.01 <0.1 

GF83-1763B GF83-1666 
(Duplicate) 

Indian Head Pike Co., Ala., 
(!3) lignite (PK) 

Wellman- 3 PTC 
Gelusha 

ash gasifier ash 

PK-241 

dark Homogeneous Light gray 5 

dark gray4 

Colorless Light green 

11.8 11.0 
90.33 . 4.47±3 

121.7 637±38 
0.17 0.65±0.4 

3329 32. 89±1*":' 
4.59 12.30±.6'' 
0.36 ~ 

0.27 0.15±0.05 
liD ND 
.0.01 .4. 73±1'' 
ND ND 
0.09 0.32±0.05 
2.04 11 . 80±0. S>'r 

<0.01 ND 
<0.01 ND 
<0.01 ND 
<0.01 ND 
0.86 1.86±0.4 

<0.1 <0. 1 



TABLE 9-2 

COMPARISON OF U.S.· WATER QUALITY CRITERIA, EP TOXICITY 
CONCENTRATIONS, MAXIMUM CONCENTRATIONS OBSERVED, AND SAMPLES 

WHICH EXCEED THE EP LIMIT, BY ELEMENT 

U.S. Quality 
Criteria (QC) 

Element for Water, ppm 

As 0.05 

Ba 1.00 

Cd 0.01 

Cr 0.05 

Pb 0.05 

Hg 0.002 

Se 0.01 

Ag 0.05 

EPt 
Toxicity 

Limit, ppm 

5 

100 

1 

5 

5 

0.2 

1 

5 

(5o·") 

Samples 
Approximating 

Maximum Cone. or Exceeding EP . 
Observed, ppm Limit GF No. 

3.7 ± 0.3 None 

4.0 None 

Det 0 None 

4.7±1.0 83-1666 

NDa None 

(Not Measured) 

7.4 ± 0.3 81-4846 
83-1668 

ND None 

55 ± 7 (83-1668) 

*U.S. has no QC for molybdenum. For reference, Soviet value of 0.5 ppm has 
been converted to its equivalent EP limit as U.S. QC would have been. 

tEP toxicity limit (Trigger concentration) is defined as 100 • (QC) (6). 
0 . 

DET = Detected at or near detection limit (0.005 ppm) 

aND = not detected 
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these elements often occur as trace contaminants in ZnS, sometimes observed in 
coal and fly ash (7). We may expect to find a·ssociations of Fe and Cr in the 
ash. 

Future work will include etching 
netic separation. These techniqu~s, 
will help us identify and explain some 

experiments (e.g., with H2F2 ) and mag­
combined with petrographic microscopy 
of these assocations. 

EPA standards for pH (8) in groundwater are exceeded (pH>9 in all cases) 
but dilution by groundwater and low buffering capacity of leachate will reduce 
this concern. 

Very little correlation seems to exist between pH and elemental con­
centration. However, there are numerous other, univestigated, ash charac­
teristics which may also be important. These may include not only the ap­
parent pozzolanic behavior noted· earlier, but also specific surface area, 
particle size, thermal history of the ash, etc. 

9.J.5 Future Work 

In Table 9-3, we display some of expected trace and major element as­
sociations with coal and ash minerals. By no means will all such associations 
occur in all, or perhaps even many, coals. Leaching, etching, magnetic separ­
ation, SEM/microprobe and Auger spectrometry, and polarizing microscopy are 
tools which will help to clarify the associations in actual ashes. 

The simpler ash mineral origins can be explained by reactions such. as: 

4 FeS2 + 8 CaO + 15 02 
(pyrite, marcasite) 7 8 CaS04 + 

(anhydrit.e) 
2 Fe203 
(hematite) 

3 FeS2 + 6 CaC03 + 11 0 2 7 6 CaS04 + Fe30 4 + 6 C02 t 
(calcite) (magnetite) 

3 Al 2Si20 5 (0H) 4 
(kaolinite) 

3 Si02 + 
(quartz, 
cristobalite 
tridymite) 

Al 6 Si 3 0 15 
(mulliLe) 

Quartz 7 

(Si02 ) 870°C 
tridymite 7 

(Si02 ) 1470°C 
cristobalilc 

(Si02 ) 

+ 

Unfortunately, most of the ash "minerals" are chemically too complex to 
derive their origins with any confidence. If the origins of the ash minerals 
and chemical reactions were kno~n, the behavior of toxic trace elements during 
combustion could be determined. Unscrambling these uncertainties would be 
most helpful in developing methods to immobilize specific trace elements. 

For these minerals, potential trace clement contaminents may occur as 
interstit·ials, substitutional replacements, surface-sorbed species, perhaps 
epitaxial surface growths, etc. In addition, elemental associations may occur 

9-6 



Element 

Al 

Sb 

As 

Ba 

Cd 

Ca 

Cr 

Cu 

Fe 

Pb 

Ng 

Mn 

TABLE 9-3 

ELEMENTAL ASSOCIATIONS WITH MAJOR, MINOR, AND TRACE MINERAL 
COMPOUNDS OF COAL AND ASH 

Coal 
Minor 

Trace Components 

Hematite,. 
magnetite 

Pyrite 

' Pyri,te 
Arsenopyrite 

Barite, anhydrite, 
phosphates 

Pyrite, spha le r.i te , 
calcite, quartz, 
organics 

Major 
Components 

Clays, 
feldspar 

Apatite Calcite, lime 
dolomite, anhy-
drite 

Magnetite 

Pyrite, clays, 
chalcopyrite, 
organics 

Siderite 

'Galena, orgaui(;::; 

Calcite 

Pyrite, calcite, 
"pyrolusite*' 
quartz, magnetil".,:; 

Pyrite, 
hematite, 
magnetite 

Dolomite 
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Ash 
Minor and Major 

lrace Components Components 

Hematite, magnetite feldspar, 
spinels, 
gehlenite, 
oxides 

Magnetite 

Glass 

Barite, anhydrite, 
witherite, phosphates 

Glass 

Nagnetite 

Magnetite 

Glass 

Magnetite, 
hematite 

Magnetite 

Anhydrite, 
calcite, lime, 
pyroxenes 

Hematite, 
magnetite 
spinels, 
pyroxene 

PP.ri clase, . 
pyroxene,· 
brucite 



Element 

Hg 

Mo 

Ni 

p 

K 

Se 

Si 

Sr 

Ag 

No 

Ti. 

Zn 

TABLE 9-3 (Continued) 

• Coal 
Minor 

Trace Components 

Sphalerite, clays, 
pyrite 

Pyrite, calcite 
. molybdenite, 
organics 

Millerite, pyrite 
nl"enniPr: 

Anhydrite, apatite 
phosphates 

Anhydrite 

Pyrite, calcit.e 
quartz, organics 

Anhydrite, 
calcite, phosphates 

'! 

Anhydrite 
• 

Ilmenite, 
magnetite, 
rutile, 
clays 

Sphalerite, 
quartz, organics 

Major 
Components 

Clays, 
feldspars 

Quartz, 
clays, 
feldspars 

f.lay:., 
feldspar, 
organics 
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Ash 
Minor and 

Trace Components 

Gases, sphalerite 

Magnetite 
hematite 

'•. 

· Anhydrite, apatite 
phosphates 

Anhydrite 

Calcite, quartz 
hematite, 
magnetite 

Anhydii te, 
calcite, 
phosphates 

? 

Anhydrite 

Magnetite, 
pyroxene 
hematite, 
ilmenite 

Magnetite, 
hematite 

Major 
Components 

Feldspars, 
feldspathoids 
KAlSiO-t 

Si02 , Woll­
astonite, 
glass, felds­
pars, felds­
pathoi.ds 

(Na ,KhS04 , 

feldspars, 
sodalite, 
nose lite 



0 

in ill-defined, non-stoichiometric glasses. Magnetic separation•will permit 
. separation of. ·spinels (magnetite, spinel, etc.) from non-magnetic ash com­
ponents (9) and H2F2 etching will distinguish many glasses from mullite, for 
example (10). 

We can split the ash minerals into three groups. 

1. Spinels and other magnetic materials. 
2. Non-magnetic crystalline phases. 
3. Many of the glasses. 

The three groups may be analyzed for target trace elements, or be sub­
jected to further treatment. The latter can include etchants other than H2F2 
and pyrolysis. .There remains also the possibility of identifying and iso­
lating specific crystalline phases using the polarizing microscope, followed 
by electron microprobe analysis in the SEM, or Auger/ESCA analysis. 

Appropriate combinations of these approaches will be applied with special 
emphasis on those wastes displaying high leachate concentrations of specific 
deleterious elements. The much longer range goal of developing immobiliza­
tion, ash treatment, or resource extraction schemes as alternatives. to con­
ventional disposal will depend rather sensitively upon defining the associ­
ations of the deleterious elements with specific ash phases. 
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10.1 GOALS AND OBJECTIVES 

The Combustion Research and Ash Fouling project has two primary goals. 
The first is the development of fundamental data and correlations on the 
combustion reactions of low-rank coals. Special attention will be given to 
effects related to the unique properties of low~rank coals such as high mois­
ture content, lower heating value, highly variable and alkaline ash, and high 

_porosity. 

The second objective of the project is to maintain and expand the techni­
cal data base at UNDERC on ash fouling and slagging behavior in pulverized 
fuel and cyclone-fired furnaces burning low-rank coals. 

The specific ·objectives of the project in the current b~dget year ~re: 

1. Completion of the construction and checkout of the bench-scale 
combustor and its diagnostic and sampling systems. 

2. Initial testing and calibration of the ·bench-scale combustor with 
model compounds, and with low-rank coal particles. 

3. Pilot-scale testing to evaluate the. effects of ultra-fine coal 
grinding on ash fouling. 

4. Evaluation of systems for in situ examination of deposits. 

5. Completion of the ash fouling topical report.· 

6. Examination of alkali species in combustion systems, focusing on 
analysis of gas and solid phases to be sampled and collected by 
Midwest Research Institute. 
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7. Testing of selected low-rank coals to expand the existing data base 
on fouling and slagging maintained at UNDERC. 

The planned activities for the current quarter included the following: 

1. Shakedown and initial testing of bench scale combustion device. 

2. Combustion tes~ing of micronized coals. 

3. Evaluation of systems for determination of gas temperatures in 
combustion systems. 

10,2 ACCOMPLISHMENTS 

]0.2.1 Bench-Scale Combustor 
. . - . 

To obtain information on single low-rank coal particles as they experi-
. ence devolatilizat1.on, igniLluu, and char Lu.Ltl nnt., 11 bench-sr::tlP- comb\lstor 
has been constructed at the UNDERC. The combustor is designed to provide· 
non-obtrusive probing of an entrained flow of coal particles in a. simulated 
combustion gas using photography and three-color optical pyrometry. The 
combustion environment experienced by the coal particles can be controlled 
with respect to both gas temperatures and gas composition. 

An overview of the conceptual design of the bench-scale combustor is 
shown in Figure 10-1. A gas mixing system blends N2, 02, C02, and S02 to 
simulate a combustion environment. The gas mixture is heated to the desired 
temperature in two preheaters and a resistance-heated furnace. Water is 
metered into the gas stream after the first preheater where it flashes to. 
steam. The hot gas stream exits the furnace through a ceramic distribution 
plate into a vertical quartz observation chimney. Uniformly-sized coal par­
ticles are ·entrained at a constant rate in a small. fluidized bed and injected 
into the hot gas stream through a water-cooled tube terminating at the top of 
the distribution plate. The square quartz chimney allows photography and 
optical pyrometry along the other axis, along the axe:s perpend.icul.ar t.o the 
particle's traj ectry. Data from the pyrometer, thermocouples and other in­
struments are acquired, stored, and manipulated using an IBM 5150 microcom­
puter. 

Activity in this quarter has been directed toward bdngi.ng the bench­
scale combustl.on system near the point of readiness for actual expe.r:i.mental 
use. 

Tests of the bench-scale combustor have been conducted to determine 
operat.ing characteristics and to test segments of the instrumentation. Over­
all performance of the system has been satisfactory' although problems were 
encountered with the coal feed system and portions of the instrumentation. 
These were subsequently overcome. 

The first shakedown tests of the system with coal injection were per­
formed during August, enabling the pyrometer and photographic systems. to be 
tried under actual operating conditions. 
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FIGURE 10-1. Overview of the conceptual design of the bench-scale combustor. 

The following sections outline the performance.of major components of the 
bench-scale combustor, and solutions of the problems encountered. 

Gas Heating System 

. The performance of the gas heating system h~s been quite satisfactory. 
The system has proven rugged and simple to operate, with no problems of design 
or control. Heat-up and operation of the furnace system is now routine. 

A timeline of the normal operational procedure for the gas mixing, water 
injection, and heating system is shown in Figure 10-2. Since most runs were 
performed to test instrumentation, the furnace was "idled" at a gas flow of 
200 scfm and an exit gas temperature of 1000°-1200°C. However, one high­
temperature run made to exercise the furnace reached a peak exit gas tempera­
ture of 1500°C. It is anticipated that the design goal of 1650°C will be_ 
obtained with all furnace elements installed. Exit gas temperature was found 
to be controllable to within + 10°C at 1200°C. Because of the low thermal 
inertia of the Zicar insulation, gas temperature quickly responds to charges 
in power applied to the heating elements and is quite stable at a given power 
setting. 

Coal Feed System 

Difficulties and delays in fabrication of the fluidized-bed coal· feeder 
necessitated the design and construction_of a modified version, made of plexi­

. glass rather than glass for ease of construction. A drawing of the modified· 
feeder is shown in Figure 10-3. Two tests of the feeder ·have been satisfac-:­
tory. 
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START 
>T\1111 ON F!ED TilE COOUII& IIAn!ll 

---i:l H >Alii 1'1..1111 ON AT liDO 8CF11 EXIT &AS TEMPERATUIE 
-T!RS ON AT PILL- ABOVE 100 DE6 C. 

>GATA Ulll81111 ITAAT!D >III'AIIT IIATIII IMIGTlON 

EXIT GAS TEMPERATURE 
ABOVE 200 DE& C. ---i:l EXIT GAS TEMPERATURE 

>HI&H TI!IFERATUIE FlAIAI:I! c3-- ABOVE 400 DE& C. 
ON AT HAlF- >HIQI -TillE FlAIAI:I! 

ON AT PILL 1'1111!11 

EXIT GAS TEHPERATURE 
AT DESIRED LEVEL (1000-1500 C.) 

(3-5 HOURS FROM START -u>J ---i:l 
>5lltTCH .,_ Alii TO &AS IIIXTIIE 

>START COAL FEEilER 
>IE&lN EliPERIIIEHI'II 

END OF EXPERIMENTS 
>5lltTCH .,_ GAS IIIX1III! TO Alii 

c3-- >T\1111 ~ FlAIAI:I! Alii PAEI£An!ll 

~ -END DATA LOGGING >91111' ~ COAL FEEilER 

H FURNACE AT AMillii>!T TaiPF.RATURE 
>IIIIIT ~ Alii FUJII 

HliVr ~ COAL F!ED COOUN5 IIATEII 

FIGURE.10-2. Timeline of normal operational procedure for the gas mixing, 
water injection, and heating system. 

The coal feed tube used to inject coal particles into the hot gas stream 
in the observati.on chimney proved particularly troublesome. As designed, the 
feed tube consisted of a 1/16 inch transport tube sheathed in a 1/4 inch water 
jacket Pxtendin~ up through the base of the furnace to the top of the distri-:­
buter plate. At. furnace operating temperaLu.~.es, the cooling water flow in the 
jacket proved grossly inadequate. During one of. the first tests with the feed 
tube in place, this led t.o a weld, failure at the distributor plate and in­
jection of steam and water into the observation chimney at a furnace temper­
ature of 1200°C. This incident, although spectacular, proved less cata­
strophic than had been feared, and no damage resulted to the furnace or ob­
servation chimney. 

A new feed tube was designed and constructed wi~h Lh~ goAl of provi~ing 
the maximum possible cooling water flow while keeping the tube cross-section 
as small as possible. The result, shown in Figure 10-4, uses thin-wall tubing 
arid a stepped-down configuration ~o achl~ve a cooling water flow of 2. 2 lpm .. 
In addition, a thermocouple was installed to monitor exit cooling water temp­
erature. No overheating problems have occurred with the new feed tube. 

A second problem arises from the substantial cooling of the gas stream in 
the vicinity of the water-cooled coal feed tube. This results in a "cold 
spot" in the center of the distributor plale surrounding the coal injec:tion 
point and persisting higher in the chimney. This is shown in the temperature 
profile of Figure 10-5, obtained 5 em above the distributor plate. 
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FIGURE 10-5. Temperature profile obtained 5 em above the distributor plate. 

A round 1/2 inch OD sheath of Zircar was machined to cover the feed tube. 
ThP sheath gradually tapers inward to minimize flow disturbance around the 
coal iujeLtio~ point. A small 1/4 im:h thicl~ Zircar rap with a hole to match 
the coal transport tube was also fabricated and t1tt.ed Lu Lhe tip of the roal 
feed tube to minimize heat loss there. In subsequent tests, the presence of 
the insulating sheath does not appear to disturb the gas flow significantly, 
and greatly reduces the "cold spot" at the chimney center. 

Computer System and Instrumentation 

Expansion and improvement of the data acquisition programs has continued, 
along with modification necessitated by instrumentation changes. New programs 
have been written to control the Data 6000, collect and perform statistical 
analyses of the data as part of the pyrometer callibration. 

After an inexplicable failure and subsequent factory repair of the Tecmar 
Analog-to-Digital converter (ADC) board, no additional problems have been 
noted. To improve accuracy for thermocouple inputs, the ADC inputs were 
changed from bipolar to unipolar mode. 

The only major problem with data acquisition instrumentation has been 
with the panel meters which monitor voltage and amperage output of the furnace 
power supplies. The basic cause of the problem is a strong Ac ripple on the 
DC output, which at operating power is passed through the meters' analog 
outputs to the ADC, causing spurious readings on most input channels. Factory 
modification of the meters moderated but did not eliminate the problem. 

10-6 



As filtering of the meter inputs and analog outputs had marginal effect, 
it was decided to completely isolate the meter output from the ADC. This will 

· be accomplished by storing the analog output voltage in a capacitor which . is 
alternately shunted across the meter outputs and across: the ADC ·inputs. Tests 
with a manually switched system were successful, and a device to accomplish 
this under computer control (Figure 10-6) is nearly completed. 

Signal Isolation (1 of 4) R ewy 
~----, 

Meter -{:..+ --------r-...... 11000 p.f 
Analog output - I 

ADC 
input 

FIGURE 10-6. Schematic of signal shunting device. 

Photographic and Pyrometer System 

220K.Il 

.. -
"--.r---' 
Control Signal 

The completion of the coal feed system allowed testing of the photo­
graphic system and optical pyrometer under. actual operating conditions. 
Qualitative visual observations at a temperature of 1200°C aa4 an air flow of 
200 scfh show particles igniting 1-2 em above the feed tube exit, with burnout 
occurring below the top of the observation chimney. Definitive measurements 
will be made at a later date, but the smooth path of the particles up the·· 
chimney centerline indicates the flow is laminar. 

Photographs of coal particles obtained under ~perating conditions at 
different microscope magnifications were obtained. Work is continuing to 
determine the best combination of film and strobe intensity for each magnifi­
cation. Focusing on the coal particle stream proved unexpectedly easy, either 
by using the tip of a small thermocouple. as a target or by focusing on the 
incandescent streaks of the burning particles.· It was also found to be p~s­
sible to visually observe momentary ·images of .the coal particles through the 
microscope using the strobe 60 Hz viewing mode. 

Calibration of the optical pyrometer is continuing to provide tempera­
tures and to optimize signal/noise. Although particle temperatures were not 
obtained during the furnace tests with coal feed, it was shown that the pyro-. 
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meter had sufficient sensitivity to readily detect light emissions from the 
burning particles. Several samples of these signals were stored on disc for 
subsequent use in developing sampling and analysis procedures. It was also 
found that operation of the strohelight had no grossly adverse effect on the 
optical pyrometer. 

10.2.2 Combustion Testing of Ultra-Fine Ground Coal 

Pilot-scale testing to evaluate the effects of ultra-fine coal grinding 
on ash fouling is one of the objectives of the research program at the Energy 
Research Center. Currently, testing is ~so pet complete. The test schedule 
developed consists of three test burns using Beula~ high sodium lignite with 
coal particle sizes as follows; 

1. ~so pet <751Jm (Standard grind ~so pet <200 mesh), 

2. -..ao pet <l,4pm (~so pet <325 mesh), and 

3. <lSj.Jm (micrnni7.ed), 

Combustion test.ing was performed using a standard grind and the micron-· 
ized samples.. The coal properties of the two tests are shown in Table 10-1. 
Coal ash analyses are shown in Table 10-2. The moisture content of the two 
samples differed by approximately 10 pet; and in the attempt to keep as many 
parameters constant as possible, the standard grind will be repeated with the 
moi.sture content approximately 17 pet. The test burn using coal particle 
sizes of ~so pet <441-1 will be conducted with an identical moisture content of 
17 pet. 

TABLE 10-i 

COAL PROPERTIES OF TESTS PERFORMED USING BEUJAH HIGH SODIUM LIGNITE 

Coal size: S0%<74j.lm <15j.Jm 
As ·Rurp,ed Dry Basis As Burned Dr~ Basis 

Proximate Anallsis (pet): 

Moisture 26.7 N/A 16.7 N/A 
Ash 6.7 9.1 8.5 10.2 
Volatile Matter 20.2 3R.S 3l.S 38.2 
Fixed Carbon 3S.4 52 .. 4 43.0 51.6 
Heating Value, 

Bt.u/lb 7,856 10,71S 8,856 10,631 

Ultimate Anal~sis (pet): 

Carbon 47.7 65.1 53.3 64.0 
Hydrogen 6.2 4.4 5.2 3.3 
Nitrogen 0.6 o.s 0.7 o.s 
Sulfur 0.9 1.2 1.1 1.3 
Ash 6.7 9.1 s.s 10.2 
Oxygen (diff.) 37.9 19.4 31.2 37.5 
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TABLE 10-2 

COAL ASH ANALYSIS (PCT) 1 

80% <74f.Jm 100% <l5lJm 

Si02 19.7 20.7 
Al203 12.1 12.2 
Fe20 3 8.1 7.8 
Ti02 0.8 0.2 
P20s 1.0 1.0 
CaO 18.2 18.2 
MgO 5.9 5.5 
Na20 9.4 8.6 
K20 0.3 0.2 
S03 24.5 24.9 

1All values are normalized to 100 pet. 

The test using micronized coal did not result in an appreciable decrease 
in the amount of ash deposited on the probes as compared to results from the 
standard grind. However, the deposit formed on the probes during the test 
burn using the micronized coal differed from the deposit obtained during the 
standard grind test in several ways . First, the shapes of the deposits were 
dissimilar. The micronized coal deposit had a very depressed center that 
appeared to extend down to the inner white ash layer next to the tube as can 
be seen in Figures 10-7, 10-8a, and 10-8b. Figure 10-7 is a photograph of the 
standard grind test deposit and Figures 10-8a and 10-8b are photographs of the 
deposit formed during the micronized test burn. 

Second, the structures of the deposits for the two tests were different. 
The deposit from the standard grind was of the typical outer sinter layer 
appearance and resembled "feathering" whereas the deposit fo rmed during the 
micronized test resembled "brush bristles" or "pine. needles. " 

The relative amount of ash deposited as the inner white layer or the 
outer sinter layer also differed between the tests. More inner white layer 
ash (3.5 times) was deposited during the micronized test than during the 
standard grind test. The chemical analyses of the probe ash layers are pre­
sented in Table 10-3. 
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FIGURE 10-7. Photograph of the standard grind test deposit. 

FIGURE 10-Sa . Photograph of the deposit formed during micronized test burn . 
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FIGURE 10-8b. Photograph of partially removed deposit formed during micronized 
test burn. 

The strength . of the ash deposited during the micronized test was weaker 
than the deposit formed by combusting the standard grind coal. The micronized 
deposits were removed easily and crumbled into smaller fractions; however, the 
smaller fractions were extremely hard. 

10.2.3 Evaluation of System for Determination o f Ga s Temperatures in 
Coal Combustion Systems 

A project has been undertaken to evaluate the available methods for the 
point measurement of flame temperatures, i.e. temperature mapping of Lhe flame 
zone, in a coal fired combustor. 

A thorough literature search was made to identify the various types of 
measurement techniques available. In general, thermocouple systems appear to 
be the best system available for point temperature measurements, despite the 
errors involved in their application. A thorough analysis of the errors and 
the methods used to reduce them has been completed. 

For the application of point temperature measurements in UNDERC's pilot 
scale coal fired combustors, a high velocity thermocouple appears to be the 
best choice. A design tailored to this application is being considered and 
will most likely be implemented in the near future. 
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PROBE ASH CHEMICAL ANALYSIS 1 (PCT) 
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Ash Layer: Inner White Layer Outer Sinter Layer 
Coal Size: 80%<74lJm <'15tJID 80%<74pm <15JJm 

Composition (S03 free): 

Si02 22.7 28.8 25.1 34.7 
Al 20 3 13.7 14.1. 14.5 11.1 
Fe 203 9.7 12.9 10.5 17.3 

Ti02 1.1 1.1 1.1 0.8 
fl~O!> 1 1 1.0 0.& 0.6 
CaO 25.9 : 2l.. 3 . 30.8 19.3 

MgO 6.1 5.7 8.0 4 . 8 
Na 20· 19.2 14.6 9.0 11.2 
K20 0.5 0.5 0.1 0.2 

1All values are normalized to 100 pet. 
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11.1 GOALS AND OBJECTIVES 

B.J. Zobeck 
B.G. Miller 
D.R. Hajicek 
B.M. Gumeringer 
D.S. Willson 
R. Patel 
A.L. Severson 

M. Bohman 
R. Gehringer 

N.S. Grewal 

The Fluidized-Bed Combustion (FBC) project at the University of North 
Dakota Energy Research Center (UNDERC) has two major goals: first, to resolve 
identified problems such as bed agglomeration, low turndown ratio, ap.d en­
hanced utilization of SO sorbents; and second, to continue the development of 
a data base on the FBC p~ocess and systems utilizing low-rank coals. 

Specific objectives of the Fluidized-Bed project for the· first year of 
the Cooperative Agreement which contribute to these major goals are: 

1. The preparation of a comprehensive topical report on the performance 
of low-rank coal in Atmospheric Fluidized-Bed Combustion. 

2. The development of a data base on the formation of bed material 
agglomerate, including pilot plant testing with various levels of 
ion exchanged lignite, effects of operation under reducing condi­
tions' design and construction of a gas and particulate sampling 
probe for insertion into the 2. 25 sq ft combustor bed, and analy­
tical studies to formulate a mechanism and define the role of sodium 

·in the formation of agglomerat.es. 

3. An engineering evaluation of alternative coal feeding systems, and 
possible testing of an alternative system for effects on agglomer­
ation. 

4. The examination of advanced FBC concepts being developed under METC 
contracts for applicability to low-rank coals. 

5. Evaluation of heat transfer coefficients in AFBC of low-rank coalS. 
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11.2 ACCOMPLISHMENTS 

During the second quarter of the Cooperative Agreement, work· was· com­
pleted in the following areas: 

11.2.1 Pilot Scale Testing 

11.2.1.1 Bed Agglomeration 

The two runs in a scheduled test series to determine the effect of a 
reducing atmosphere (0 pet excess air) on bed agglomeration were ·completed 
with the 2.25 ft 2 atmospheric fluidized-bed combustor at UNDERC. It had been 
suspected that reducing conditions in isolated areas of the bed could be 

I contributing to the agglomeration problem associated with burning a high 
sodium North Dakota lignite. A third run has not yet been completed. It was 
determined .that Beulah lignite should be burned in a silica sand bed with 20 
pet excess air for the purpose of prov1d1ng baseline udta on bed agglomeration 
for comparison with results from the two 0 pet excess air runs.· 

Run conditions and results from Runs BU4-0383 and BUS-0483 are presented 
in Table 11-1. Run BU4-0383 was a 76-hour run (actual hours burning coal) in 
which Beulah North Dakota lignite was burned in a silica sand bed with ap­

. proximately 0 pet excess air and no ash reinjection (20 pet excess air was 
usually specified in previous runs). A 1650°F bed temperature was used for 
the run. 

Run BUS-0483 (100 hours on coal) was designed to be identical to the 
previous run except. Lhal the fly a.sh collected by the primary cyclone was 
reinjected into the combustor and the .test duration was longer. Lignite from 
Beulah, North Dakota was used during this run, although the coal was not 
identical to that burned during Run BU4-0383. The coal and coal ash analyses 
at·~ JHe::.e:ittt::d in Table 11-2. lt i c;. important t.Q note the difference in £odium 
levels for the two coal samples. 

Neither of the two reported runs was shortened because of loss of fluid­
ization due to severe bed agglomeration. No significant agglomeration oc­
curred, though some clumps of bed particles were observed on the lower walls 
of the bed. These formations apparently formed in the static bed as it cooled 
after shutdown .. Also, slight slag build-up on the upper side of the top berl 
cooling coil was noted. 

Bed agglomeration was noted after Run BUS-0483. Large fused bed material 
format.i.ons were noted between and above the upper two bed cooling c·oils (the 
upper formation fell from tubes before the phologr:aph was taken). The inne:r 
portions of the deposits were quite friable, but the deposits were coated with 
a hard fused layer on the bed side of the deposits. The walls of the bed also 
had similar deposits .. 

Bed composition is plotted as a function of run time in Figure 11-1 
(BU4-0383) and Figure 11-2 (BUS-0483). The sodium concentration in the bed 
increased rapidly during both runs. End-of-run sodium concentrations of the 
beds exceeded levels at which bed agglomeration has previously occurred whe~ 
burning an untreated Beulah high sodium lignite in a silica sand bed. 
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Run Number 
Test Duration, hr 

Purpose of Test 

Type of Coal: 

Ded Material 

Ash Reinjection 
Ash ReinjP.ction 
Rate, lb/hr 

Additives 
Velocity, ft/sec 
Excess Air, % 

Flue Gas, Cone.,%: 
02 
C0 2 
co 

Alkali/Sulfur 
Ratio 

Sulfur Retention, % 

Emissions, lb/MM Btu: 
so2 
NO 

X 

Combustion 
Efficiency, % 

Overall Heat Transfer 
Coefficient 7 Btu/hr 
ft2 oy 

TABLE 11-1 

RUN CONDITIONS AND RESULTS FROM 
BU4-0383 AND BU5-0483 AFBC RUNS 

BU4-0383 
76 

Bed agglomeration testing 
with silica sand bed, 0 
pet excess ~ir, and no ash 
reinjection. 

Beulah North Dakota lignite 
(7.4 pet Na20 in ash) 

Grade #10 Silica Sand 

No 

0 
None 
5.6 
0.3 

0.3 
18.3 
0.6 

1.15 
61.1 

1.41 
0.16 

98.38 

44.9 

BU5-0483 
100 

Bed agglomeration testing 
with silica sand bed, 0 
pet excess air, and ash 
reinjection. 

Beulah North Dakota lignite 
(10.5 pet Na20 in ash) 

· Grade #10 Silic~ Sand 

No Yes 

0 15.1 
None. None 

6 .. 0 5.8 
1.3 -1.6 

0.5 0.2 
18.6 18.5 
0.5 1.1 

1.20 * 
64.6 65.8 

1.29 1.24 
0.17 0.13 

99.51 

45.28 44.92 

*Analysis not yet received. 
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Run Number: 

TABLE 11-2 

COAL AND COAL ASH PROPERTIES 
BEULAH HIGH SODIUM NORTH DAKOTA LIGNITE 

BU4-0383 BU5-0483 
As Burned Dry Basis As Burned- Dr_y Basis 

Proximate Analysis: 

Moisture 
Ash 
Volatile Motter 
Fixed Carbon 

Ultimate Analysis: 

Moisture 
Ash 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Ox-ygen (iliff.) 

Heating Value: 

Btn/lb 

Elemental Ash Analyses: 

Si02 
Al 20~ 
Fe 20 3 
Ti02 
P20s 
CaO 
MgO 
Na2 0 
K2 0 
S03 . 

22.7 
10.0 
30.1 
37. :~ 

100.0 

22.7 
10.0 
46.9 
2.9. 
0.7 
1.1 

15.7 

100.0 

7,646 

25.3· 
11.9 
11.3 
0.8 
0.7 

15.8 
5.4 
7.4 
0.2 

21.2 

100.0 

. N/A 
-12.9 
39.0 
48.1 

-·-·-···-

100.0 

N/A 
12.9 
60.6 
3.8 
0.9 
1.4 

20.3 

99.9 

9,896 

11-4 

18.4 
9.1 

29.4 
43.1 

100.0 

·18.4 
.9 .1 

51.9 
3.3 
0.7 
1.2 

15 ·'· --
100.0 

8,479 

18.5 
12.4 
8.5 
0.8 
1.0 

17.7 . 
5.8 

10.5 
0.1 

24.7 

100.0 

N/A 
11.2 
36.0 
S_2. 8 

100.0 

N/A 
11.2 
63.6 
4.0 
0.9 
1.5 

18.8 

100.0 

10,388 
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It is probable that the bed material agglomeration would have caused loss 
of fluidization in a short time if the reported runs had been continued. This 
conclusion is based on 1) a more rapid increase in sodium levels in the bed 
than is typically noted, 2) a rapid growth of the bed particle size, and 3) 
the end-of-run agglomerates that were observed. Based upon the analytical 
results it appears that low excess air (reducing conditions) increases the 
agglomerating tendencies of the silica sand bed when burning a high sodium 
Beulah lignite, even though these tests did not result in severe agglomeration 
during their duration. A more definite conclusion will be possible after 
completion of the base line test with oxidizing condition. 

11.2.1.2 Heat Transfer 

Bed particle size and overall heat transfer coefficient are plotted as a 
I 

function of run time in Figure 11-3 (BU4-0383) and Figure 11-4 (BUS-0483). 
Extremely rapid growth. of the bed particle size was seen in both runs. As a 
result. the ovel'~ll heat transfer coefficient for the bed cooling coils de-

·creased steadily during the runs. 

11.2.1.3 Emissions and Operational Performance 

A significant reduction in NO emissions was noted with the 0 pet excess 
air runs. Less than 0.2 lb NO /MM ~tu input was observed during the two runs. 
This level is significantly b~ow the NO emission level encountered in pre­
vious runs when 20 pet excess air has b~n supplied with the coal. The re­
duction in NO emissions with low excess air would be expected due to the 
lower bed oxyg~n concentration (1). 

Higher carbon monox1de concentrations ln the flue gaG were also n~~~d and 
can be attr1buted t.o lower uxygen concentration& during th~;> :runs. 

A rPl::ttively low combustion efficiency, 98.38 pet, was obtained during 
1-lnn KU4-0.~83, G~n~Ldlly, combuotion cfficienciE'c;: nf qq .. '1+ are observed when 
bnrning Rfmlah li~mite. Ash reinjection was not used during Run BU4-030~ but 
was used during Run BAS-0483. A significant increase 1n combustion ~rfi.­
ciency, 99.51 pet, was observed during t.he second run. 

11.2.2 Bed Material Analysis 

In order to increase the understanding of the mechanisms of the agglom­
eration process occurring during the fluidized combustion of low-rank coal, 
microscopic, and x-ray elemental mapping are being used in addition to routine 
elemental analysis. Samples of bed material from BAl-2181, run hour 40; 
RI2-0782, run hour 35; BI4-0982, run hour 46; and BUS-0483, run hour 100, were 
placed in a Jeol Model JXA-35 electron probe x-ray microanalyzt!r (SEH) and 
area and point analyses were obtained using energy dispersive x-ray fluor­
escence. Micrographs were taken to identify the sample regions corresponding 
to specific x-ray spectra, thus yielding an elemental composition for a known 
area or point of the sample. Samples were then heated in a Leitz Metallux II 
Heating Stage Microscope at temperatures ranging from 1292° to 1832°F to 
determine the effect of heating on chemical composition. 

Table 11-3 gives the results of select tests for the elements Na, S, Si, 
and Ca, where the percentage change is negative for a decrease, and positive 
for an increase in relative occurrence after heating. 
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Sample 

BA1-2181 

BI2-0782 

BI4-0982 

TABLE 11-3 

CHANGE IN CHEMICAL COMPOSITION OF BED MATERIAL 
SAMPLES UPON HEATING 

Heat Treatment Change in 
Temperature, ComEosition 2 

oc oF Na s Si 

800 1472 -61 - 9 0 
900 1652 -28 -27 14 
900 1652 -36 -38 70 

800 1472 -37 - 3 5 

750 1382 -36 -14 43 
ROO 1472 -17 - 6 11 

% 
Ca 

64 
42 
47 

10 

43 
11 

Though only a few tests have been completed, evidence suggests that Na 
and S are volatilized at temperatures as low as 1382°F. One of the perplexing 
phenomena of the agglomeration problem is the formation of stable crystalline 
phases at temperatures well below their actual·melting points, as is seen i~ 
the case of the melili~e series; the melt1ng point of g~hl~nite (Ca2Al~Si0 7 ) 
is 2894°F, and that of akerminit.e (Ca2 l'IgSi 20 7 ) i.s 2649°F. Mclilite &pecie;r;: 
have been identified in agglomerates formed in the UNDERC combustor by x-ray 
diffraction analysis. The loss of Na and S from bed material samples at 1382°F, 
coupled with similar 1nvest.igatious uu ash fouling dcpooitE (3), S'l'88t:>Sts t.hat 
lm·l temperature snhl imat.ion may contt:ibute to. the initial deposition and 
subsequent crystallization noted on boiler tubes or bed material particles. 

Future work will be performed to clarify the relationship between tem­
perature, gaseous environment, chemical composition, and agglomeration. Of 
particular interest are the associatio~s of Na in coals.and how they contrib­
ute to particle size growth in the fluidized bed. To isolate specific factors 
which promote agglomeration, laboratory a&h samples will be prepared, con-. 
sisting of coal ash, mineral mixtures, and carbonaceous material containing 
ion-exchanged Na. 

11.2.3 Test Burn of Lignite at French Island 

In discussions with Otter Tail Power Company, UNDERC has agreed to par~ 
ticipate in planning and analysis of a full-scale AFBC test. The test will 
use a high sodium Beulah, North Dakota lignite at the French Island utility 
boiler owned and operated by Northern States Power Company (NSP). · The French 
Island unit is a retrofit atmospheric fluidized-bed combustor located .in 
LaCrosse, Wisconsin, designed to burn wood and rated at 15 MW(e). 
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It was agreed that UNDERC's involvement in the test would include: 

1. assistance with preparing a test plan, 
2. monitoring during the test burn, 
3. sample analyses of bed material and fly ash collected during the 

test, and 
4. preparation of a test report. 

It is also understood that since UNDERC' s involvement is sponsored by funding 
supplied through the Cooperative Agreement, the test report would. be public 
information. · Thus far, a proposed test and sampling. procedure have been 
prepared by. UNDERC and reviewed and approved by both Otter Tail and NSP. The 
test burn was scheduled to occur in October 1983, but due to an over supply of 
wood, NSP has rescheduled the test for April 1984. 

11.2.4 2.25 Ft2 AFBC Modifications 

The access door to the combustor was modified to allow the use of five 
1\" . diamter bayonet heat transfer probes. Previously only 1" tubes could be· 
inserted through the ·door. These tubes along with three more tubes in the 
freeboard will be used for heat transfer tests to simultaneously measure heat··· 
transfer coefficients in the bed, the splash zone, and the freeboard. The 
tubes will be a{r-cooled to an operational surface probe temperature of ap­
proximately 1150°F as measured by thermocouples embedded in the surface of the 
tubes. Air cooling allows for operation at temperatures that would more 
accurately simulate actual conditions encountered with steam cooled tubes; 
The purpose of the test is to measure heat transfer coefficients that occur in 
the different zones .·during the fluidized bed combustion of low-rank coal and 
evaluate the amount of turndown that can be accomplished by varying the bed 
height. 

11.2.5 Heat Transfer Paper 

A paper entitled ''Heat Transfer to Horizontal Tubes in a Pilot-Scale 
Fluidized-Bed Combustor Burning Low-Rank Coal", was presented at the jointly 
sponsored meeting by AIChE and ASHE in Seattle, Washington during July 24-27, 
1983. The authors were N.S. Grewal and G.M. Goblirsch. The paper's principal 
conclusion was that the heat transfer coefficient determined experimentally 
using UNDERC's 2.25 ft 2 AFBC (5) was within ±25 pet of the value obtained 
using.the.correlation of either Grewal (6) or Bansal, et al (7). The calcula­
ted outs·ide heat transfer coefficient included the radiation contribution 
determined from the estimates of Baskakov et al (8). 

11.2.6 Topical Report 

Work on the topical report covering atmospheric fluidized-bed combustion 
is proceeding wi t.h sections being completed at UNDERC, Combustion Power Com­
pany, and Radian Corporation. 

Progress to date can be summarized in the following manner.: 

Combustion Power Company submitted the following first drafts for the topical 
report: 
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-AFBC Applications 
-Cost Comparisons. 
-Cost Sensitivity Analysis of Low-Rank Coal AFBC Systems (with Appendix) 

First drafts of the following sections were completed at UNDERC during this 
quarter: 

-Sulfur Emissions and Sorbent.Utilization 
-Oxides of Nitrogen 
-Particulates . · 

Sections for which no first drafts have been completed include: 

-LRC Deposits and Properties 
-Problems with Utilization in Conventional Combustion Systems 
-Agglomeration and Fouling 
-·Other Emissions (CO, TIIC, Trace Elements) 
-Solid Waste Characterization 

· Present plans call for completion ot the fir:s l ·dl·aft of tht>. rP.port during 
the first year of the cooperative agreement. It is anticipated that this 
schedule will be met. 

11:2.7 Advanced Concepts in AFBC of Low-Rank Coals 

A trip was made to METC to reviP.w information on advanced concepts for 
FBC to determine their applicability to low-rank coals. A discussion was held 
on some of the technical aspects of the seven advanced concepts that show the 
highest potential for exceeding l:Ouventional FBC t.echnology. The technical 
evaluation of the seven proposals waa not -"'vailal;>le at this time, but is 
expected to be released by next quarter. 
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12. - COAL/WATER SLURRY COMBUSTION 

(New project; no work planned during this reporting period.) 
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13.1 GOALS AND OBJECTIVES 

The goal of the Ash and Slag Characterization project is to develop a 
fundamental understanding of the properties and behavior of the inorganic 
constituents of low-rank coals at high temperatures. The project is therefore 
directed at studying the chemical changes occurring when low-rank coals are 
ashed and at measuring thermophysical properties of the resulting ashes an<l· 
slags, with observed chemical changes or measured data then correlated with 
the chemical and mineralogical composition of the inorganic sped.es in the. 
coals. 

A second goal of the project is to investigate slag-refractory interac­
tions in the UNDERC slagging fixed-bed gasifier. This aspect of the project 
seeks to take advantage of opportunities to study actual slags and refrac:-. 
tories in an actual operating_gasifier--as opposed to laboratory simulati~ns-­
and hPnre to add to the coal c:ou:version c1at.a base on slag and refractory 
behavior. The slag-refractory interaction study is "target of opportunity"· 
research in that it is wholly dependent on the operating schedule of the 
gasifier and on interesting or unusual effects arising during the run. 

The objectives of the Ash and Slag Characterizatio-n project during this 
reporting period were to continue work on ashing of low-rank coal sampl~~ 

under controlled laboratory conditions, with attendant chemical and mineral­
ogical analysis of the ashes; second, to continue measurements of the vis­
cosity-tf"mpera.ture · relationships of low-rank coal ash slags, with collateral 
development of mathematical relationships of viscosity to composition; and, 
third, to study the interaction of slag and refractory in the gasifier. 

. ~. ' 
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13.2 ACCOMPLISHMENTS 

13.2.1 Coal Collection 

Samples of low-rank coals have been collected from various mines in North 
Dakota, Montana, Colorado, New Mexico, and Texas. These coals are being 
characterized and will be used by all the Coal Science projects. The samples 
we·re carefully collected, homogenized, and stored in an inert atmosphere. The 
coals are available in several different sizes from -1 inch to -60 mesh and 
quantities from five gallons to 250 grams. 

13.2.1.1 Sample Collection Procedure 

Selection of coals to be used for characterization is based on specific 
properties of interest (i.e., Na content, slag viscosity, etc.) or on produc­
tion tonnage. When the selection of mine and specific location _within the 
mine has ·l)~;>en. madt: ~ the face of the seam is cleaned to expose a fresh non­
weathered coal free from extraneous mineral mat.ter which may hove fallen. from 
overb\Jr.nPn. The seam is then measured and a megascopic description is made of 
the various features (lithotypes). Samples of cual d.l'~ collected to nht.ain a 
channel s~mple. In some cases samples are also collected at various intervals 
throughout the seam, including overburden, . inlt:!Luu.t:den (if two sP~ms are 
sampled) and undercfay. All samples arc stored anrl sealed in plastic and 
transported to UNDERC for preparation. A list of samples collect.ed to date is. 
in Table 13-1. 

TABLE 13-1 

COAL SAMPLES OBTAINED FOR CHARACTERIZATION 

Mine 

Absaloka (Sarpy Creek) 
Indian Head 
Beulah (High-Na) 
Beulah (Low-Na) 
Gascoyne (Red) 
G~~coync (Blue) 
Velva 
Spring Creek 
Falkirk 
Glenharold 
Colorado Coal Co. 

·Navajo 
San Miguel 
Martin Lake 
Savage 
Center 

Rank 

Suhhi t.nmi.nous 
Lignite 
Lignite 
Lignite 
Lignite 
Lignite 
Lignite 
Subbituminous 
Lignite 
Lignite 
Subbituminous 
Subbituminous 
Lignite 
Lignite 
Lignite 
Lignite 
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State 

Montana 
North Dakota 
North Dakota 
North Dakota 
North Dakota 
North Dakota 
North Dakot.a 
Montana 
North Dakota 
North Dakota 
Colorado 
New Mexico 
Texas 
Texas 
Montana 
North Dakota 



13.2.1.2 Preparation and Characterization 

The channel samples are crushed, split, and stored under an inert atmos­
phere. A diagram which illustrates the procedure in detail is shown in Figure 
13-1. The final splitting is done by a rotary riffler in an argon-purged 
glove box. · The larger five-gallon sized samples are purged with argon in the 
vessel used for storage. 

·CHANNEL 
SAMPLE 

CRUSHED 
-liNCH 

-20MESH 

PETROGRAPHY 

FIGURE 13-1. Schematic of sample preparation procedure for channel sample. 

The samples collected at various locations within the seam are prepared 
for selected characterization techniques, such as petrography and separation 
of lithotypes. 

The 250-gram ··samples of coal will be characterized by many different 
techniques, which will ·include the standard ASTM analyses, .chemical frac­
tionation, organic chemistry, pyrolysis, supercritical solvent extraction, 
distribution of mineral matter, trace element analysis, ash and slag chem­
istry. The results of the analytical determinations will be stored on com-

. puter for easy access and analysis. Indian Head lignite from North Dakota is 
used here as an example of some of the results obtained to date on the sample. 
This data is swnmarized in Table 13-2. · 

13.2.2 Ashing of Low-Rank Coals With Respect to Mineral 
Transformations 

Tu date five coals have been low-temper.<tt.ure ashed apd the. resulting ash 
analyzed by x-ray diffraction: Beulah (Mercer Co., North Dakota), Velva/ 
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TABLE 13-2 

RESULTS OF ANALYSES FOR INDIAN HEAD LIGNITE 

Ultimate Analysis 

Proximate 

c 
H 
N 
s 

Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

Heat Content 

Ash Analysis· 

Si02 
Al203 
Fe203 
Ti02 
P20s 
CaO 
MgO 
Na 20 
K20 
so3 

TOTAL 

Carboxylic Acid Group Content 

Aromaticity of lithotypes determined 
by pressure differential scanning 
calorimetry 

Wt% 

44.08 
6.36 
0.64 
0.38 

34.0 
27.4 
33.8 
4.8 

7329 Btu/lb 

Wt% 

21.1 
11.9 
8.5 
1.0 
0.~ 

20.9 
6.5 

11.9 
0.1 

15.6 

98.1 

2.45 meq/gram 
maf Basis 

Whole Coal 
Fusain 
Dura in 
Vi train 

- 0. 71 
0. 77 

- 0.71 
- 0.71 

Mineral matter by Low Temperature Ashing 
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Quartz (Si02) 
Pyrite (FeS2) 
Kaolinite (Al2Si20a[OH]4) 



' TABLE 13-2 (Continued) 

NEUTRON ACTIVATION ANALYSIS OF INDIAN HEAD LIGNITE FROM NORTH DAKOTA 

Element .Concentration, ppm 

Titanium 108.43 ± 20% 
Iodine <3.0 
Manganese 4.5~ ± 5% 
Magnesium 41l. 9i ± 15% 
Copper <25.0 
Vana<Jium 3.00 ± 2% 
Chlorine 15.98 ± 20% 
Aluminum 3024.14 ·± 1% 
Samarium 0.36 ± 2% 
Uranium 0.29 ± 10% 

Lanthanum 4.69 :t 1% 
Cadmium <1.0 

. Gold <0.001 
Arsenic 5.02 ± 1% 
Antimony 0.22 ± 1% 
Bromine 1.13 ± 1% 
Sodium 6220.63 ± 1% 
Potassium <500.0 
Cerium 7.80 ± 10% 

Calcium 3759.80 ± 10% 
Selenium 0.50 ± 10% 
Thorium 1.02 ± 1% 
Chromium 2.04 ± 15% 
Europium 0.09 ± 10% 
Ytterbium 0.35 ± 20% 
Barium 518.77 ± 5% 
Ct:!S.ium 0 .. 12 ± 10% 
Silver <0.08 

Nickel <25.0 
Scandium 1.26 ± 1% 
Rubidium <5.0 
Iron. 3566.79 ± 3% 
Zinc 6.39 ± 20% 
Cobalt 1.60 ± 1% 
S .il.i con <35;000.0 
Molybdenum <10.0 
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Coteau (McHenry Co., Noth Dakota), Gascoyne Red and Blue Pits (Bowman· Co., 
North Dakota) and Absaloka (Horn Co., Montana). All coals ashed are lignit.es 
except for the Absaloka subbituroinous. Preliminary examination of x-ray dif­
fractograms reveals the following trends ·in mineral transformations from ash 
samples generated at low temperature C~II0°C) and those samples generated at 
750° or 1000°C. 

I. Oxidation of iron in the form of pyrite (FeS 2 ) to hematite (Fe 203) 
and magnetite (Fe 30 4 ). 

2. Sulfur fixation of organically-bound calcium forming anhydrite 
_(CaS0 4 ) at high temperatures. 

3. Dehydration of bassanite (CaS04 • \H20) to anhydrite (CaS04 ). 

4. Formation of anhydrite in higher temperature ash due to reaction 
bet.weeu t:alcitt'! (CaC03 ) and/or baoaanite (CaSOo~ • ~H20) ;\nd kao~ 
linite (Al2Si 20s [OH] 4 ). 

5. Formation of aluminosilicat~ solu_fion series, notably the melilite 
group (Ca, Na, K)z [Mg, Fe 2 , Fe 2 , Al, Si) 3 0 7 ]. Other .minerals 
include lazur:i.te (Na, Ca) 8 (AJSi04 ) 6 (S04 , S, Clh and augite (Ca 
[Mg, Fe} Si20 5 ). 

6. Dehydration of clays (i.e. kaolinite). 

Figures 13-2 (A, B, f.) ancl I3-3 (A, B, C) respectively, represent a 
series of diff.ractograms of Gascoyne Red and Gascoyne Blue ashes obtained at 
different temperatures (i.e. II0°C, 750°C and I000°C). The oxidation of iron 
is apparent in both samples in the ash produced at 750°C (Figures I3-2B and 
13-'3H). According to Mitchell aud Gluskoter (I976), hematite forms at 500°C 
and is often accompanied by anhydrile foruriug from reactions between pyrir..i.c 

·sulfur and calcite. In both samples hematite (Fe 2 0 3 ) and magnetite (Fe304 ) 

are found in high temperature ashes. 

Alt.hough bassanite (CaS04 • \H20) is not present in either of the low­
temperature ashes of Gascoyne coals, anhydrite is present in ashes produced at 
high temperatures. Anhydrite, in high temperature ashes, may form from the 
det)yrlration of gypsum (CaS04 • 2H2 0) or form due to the reaction of sulfur 
released from sulfides upon ashing with calcite or organically&buund ~.::alcium. 

The formation of. bassanite in low temperature ashes is avoided due to the 
removal (by ion exchange with ammonium acetate) of organically-bound calcium 
available for sulfur fixation. Samples were pretreated twice with IOO ml of 
IN ammonium acetate for 24 hours at 70°C. Samples were subsequently washed 
with 50 ml IN ammonium acetate followed by 50 ml distilled water. Coals ashed 
at 750° and I000°C were not pretreated with ammonium acetate and therefore 
conceivably contain significant amounts of organically-bound calcium which may 
experience sulfur fixation, thereby forming anhydrite. 

Aluminosilicate splid solution series appear in ashes at 750°C and in­
crease in intensity up to 1000°C, corresponding to a decrease in relative 
quartz (Si02) peak intensities and the disappearance of kaolinite. The Gas-
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Q- Quartz 
A - Anhydrite 
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H - Hematite 
M - Magnetite 
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AO- Augite 

FIGURE 13-2. Gascoyne Red Pit 
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coyne Blue high-temperature ash (Figures 13-3B and 13-3C) contains pre­
dominately aluminosilicates (feldspathoids) exhibiting sodium and calcium 
substitution within the silica tetrahedra. The melilite solid solution series, 
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FIGURE 13-3. Gascoyne Blue Pit. 
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in the form of gehlenite (Ca 2 [Al 2 Si0 7 ]), appears in both Figures 13-3B and 
13-3C, as rloes nepheline (NaAlSi0 4 ). The melilite structure solid solution 

·phases are. common in slags poor in Al 2 0 3 and rich in CaO, and may arise from 
reactions of bassanite and kaolinite. Aluminosilicates appear only in the 
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high-temperature ash sample of the Gascoyne Red coal (Figure 13-2C) in the 
form of augite (Ca[Mg,Fe]Si 20 5 ) and gehlenite. 

The difference in the types of aluminosilicates that form at high tem­
peratures from the two coals may relate to the types of cations available for 
substitution within the silica tetrahedra structure, and may have a relation­
ship to boiler fouling behavior. The Gascoyne Blue is known to be a high 
fouling lignite, suggesting an abundance of organically-bound sodium in the 
coal, and possibly explaining the tendency for sodium and calcium substitution 
along with aluminum within the silica structure. The Red Pit, on the other 
hand, is not a high fouling coal, and exhibits mostly calcium and aluminum 
substitution in the silica tetrahedra. 

X-ray diffraction data along with x-ray fluorscence data, petrographic 
identification of minerals, and SEM work will be completed on at least ten 
toal samples· to determine the. applicability of low-temperature ashing in 
preserving the original integrity of minerals within coal and to trace their 
transformation through· high-temperature ashing to the slag stage. A study by 
l"li tchell and Gluskoter (1976) with bituminous and subbituminous coals ideo-. 
tified similar mineral transformations seen in lignites presented here. Their 
study indicates that most coal minerals are stable up to 380°C. At this time 
the correlation of the ·minerals seen in high-temperature ash to the minerals 
present in the original coal sample can only be speculative, but the cor­
relation will be elucidated as more data is gathered. 

13.2.·3 Slag Viscosity 

13.2.3.1 Rockdale 

Tests with Rockdale (Texas lignite) in reduc1ng (20/80 H2 /N2 ), inert 
(N2 ), and 9xidizing (air) atmospheres were conducted. A graph showing plots 
of log viscosity vs. temperature is given as Figure 13-4. Also shown for 
comparison ·is the curve from the original 1981 alumina-crucible test in re­
ducing atmosphere (dashed line). The results of· the reducing- and inert­
atmosphere tests were quite similar; in both tests, the temperature of 

·critical viscosity (T ) was about 2450°F, and the increase in viscosity below 
this. temperature wascvquite rapid. (This same behavior was observed in an 
earlier test, in a carbon crucible, where T was slightly higher at 2475°F.) 
Also, typically viscosities in an inert atm~~phere were slightly higher ~han 
those·in a a reducing atmosphere . 

. In each of these tests, as the temperature was decreased below 2450°F the 
slag tended to congeal into a lumpy mass, and the shear stress vs. shear ··rate 
curves became very erratic. In the reducing atmosphere, the agglomerated.slag 
tended to clirig to the bob. Also, there was a substantial amount of hyster­
~sis as the slag was reheated. 

It is not yet clear why the results of the latest reducing atmosphere 
test were so different from those of the earlier 1981 test. Although a dif­
ferent batch .of coal was ashed for the latest tests, it seems unlikely that 
any inhomogeneities in the coal (ash) sample would have. been large enough to 
account for the observed discrepancy. 
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.Since the Fe 20 3 content of the Rockdale slag was moderately low (9 pet 
compared to a range of 7 to 19 pet for slags from previous alumina-crucible 
tes~s), it might be anticipated that the behavior of the slag in an oxidizing 
atmosphere would not be much different from its inert-atmosphere behavior. 
Such was not the case, as shown by the test results. In the first oxidizing 
atmosphere test (data points shown by triangles on the graph), initial vis­
cosities at ~2250°F were virtually identical to those obtained in the reducing­
atmosphere test. However, after only two data points on the cooling curve, 
the shear stress vs. shear rate curves become erratic, indicating the onset of 
slag solidification, and the viscosity began to increase very rapidly. The 
resulting T of ~2525°F was approximately 75 degrees higher than that ob­
served for tte reducing- and inert-atmosphere tests. Furthermore, there was 
significantly less hysteresis during the reheating cycle. Because of some 
problems at the beginning of this test (discussed below), it was decided to 
reheat the slag to ~2680°F and repeat a portion of the cooling cycle. Inter­
estingly, the data indicate that the slag reverted to Newtonian behavior and 
apparently retraced the original cooling-cycle line. 

Because of an apparent problem with the temperature control microproces­
sor, as well as the rather divergent nature of the overall test results, it 
was decided to repeat the test, planning to repeat the cooling cycle in the 
normal fashion, partially reheat the slag, and allow it to "soak" at some 
intermediate temperature overnight to observe any changes in viscosity with 
time. 

The results of the second oxidizing-atmosphere test (hexagons on the 
graph) were even more dissimilar compared with those of all previous tests on 
this sample. The Newtonian portion of the viscosity curve was essentially in 
the same area as before, but the T was ·shifted upscale to ·about 2615°F. 
Once again, the slag began to assume 'iv"lumpy" appearance below 2575°F, and as 
the viscosity increased one large lump of semisolid slag was observed clinging 
to the bob and rubbing on the side of the sample crucible (which behavior, of 
course, tended to show up as irregularities in the shear stress vs. shear rate 
curves). 

Only minimal hysteresis was observed on the reheating curve. After the 
slag had reached 2640°F, the heating process was interrupted and, after 
stopping but without removing the bob' the slag was allowed to remain over­
night (16 hrs) at this temperature. The following morning, after the slag was 
first stirred for 15 minutes at 16 rpm, the viscosity was measured and had 
actually increased from 33 to 78 poises. There were also some humps on the 
shear stress vs. shear rate curve, suggesting that solid or semisolid phases 
were still present in· the slag. A similar, although smaller, increase in 
viscosity during a 3-hour equilibration period at the end of an earlier heat­
soak test with Decker was observed in 1982. Continued heating of the slag to 

· 2694°F resulted in a further decrease in viscosity, as shown by the graph, 
although it did not return to the original baseline value. In fact, after the 
final reading at 2694°F, that temperature was maintained for 3 hqurs and ·there 
was no further change in the slag viscosity. 

These observations, as well as those from the Decker heat-soak test, seem 
to 1 suggest that thermal equilibration periods are at least on the order of 
hours, if not days, when the slag is in the plastic state. There is also the 
matter of possible Al 20 3 contamination from the sample crucible, which may be 
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the main reason why viscosities do not return to their original values when 
the slags are reheated above their liquidus temperatures. 

The results of material balance calculations on the four Rockdale tests 
are summarized below: 

Test Wt. of Ash Wt. of Slag Weight Loss, 
AtmosEhere Melted 2 g Produced 2 g % of Ash Wt. 

Reducing 70.2430 62.9538 10.4 
Inert 70.4187 64.3237 8.7 
OxidiziQ.g·k 68.5681 61.9574 9.6 
Oxidizing (repeat) 69.7603 61.9384 11.2 

*Slag overflowed sample crucible. 

ThP wPight lnssPs ar~ all of the same o~de~ of magnitude. 

13.2.3.2 Choctaw 

Choctaw (Alabama lignite) turned out to be a unique sample in several 
respects. First of all, unlike any previous samples the ash had a tendency to 
sinter during ashing at 1850°F. Most of the sintered particles were of a 
regular, inverted "V". shape in the ashing dish. Secondly, the ash had a 
dis tinct reddish color, indicating the presence of high iron, probably a 
higher Fe20 3 content than any of the earlier low-rank coal ashes that have 
been tested. 

Not surprisingly, therefore, the results ot the viscosity t.ests in the 
three atmospheres showed some rather dramatic ~ifferences (Figur~ 13-5 - note 
the temperature scale has been compressed by a factor of 2 compared with the 
Rockdale graph). For the reducing-atmosphere test, it appears that there is a 
short region ot Newton1an behavior wlt.h a T of abuuL 2200nF. Ia the in~rt 
atmosphere test, Newtonian behavior is indi~Xted down to about 2275°F. How­
ever, at and below a temperature of 2300°F, the shear stress versus shear rate 
curves showed increasing irregularities, indicating the presence of crystal­
lized phases in the melt. There was no well defined T , and (within the 
limits of experimental error), essentially no hysteresiscvon reheating (note 
that the latter situation also pertained in the reducing-atmosphere test). 
Finally, with the oxidizing atmosphere, erratic behavior was seen after the 
second reading (at 2530°~'), and a lump of material was observed clinging to 
the bob. As cooling continued, the bob tended to bind on the wall of the 
crucible, and the irregular movement of the bob evidently "confused" the 
microprocessor to the extent that it could no longer step the boh speed 
through the 0 to 64 rpm range (the bob got stuck at 16 rpm several times). 
Consequently, all readings below 2500°F were taken from the shear-stress meter 
with the bob spinning continuously at 64 rpm. At 2450°F, the viscosity 
suddenly appeared to be decreasing; visual examination of the slag revealed 
what appeared to be a rigid, semisolid mass, but it had shrunk away from the 
bob, and the bob was turning in a hole. This observation accounts for the 
dashed line on the viscosity/temperature curve. 

The results of material balance calculations on the three Choctaw tests 
are summarized below: 
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Test Wt. of Ash Wt. of Slag Weight Loss, 
Atmosphere Melted, g Produced, g % of Ash Wt. 

Reducing 68.0381 61.7791 9.2 
Inert 74.8101 69.6467 6.9 
Oxidizing 73.5212 68.3140 7.1 

The larger w~ight loss for the reducing-atmoshpere test is presumably due . 
to reduction of Fe203. 

13.2.3.3 Indian Head 

The viscosity test on the Inqian Head (North Dakota lignite) sample was 
conducted on September 21, 1983, using a reducing atmosphere.· As shown in 
Figure 13-6, this slag appeared to be one of those "glassy" · types like 
Naughton and Block Butte in that (1) no pnJ.nt nf tri~ical viscosity w•~ ob­
served, and (2) on reheating, the viscosity values essentially retraced the 
cooling curve line. 

The ash fusibility values for t.his sample in a reducing atmosphere were: 
I.D. = 2200°F, S. T. = 2260~F, F. T. = 2300°F. These values, plus the appear­
ance of the shear stress vs. shear rate curves and visual observations of the 
slag during the· test, suggest that the slag was probably in the region of 
non-Newtonian (plastic) behavior over the entire temperature of measurement; 
i.e., if there is a temperature of critical viscosity, it is above 2400°F and 
below a viscosity of 20 poises. 

It is very interesting that the initial deformation temperature of 2200°F 
was almost reached before there was any evidence of total soliditication of 
the slag. As in the Choctaw oxidizing-atmosphere test, the apparent viscosity 
began to decrease as the solidus temperature was approached; the bob was 
turning in a hole, and the bulk of the slag was a r1g1d, 1DUnObile masH a L­
tached to the walls of the crucible. This sample of Indian Head behaved quite 
differently from the earlier one tested back in 1980. Incidentally, the 
earlier Indian Head slag was one of the tew that S1griificanl:.ly allackeu Lhe 
~lumina crucible; no such behavior was observed in this latest test. 

In this test 72.8118 g of ash produced 64.0820 g of slag, corresponding 
to a weight loss of 12.0 pet (there was some overflow of slag into the guard 
crucible, however, so slag recovery weighings involved both the sample and 
guard crucibles). 

13.2.4 Slag-Refractory Interactions in Gasification 

X-ray microprobe analyses were performed on samples of solidified slag 
collected from the taphole and hearth area of the slagging gasifier.after runs 
that had suffered an early shutdown. A hypothesis for the early shutdowns is 
that some component(s) of the slag may react with the refractories to produce 
a high-melting phase, which may be fluid enough to flow out of the very high 
temperature region of the tuyere blast but which then solidifies in the rela­
tively cooler regions of the hearth or taphole. 
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The first specimens studied were pink cenospheres found in and under the 
taphole ~ An average composition from microprobe analyses is shown in Table 
13-3 along with the composition of the hearth refractory (A. P. Green "Jade­
Pack") for comparison, 

Componen~ 

Al203· 
Cr 20 3 
3i02 
CaO 

TABLE 13-3 

AVERAGE COMPOSITIONS OF PINK CENOSPHERES 
AND REFRACTORY, WEIGHT PERCI!:NT 

Ce.!!c;>spheres Refractory Component Cenospheres 

88 P.7 u~o L/ 
2 9.5 Fe 203 0.25· 

'· 7..5 (Na?O + K2 0) 1.2 
2.5 0.1 S03 2.4 

Refractory 

0' 1 
O.:t 
0.1 

The presence of Cr 20 3 in the cenospheres is an immediate indicator that they 
must be a product of reaction with the refractory, since the chromium content 
of North Dakota lignites is typically only a few parts per million. 

Since the Al 20~, Si02 , and Fe 20 3 contents of the cenospheres and refrac­
tory are reasonably comparable, it appears that on a macroscopic scale the 
alkali and alkaline earth components of the slag have attacked the refractory, 
replacing the chromium. (It is not meant t.o imply that the reac;..tion mec.¥ani~m 
on

1 
an atomif. seal: is necessarily a direct replacement of Cr 3 by Na , K , 

Ca 2 , or Mg 2 ). The effect ot such a replacerneuL would almost certainly be~ 
reduction in melting point. For example, the melting point of 90 Al203 - 10 
Cr 20 3 system would be about 2100°C. If all of the alkalies and alkaline 
earths were counted as MgU (for conveulem::e .i.n reading readily avail~hl P 

ternary phase diagrams), an 88 Al 20 3 - 2 Cr20 3 - 10 MgO system would have a 
melting point of about 1950°C. MgO is a very refractory material in its own 
right; it seems reasonable to speculate that the alkalies Na 2 0 and K20 would 
be even more effective in reducing melting point. 

It is generally regarded that the t:emperature in the 11 fireball" of the 
tuyere blast is approximately 1700°C, while slag discharge temperatures, 
measured on the outlet side of the taphole, are about 1300°-1350°C. Extra­
polating the known effect of MgO on the melting in the Al 20 3 - Cr 20 3 system, 
it may be likely that the combined effects of MgO, CaO, Na 20, and K20 could 
produce a reaction product fluid at about 1700°C and hence able to flow within 
the highest temperature region of the hearth. On the other hand, it is not 
likely that a phase containing nearly 90 pet alumina would still be liquid at 
1300°C, regardless of the other components. 

It is not yet known why cenospheres were formed. It is possible that 
they are the solid product of a reaction: 
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Liquid -+ Solid + Gas · 

and thus are in effect ·bubbles blowil by the gas as it is liberated. Our 
studies are not far enough along to explain this· reaction further. It ·iS 
interesting to note that the reference compilation Phase Diagrams for Ceramists 
shows a pseudobinary in the quinquenary system CaO-MgO-A1203-Cr203-Si02 , which 
i·s said to have a "vapor" phase, unfortuantely otherwise unidentified. 

The second material to be studied was a crystalline deposit found in the 
taphole and on the hearth. In Table 13-4 the average microprobe analyses are 
a·gain compared with those of the refractory. It seems evident by inspection 
that the principal difference is the very high amount of calcium incorporated 
in the crystalline product, suggesting an attack by CaO on the refractory. 
The composition of the product of the hypothetical reaction of 25 grams CaO 
with 100 grams refractory was calculated and is also shown in Table 13-4 in 
the column "calculated product." 

Component Deposit 

Al203 71 

Cr203 1.7 

Si02 6 

CaO 21.5 

TABLE 13-4 

AVERAGE COMPOSITIONS OF CRYSTALLINE DEPOSIT 
AND REFRACTORY, WEIGHT PERCENT 

Ca+c'd 
Refractory Product Component Deposit Refractory 

87 70 MgO 1.0 0.1 

9.5 7.6 Fe203 3 0.2 

2.5 2 (Na20+K20) 0.1 

0.1 20 S03 2.6 

Calc'd 
Product 

The relatively good agreement between the actual and calculated compositions 
suggests the hypothesis of attack by CaO is. reasonable. Again as with the.· 
cenospheres there has also been a macroscopic replacement of Cr203 by, in this 
case, Si02 , MgO, and Fe203 . 

Even though CaO by itself is a very high-melting material (handbook value 
of the melting point is 2580°C), it has a potent effect on reducing the 
melting ·point of alumina-containing systems. For example, the Ca0-Al203 
binary system has a melting point of about 1625°C for the 30 Ca0-70 Al20 3 and 
about 1725°C for the 20 CaO - 80 Al 203 compositions. Here again it seems that 
the product of slag attack on the refractory could be a liquid at "fireball" 
temperatures but would solidify around or in the taphole. 

While this work is by no means complete, it appears that the attack of · 
slag components on the refractory can produce phases which would be fluid at 
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1700°C in the immediate vicinity of the hottest region of the gasification/ 
combustion reaction zone, but which solidify at the relatively cooler 1300°C 
temperatures of the taphole and hearth plate. The solidification of material 
in the taphole has the consequence of forcing termination of the gasification 
test shortly thereafter. 

13.3 REFERENCES 

1. Mitchell, RichardS., and Gluskoter, Harold J., 1976, Mineralogy of Ash 
of Some American Coals: Variations With Temperature and Source, Fuel, v. 
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14.1 GOALS AND OBJECTIVES 

Our approach to the study of the organic structure of coal has been to 
use a model based on substructures, the same as were present in the original 
wood (cellulose, hemicellulose, lignin) and those derived from these original 
substructures. The extraction of these substructures from the coal required 
much investigation, since the methods applicable to wood did not necessarily 
work with coal. In the first quarter, new methods incorporating gas chrom­
atography were developed for the analysis of the components derived from 
depolymcrization of the macromolecular substructures. 

Our work on the quantitation of cellulose and lignin substructures in 
North Dakota lignites continued in this quarter. We wished to examine some 
modifications of th~ cadoxen method for extraction of cellulose (1) to improve 
the yield. A study of the completeness of the cadoxen extraction was another 

. important objective. Finally a comparative study of the three lithotypes of 
Beulah lignite was desired. 

Since the methoxy determination reported last quarter (1) using oxidation 
with CF3 C03 H followed by hydrolysis and quantitative analysis of the liberated 
methanol was giving consistent and reasonable values, the comparison of var­
ious lignite samples was undertaken. The amount of methoxy groups is believed 
to be proportional to the amount of lignin in the coal sample. Several de­
.lignification methods were planned with lignite samples. These were all 
methods previously used for the delignification of wood samples. If some of 
these would work with lignite, not only could lignin be determined directly, 
but the residue might be more easily extracted to remove the carbohydrate. We 
previously reported the failure of the Klason method (72 pet H2 S04 ) in the 
separation of lignin from cellulose (1) and coal matrix. 

The objective of pressure differential scanning calorimetry (PDSC) 
studies of low-rank coals is to develop a method of inferring aromaticity and 
extent of ring condensation from the ·characteristic patterns of· the therm­
ogram. PDSC characterization of model compounds and model polymers is used to 
provide supporting information. The PDSC can be applied to investigate com­
par·ative structural features among lithotypes and to study structural changes 
within a coal scam. 
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14.2 ACCOMPLISHMENTS 

14.2.1 Effectiveness of Cadoxen Extraction 

One important goal was to try to determine whether the cadoxeil was ex­
tracting all of the cellulose and he111icellulose from the lignite. Thus a 
sample of the dull Beulah iithotype which had been previously extracted by 
stirring with cadoxen was reextracted with cadoxen for another day and the 
yield of cellulose was determined by hydrolysis in IN H2 S04 , reduction of 
monosacchlarides to the alditols, esterification to the alditol acetates which 
were quantitatively measured by gc on a SP2330 capillary column with inositol 
acetate as an internal standard. The results of this and other experiments 
with cadoxn are summarized in Section 14.2.1.1. · 

Several experiments were carried out with the goal of increasing the 
effectiveness of cadoxen extraction of North Dakota lignites. A sample of 
Beulah 3 lignite was sonicated with cadoxen for 24 hours and the yield of 
cellulose extracted was determined by conversion to glucitol acetate. Ex­
tractions w.ith cadoxen at higher temperatures were also carried ouL. Ont'! 
sample of Beulah lignite was refluxed with cadoxen and one was heated in a 
stirred autoclave with cadoxen at 250°C. Cellulose was determined as above. 

Pretreatment of the coal with base and mild oxidizing agents was also 
studied as a technique for improving the yield of cellulose obtained by ca­
doxen extraction. A sample of Beulah lignite was stirred with sodium hydrox­
ide solution to remove humic acids and possibly hemicellulose before the 
cadoxen extraction. A second sample was oxidized by refluxing with iodine in 
pyridine followed by silver oxide in base (2). The residue from this pro­
cedure was then extracted with cadoxen. 

14.2.1.1 Results of Cadoxen Extractions of Beulah 3 Lignite 

Experiment % Cellulo~e (As Rec~ived) 

1. Extraction of dull lithotype 
2. Reextraction of above sample 
3. Extraction of composite Beulah lignite by stirring 
4. Extraction of composite Beulah lignite by sonication 
5. Extraction of composite Beulah lignite by refluxing 
6. Extraction of composite Beulah lignite at 250°C 
7. Extraction of NaOH treated Beulah lignite 
8. Extraction of mildly oxidized Beulah lignite 
9. Reextraction of mildly oxidized Beulah lign1te 

10. Extraction of hypochlo.t"ite oxidized Beulah liguite 

14.2.1.2 Conclusions of Cellulose Determinations 

0.015 
0.010 
0.003 
0.000 
0.010 
0.004 
0.003 
0.007. 
0.005 
0.009 

Although cadoxen is able to extract cellulose from lignite where the 
Klason method failed completely, the extraction is not complete. A rcextrac­
tion of the lignite resique gave more cellulose (2/3 of the originally ex­
tracted amount). The amount extracted probably depends somewhat on the de­
polymerization or degradation of the coal matrix to expose the cellulose. 
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Sonication of the lignite with cadoxen was not effective. Refluxing with 
cadoxen gave the best improvement in yield. Heating in an autoclave at 250°C 
did not significantly affect the yield. Perhaps degradation of the cellulose 
or other coal reactions at 250°C might have been a factor in this experiment. 

Treatment with NaOH to remove humic acids did not affect the.yield. The 
oxidation with iodine in pyridine followed by silver oxide depolymerized the 
coal somewhat; however, the cellulose value obtained was not significantly 
different. Reextraction of the residue with cadoxen gave additional cel­
lulose, indicating that pretreatment to oxidatively depolymerize the coal did 
not expose all the cellulose, although slightly more was obtained than with no 
pretreatment. A vigorous reaction with sodium hypochlorite removed 60 pet of 
the coal, however the cellulose content in the residue was not greatly changed. 

14.2.2 Comparison of Cellulose Content in Various Lithotypes of 
Beulah Lignite 

The cellulose contents of vitreous, dull, and fragmental lithotypes of 
Beulah lignite and a specimen resembling a tree stump from the Beulah mine 
were investigated. Although the extraction of cellulose was considered to be 
incomplete using the cadoxen method, a comparison of the cellulose extracted 
might be of some use in characterizing the lithotype samples and in under­
standing their properties and possible origin. 

14.2.2.1 Results of Cellulose in Lithotypes 

Lithotype Sample (Beulah lignite) 

Composite 
Vitreous 
Dull 
Fragmental 
Tree Stump 

% Cellulose (As Received) 

0.003 
0.003 
0.015 
0.014 
0.010 

14.2.2.2 Conclusions of Cellulose Comparisons in Lithotype 

Thp values for the cellulose content are very small for all the litho­
types, thus whatever chemical differences there are between the lithotypes 
which give rise to their different reflectance or other physical properties 
must involve other structural components. The somewhat higher values for the 
dull and fragmental lithotypes may have resulted from some interruption of the 
biochemical depolymerization process such as might have occurred in charring. 
The low cellulose content of the tree stump· specimen indicates that the phy­
sical appearance of a sample is not necessarily related to its chemical re­
semblance to the original plant structures. 

14.2.3 Methoxy Determinations of Lignite Samples 

The methoxy ether content of three lithotypes of Beulah 3 lignite were 
investigated by oxidation with CF 3 C03 H, hydrolysis and gc determination of 
methanol. A sample from the tree stump specimen (Beulah mine) was also in­
vestigated. Since Indian Head lignite is currently being used extensively in 
gasification tests and supercritical extraction runs at: UNDERC, the methoxy 
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ether content of this coal is an important parameter for comparison with the 
yield of methanol in the aqueous products from processing this coal. 

14.2.3.1 .Results of Methoxy Determinations 

Lignite Sample % MeOH (As Receiv.ed) 

Beulah composite 
ViLreous lithotype 
Dull litho type 
Fragmental lithotype 
Beulah tree stump 
Indian Head composite 

0.8 
0.8 
0.4 
1.1 
0.2 
0.7 

14.2.3.2 Conclusions of Methoxy Determinations 

The fragmental lithotype has the highest methoxy ether content and also 
has one of the highest cellulose contents; by inference then, it has the 
highest amount o£ lignin present ui t.he sample. Tht:! ::.dmt= ch.llrring proccoo 
which interrupted the degradation of cellulose may also be responsible for 
preventing decomposition of the lignin. · 

The methoxy content of Indian Head is consistent with the methanol yields 
observed in supercritical water extraction and steam drying (0.6 and 0.5 pet). 

The low value observed for the tree stump specimen may result from easier 
access of fungal enzymes to the isolated specimen than was the case of packed 
or compressed material. Anyway this illustrates again that physical resemb­
lance may not be associated with a chemical resemblance to the original plant. 

14.2.4 Delignification Studies 

A number of methods have been used previously for the delignification of 
wood samples. We have tried to use some of these for the delignification of 
coal (Beulah lignite). As we pointed out earlier, 72 pet H2 S04 does not yield 
a lignin sulfate or sulfonate type of product as it does with wood. 

Two hydrolytic methods for degradative removal of lignin were attempted. 
Lignite was heated with ethanol and HCl and with dioxane and HCl in. ar1 effort 
to depolymerize the lignin present by acid-catalyzed ether cleavages. 

A thermal decomposition in a dioxane-water solvent was carried out at 
180°C on a Beulah lignite sample. 

Finally an oxidative lignin degradation was attempted using sodium hy• 
pochlorite. The residue was analyzed for methoxy groups to determine the 
extent of delignification. 

14.2.4.1 Results of Delignifications 

The delignifications under acidic conditions were a total failure in that 
no soluble products were obtained. 
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A dioxane-water extraction at high temperatures gave a 10 J,>Ct yield of 
soluble products. These products are currently being studie4. 

The sodium hypochlorite oxidation resulted in a· ioss ·o·~ ;60 ·.pet· of the 
sample into solution. The methoxy content of the residue gave a value of 0~3 
pet. 

14.2.4.2 Conclusions of Delignifications 

The coal matrix renders useless many of the deligification reactions 
which were used with wood. Although the hypochlorite oxidizes a considerable 
portion of the lignite, the residue which should have been delignified was 
actually only about half delignified. 

14.2.5 Periodate Oxidation of Lignites 

The oxidation of aromatics with sodium periodat·e is specific for ortho­
methoxyphenols which are converted to methanol and ortho-benzoquinone. Thus a 
measurement of the m.ethanol released in this oxidation gives a. measure of the 
number of free guaiacol groups present in the sample. Beulah 3 lignite was 
oxidized by sodium periodate and the methanol was determined by quantitative 
gc. 

14.2.5.1 Results of Periodate Oxidation of Lignite 

Experiment % MeOH 

Periodate oxidation of Beulah lignite 
Periodate oxidation of Beulah lignite (larger sample) 
Repeated oxidation on same sample 
Periodate oxidation (refluxing) 

14.2.5.2 Conclusions of Periodate Oxidation of Lignite 

0.25 
0.24 
0.08 
0.44 

This exp~dment establishes that at least one-third of the methoxy groups 
co·. 25 out of 0. 8 total) are present as guaiacol groups (ortho to a free hy-. 
droxy group). The remaining methoxy groups are then either inaccessible to 
the reagent or are present iu <hi. ortho-mcthoxyphenyl ethf:'r. Sin.ce the coal 
does not dissolve at all during the reaction, the coal matrix may be prevent-. 
ing the periodate from reacting with all the ortho-methoxyphenol groups. On 
the other hand the ratio of one-third is found in some wood sample&. 

The increase .in methanol liberated at renuxi'O.j;. :~pe~at~res may be 
attributed either to depolymerization which makes more of the methoxyphenol 
groups accessible or to hydrolysis of the phenyl ether linkage which liberates 
o-methoxyphenols. 

14.2.6 Pressure Differential Scanning Calorimetry 

Pressure differential scanning calorimetry (PDSC) has provided insight 
into the structural characteristics· of coals. The PDSC thermograms have 
features which can be used to interpret coal "structure" in terms of the 
aliphatic and aromatic portions. 1'his interpretation was _developed on the 
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basis of similarities related to solid state nuclear magnetic resonance and 
infrared spectroscopy of coals, and to the thermograms of pure organic com­
pounds and polymers. 

The thermograms of coals consist of two to three exothermic peaks depend­
ing upon the coal. The number of these peaks, intensity of the peaks, and the 
temperature at which they occur vary with coal rank. This variation in the 
thermograms as a function of rank fits the model of increasing aromatic and 
loss of aliphatic character with increasing rank. 

The experimental procedure involves heating 1-1.5 mg of -100 mesh sample 
at a linear heating rate of 20°C/min from 150° to 600°C, in a 3.5 MPa atmos­
phere of oxygen. The coals analyzed originated from core samples, high vitri­
nite samples from the Exxon Coal Characterization Library, carefully selected 
coal lithotypes and bulk process samples used at UNDERC. The organic com­
pounds and polymers are commercially available. 

14.2.6.1 Results 

The interpretation of changes in the shapes of the thermograms produced 
in the PDSC experiment, show a shift in peaks from peat. to anthracite. The 
peat sample produced a major exothermic pe'ak at approximately 260°C and a 
small shoulder at 360°C, whereas anthracite has a major peak at 470°C and a 
small shoulder at 350°C. 

The thermogram produced in a PDSC experiment cau be regarded to consist 
of a low-temperature peak which arises from the aliphatic or alicyclic 
moieties in the coal and of a high temperature peak which arises from the 
aromatic portion of the coal. A typical thermogram of a subbituminous coal is 
shown in Figure 14-1. It is possible to determine an apparent aroma~ici~y by 
taking the ratio of the height of the high temperature peak to the sum of the 
heights of both peaks. To correct the apparent aromaticity calculated from 
the PDSC thermograms to the actual aromaticit.y an equat.ion was de:r:ived based 
on the relationship of the aromaticity, f , to the maf carbon content. Figure 
14-2 shows the relationship of f to theaapparent aromaticity for run-of-the­
mine coals and for the high vitrtnite samples from the Exxon Coal Characteri­
zation Library. It is particularly interesting that the two sets of samples 
give the best least square fits if treated separately. The run-of-mine 
samples plot along a line given by 

y ~ 0.263 t 0.868x 

with r 2 = 0.852; the high vitrinite samples plot on the line 

y = 0.397 + 0.753x 

with r 2 = 0.884. If the two groups of samples are treated as one population 
the linear correlation coefficient for an attempted least squares fit drops to 
0. 741. 
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The PDSC was used to examine various lithotypes from Beulah, North Dakota 
lignite. The thermograms reveal distinct differences. The fragmental portion 
shown in Figure 14-3 represents a portion of the coal that is charcoally in 
nature and was located between non-vitreous and woody zones. This sample has 
very little aliphatic and alicyclic character and consists largely of aromatic 
structures. The aromaticity is 0.94. The vitreous lithotype, which can be 
described as having a black luster and being very hard, has an aromaticity of 
0.64. The third lithotype was a dull woody portion which is almost brown in 
color. This is the most abundant lithotype in the coal seam and has an aroma­
ticity of .63. The fragmental and vitreous lithotypes include higher temper­
ature peaks above 400°C which could be due to small portions of condensed 
aromatics. 
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PDSC thermograrris of various lithotypes separated from Beulah 
lignite. 

The variations in ?tromr~t.irit.y fnr .'1 sPt nf rnr'f' o;:;:u•,ples f,_,r Ledbett&r 
(Texas) lignite reveals trends with depth in the seam. In Table 14-1 the 
results show decreasing aromaticity with increasing depth. This trend may be 
due to the depositional environment of the Texas lignite, but is not yet well 
understood. 

Approximately 50 polymers of known structure were tested using PDSC, and 
the resulting thermograms were compared to those of coals in an attempt to 
learn more about the structure of coals. Polyethylene, which is a totally 
aliphatic substance, produced a thermogram with a single low.-tempera:ture peak 
having a· maxiinum temperature of 230°C. This is. shown in Figure 1.4-4 a 1 ong 
with the polyethylene structure. On the other hand, the completely aromatic 
substance poly(p-phenylene) produced a thermogram with a single high-tempera­
ture peak. As evidenced in Figure 14-4, the maximum temperature of the peak 
~as 450°C. 
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Seam 

Rrown seam 

Red seam 

Upper blue 
seam 

Lower blue 
seam 

Green seam 

B 

4 

. ·. ~ 

TABLE 14-1 

. · . 
·.· 

VARIATIONS IN AROMATICITY IN LEDBETTER (TEXAS) LIGNITE 

Depth 

21-23 
26-28 

36.6-39.6 
41.1-44.1 

43-46 
47-51.5 

51.5-56.4 
55-56.4 

55.5-58.2 

Corrected ~romaticity 

.65 

:;._ .,:_._64 
• • ' .·. ' • •• 1·;._' .:~ :· 

.62 

.56 

POLY (VINYL TOLUENE)] 
POLY ETHYLENE 
POLY (P-PHENYLENE) 

! 

FIGURE 14-4.. PDSC thermogram of Polyethylene~- _Pol·Y:(P:~p},t~niyi~rl'e}, ·.and 
Poly(vinyltoluene) .. · · -· ·· ·· · ·· ·· ·· · ..... -
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Poly(vinyltoluene) exhibited a thermogram (Figure 14-4) which looked very 
similar to those of the Ledbetter Texas lignites. The maximum temperature of 
the aliphatic peak was 293°C and that of the aromatic peak was 424°C. Both 
values fall withjn the temperature ranges of the Texas lignite peaks. The 
aromaticity of poly(vinyltoluene) is approximately 0.51, which is only slight­
ly below the aromaticities calculated for the Texas lignites. 

14.2.6.2 Conclusions of Pressure Differential Scanning Calorimetry 

The PDSC work has shown insight into understanding coal structural proper­
ties for various ranks of coal, coal lithotypes, and changes in aromaticity 
with seam. The study of pure organic compounds and polymers provide a means 
of understanding aliphatic and aromatic character of the PDSC thermograms. 
Along with other analytical techniques such as solid state NMR work, electron 
s~ectroscopy for ch~mical analysis, and infrared spectroscopy, PDSt can dis­
cern differences in the structural relationships among coals and may serve as 
a bridge to understanding coal-spe~ific process 'respuuses. 
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15.1 GOALS AND OBJECTIVES 

D.R. Kleesattel 
E.N. Steadman 
C. · Zygarlicke 

The goals· of this work are to better understand the distribution of 
inorganics in low-rank coals and examine the geochemical factors which affect 
their distribution. Methods are being developed to selectively remove inor­
ganics in ways dependent upon their association in the coal. Knowledge of how 
these inorganics are associated can be used to predict the fate or impact of 
the elements during utilization. 

The objectives for this reporting period were to: 

1. Continue extending the chemical fractionation procedure used to 
selectively extract inorganics to include more steps which would 
possibly determine more inorganic associations. 

2. Examine methods used to determine carboxylic acid groups in low-rank 
coals and quantitatively determine carboxylic acid content. 

3. Begin examining the organic and inorganic features recognizable by 
microscopic techniques; also, begin exam1n1ng coal minerals and 
lithotypes by a variety of analytical techniques. 

15.2 ACCOMPLISHMENTS 

15.2.1 Chemical Fractionation 

The work to extend the chemical fractionation procedure involved using a 
greater number of NH4 0Ac extractions to remove all the ion exchangeable 
cations, and developing a procedure to determine the optimum pH of ion ex­
change of the carboxylic acid groups. The procedure is being tested to de­
termine the pH at which cations will exchange with the organic acid gro¥ps in 
demineralized coal. For example, to determine+the optimum pH where Na will 
exchange, the. following procedure is used: Na is exchanged . by . adding SO ml 
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each of 0.1 N NaOH and 0. 9 N NaCl to two grams of coal and stirring in an 
inert atmosphere for two days. The pH is then adjusted to 11 with 1 N NaOH. 
The sample is allowed to cool and the pH is adjusted to 5 with HCl to aid in 
flocculation of humic and fulv.ic acids.+ (Very little ion exchange should 
occur with addition of HCl because the Na level is 10,000 times greater than 
the H+ at the pH of 5.) The sample is then treated witf 30 ml of 0.1 N trie­
thanolamine to achieve a high pH withou~ exc~anging ~a and to act as an ion 
strength adjuster so that the exchange of Na with H can be detected with f 
sodium specific electrode. The pH is then lowered by 0.1 pH units and the Na 
level measured. 

Chemical fractionation with an extended technique, which u~es . three 
NH40Ac extractions, was performed on two samples from the Gascoyne mine (North 
Dakota). The Gascoyne Blue sample is from a region in the mine which causes 
ash fouling. The Gascoyne Red is from a pit which causes little or no prob­
lems with ash fouling. The results of these tests are summarized in Tables 
15-1 and 15-2. (The data repo~ted in these tables are preliminary results and 
may be subject to revision.) These samples have been submitted for neutron 
activation analysis at North Caro!1na State University but resulls h~ve oot 
been received. 

TABLE 15-1 

CHEMICAL FRACTIONATION OF GASCOYNE BLUE PIT LIGNITE 

Initial % Extracted % Extracted % Remaining 
'Element Cone., ppm by NH 4 OAc by HCl in Coal 

Al 7300 22.6 38.8 38.6 
Ca 22790 85.1 14.3 0.6 
Fe 2540 0 42.~ S7.5. 
K 1430 89.0 0 11 
Mg 17890 98.0 2 0 
Si 10920 11.6 16. I. 71.7 
Sr 313 94.6 5.4 0 
Cu 11 0 0 100 
Ti 546 0 57.0 43 
Ni 5 0 
Mn 25 2.8 72 0 

15.2.2 Carboxylic Acid Group Determinations 

Work was continued to find the best method for determining carboxylic 
acid functional groups in low-rank coals. The method found to give the best 
results involved refluxing ~1 gram of demineralized coal under an inert atmos­
phere with 100 ml IN barium acetate. The acetic acid liberated was titrated 
with 0.05N Ba(OH)2. Titrations were performed after 2 hours, then after ~20 
hours and after 40 hours of refluxing to determine if an endpoint could be 
reached. The endpoint was found at approximately 20 hours of refluxing. 
Several low-rank coals were analyzed by this technique to determine carboxylic 
acid functional group content. The results are summarized in Table 15-3. 
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TABLE 15-2 

CHEMICAL FRACTIONATION OF GASCOYNE RED PIT LIGNITE 

Initial % Extracted % Extracted % Remaining 
Element· Cone. 2 EEID · b~ NH~ OAc b~ HCl in Coal 

Al 
Ca 
Fe 
K 

.Mg 
Si 
Sr 
Cu 
Ti 
Mn 

8740 22.2 27 . .6 50.2 
17370 78.1 19.8 2.1 

3890 0 55.8 44.2 
1260 62.8 3.7 33.5 

20540 95.4 4.6 0 
28640 17.2 8:1 74.7 

276 77.5 22.5. 0 
10 0 0 100 

1180 0 13.6 86.4 
18 22 88 0 

TABLE 15-3 

CARBOXYLIC ACID GROUP DETERMINATIONS FOR SOME LOW-RANK COALS 

Coal 

Center lignite, ND (4088) 
Center lignite, ND 
Beulah lignite, ND (high Na) 
Beulah lignite, ND (low Na) 
Beulah lignite, ND (CPC) 
Indian Head lignite, ND 
Velva lignite, ND 
Big Brown #2 lignite, Texas 
Bryan lignite, Texas 
Ledbetter lignite, Texas · 
Pike County lignite, Alabama 
Choctaw lignite, Alabama 

.Absaloka (Sarpy Creek) subbituminous, 
Montana 

Rosebud subbituminous, Montana 
Arapahoe subbituminous, Colorado 
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Carboxylic Acid 2 meq/gram 2 maf 

2. 74 
3.58 
2.32 
1.46 
2.97 
2.45 
2.55 
2.26 
2.25 
1.82 
2.04 
2.83 

1.55 
. 1.88 
0.93 



15.2.3 Mineral Analysis by Scanning Electron Microscopy 

This work involved the systematic identification and analysis of in­
organic constituents distributed throughout a vertical section of a North 
Dakota lignite seam using a scanning eiectron microscopP./microprobe (SEM). 
,The characteristics and properties of the inorganics analyzed were not altered 
·by crushing, grinding, or ashing the coal. Thus, the inorganics are described 
and analyzed in their original form. 

15.2.3.1 Experimental 

Sample Collection 

Lignite samples were collected from the Beulah Mine, Mercer County, North 
Dakota, which is part of the Fort Union Coal Region of the Northern Great 
Plains Coal ·Province. The lignite bed which was sampled, called the Hagel 
bed, varies fron• 3-5 rnctcrE in t.hi.ckness and is part of the Sentinel Butte 
Formation. Nine samples were collected at 0. 5 meter ii.ltervalo from <-~ ::\.:, 

meter thick coal seam located in the Orange Pit between markers 15-18. A 
vertical section of the seam was freshly expooed and swept tQ minimize the 
possibility of contamination. The nine samples were collected in plastic­
lined one-gallon cans. 

Sample Preparation 

Coal chips of approximately 1-2 cm2 were placed in.molds with premeasured 
quantities of epoxy to form stubs suitable for analysis in the SEM. Three 
lignite samples from each of nine locations in the seam were mounted in the 
epoxy stubs. The epoxy stubs were sliced using a diamond-bladed low defor­
mation rock saw to expose a fresh surface of coal. The fresh surface was 
ground using a succession of 240, 300, and 600 grit grinding papers and then 
finely polished using a sequence of 9 ~m, 3 ~m, 1 ~m, and \ ~m diamond pastes. 
Finally, the polished stubs were cleaned in a11 ult.rasonic bath of trichloro­
fluorethane solvent and coated under high vacuum with carbon to provide a 
conductive surface for SEM analysis. 

SEM-EDX Analysis 

A JEOL JXA-35 elect.ron probe x-ray microanalyzer was used to examine the 
lignite samples for inorganics. This instrument is an SEM with energy dis­
per~ive x-ray analysis (SEM-EDX) capabilities. The secondary electron imaging 
mode of the SEM allowed for easy observatiou of moat minerals and other in­
organics found in the coal maceral. The EDX system waa used to identify the 
various inorganic particles (primarily minerals) by analyzing their elemental 
compositions. 

A systematic use of the SEM was devised, which employed some of the 
methods proposed by Finkelman (1983) and Cecil et al (1979), whereby minerals 
in situ could be identified, sized, and photographed. This systematic exam­
ination was executed consistently for the samples at each location in the seam 
for the purpose of acquiring statistically reliable data. One of the three 
samples for each location was analyzed systematically and the other two samples 
were scanned randomly. In this manner, an area of approximately 1.5 cm2 was 
scrutinized for each of the nine locations in the Beulah seam. This area was 

J-,, > .. ,r 
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ob·served thoroughly for minerals by employing a back and forth grid-type 
scanning procedure. The electron beam in the SEM was focused on the particle 
in question, and the resulting x-rays coming off the particle were analyzed by 
the EDX analyzei .for 200 seconds, with the characteristic elemental spectra 
being stored in the computer memory of a Tracor Northern NS-880 unit pro­
grammed to record the normalized oxide concentrations of Na 20, MgO, Al20 3 , 
Si02, P20s, S03, K20, CaO, Ti02 , Fe 203 , SrO, and BaO. The average diameter of 
each particle in microns was recorded. Polaroid photographs, approximately 
10-15 per sample location, were taken of representative minerals present at 
each location in the seam. 

Computer Application 

The data compiled using the SEM-EDX system were entered into computer 
storage via Virtual Storage Personal Computing (VSPC). The data for each 
particle consisted of: the particle identification number; size; height in 
seam; the 12 normalized oxide concentrations; and the closure or sum of the 
oxide concentrations. Various statistical and graphic operations were then 
performed on the data using Statistical Analysis Systems (SAS). 

15.2.3.2 Results and Discussion 

The majority of the inorganic constituents discovered and analyzed in the 
Beulah lignite were minerals. The majority of these minerals were easy to see 
with the SEM when observing the coal samples at magnifications of 200x to 
700x. The minerals observed in this study, and their frequency of occurrence, 
coincide relatively well with the findings of others who studied the lignites 
of this particular region (Paulson et al., 1972; Karner et al., 1983). 

Mineral Descriptions 

The most frequently encountered minerals were quartz, clays (kaolinite, 
montmorillonite, and illite), and pyrite. Other minerals that were less 
commonly found, yet still significant, were carbonates, rutile, and hematite. 
Some rare mineral occurrences were zircon, feldspars, barite, and gypsum. 

The significant minerals which were detected and analyzed using the 
SEM-EDX system are listed and briefly described below in order of abundance. 

Quartz - Quartz was the most frequently encountered mineral throughout 
the seam. The grains averaged 20-30 microns in diameter and were subrounded 
to angular in form (Figure 15-1). One peculiar quartz grain had the form of a 
hexagonal crystal. 

Clays - Clay minerals occurred as relatively massive mineralized areas, 
30-400 microns in diameter, dull in appearance and flat or platy in form 
(Figure 15-2). There were no sure ways to distinguish between the different 
compositions of the clays except by EDX analysis, although illite seemed to be 
slightly brighter than kaolinite. 
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FIGURE 15-1. Angular quartz grain 
(2000x). 

FIGURE 15-2. Massive kaolinite mineral; 
note dull appearance (160x). 

Pyrite - Pyrite was found mainly as small rounded features or framboids 
with diameters averaging 20-30 microns (Figures 15-3 and 15-4). Basal sec­
tions of the seam revealed massive bands of pyrite which followed the woody 
structure of the coal. An unusual pyrite framboid which is intergrown with 
quartz is seen in Figure 15-5. 

Carbonates - Carbonate minerals were detected in smal l amounts as calcite 
(CaC03 ), magnesite (MgCU3 ), and dolomite (CaMgC0 3 ). CdlLite platc3 were 
25-40 microns in diameter and were found in coal crevices and cracks or in 
massive surface patches. Magnesite and dolomite occur mainly as crevice or 
l:lt:!al KLuwths. 

Hematite, Rutile, Zircon - Thin plates of hematite approximately 15 ~m in 
diameter, were found in very minor amounts. Small quantities of rutile and 
rutilated quartz were identified which ranged in size from 5-25 microns. The 
grains are definitely embedded in the coal and were very weathered and rugged 
in appearance. One fairly large zircon particle (17 micron) which still 
retained some of its crystal form was identified. 

Origin of Minerals 

The source and origin of the minerals can be postulated using data ac­
cumulated through the SEM-EDX system. Many studies have been done concerning 
the epigenetic, syngenetic, authigenic, and detrital origins of minerals in 
low-rank coals (Cecil et al., 1982; Finkelman, 1982; Finkelman, 1983). The 
numerous photographs which were taken of the minerals distributed throughout 
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FIGURE 15-3. Pyrite intergrown in 
coal structure (300x). 

FIGURE 15-4. Pyrite framboids (150x). 

FIGURE 15-5. Pyrite framboid with quartz inclusion (6000x). 
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this particular Beulah seam provide textural evidence for the on.g1.n of the 
minerals. More specifically, textural evirlence in support of the authigenic 
origin of minerals, consists of: mineralization in pores and pods of the coal 
mass; isolated crystals or crystal growths in cavities and cleats; and min­
erals intimately intergrown within the coal organic matter (Finkelman, 1982). 
Evidence in support of a detrital origin of minerals includes: subangular to 
subrounded grains; banding; aligned minerals; and v-shaped impact indentations 
in mineral grains. 

Modern studies (Altschuler et al., 1983; Cecil et al., 1982) have shown 
that pyrite begins forming syngenetically as small framboids (Figure 15-6) 
during the peat stage of coal formation. Nearly all of the pyrite in the 
Beulah lignite is syngenetic. The textural relationship between the pyrite 
framboids and the coal maceral as pictured in Figure 15-4 reveal the syn­
genetic:- nature of the Beulah pyrite. The framboids occur as isolated blebs 
and do not follow cracks or fissures 1.n the coal maceral. 

FIGURE 15-h. Very small pyrite 
framboids. 

Epigenetic pyrite mineralization occurs after the coal has alreddy been 
formed. This mineralization is brought about by the action of iron-bearing 
solutions within the coal body. The lignite studied in this project revealed 
some pyrite mineralization that may be epigenetic. Pyrite was noted in frac­
ture zones of the woody coal str~cture. Epigenetic pyrite will only be de­
posited in cracks, crevices, or woody tissue zones of weakness. 

Textural relationships also afd in determining the origin of the quartz 
grains not.erl in this study. The subrounded-subangular nature of the quartz 
grains and surface impact dents suggest a detrital origin (Figure 15-1). The 
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size distribution signifies that the quartz fraction within the Beulah seam is 
fairly well sorted with a slight skew to the larger grains (i.e., 30 microns). 
The distribution is similar to that expected of detrital quartz transported by 
wind or water and deposited. Other detrital minerals found were clays and 
rutilated quartz. 

The carbonate minerals that were observed might be authigenic because 
they are seen lining cracks in the coal or in cavities, pores, and pods in the 
maceral structure. Siliceous matter was discovered on occasion, lining cracks 
in the coal. The shape, smooth surface, and relation s h ip with the coal of 
this siliceous matter may indicate an authigenic origin . 

Mineral Distributions 

Karner et al., 1983, completed work on a similar l i gni te and noted trends 
in elemental distribution of four general types : 1) concentration of elements 
(in this report, minerals) in the margins of the seam: 2) concentration in the 
lower part of the seam; 3) even distribution; and 4) without a clear pattern. 

In this study, the trends of mineral distribution are not always clearly 
visible. The clay minerals are concentrated more a t the margins of Lhe seam. 
The quartz distribution shows higher concentrat ions at the middle and upper 
portions of the seam. Pyrite is usually concentrated at the margins of lig­
nite seams (Karner et al., 1983), but in this study it remains fairly even 
throughout the seam. An unusually high frequency of pyrite occurs at the 
1.0 meter level from the base of the seam . 

Most of the Ti0 2 discovered in this coal was in t he form of r utile or 
rutilated quartz. The Ti0 2 distribution is uneventful except for a sudden 
high concentration at the 2. 0 meter level, which corresponds with a high 
concentration of quartz at the same level . Rutile usually occurs as an ac­
cessory mineral in detrital mineral matte r. 

15.2.3.3 Conclusions 

The inorganic constituents observed in the Beulah ligni te seam can have a 
pronounced effect on coal utilization processes . Therefore, it is important 
to under~t~nri thP physical and chemical relationships and characteristics of 
the inorganic matter. The SEM-EDX system provides an excellent means of 
studying lignite inorganics in situ. 

By examining minerals in situ, the textural and distributional rela­
tionships can be discerned, which lead to interpreting minera l ori gins. SEM 
photography shows a distinction between syngenetic pyrite and epigenetic 
pyrite. Syngenetic pyrite is seen as small rounded blebs or isolated fram­
boids throughout the coal seam. It is the product of early peat stage proc­
esses_ In contras~, Ppigenetic pyrite is primarily concentrated in the basal 
sections of the lignite seam. It follows cracks, fissures, and other zones of 
weakness in the lignite and is usually massive in form. Epigenetic pyrite is 
the result of postdepositional processes related to the flow of meteoric or 
hydrothermal aqueous solutions through the lignite. 

Textural relationships also aid in determining the origin of quartz in 
this lignite. The subrounded-angular nature of the quartz grains and their 
well sorted size distribution, point to a detrital origin. 
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Authigenic mineral types, such as carbonate minerals, were found in t hi s 
study lining pores, pods, fissures, and cavities in the coal. 

15.2.4 Distribution of Inorganics within Coal Seams 

The distribution of major, minor, and trace elements within a seam of 
coal is very complex and is dependent upon many factors. These factors in­
clude the characteristics of the environment of deposition, types of plant 
material, ground water flow pattern, etc. The distribution of these elements 
relate to how they are associated or bound in the coal, which may in turn be 
related to the chemistries of the underlying and overlying strata. 

The distributions noted in a section of t he Beulah mine which includes 
two coal seams reveal several trends. These trends are as follows: elements 
concentrated at the margins of the coal seams include Co, Se, Eu, Sm, Sb, and 
Br; elements concentrated at the base of the lower seam include V, Cr, and Sb; 
elemenLs concentrating at the top of the upper aeam are Ba, Yh, U, V, and Cr; 
clements which have shown even distri butions include Mg, Ti, Ru, Cu, Zn, Ni, 
K, Al, and Si; elements concentrated at or near the center of the coal seam 
include Na, Ca, and Se. Examples of these plots are shown in Figures 15-7 
through 15-10. 

15.2.5 Low-Rank Coal Lithotypes and Petrographic Tecru1iques 

The separation of low-rank coal lithotypes into durain, fusain, and 
vitrain has been accomplished successfully for both lignite and subbituminous 
coals. These lithotypes have been characterized by several at~lytical tech­
ni IJ.IIPS, such as pressure differential scanning calorimetry, which has been 
used to examine the differences in a r omat1city; anu sLanning electron micro­
scopy, which has been used to examine anu audlyze orgnnic and mi nPrRl frac­
tions within the lithotypes. 

The application o± petrographic LeLw1iqucs t o low- r ank rnRls has involveu 
solving problems associated with high-mois ture contents of the coals. The 
approach used to get around the problem is to always keep t he exposed part of 
the polished section ot coal coveLed with the oi l tJ <;Prl for oil-immersion 
optical microscopy work. The identification of the microscopic constituents 
of coal (macerals) is then poss1ble. The iueutlfication of cert~jn macerals 
has been maue. Samples of selected 1 ir.hotypes fusain, durain, and vi train 
were prepared and examined. Examples of photographs are shown in Figures 
15-11, 15-12, 15-13, and 15-14. Figure 15-11 is a reflected l ight image of a 
portion of the vitrain lithotype, which shows huminitc and liptinite macerals. 
Figure 1~-ll 1S an image uf liptinitc maceral.; (the dark lines are character­
istic of the liptinite group which are hydrogen rich). Figure 15-13 is a 
photograph of a section of fusain showing the highly reflective fusinite 
maceral which is carbon rich. Figure 15-14 is a photograph of a suberinite 
maceral, which is part of the lipLinite maceral group. This maceral is der­
ived from a cork-like material. 

15.3 REFERENCES 

1. Altschuler, Z.S., M.M. Schnepfe, C.C. Silber, and F.O. Simon. Sulfur 
Diagenesis in Everglades Peat and Origin of PyriLe in Coal. Science, 
Vol. 221, No. 4607, (1983), pp. 221-227. 

15-10 



H 
E 
! HT 
G 
H 8.9 
i ..,,a 

f 
1.5 
1.3 

R 5.3 
Q 

~·~ ~~A 
:::>. l 

8 '+.8 
't ~ 

.~:.. 
. ~ 

•· 3.6 
"" 3.3 
E 2.9 

G 
2.6 

F 2 I I 
1.'7 

s I • 6 
I .o E 0.9 

.A. u.s M u. i 

r..1 
o.o 

E 
-0.3 

T 
~ 
L.. 

R 
9 

DISTRIBUTION IN BEULAH SEAM 

. X X X X X X X X X)(' X)(' X :o( X XX)(' )('o( 

··~·· 

:2 6 i u i :2 

SCANDIUM IN PPM 

i .. i 6 

OVERBURDEN 

COAL 

---------
INTERBURDEN 

UNDER CLAY 
i g 

F.IGURE 15-7. Concentration at the margins of the coal seam. 

c.; 

' I .-. · ..• 
;..; 

;::;: 

E 

s 
E 

ft. 
E 
T 
<::' 
L.. 

R 
s 

HT 

8.9 
'7.8 
"?,5 
l.~ 
6 I 3 
.... -=· I.::. 
S. I 
~.s 

lf,2 
3. 6 
3.3 
E.9 
2.6 
2. I 
I ,.., 
I .6 
! .o 
0.9 
o.s 
0. I 
o.o 

-0.3 

\.: DISTRIBt.TTION IN BEULAH ~3EA}.1 

OVERBURDEN 

rx 

---~-----

COAL 

INTERBURDEN 

. ~3V5Ubt%W5c:Piobbtv::£R,)s· 
~ COAL 

~~~~~~~~~~~~~S£~$~,~~~~~~~~~ -~:;;~L:~-
---------

0 20 'tO 60 SO 100 120 lifO 160 ISO 200 220 

VANADIUM IN PPM 

FIGURE 15-8. Concentrations at the top of upper seam and base of bottom seam. 

15-11 



C .. A._ DISTRIBtJTION IN BElJL.A.H SEA11 

HT 

8.9 

H 
1.8 

0 1.5 E !=" 1.3 I 
·"" 6.3 

OVERBURDEN 

'•a• s ~·~ H 
T E ~' I 

A lf,S 

• M Lt-.~ 

R 3' 6 
M 3' 3 

0 E 2.9 
M T 2.6 

COAL 

~ E 2, I 
R 1 '1 .:. 
5 lo [; s 

E I ' 0 
0.9 
o.s 

---------
INTCROUnDCN 

--------~ 
0, I COAL 
o.o 

-0.3 
UNDER CLAY 

0 5000 10000 15000 20000 25000 30000 

CA 

FIGURE 15-9. Concentration at or near the center of coal seams. 

TH DISTRIBUTION. IN BElJLAH SEA1vf ., 
E HT 
·"" ··~ 8.9 j..j 

T 7.8 
~ ~ ,, =- OVERBURDEN 

F !.3 

R 6 I 3 
~ .-

0 =· I.: 

t-1 5. I 
'+:8 

0 't.2 
~ 

~·§ A 
s ... ~ 
E 2.9 

c '6 

COAL 

c 2' 1 
j: I, 1 

1 '6 

5 
I, 0 

E 0.9 
A o.s 

0. I 
M 0. 0 ,..., 

INTERBUROEN 

COAL 
n ., 

M -v.w 

E 
T 0 3 5 8 6 9 I 0 I I 

UNDER CLAY 

c:' 
L.. 

R TH 
!3 

FIGURE 15-10. Random distribution. 

15-12 



FIGURE 15-11. Reflected light image 
of a vitrain lithotype from 
Beulah lignite. 

FIGURE 15-13. Reflected light image 
of fusain lithotype of Beulah 
lignite. 

1~-13 

FIGURE 15-12. Reflected light image of 
some liptinite and macerals. 

FIGURE 15-14. Suberinite maceral char­
acteristic of cork material. 
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16.1 GOALS AND OBJECTIVES 

There are three major goals of this project. The first is to develop 
methodologies and data on mechanical properties of crushed and finely-ground 
low-rank coals and their mineral residues, relevant to their behavior and 
handling problems. The second is to relate observed mechanical or physical 
properties to the three-dimensional structural arrangement of the coal macro­
molecules via the theories and models of polymer science. The third is to 
det~rmine the distribution and modes of incorporation of water in low-rank 
coals, and to develop approaches for the measurement of "mo·isture" which can 
be interpreted in ways meaningful for low-rank coal utilization. 

Major objectives for the current budget year are as follows: 

1. Establish credible tPst.ine procedures to define the following pro­
perties of coarsely-crushed coals, which define their behavior in a 
settling bed gasifier. 

a. Free sliding, bulk shear strength, as a function of particle 

b. 
c. 
d. 

size; 
Permeability to gas 
Mechanical friability 
Thermal friability. 

flow, as a function of particle 
as a function of dryness; and 

size; 

2. Determine the pore size distribution in coals by small angle x-ray 
scattering, and any change therein that results during heating, 
drying, and pyrolysis, which is relevant to the release and reab­
sorption of moisture during processing. (This study is being done 
under a subcontract with Dr. Harold Bale of the UND Physics Depart­
ment.) 
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3. Establish a methodology and simple apparatus to measure the relative 
hardness of finely-ground solids , such as coal and its ash in slurry 
streams, and candidate materia l s of construction. The hardness will 
be expressed on Mohs scale, which has hitherto been applied only to 
large surfaces by means of a scratch test. Process and equipment 
materials will thus be characteri zed with respect to the rates of 
erosion to be expected i n slurry handling systems. 

4. Apply physical characterizat ion methods of polymer science, such as 
measurements of internal friction, elasticity, or solvent swelling, 
to elucidation of three-dimensional structural order of low-rank 
coals . 

The objectives for the current reporting period have focused on measure­
ments of shear strength, permeab i l i t y, mechanical and thermal friability, and 
pore size distribution. 

16 . .2 ACCOMPLI3Ill1ENTS 

16.2.1 Shear Strength, Permeability, a~d Friability 

Summarizing and essent i ally concluding the work done in pursuit of Objec­
tive 1, above, the following pape r has been prepared for presentation at the 
ASME 7th Annual Energy- Sour ces Technology Conference, New Orleans, Louisiana, 
on February 12-16 , 1984 . 

INTRODUCTION 

This i s a report on methods for simple, empirical mea~urement of mech­
anical properties of coarse, granula r solids that determine their rate of 
settling against gases ilow1ng upward Llu:uu~L. a pacltcd bed. Data rPpnrt.f"rl are 
primarily for a North Dakota lignite us ed as feed stock in a pilot scale, 
settling bed gasifier. The design is usually called "fixed-bed" in applicable 
literature and occasionally "~raveliug 'Le ll ." One conclu&ion of :t long proaram 
of pilot operation (1,2) was that the ga s ifier's capacity, and hence the rate 
of return on capital invested in it, i s l imited to the rate at which coarsely 
crushed fuel can settle against the upward fl ow of product gases. It is 
desirable to predict the settling behavior of potential gasifier feeds, in 
terms of fundamental, easily meas uLaul~ parametcro. These p.<~r-'lmf"ters, for 
nonagglomerating coals, are permeability and shear strength, which are func ­
tions ot the1r particle sl:.:e, which in turn is a f'lnl"'ti nn of their mechanical 
and thermal fr iability. 

Consider any mass of crushed, s olid material, settling down a vertical 
vessel, resisted by an upward flow of gas through it. The rate and stability 
of its motion are limited by its ability to form stable bridges or domes that 
can support part or all of the weight of material above it. Design assump­
tions and mathematical models of sett l ing beds traditionally assume slug flow 
behavior, in which the material's bul k density, porosity, rate of descent, 
degree of compaction, particle size, and distribution of internal forces are 
assumed uniform and constant. In no way does this describe an actual gasifier 
vessel, nor anything but the most uni f orm, free-flowing solids sliding down a 
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tube against a relatively small gas flow. Figure 16-1 is submitted as a more 
realistic description, showing the condition where a minor part of the set­
tling mass is compacted to a degree that it can, hopefully only temporarily, 
sustain shear forces, either against itself or the vessel wall. The weight 
supported by the bridge, dome, or impacted zone is equal to the weight of 
material above it minus the supporting force of the upward pressure drop 
through it. The bubble under the dome can be a cavity or a zone of very 
uncompacted or fluidized material. As this unfilled zone moves downward, the 
dome will normally collapse, either all together or by the dropping of single 
particles. The impacted zone can grow upward as settling particles come to 
rest and are sufficiently compa cted to provide the radial, compressive stress 
(See free body diagram of Figure 16-1) which dete rmines the vertical shear 
strength. The larger the pressur e d r op due to upward gas flow, the less shear 
strength is needed to support t he effective weight of material above. As this 
effective weight approaches zero, with increasing gas flow and reduced perme­
abiLity, the maLerial may be c ome loca lly fluidized. 
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Even with completely "free-flowing" solids, such as uniform, dry sand 
flowing down a glass tube several inches in diameter, the phenomenon discussed 
above can be observed if the sand is flowing into a closed vessel, displacing 
an equal volume of air up the tube. Thin, lenticular bubbles are seen to 
travel harmlessly up the tube, at roughly the speed of the settling sand. In 
studies of solid flows through large bins and chutes (3), strain gages in the 
sides of vessels have measured the radial, compressive stress shown in the 
free body diagram of Figure 16-1. These stresses are seen at levels of even 
slight irregularities on the vessel surface. In a gasifier vessel, the actual 
volumetric flow of gases upward is over a hundred times that of the coal 
settling downward. Thus even apparently minor decreases in permeability can 
result in a pressure drop approaching the weight of the fuel bed, so that even 
an apparently insignificant shear strength can support the reduced, effective 
load on a bridge or dome. With highly friable lignites, mechanical and thermal 
attrition within the fuel bed often produce enough dust to reduce permeability 
to this critical level. With even slightly caking or agglomerating coals, the 
shear strength of impacted masses can be greatly increased . Fortunately, 
caking tendency and extreme friability are not encountered in the same coal. 
Also fortunately, under any set of fuel bed conditions, the minimum shear 
strength to support the bed decreases inversely with vessel diameter, so that 
variations in bulk shear strength tend to be in~ignificant in commercial scale 
gasifiers. 

The experimental methods reported here are extremely simple, even prim­
itive, and easy to replicate. The thermal and mechanical friability are 
characteristic of a given coal. The permeability and shear strength are 
determined mainly by the particle size and to a lesser extent by particle 
ghapP. Thus there is not likely to be detectable difference between these 
latter variables for any two coals that break down to roughly Lhe ~&me shaped 
parti cles. It is possible that a more isotropic anthracite, for instance, 
that fractures into "pebbly," less flat fragments, may have a different per­
meability and structural characteristics than a lignite of the same particle 
size range. Of the measurements reported here , i l i ~ lhe friability or degre~ 
of comminution under a given sequence of thermal and me chanical abuse, that 
determines the particle si~e distribution , which is the pri mary determinant of 
shear strength and permeability. 

The experiments reported here were done with very limited, low-priority 
man-hours and funding for the intrinsic scope of the subjecl matter. They 
serve to define a family of related mechanical variables and minimal methods 
of measuring them, rather than complete data arrays lo establi sh fundamental 
correlations. Results persistently revealed the importance of unanticipated 
variables in attempting to predict completely the behavior of a given coal in 
a settling bed gasifier. It became apparent that a complete array of tests to 
characterize various coals and to predict pressure drop reliably through a 
gasifier for a given fuel bed size distribution would consume many time the 
man-hours expended on this project. The data are therefore presented as a 
sampler of the range of the mechanical properties of coals that can affect 
their performance, to give an overview of the relative impact of each. 

The work on shear strength and permeability was done with a North Dakota 
lignite from the Indian Head mine, which UNDERC has used for the past 3 years 
as feed to a pilot scale, settling bed gasifier, providing operating exper­
ience for correlation with the physical property data reported here. Typical-
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ly, this eoa] analyses 25-32 p e t moisture, 6 pet ash, and 28 pet volatiles . 
Ultimate analyses run 67 pet carbon, 4 pet hydrogen, I pet nitrogen, and 8 pet 
sulfur on an ash and moisture free basis. 

FREE SLIDING SHEAR STRENGTH 

In the fuel bed model of Figure 16-1, the shear force that can be sus­
tained at any point in the material is in some proportion to the normal or 
perpendicular stress applied to the shear plane, which in turn is a result of 
the degree of consolidation of the compacted region. For any given compres­
sive stress, the resulting shear strength is a bulk property of the material. 
Comparing diffe r ent materia ls, it is a measure o f t heir relative probability 
of form i ng a stable br i dge or dome. Knowing that e xcessive dust in a gas­
ifier's fuel bed results in severe settling problems, the purpose of the 
following tests was to relate the shear s trength of a typically friable lig­
nite to the particle size range. 

Figure 16-2 shows two variant s of the simple di r ect shear tester used fo r 
these tests. Establish~d procedures for predicting flowabil i ty of fine so l ids 
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(4) to date have used a standard shear test cell of about three inches in dia­
meter, yielding consistent results for materials below 20 mesh (.79 mm or .031 
inch) which behave as uniform substances, the test cell diameter being roughly 
a hundred times the largest particles tested. In the case of feed to the 
UNDERC gasifier, the specified feed range is -3/4"+1/2" ( -19+13 mm) for a 
minimum vessel ID of only 16", or only 21 times the maximum particle size. It 
is obvious that examination of this material requires a bigger test cell than 
the standard three inch (76 mm) unit. Even the 8.375" (203 mm) cell of Figure 
16-2 is only 11.2 times the maximum particle size tested, raising the question 
of whether the data describes a "substance" or a random assortment of objects. 

Initial tests were done with the completely unconstrained device of 
Figure 16-2A. The tendency to scatter the sample and weights randomly about 
the immediate area of the laboratory upon s.hear failure motivated the design 
of the semiconstrained design in Figure 16-2B. The adding of constraining 
rollPrs imposed further, nonyielding vertical force~ uu the sample, rc~ulting 
in more erratic data but yielding insighL lulu the mechanism ot shear failure. 

Initial data, using the unconstrained shear test cell, for two adjacent 
size ranges of crushed lignite are shown in Figure 16-3. The lines represent 
a visual best fit, consistent with established theory (4) developed for finer 
solids, which predicts a straight line starting from some minimum shear stress 
intercept. While the semiconstrained cell was neater with respect to its 
operation, the resulting data were more erratic, as shown in Figure 16-4, with 
two particle size ranges further separated than in Figure 16-3. The salient 
feature of both of these sets of data, however, is that the shear strength for 
the smaller sizes tested is conspicuously lower than for the larger size. This 
would indicate that, on the basis of shear strength alone, a fixed bed gas­
ifier should be able to consume its feed somewhat faster or more swuulhly if 
the feed were ground finer than conventionally specifieu, neglecting the 
effect of reduced permeability. 

A further test on the sem1constrained sheaL Lell, using a 50 pet mixture 
of the two size ranges, yielded the data of Figure 16-5, added to that of 
Figure 16-4. Note that the new points appear to follow the same line as those 
of the finer size range of Figure 16-4. This tends to confi rm the general 
presumption from fine particle flow theory that the shear behavior of mixtures 
is dominated by that of their finer components . 

During all of the above tests, there was observed considerable vertical 
deformation, normal to the shear plane, LefuLe and during actual &hear fail­
ure. When this complex motion, including beth vertical displacement and 
rotation, was semiconstrained, as in Figure 16-2B, higher shear forces were 
required, at each compressive load, to achieve shear failure. A plausible 
model of the failure mechanism is sketched in Figure 16-6. Starting with a 
randomly packed mass of crushed material (16-6A) a shear force is applied to 
deform the sample, resulting in some reorientation of particles in the dir­
ection of shear, with a small vertical reduction (16-6B). With further in­
creased shear force, failure along the shear plane can only occur if the upper 
part of the sample can literally climb over the larger particles along the 
shear plane, resulting in a substantial vertical expansion. This is shown in 
16-6C, where complete shear failure is resisted by only a single particle, 
which will require further applied shear force to either rotate or break it. 
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The ~hove shear mechanism is evident in the deformation measurements of 
Figure 16-7. Note that the plastic deformation curves do not preceed smoothly 
to shear failure, indicated by the'ir slope approaching infinity, but get there 
by jerks and stops, as individual particles are rearranged along the shear 
plane. The pattern was essentially identical for all three size ranges shown 
in Figure 16-3 and 16-4. The vertical displacement of the floating lid and 
weights (See Figure 2) was extremely erratic, nonrepeatable and varied greatly 
from one. position on the lid to the next. It was consistent, however, as 
sketched in the crude approximation at the bottom of Figure 16-7, in that 
every measurement showed first a slight consolidation and then a much larger 
vertical expansion at or just before shear failure. 

It is apparent then, form Figures 16-6 and 16-7, that shear failure 
cannot occur unless the associated normal stresses can be relieved by some 
displacement perpendicular to the shear plane. To demonstrate this further, a 
final experiment is reported in Figure 16-8, using a completely constrained 
shear t:ell. Here the floating lid was held down so that no vertical stress 
relief was possible. Increasing shear stress was applied, with the load cell 
initially zeroed. The result was an increasing, induced compressive stress, 
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without ever achieving shear failure. In Figure 16-8, these data are compared 
with unconstrained shear strength data for the same sample. The line indi-' 
cates the border between the shear stre~gth as a function of compressive 
stress and the ·induced compressive stress as a function of shear stress. The 
experimental scatter in the induced compressive stress measurements indica~es 
significant rearrangement and consolidation during variation of the applied 
shear stress, which was done several times over the range of the apparatus. 
At no point, however, did this result in enough internal stress relief to 
permit any gross motion along the shear plane. Intuitively, from inspection 
of Figure 16-6, the necessary normal stress relief should be at least equal to 
the minimum dimension of the largest particles, which is con~istent with the 
approximate range shown for the semiquantitative data at the bottom of Figure 
1.6-7. 

In an actual packed column, however, where the shear planes are vertical 
and the normal compressive forces are radial, the material is most nearly 
approximated by the completely constrained condition simulated in Figure 16-8. 
This is especially true in a small column, with a small ratio of diameter, D, 
to particle size, d. With increasing D/d ratios, as in commercial scale 
gasifiers, the required radial compression for stress relief, expressed as 
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6y/U becomes smaller and more easily achieved. For the conventional, uniform, 
slug flow model to be valid, the material must be in a uniformly incomplete 
state of consolidation, such that the essential stress relief· can be accom­
modated by rearrangement of particles across the vessel. The problems arise 
with the formation of impacted zones, as in Figure 16-1, where stress relief 
is possible only at the bottom of the zone, as the ceiling of the dome drops 
off, single particles at a time. Where the "bubble" is not in fact a cavity, 
but merely a filled volume of low density, it can impede disintegration of the 
ceiling, further maintaining the impacted zone. In the case of gasification 
of noncaking (low-rank) coals in which the solids are consumed, shrinkage of 
the fuel bed occurs due to drying and devolatilization in the upper part of 
the vessel and due to the gasification .and combustion reactions in the lower 
part. The specific location of these reactions; however, will. vary with the 
durability of the temporary domes. In sport, either the dome must collapse to 
supply the reactants below it with fuel or the reactants must shift upward to 
burn out the dome, with adverse affects on process dynamics and stability (2). 
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Fixed-bed gasifiers have been effectively equipped with stirrers ~o break 
up bridges formed by caking bituminous coals. In such cases, the agglomer­
ating tendency of the coal causes even a very temporary bridge to become 
rapidly more rigid. It is analogous to a fitted stone arch that would &tand_ 
without mortar but becomes rapidly more durable as the mortar sets. When 
operating the same gasifiers on lignite, at less than their limiting capacity, 
stirrers are not necessary and generate excessive dust, due to mechanical 
attrition of the delicate feed, as discussed later. It would be desirable to 
provide stress relief in impacted zones with minimal cti.uillg of thc. fuel 'bed. 
This defines a need and opportunity for a novel approach to the design of 
stirrers. As a design variable, the bulk shear strength need not be included 
in normal engineering calculations for well•designed gasifiers. At the upper 
end of a settling bed gasifier's operating range, where the pressure drop 
(discussed next) approaches the bed weight, the shear strength of a moderately 
compacted mass may become significant, as indicated in Figure 16-1. Under any 
set of oed geometry, state of compaction and pressure drop, the shear strength 
required to support the fuel bed is inversely proportional to diameter. 
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In order for a settling bed gasification process to operate uniformly and 
near its maximum volumetric conversion efficiency, or even to operate predic­
tably, the gas flow must be reasonably uniformly distributed over the entire 
reactor cross section. If the fuel bed's permeability, even over limited 
areas, should result in pressure drops approaching the bed weight minus the 
local shear strength, impeded settling will occur. A self-supporting bridge 
or bubble can permit a large void space below it, reducing the gas-solid 
contact volume, radically . disrupting the vertical temperature profile and 
temporarily stopping the flow of solids. Where the bridge or bubble is not 
self-supporting, then the excessive upward pressure may relieve itself through 
some random channel of least resistance, resulting in a major part of the gas 
stream bypassing much of the fuel bed, with greatly reduced contact time and 
incomplete reaction. In an operating gasifier, this. is indicated by danger­
ously high product gas temperatures. Qualitatively, operating experience 
suggests .that channeling is caused mainly by excessively fine fuel bed ma­
terial, while stable bridges are associated mainly With excessi~e gas flows. 
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Here we shall ~xplor~ e:mpirically the relative sensitivity of pressure drop 
through a bed of crushed coal to its particle size distribution. 

Apparatus was extremely simple. A plastic cylinder of 6.5" diameter (165 
mm) by 24" (600 mm) tall was filled with crushed coal of selected, nonover- · 
lapping size ranges. Air flow through it was measured by an orifice assembly 
for the upper flow ranges and by a rotary, positive displacement gas meter for 
the lower ranges. Pressure drops through the coal column and across the 
orifice were measured by water manometers. Air flows were determined by an­
orifice flow slide rule (from Robinson Orifice Fitting Co.) for the higher 
ranges and by a stopwatch for the lower. Air was at essentially ambient 
conditions, simplifying assumptions as to density and viscosity. All data 
were logged into a processing system for computation and plotting. 

An example of the point-by-point data is shown in Figure 16-9 .. The con­
siderable nonrepeatability is due to irregularity of packing, incipient 
fluidization at higher flows, some channeling for the smaller size ranges and 
visible segregation (fines migrating to upper surface) for the wider particle 
size ranges. The onset of all these effects defines roughly the upper limit 
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of the experimental range of interest, beyond which orderly or predictable 
"fixed-bed" behavior is no longer possible. The actual column height varied 
considerably, being shorter for the finer size ranges with higher pressure 
drops. Pressure drop was recorded per unit of column height, for uniformity 
of comparison. For smaller particle sizes, there was some bed expansion. 
Also for smaller sizes, the initial bed depth varied, depending on whether the 
column was merely filled gently or rapped several times to settle the coal. 
Composites of pressure drop data for five, nonoverlapping particle size ranges 
are sketched in Figures 16-10 and 16-11. 

The packing density or weight of fuel bed in actual gasifier is highly 
variable, due to the continual rearrangement of the settling solids, not to 
mention decreasing particle densities due to drying and devolatilization, all 
complicated by shrinkage and fracturing of single particles. On Figures 16-10 
and 16-11, the weight of the coal, expressed as pressure drop per column 
height is indicated for different assumptions as to the coal's effective bulk 
density. In all cases, except for the largest size range, the upper limit of 
data was determined by some visual rearrangement of the coal surface, that is, 
spout.ing dust, expansion or size segregation. For the largest size range 
C--75"+.5" or -19+12.7 mm), capacity of the compressed air supply system was 
limiting. In all cases, it is of interest that decreasing slopes of single 
data runs (per example of Figure 16-9) and of upper limits of composites in 
Figures 16-10 and 16-11, which indicate approaching fluidization, begin as the 
pressure drop passes that corresponding to an average column density of 30 
lb/cu. ft. (40-5.0 gm/cc) ~ This establishes upper limits to applicability of 
mathematical models using any fundamental relationships derived specifically 
for packed column or "fixed-bed" systems. 

It is. readily apparent why the ideal or specified feed size range for 
settling bed gasifiers is above 0.5" (12. 7 mm) and that highly friable lig­
nites present severe capacity limitations, in spite of their being free of the 
agglomerating tendencies that are the major problem source in gasification of 
higher rank coal~. To observe qualitatively the effect of wide ranges of 
particle sizes, the highest range studied here (-19+12. 7 mm) was blended with 
25 pet and 50 pet of lowest size range (-3.4+2 mm), with the results shown in 
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Figure 16-12. Clearly, permeability is dominated oy the finest components 
present in any significant quantity. At an air flow of 1000 scfh (7.9 L/sec) 
through the sperified fuel bed material, an addition of 25 pet of the -10+20 
mesh (-3.4+2 mm) portion increases the pressure drop by 3 Lu 8 times, while a 
50 pet ~ddition would result in a pressure drop exceeding the weight of the 
column. 

To relat.e these idealized data more closely to gasifier performanc.e, 
Figure 16-13 shows size distribution for both noLmal and uuacceptahle gasifier 
feeds and their associated fuel bed condition. Curve A is typical of the· 
Indian Head lignite fed to the UNDERC pilot gasifier (1, 2). In spite of in­
adequacies of the screening and feed handling system, it is at least 60 pet 
greater than the itesi.red .5" minimum and no more than 2 pet below 10 mesh (2 
mm). Following . a normal sJlutdown (not due to the upper fuel bed' o misbe­
havior), the residual fuel in the vessel's upper two thirds typically has a 
size distribution indicated by Curve B. As an experiment during the final 
hours of one operating run (Run 4) the feed was switched to an as-ground, 
unscreened bunker of lignite, having the size distribution indicated by Curve 
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FIGURE 16-12. Perme-
ability of mixtures of 
coarase and fine crushed 
coal . 

FIGURE 16-13. Size 
distribution of gasifier 
feed and fuel bed. 

C. The gasifier was operating well within its proper capacity and even t~is 
un-sC'rP.P.ned feed caused no immediate symptoms of major bridging or impeded 
settling. After the vessel was completely filled with the new feed, however, 
the product gas temperature increased abruptly, exceeding the equipment's 
safety rating and forcing a hurried shutdown. This indicates chanelling, 
where very hot gases from the reaction zone, which exceed 2000°F (1100°C), 
bypass most of the upper fuel bed. Following shutdown, a composite of 5 
samples from the upper 10 feet of the fuel bed showed the size distribution of 
Curve D. Note the correspondence of shapes between A and B and between C and 
D. Within the area covered by Figure 16-13, the limiting specification for 
operating the gasifier could be the upper edge of composite Curve B, to the 
extent that the fuel bed size could be controlled by any means other than 
screening the feed. A composite sample of the inoperable fuel bed·material of 
Curve D was tested for permeability, with the results shown in Figure 16-14. 
Superimposed on the data of Figure 16-14 is the range of equivalent data on 
-3+6 mesh material, from Figure 16-11. It is of interest that this describes 
the middle 24-31 pet of the fuel bed material, implying that the pe.rmeability 
of a broad range of particle sizes is roughly approximated by mass median 
size. 
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Figure 16-15. The entering feed (Curve C, Figure 16-13) is thermally frac­
tured to the distribution of Curve B within the upper 4 or 5 feet, by mech­
anisms discussed later as the temperature. reaches 1000°F' (S40°C) during drying 
and devolatilization. There is presumably a size gradient in the upper few 
feet of the fuel bed, although the available sampling method made considerable 
vertical mixing unavoidable. Before the switch to unscreened feed, fuel bed 
temperatures and pressure drops had been steady at the levels shown at time 
zero in Figure 16-15. As the unscreened feed and its resulting char filled 
the fuel bed, the temperature at the 7-foot level began a slow cycling, which 
is believed to indicate formation and collapse of "bridges" or zones of re­
duced permeability (1). This coincided roughly with an increasing pressure 
drop through the same general section of fuel bed, though the pressure drop in 
the upper half of the vessel appeared unaffected. The lower end of the vessel 
normally shows a more erratic pressure drop, due to the continual rearrange­
ment of the char as it is consumed in a violent, fluidized zone in the lower 
foot or so. In Figure 16-15, the observed pressure ·drops are expressed in 
parentheses as LlP/depth over vertical range spanned by the pressure drop 
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measurements. Comparing these with the column weight limits in Figure 16-14, 
note that the pressure drop in the middle 3.7 feet was enough to render this 
section of fuel bed weightless for the last 2 hours of operation, even ig­
noring any additional support from the materials' shear strength which con­
tributed at least another .OS psi/ft, at the vessel diameter of 22", and 
possibly several times as much, depending upon the degree of compaction. In 
the final 10 minutes of operation, the mid-section pressure drop rose to 9.4 
"H20/ft, which is enough to support itself, even at an assumed maximum density 
of 50 lb/cu ft. The apparent result was that a major portion of the upper bed 
became temporarily weightless and rearranged itself to permit a path of least 
resistance to the surface, releasing product gases to the discharge line at a 
dangerous 1300°F+ (700°C). Why then, during this scenario, was the upper 8.4 
feet of the fuel bed so serenely unaffected by the violence immediately below 
and even passing through it, as suggested by its remarkably unvarying pressure 
drop and temperature? The effect on coal's structural properties of drying and 
devolatilization, which are completed in this zone, are described in the 
following section. 

FRIABILITY - THERMAL AND MECHANICAL 

Having reviewed the effects of particle size on settling behavior of 
coal, we now consider some key properties of specific coals that determine 
their relative suitability as gasifier feed stocks. Specifically, the shift 
in size distribution of a specific coal during heating and mechanical abrasion 
will determine its particle size distribution as a fuel bed material. 

As brittle solids are subjected to mechanical tumbling, size reduction 
proceeds by several mechanisms. According to fundamental brittle fracture 
theory, when particles of a given size distribution are subjected to impact or 
crushing action, all particles . will break into a roughly equal number of 
smaller particles of an identical relative size distribution. The result is 
parallel shifting upward of a standard size distribution curve. As an ex­
ample, Figure 16-16 shows the result of an equal, mild tumbling action on two 
different size distributions of the Indian Head (North Dakota) lignite com­
monly used as feed to the UNDERC gasifier. In both cases, the line was 
shifted by a roughly equal vertical displacement, which defines the mechanical 
friability of a given material. Replication of tests on one sample indicates 
high repeatability. 

As any brittle solid is heated, thermal fracturing occurs by differential 
expansion of the outer and inner portions of each particle or of internal 
components of different composition. Where any devolatilization takes place, 
as in the case of lignites that typically contain over 30 pet moisture, the 
expanding vapors push apart the particles along their planes of weakness 
around the pores wherein the water is contained. Furthermore, removal of 
chemically bound water from the molecular structure creates further points of 
weakness. At higher temperatures, removal of volatile organics produces 
further, similar effects. While all the micro-mechanisms of thermal fracture 
form ari extremely complex package of interrelated phenomena, beyond the scope 
of this work, their combined result follows very closely the same size dis­
tribution behavior that describes mechanical brittle fracture. An example is 
shown in Figure 16-17, in which two samples of the same Indian Head lignite 
were heat~d Lo 1000°F (540°C), driving otf all moisture and essentially all 
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FIGURE 16-16. Mechanical 
friability of Indian Head 
lignite . 

FIGURE 16-17. Thermal 
friability of Indian 
Head lignite. 

volat:il~ organics. Not.e that the resulting degree of comminution is substan­
tially greater than for mechanical tumbling alone, p~t: Figure 16-16. When the 
devolatilized char is subjected to the same mild tumbling action, however, the 
degree of de~truction is far greater, as indicated by the upper line of Figure 
16-17. This combined friability predicts what can he e~pected of a given coal 
in a gasifier fuel bed. 

To compare the relative cold mechanical, thermal and combined friability 
of a different coal, Figure 16-18 shows on one plot the equivalent test data 
for a single sample of Elgin-Butler (Texas) lignite. Note that; the cold 
tumbling shifted the line far less than in the case of the Indian Head lignite 
(Figure 16-16). Thus the Elgin-Butler is said to have a lower mechanical 
friability. Note, however, that the Elgin-Butler shows a change in shape of 
the curve, rather than a vertical shift alone, specifically indicating a 
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FIGURE 16-18. Mechanical 
and thermal friability of 
Elgin-Butler lignite. 

preferential generation of relatively fine particles, rather than equally 
probable fracturing of the largest particles. This provides a measure of 
deviation from ideal brittle fracture theory, indicating that Elgin-Butler 
lignite is less homogeneous or less isotropic than the Indian Head lignite, in 
some way that leaves it more subject to abrasion than to impact or compressive 
destruction. When heated, however, comparison of thermal and combined fri­
ability curves in Figures 16-17 and 16-18 indicates the Elgin-Butler lignite 
to be significantly more subject to thermal damage than is the Indian Head. 
Figure 16-19 shows the thermal and combined friabilities of delicate Spring 
Creek subbituminous coal, which are indistinguishable from those of a lignite. 
Absaloka sub bituminous, on the other hand, in Figure 16-20, shows· a barely 
detectable shift in its size distribution curve with heating alone and a 
pattern of combined friability (tumbling after heating) that indicates a 
susceptibility to abrasion more than to impact or compressive failure. In 
short, the rank of a .coal does not necessarily coincide with its mechanical or 
thermal friability, although higher rank coals tend to be more durable. 

The difference in shape of the initial curve in Figure 16-20 merely in­
dicates that the sample was ·first screened to -20+7 mm, eliminating the fines 
that define the left end of the previous curves. The shift without distortion 
during heating, indicated here by narrow ranges rather than single lines, 
confirms that thermal comminution of Absaloka coal follows ideal, brittle 
fracture theory. Upon tumbling after heating, however, there is a deviation 
from ideal behavior, favoring dust-forming abrasion over massive fracturing. 
A similar thermal friability study (5) of a dozen nonagglomerating, Wyoming 
bituminous and subbituminous coals also showed an upward shifting of size 
distribution plots by varying amounts. That study (6) was done entirely with 
-8 mesh (0. 093 inch, 2. 3 mm) material. Sieve analyses down to -200 mesh 
indicated essentially ideal brittle fracture behavior over the en.tire size 
spectrum. 

Thermal comminution of higher rank coals may be retarded by their ag­
glomerating tendency. This property, or set of related properties, can be 
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FIGURE 16-19. Thermal 
friability of Spring 
Creek subbituminous coal. 

FIGURE 16-20. Thermal 
friability of Absaloka 
subbituminous coal. 

described in part by their coke shear strength (1) and the Free Swelling Index 
(ASTM Std. D 720-5 7). In actual gasifier performance, a Utah (Emery) sub­
bituminous coal with an FSI of only 1. 5 to 2. 0, on a scale of 0 to 9, tended 
to agglomerate into large, continuous, stable masses, under operating condi­
tions of the UNDERC gasifier (1), completely offsetting the desirable effects 
of its relatively low mechanical and thermal friabilities. Friabilitiy tests 
of this coal are revealing. Figure 16-21 shows simply that the raw, pre­
heating mechanical friability is lower than for the Indian Head, Elgin-Butler 
and Spring Creek coals. (No such test was done for the Absaloka.) The Emery 
coal's mildly caking nature shows up in the thermal friability data of Figure 
16-22. Here the downward shift of the curve indicates the extent to which ag­
glomeration more than offset comminution, forming larger particles rather than 
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FIGURE 16-22. Thermal 
friability of Emery sub­
bituminous coal. 

smaller, though some fine dust was liberated. The larger particles were 
visible conglomerates, formed of initial particles, slightly smoothed, loosely 
stuck t.ogetlu~r. Such a coal, with a free swelling index greater than one, 
defines the upper limit of nonagglomerating coals, whose thermo-mechanical 
behavior can be defined by thP.ir. free-sliding bulk properties. Figure 16-22 
suggests, however, that this limit is not abrupt but indicated by a smooth 
transition, in which the thermal friability, defined here by a shift in the 
size distribution curve, simply becomes negative. It may be that extending 
this test to other mildly caking coals may indicate some correlation between 
the negative mechanical friability and the standard FSI. This defines an 
unexpected dimension to the project's scope. 
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Also unexpected was the curve shift during tumbling after devolatiliza­
tion of the Emery subbi tuminous coal, also shown on Figure 16-22. It indi-

·cates a far more friable material than the raw coal, per Figure 16-21, which 
is consistant with the embrittled coke of other coals, per Figures 16-18 
through 16-20. The fact that the shape of . the li~e is preserved indicates 
ideal, brittle-fracture behavior, which is intuitively surprising when re­
calling that the newly formed composite lumps are now held together by inter­
nal structures quite dissimilar from the original coal. 

It would have been desirable if all the above tests could have been 
conducted on initial samples of uniform size distributions. However, a con­
spiracy of seemingly trivial problems in logistics and equipment availability 
precluded obtaining adequate samples of all coals in repeatable size ranges 
approaching the 40 pet to 70 pet, -0.75"+0.50" (-19+12.7 mm) normally used for 
gasifier feed. While the curve shifts of Figures 16 through 22 tell a lot 
about the mechanical and thermal fracture mechanisms of coal, it was initially 
intended to compare all coals tested with ~ingle numerical data points, by 
performing all tests on standard -0. 75" +0. SO" samples, reporting mechanical, 
thermal and combined friabilities as the fraction reduced to -0.50" (-12.7 
mm); for condensed tabulation and comparison. A similar tumbling test of 
mechanical friability is ASTM Std. D 441-45, which calls for -1.5"+1" sample. 
The smaller range selected here, -0. 75"+0. 5", was selected because it is also 
the feed specification for the UNDERC pilot gasifier.· Tumbling was done in a 
jar mill with baffles identical to that specified by D 441-45. An earlier 
work (1), comparing Indian Head lignite and Emery subbituminous gasifier feeds 
by this single point test reports the following: 

lndian Head Emery 
Lignite Sub bituminous 

Mechanical 
P'riabiliLy, % 38.7, 37.9 17. 2, 19.0 

Thermal 
FriabillLy, % 04.9, 07.0 9.6 

Combined (Tumbling 
after thermal 
test), % 97.3 62.9 

An example of single point characterization of coals with respect to 
their mechanical friability is given in Figure 16-23, to illustrate its depen­
dence upon yet another structural parameter, the initial dryness. This is not 
to be confused with the effect of destructive drying at high temperatures, 
reflected in the combined friability curves of preceding figures. Here the 
mine-fresh samples of -0.75"+0.50" coal were gently dried at 140°F (60°C) for 
increasing multiples of roughly 30 minutes, following which the moisture 
content was determined and correlated with the single point definition of 
mechanical friability in Figure 16-23. This amounts to another dimension to 
the plots of mechanical friability in Figures 16-16, 16-18, 16-19, and 16-21. 
It also tells us that any meaningful comparison of mechanical friability 
curves for two coals will require that both be mine fresh or at least no drier 
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than they would be if/when fed into a gasifier. (In nearly all the work 
reported here, samples were mine fresh and kept in sealed containers until 
used.) The curves of Figure 16-23 convey more information about the .structure 
of coal and mechanisms of bonding or entrainment of moisture than current 
theory can explain. The changes in slope, for example, indicate that the 
first and last water driven off from the Spring Creek and Indian Head samples 
had less disruptive effect on. the particles' mechanical integrity than did the 
water removed at around 80 pet of the total present. 

The Elgin-Butler sample, on the other hand, showed no such behavior. 
That is not to say, however, that the Elgin-Butler sample could not have had a 
still higher initial moisture content than the 34 pet determined here, some of 
which was lost during mining and packaging. Therefore, future measurements 
like those of Figure 16-23 must include some knowledge of the samples' origin. 
The Indian Head sample was taken from a railroad car received for gasifier 
feed, with a minimum of storage between mine and loading, while the Spring 
Creek subbituminous was collected directly from the mine face by a geological 
sampling team, expressly for this and other research conducted by the Coal 
Science Division at UNDERC. 

Another important factor in the settling behavior of coal during heating 
is its volume change. For higher rank coals, a key property is the Free 
Swelling Index, a rough measure of the amount by .which they swell during 
softening, pyrolysis and/or devolatilization, occurring between about 500° and 
1300°F (260° to 700°C) in a neutral atmosphere. It is a good indication of a 
coal's coking or agglomerating tendency. Lignites and other nonswelling, 
nonagglomerating coals are arbitrarily assigned an FSI of one. In reality, 
lignites actually shrink substantially under these conditions, thus defining 
fractional FSI values. For this study, a quick, simple test was to fill a 
graduated cylinder with crushed lignite, -2+10 mesh ( -10+2mm), settled to 
maximum compaction by tapping, and note its volume reduction after heating 
(drying), again settled by tapping. Indian Head lignite consistently showed a 
shrinkage of 12 pet after a gentle, nondestructive drying at 60°C for seven 
hours. After an additional, complete drying at 105°C for 16 hours, causing 
noticeable thermal comminution, the cumulative shrinkage was 20 pet, indi­
cating the loss of further moisture, more tightly bound than that driven off 
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at 60°C. After heating to 540°C (1000°F), by which temperature most pyrolysis 
is complete, the total shrinkage was 35 pet. This defines an approx1mate FSI, 
perhaps better called the Free Shrinking Index, of 0.65. 

The implication of volumetric shrinkage for the data of Figures 16-17 
through 16-23 is that observed phenomena are not purely thermal and mechanical 
comminution, since some part of the size reduction is due to shrinkage of 
individual particles, in addition to breakage a.lone. The distinction is more 
important from an academic than a practical point of view, since the shear 
strength and permeability are determined by the changes in size distribution, 
regardless of how they are achieved. Particle shrinkage becomes the.property 
of critical importance, however, in preventing bridging in perhaps the entire 
upper half of a lignite fuel bed, where drying and pyrolysis are not yet 
complete. From Figure 16-8, we observed that unless there is some freedom of 
motion normal to a shear plane, for relief of compressive stresses; the ef­
fective · shear strength of a compacted solid ca·n reach relatively enor111ous 
values, precluding shear failure. This appears to be what nccurs in a filled 
cylinder, where there is no room for expansion in the radial dimension, normal 
to the vertical shear planes. ReLu1.ning now to the g;:~::;ifier failure scenario 
of Figure 16-15, the high pressure drop through the middle 3.7 feet, and·the 
temperature range at which drying and pyrolysis or devolatilization are com­
plet.e but gasification (H2 0 + C -+ H2 + CO) has not yet started, all suggest a 
compacted mass of stable char, with no means of internal stress relief short 
of the reaction zone shifting upward to consume it. Since the pressure drop 
throug~ this section was greater than its weight, it remained stable only 
because it had settled into place with a channel of relatively enhanced per­
meability through it. This condition presumably described the 3.7 feet 
Gpanned by t.he differential pressure taps plus perhaps another foot or two, to 
snme ·level at which the bed temperature was roughly 1000°F (540°C). Ahove 

_that level, drying and pyrolysis would SL1ll .have been in progres~> resulting 
in a constantly_ shrinking, and thus uncompactable mass; which would explain 
the low, steady pressure drop. That is, the mass of shrinking coal, not yet 
char, was . conliuu.ally rcnrrangi.ng ir.~;Pl f, <:Jllowing the coll;,psP of any local 
impervious or structurally stable concent.rations. Although the high, terminal 
product gas temperature indicates a channel through this section, the low, 
stahl~ pressure drop suggests that the channel remained quite generous for the 
gas flow, due to the freely shifting coal, and probably limited to a location 
directiy above a more constricted channel in more rigidly compactf>il coke layer 
beneath it. . 

Earlie.r operating data (1), with gas production and steaJil-oxygen injec­
tion rates per vessel cross section of nearly twice those of Figure 16-15 
showed· a far more violent but similar relation between the two upper zones. 
The middle or stable l:Oke zone showed violent vertical temperature excursions 
and pressure drop peaks, corresponding to periods of roughly an hour during 
which stable bridges, partly supported by the excessive pressure drop, would 
eventually collapse only when the oxidation-combustion zone climbed the column 
to burn them out from below, indicated by temperatures of 2000°F (1100°C) at 
the seven fooL level. The upper zone, mPanwhile, consistently showed high 
temperature peaks that were far less excessive and started much later, though 
the combined pattern resulted ultimately in the same shutdown scenario. The 
UNDERC gasifier is a thirty-year old relic of preliminary phases in the de­
velopment of slagging, fixed bed gasification. It is now apparent that the 
ratio of height to diameter is far greater than ·necessary, and that if it were 
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four or five feet shorter, the superfluous middle section of stable, compac­
table char would not exist. A fuel bed of optimal or minimal depth, on the 
other hand, is more prone to burn-throughs with less severe upsets in the 
height of the combustion-gasification zone. 

CONCLUSIONS AND RECOMMENDATIONS 

The scope of this work to date has not permitted orderly experimental 
planning to include the full range of mechanical properties of crushed coal. 
It does reveal, however, the relative importance of the various, measurable 
properties, some of which were "discovered" during the work reported. Most 
importantly, this work has established which of several properties of non­
agglomerating coals are the major contributors to limitations of design cap­
acity of gasifiers and other packed column, thermal processes. By demon-. 
strating methods for cheap, simple determination. of these properties, this 
work provides clear guidance for continued, orderly research in the area. 

CONCLUSIONS 

* Mechanical behavior of packed columns of coal during thermal processing 
is so strongly dependent on major changes in its structural properties that 
mathematical models of such processes based on the ideal, slug flow assumption 
of constant and isotropic bulk properties are essentially useless. · 

* Accepted feed size specifications for gasifier operation are conserva­
tive with respect to tolerable levels of undersize material. Gasifiers can be 
operated with finer feeds than normally specified, especially for nonfriable 
coals, if their thermal and mechanical friabilities and voluuietric shrinkage 
are predictable. 

* The pressure drop through a bed of material with a broad range of 
particle sizes is dominated by the finer particles present, to a degree well 
beyond their weight fraction of the mixture. 

·k The relationship between free sliding shear strength and normal or 
perpendicular compressive stresses for coarsely crushed coal is similar in 
form to established theory for finer materials. The shear strength of mix­
tures is dominated by the finer components present. 

* The primary effect of particle size on ·the settling rate of packed 
solids in gas-solid contact operations is on permeability rather than on shear 
strength, the latter becoming a crucial factor only when pressure drop through 
a packed bed approaches the weight of the solids, which situation exceeds 
normal, stable or recommended design practice. Furthermore, the contribution 
of shear strength to the stability of an impacted zone is inversely propor­
tional to the vessel's diameter. 

* The relative suitability of nonagglomerating coals as gasifier feeds is 
dominated by their thermal and mechanical friabilities. Simple tests can 
predict and compare the shift in particle size for different coals subjected 
t.o the same degree of thermal and mechanical abuse. The shape of the re­
sulting size distribution curves iml.icates which co<tl s are most subject to 
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thermal or mechanical comminution, and whether they are mechanically more sub­
ject to fracture by impact and compression or by abrasion. Correlations with 
the rank of coal, between lignite and subbituminous, are not consistent. 

..,., Mechanical friability of low-rank coal increases sharply with the 
amount of drying prior to tumbling. The rate of change of mechanical fria­
bility with dryness shows striking changes in slope, believed to indicate that 
the ·removal of water bound to the coal structure in different ways has signi­
ficantly different effects on its structural integrity. 

* Lignite particles shrink during drying, having an effect on size dis­
tribution in addition to that caused by fracturing alone. The combined bulk 
volume shrinkage of lignites, through drying and pyrolysis, can reach 35 pet. 
This shrinkage is an important factor in providing compressive stress relief 
normal to planes of shear failure through compacted zones. 

RECOUMENDATION3 

While the work reported above is continuing with a minimal level of 
effort, an expanded and more orderly program could provide a valuable com­
pendium of data, completely characterizing low-rank coals with respect to 
their thermo-structural behavior. Such a program will include the following: 

* Coarse samples (say 1-2' or 50 mm) should be crushed and sieved to a 
standard size distribution curve for quantitative comparison of thermal and 
mechanical friability data. 

1( Mechanical friability, weight loss and volume shrinkage should be 
correlated for each coal through teml>erature ranges to 1000°F (550°C), to 
cover ranges of drying and devolatization. 

* Particle shrinkage should be me~sured by liquid displacement, to sep­
arate this result from the bulk volume shrinkage associated with tighter 
compaction following comminution. 

* Further permeability tests should be run, covering different blends of 
crushed coal of the same, narrow size ranges, to develop reliable predictive 
equations by which pressure drop can be predicted from sieve analyses alone. 

-f( Recognizing that laboratory permeability measurements are based on 
compacted or "fixed" beds, work recommended above' and that reported here 
should be replicated in a laboratory device where the solids are continuously 
withdrawn from the bottom of a column, more nearly simulating the actual 
behavior of a gasifier fuel bed. 

16.2.2 Pore Size Distribution 

In pursuit of Objective 2, above, work to date in observing micro-pore 
size distribution by small angle x-ray scattering is summarized by the fol­
lowing contribution by Dr. Harold Bale of the UND Physics Department. 
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INTRODUCTION 

Our recent experimental work was carried out with a Boose Hart small 
angle diffractometer. This unit which we have borrowed from Amoco Research 
Center at Naperville, Illinois, makes it possible to measure the scattering 
into one-tenth of the smallest angle that we had previously examined with our 
Beeman collimation system. Scattering measurements made with the Boose Hart 
have been performed on most of the lignite samples that we previously studied 
with our Beeman system. We have combined the two sets of data for each sample 
to obtain composite scattering curves extendin~from 0.1 to_lOO milliradians. 
The corresponding range in h is from 0. 0004 R to 0. 400 R , h = (4n sin 9 
/2)/A.. ·The most striking feature of these composite curves is that on a 
log-log graph of intensity versus angle, the curves (corrected for atomic 
scattering) have nearly a constant slope over the entire angular region. The 
significance of this behavior will be discussed in the next section. 

We have also analyzed our composite curves 
previo~~}Y ,,~ppH.,~ .. ? to our Beeman measurements.· 

~:~~:~r~.j_r~~~\~;. ·.t~~;L~ ~~ : ~·.~l ... ~· •... , ~ 
• • •'." • ; .~ •' .:~~-:;::;)~ c~ 

SAMPLE MATERIALS 

using the pore model that we 

Sample 1. Beulah· lignite obtained by standard sampling techniques was ground 
sufficiently so that the entire sample passed through a 200 mesh 
screen. This sample was prepared by the UND Energy Research Center 
and has their designation, "Beulah CPC." 

Sample 2. This sample is a size fraction of sample 1 retained on a 325 mesh 
screen. 

Sample 3. U.S. Bureau of Standards subbituminous powder sample /tl635. 

THE ANALYSIS 

Earlier we adopted a pore model for data analysis purposes similar to the 
one used by Schmidt (ACS Symposium Series 169, 1981, 1-22) which assumes that 
thP. coal contains three distinct classes of pores; macropores, transition 
pores and micropores. We have found that this model can still be used to 
analyze the composite scattering curves if two modifications are made. 1) 
Since the scattering curves now include the very small angle region where the 
scattering curve may be affected by the size of the macropores, the macropore 
term in the model equation was changed to a Lorentzian form similar to the 
transition and micropore terms. The fit of the model is improved if the 
inverse 4th power term is retained. We labeled the term, S1 /h4 , where S1 is 
the surface area of very large components such as, ash inclusions, powder 
particles anrl ver.y large pores. The model then has the form, 

I (h) = I fs1 + 
0 \ ii4 
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S , S , and S . are respectively the specific surfaces for the micropores. 
AT~o tb~ mj croflres of the parameters, g 1 , g2, and g3, are characteristic 
lengths for the three classes of pores and C is a ~onstant term which accounts 
for the atomic scattering. The fit of this model to an experimental curve 
then becomes an eight parameter least-square fit. Figures 16-24, 16-25, and 
16-26 show that the model (solid line) fits the slit corrected experimental 
points quite well over the entire curve. In the discussion that follows this 
model will be referred to as, "model A." 

It was pointed out above that if a constant term is subtracted to account 
for the atomic scattering, the corrected scattering curve is nearby a straight 
line in a log-log graph. Consequently we have fit the curves to a three 
parameter equation I(h) = A h-a + C. Figures 16-27, 16-28, 16-29 show this 
model (solid lines) fit to the experimental points for the three samples. The 
fit is best for Figure 16-28, the sample 2 scattering curve, and poorest for 
Figure 16-29~ the sample 3 scattering curve. In the discussion that follows 
thi~ .3 parameter model will be referred to as, "model B." 

PORE DIAMETER DISTRIBUTION 

We ha~e calculated a diameter distribution for both of our models. The 
results of these calculations are shown in Figure 16-30 for samples 1 and 2. 
For both samples, the two distributions are in close agre~ment. · The distri­
butions are unusual in the sense that they have neither an upper or lower 
bound for particle size and have no extremum. However, the characteristics of 
the observed scattering curves require that the distribution be unbounded or 
that the bounds be undetermined. Despite the fact that the basic premise of 
model A is the exis~ence of three classes of pores, we see that the pore size 
distribution for this model shows no indication of any maxima. The uniqueness 
of the three types of pores is therefore questionable. However, this problem 
does not invalidate the model as a means of determining the specific surface 
for coal samples. Likewise values tor t.he dunacteri:;tic lengths can be 
d~tPrmined although their exact measuring suffers from the same uncertainty as 
the distinctness of the three classes of pore~. 

THERMAL TREATMENT EXPERIMENTS 

Figure 16-31 shows our composite scattering curves for the unheated 
lignite and for the sample heated at 550°C for 4 hours. The graph clearly 
.shows that the primary effect of the heat treatment is to enhance the scatter­
ing at the largest angles. Qualitatively, this increased scattering at the 
larger an~l·es can be attributed to the creation of very small pores following 
the escape of volatile matter upon heating. The fact that. there is little 
thermal change in the scattering over the smaller angles suggests that the 
coal matrix has remained more or less intact. 
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FIGURE 16-24. Sample 1 composite data 
points fit to model A (solid line). 
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FIGURE 16-26. Sample 3 composite data 
points fit to model A (solid line). 
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FIGURE _16-25. Sample 2 composite data 
points fit to model A (solid line). 
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FIGURE 27. Sample 1 composite data 
points fit to model B (solid 11ne). 
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FIGURE 16-28. Sample 2 composite data 
points fit to model B (solid line). 
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FIGURE 16-29. Sample 3 composite data 
points fit to model B (solid line). 

FIGURE 16-30. Pore diameLeL distribution 
function, p(2) versus particle diameter 
in &. Curve 1 is for sample 1 and curve 
2 is for sample 2. The dashed lines are 
based on model A and the solid lines are 
based on model B. The two curves have 
peen displaced for c:larity. 
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FIGURE 16-31. Sample 2 composite data 
point~<> unheated sample, o sample 
heated 4 hours at 550°C in argon at­
mosphere. The data points are fit to 
model A (solid line). 
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17.1 GOALS AND OBJECTIVES 

The two main goals of the Supercritical Solvent Extraction project (SCSE) 
at the University of North Dakota Energy Research Center (UNDERC) are to: 

1. Use SCSE as a means for determining the composition of various 
molecular fractions present in low-rank coals. 

2. Evaluate the use.of the SCSE process as a method of obtaining liquid 
fuels and chemical feedstocks from coal. 

These two major areas of research have the following objectives for 
fiscal year 1983: 

1. Determine the product yields and compositions of the SCSE process as 
functions of the solvent properties (i.e. T , P , pc, and solubility 
parameters), operating conditions, solventcflo~ rate, and the res­
idence time of the coal. 

2. Characterize the E>xtract.i on products by the following analytical 
methods: 1H NMR, IR, and GC-MS on the extract, C/H ratio on the 
extract and residue, thermogravimetric analyses on the residue, and 
GC on the product gas. 

3. Determine the effects of adding reducing gases to the supercritical 
solvent or using a solvent with H-donor capabilities. 

4. Conduct basic studies on the thermodynamic properties and fluid 
behavior in t.hP supP.rcr.i tical regime p~rticularl,y with respect to 
selected solvent mixtures and recycled solvents. 

5. Perform a limited number of autoclave or tubing bomb tests using the 
optimum extraction conditions and solvents determined previously. 

Objectives for the quarterly period (July through September 1983) were as 
follows: 
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1. To continue to perform several series of experiments using various 
solvents at certain selected conditions to determine the effects of 
different operating conditions on product yields and composition. 

2. Characterize the SCSE products using 1H, NMR, IR, GC­
ratios on the extract, C/H ratio and thermogravimetric a 
the residue and the GC analyses on the product gas. 

1.7.2 ACCOMPLISHMENTS 

C/H 
s on 

Experiments on supercritical solvent extraction by benzene, toluene, and 
· water on Indian Head lignite were reported in the previous quarter (April-June 

1983). Water extraction was a massive 50 pet conversion compared to 3.8 to 20 
pet for the other solvents. It was therefore decided to concentrate on the 
water extraction. This quarterly report .. is therefore concerned with super­
critical water solvent extraction in relation to objective 1. This work also 
leads to interesting structural considerations about lignite decomposit:ion, 
which will continue to be developed in future reports. 

Address to objective 2 has been less satisfactory. All extracts pre­
sented for analysis produce problems by being rather heavy materials LhaL aLe 
only partially soluble. Powdered coal persists in the extracts, although this 
may be because of the form of the decomposition of the starting coal. These 
and related problems may result in a different approach to the product char­
acterization being developed in the future. 

Twenty-three runs using supercritical water as the solvent were performed 
during the quarter. Operating condiLiuus, bOlvent density ond percentage con­
versions are summarized in Table 17-1. Twelve runs were made to determine the 
effects of varying the coal residence time and the solvent flow rate on the 
product yields. Figure 17-1 is a plot of the coal residence time for water 
extraction versus the percentage conversion for two different flow rates. 
From this figure, it can be seen that approximately 39 pet of the Indian Head 
lignite is extracted in 15 minutes. After 15 minutes, the percentage con­
versions showed a steady increase of approximately 1.8 pet per hour of coal 
residence time. Coal residence time had no effect on the percentage yield of 
product gas. 

It appears that increasing the solvent flow rate decreases the percentage 
conversions especially at low resjd~nce time as shown in Figure 17-1. This 
suggests that the organic constituents are not reaching their equilibrium 
concentration in the solvP.nt. Solvent flow rate also had no effect on the 
percentage yield of product gas. 

The effects of varying the operating temperature and pressure were in­
vestigated by performing seven runs at 380° or 440°C ( 1 . 01 or 1. 10 TR) and 
3265, 4011, or 4815 psia (1.02, 1.25, or 1.5 PR) with a 4-hour residence time. 
Results of these runs are also summarized in Table 17-1. Figure 17-2 is a 
plot of the reduced pressure PR versus the percentage conversion at both 
reduced temperatures. 

This figure shows a slight increase in the percentage conversions with an 
increase in the operating temperature. The percentage conversion showed a sig-
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TABLE 17-1 

RUN CONDITIONS, SOLVENT DENSITY, AND PERCENTAGE CONVERSION 
FOR SUPERCRITICAL WATER EXTRACTIONS 

Solvent Solvent 
Operating Operating Residence Flow Rate Density Conversion 

Rt,m No. Temp., (OC) Press., (psia) Time, hrs @ RT (cc/hr) (o/cc) pet, (maf) 

17 380 3265 5.75 120 0.18 47.0 
18 380 3265 5.5 120 .18 33.9++ 
19 380 3265* 5.5 120 .18 43.5 
20 380 3265 4.0 120 .18 49.4 
21 380 3265 4.75 120 .18 45.4 
22 380 3265 5.0 120 .18 48.1 
23 380 3265 4.0 120 .18 43.3 
24 380 3265 2.0 120 .18 41.3 
25 380 3265 1.0 120 .18 42.1 
26 380 3265 0.5 120 .18 37.6 
27 380 3265 1.0 240 .18 34.9 
28 380 4011 4.0 120 .51 50.6+ 
29 380 4815 4.0 120 .56 46.9 
30 440 4011 4.0 120 .14 53.5 
31 380 3265. 6.0 120 .18 49.8 
32 380 4815 4.0 120 .56 50.3 
33 440 3265 4.0 120 .096 43.3 
34 440 4011 4.0 120 .14 52.9 
35 440 4815 4.0 120 .20 54.4 
36 380 3265 3.5 200 .18 49.0 
37 380 3265. 3.0 120 .18 48.2 
38 380 3265 1.0 120 .18 43.4 
39 380 3265 0.25 120 .18 38.4 

*Pressure fluctuated substantially during run. 
*;Lost some product gas. 

Used 10 micron ·sintered metal disc in extraction vessel instead of 65 micron 
discs used in other runs. 

~+Appeared to some contamination in residue causing low pet conversion. 

Yield gas 
pet, (maf) 

ND;'n'\ 
11.9 

ND 
10.4 
11.9 
6.6** 

10.9 
11.6 
13.1 
13.1 
11.1 
12.6. 
10.4 
22.2 
11.9 
12.1 
19.3 
17.0 
16.3 
12.5 

5.8";\-;'( 
ND;~ 
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nificant ~ncrehse with an increase in the operating pressure up to 4000 psia. 
Above 4000 psia, there appeared to be no significant effect on the percentage 
conversions. Figure 17-3 is a plot of the reduced density of water versus re­
duced pressure at various reduced temperatures. This figure shows the effect 
operating temperature and pressure have on the solvent density. It can be 
seen from this figure that the significant increase in the percentage con­
version with an increase in pressure was due to increases in the solvent 
density. The increase in the percentage conversion with the increase in the 
operating temperature was due to the increased thermal decomposition of the 
lignite at higher temperatures. The increase in product gas yields with the 
increase in operating temperature also indicated that significantly more 
thermal decomposition was occurring. There appeared to be no relationship 
between the percentage yield of product gas and the operating pressure. 

Figure 17-4 is a plot of the solvent density at operating condition 
versus the percentage conversion. This figure shows that for increasing 
temperatures the percentage conversion reaches a maximum at lower solvent 
densities. This agrees w~th results obtained by Jezko et al. (1) using tol­
uene to extract South African coals. 

Analysis of the solvent recovered after supercritical extraction shows 
that methanol, acetone, phenol, o-cresol and m,p-cresols are present. Table 
17-2 summarizes the percentage yields of all the identified organic constit­
uents. It appears that residence time and operating temperature had no effect 
on the percentage yields. It appears that increasing the pressure caused an 
increase in the percentage yield of the organic constituents. 

TABLE 17-2 

RUN CONDITIONS AND PERCENTAGE YIELDS OF IDENTIFIED ORGANIC CONSTITUENTS 
IN RECOVERED WATER SOLVENT 

Run No.: 20 21 24 28 29 30 

Operating 
Temp., oc 380 1RO 380 380 380 440 

37 

380 

Operating Press. , psia 3265 3265 3265 4011 4815 4011 3265 

Residence time, hrs 4.0 4.75 2.0 4.0 4.0 4.0 3.0 

Yield %: 
--····--L-

MeOH .93 .77 ND ND .84 .51 .80 
L\cetone .92 .84 ND ND .80 .68 .91 
2-Butanane .20 .20 ND ND NF .14 NF 
Phenol ND ND .40 .49 .68 .42 .63 
a-Cresol ND ND .07 .16 .25 .17 . 17 
m,p-Cresol ND ND .18 .25 .34 .25 . 17 
m/ 2 K ND ND .23 

ND = Not Determined 
NF = Not Found 
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Table 17-3 shows the CHN analysis for the original Indian Head lignite 
and supercritically extracted residue and the resultant extract. From the CHN 
analysis, it can be seen that the hydrogen-rich portion of the lignite is 
extracted while the hydrogen-lean portion of the lignite remains in the res­
idue. It can also be seen that the extract is lower in ash than the original 
coal. 

TABLE 17-3 

CHN RATIOS FOR ORIGINAL LIGNITE AND SUPERCRITICAL H20 
EXTRACTS AND RESIDUES (DRY BASIS) 

c H N Ash 

Individual lignite 67.31 3.93 1.18 6. 74 
~r.~F. ?0 rt>siclue 75.15 3.51 1.20 10.0 
SCSE 20 extract 64.54 6.88 0.80 2.5 
SCSE 21 residue 73.25 3.39 1.10 10.1 
SCSE 21 extract 69.32 6.16 .1.0 2.4 

A single point nitrogen surface adsorption system was used to determine 
the effect of supercritical extraction on the initial lignite structure. The 
surface .areas for the residues ranged from 13 to 17 m2/g while an unstable 
result was obtained for the original sample. This unstable re::;ult was pos·· 
sibly due to activated diffusion into Lhe "iuk bottle" pores prc3cnt in the 
unreacted coal. This result leaves a question. Does the water extraction of 
tars leave behind a psuedomorph crystalline structure related to the original 
Indian Head lignit.e? · The alternative would ·be a brolccn down particulate. 
residue, with perhaps some sub-micron coal particles escaping into the ex­
tracted resins. 

17.3 REFERENCES 
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18.1 GOALS AND OBJECTIVES 

.G.M. Schelkoph 
J.P. Hurley 

R. Hefta 

The primary· goal of the Pyrolysis and Devolatilization project is to 
determine the product compositions, mechanisms, kinetics and thermodynamics of 
the pyrolysis or · devolatilization of low-rank coals under heating rates, 
particle sizes and atmospheres typical of low-rank .coal processing. A second 
goal of this project is to use the pyrolysis experiments as the basis of an 
understanding of reactivity .and effluent production from fixed-bed gasifica­
tion. 

The objectives ·of the project during this reporting period were· to:· 

1. Continue preliminary experiments in thermal a11;alysis equipment and 
the small pyrolysis reactors. 

2. Continue construction, design and installation of. a large scale 
(1-lb sample) t.hermogravimetric analyzer. 

18.2 ACCOMPLISHMENTS 

18.2.1 Small Scale Pyrolysis Experiments 

Small scale (30-60 gm) pyrolysis experiments were performed on Indian 
Head lignite. At present not all the.supporting.analytical work is complete. 
The effects of particle size, moisture content·, heating rate and nitrogen flow 
rate were considered. The .reactor was a steel tube which contained a porous 
plug of lignite.. Various traps were used to condense and collect reaction 
·products for analysis. The optimum hot. zone of the tube ·was located by an 
internal thermocouple. In more recent expe:ci.mP.nts a second thermocouple was 
located on tne outside of the tube. 

The conditions of the experiment are not entirely obvious, as shown by 
Figure 18-1 which is the temperature rise of the empty tube. Figure 18-2 
shows the pyrolysis profile of Indian Head for 1/2 inch size, 8 mesh, and 8 
mesh freeze-tlri Pel. Figure· 18-3 shows a. comparison of Run 3. The coincidence 
of T. (Internal) for tests with 1/2 inch size lignite and a blank run with no 

1 
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coal suggests that no real conducting path existed to the thermocouple, which 
behaves as if in a radiation enclosure. The temperature of the lignite is 
therefore unknown and heat conduction from ],ignite t.o thermocouple may not 
occur. Heat transfer between lignite and thermocouple appears to occur for 
the 8 mesh samples. The moisture content of the lignite can hold down the 
lignite temperature to around 130°C for as long as 15 minutes (depending on 
the mass of sample), by which time the furnace should have reached a temper­
ature·above 600°C. The resultant temperature exposure of the lignite may then 
become rather complex. Figure 18-3 shows the external temperature. Figure 
18-2 shows that extensive freeze-drying can remove a large amount of the water 
from Indian Head. Figure 18-4 shows some results for Beulah high-sodium 
lignite, where the effect of the water content was quite different. The steel 
pyrolysis tube appears to act like a DTA system where the endothermic. and exo­
thermic reactions are ·large enough to modify the temperature rise program. 
The above effects are a guide to possible problems with the 1-lb Large Sample 
Thermogravimetric Unit. A quartz tube reactor using 5 gm of lignite is now 
being tested to see if smaller samples and different tube material affect the 
resulls. 

18.2.2 Thermogravimetric Analysis 

The 130°C water loss of Indian Head lignite was of interest in relation 
to . 250°C drying of coal reported previously. Figures 18-5 and 18-6 show a 
slow temperature rise program on the DuPont TGA Analyz_er. The early weight 
loss around 100°C is probably water. The rate of dehydration may be too slow 
for the 5°C/min temperature program. The Indian Head lignite was essentially 
stable at 200°C. Figure 18-7 are approximations to isothermal weight loss 
curves in that the rise to a steady temperature was performed as quickly as 
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possible. These curves indicate that other volatiles are given off soon after 
200°C. Interpretation of the thermogravimetric curves becomes uncertain at 
these extended, times and elevated temperatures. The reason is that side 
reactions with residual water vapor and oxygen in the TGA will become sig­
nificant in relation to pyrolysis reactions of a 20 mg sample of carbonaceous 
material. For example, the higher surface area material (curve IS mg2 g - 1 ) 

obtained from the residue of supercritical water solvent extracted Indian Head 
was reduced to ash by reaction with wat~r vapor or oxygen occurring as impur­
ities in the atmosphere of the TGA apparatus. Similar problems occurred with 
a test sample of a highly reactive coal-based activated carbon. 

18.2.3 Large Sample Thermogravimetric Unit 

An apparatus has ·been designed to allow pyrolysis of samples of up to 1 
lb of coal at temperatures to 1000°F and pressures to 1000 psi. It will be 
pooGible to rnn experiments over a matrix of varioblcG including pressure, 
heating rate, particle size, final temperature, arid atmospher~ compoaition. 
The sample container will be suspended from a load cell to obtain weight loss 
data as a function of time (or temperature). The outlet of the main vessel 
will be able to accommodate a variety of condensers or traps to collect 
samples of tars, water, or oils. Provisions will also be available for on~ 
line gas analysis. The internal features of the unit can be changed easy, in 
order to accommmodate sample containers or reaction chambers of various con­
figurations. When complete, this apparatus will be a very versatile unit 
capable of obtaining thermogravimetric data over a range of sample weights and 
pressure_s not normally accessible in laboratory-scale equipment·. 

The· main pressure vessel has been fabricated. Virtually all of the 
internal parts that are commercially ava1.lable have been ordered. Some non­
commercial i terns have been des1.gned and fabL·icated. The vessel is being 
tested for compliance with design specifications· and assembly and check-out of 
the outer unit is in progress. An inner reaction vessel is being fabricated· 
and various spring support systems evaluated. 
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