
DOE/FE/60!81-225 

PM~ESS ~ECYCLE TEST/INDIAM SEAD LI6mlTE 

Clifford R. Porter 

Carbon Resources, Inc. 
4891 Independence Street, Suite 130 

Wheat R/dge, Colorado 80033 

and 

Melanie D. Hetland, Curtis L. Knudson, John R. Rindt, and Warrack G. Willson 

University of North Dakota Energy Research Center 
Box 8213, University Station 

Grand Forks, North Dakota 58202 

Work Performed U n d e r  Contract No. DE-PC21-83FE60181 
For 

U. S. Department of Energy 
Office cf Fossil Energy 

Morga~town Energy Technology Center 
Grand ~orks Project Office 
Grand Forks, North Dakota 

and 

Electric Power Research Institute Contract No. 2655-3 
Palo Alto, California 

F o r  P r e s e n t a t i o n  a t  t h e  
Fourteenth Biennial Lignite Symposium on the 
Technology and Utilization of Low-Rank Coals 

Dallas, Texas 
May 18-21, 1987 



DISCLAI~ 

This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States nor any agency thereof, nor any of 
their employees, makes any warranny, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeuess~ or usefulness of 
any information, apparatus, product, or process disclosed, or represents tha~ 
its use would not infringe privately owned rights. Reference herein to any 
specific co-,~erclal product, process or service by trade name, mark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or 
any azeney thereof. The view~ and opinions o~ authors expressed herein do not 
necessarily state or reflect those of the U iced States Government or any 
agency thereof. 

PATENT STATUS 

This technical report is being transmltted in advance of DOE patent clearance, 
and no further diss~miffation or publication will be made of the report without 
prior approval of the DOE Patent Counsel. 

TECHNICAL STATUS 

This technical report is belnE transmitted in adva=ce of DOE review, and no 
further dissemination or publication will be made of the report without prior 
approval of the DOE Project/Program Manager. 



CHEMCOAL PROCESS RECYCLE TEST/IlqDIAN'HZAD LIGNITE 

by 

C. R. Porter 
Carbon Resources, Inc. 

M. D. Hetland, C. L. Knudson, J. R. Rindt, and W. G. Willson 
University of North Dakota Energy Research Center 

ABST~%CT 

This report details work at the University of North Dakota Energy Research 
Center (UNDERC) demonstrating the ChemCoal Process as applied to Indian Head 
lignite in a full solvent recycle to lined-out, steady-state operation. The 
ChemCoal Process uses chemical methods to transform coal into clean solid and 
liquid products. The process features low-severity conversion (temperatures 
less than 340°C; pressures less than 12.4 ~/~a (1800 psig)) of coal in a 
phenolic solvent, with an alkali promoter and carbon monoxide reductant. The 
work presenued in this report was funded by the united States Department of 
Energy (DOE) through UND/DOE Cooperative Agreement DE-FC2!-83FE60181, the 
Electric Power Research Institute (EPRI) Contract 2655-3, the University of 
North Dakota (UND), and Carbon Resources Inc. (CRI). 

A successful CPU recycle test to sol~ent lineout was achieved. Operation 
was maintained for 39 theoretical passes and was concluded voluntarily, l'v.e 
recycle test was primarily aimed at resolving potential process flaws identi- 
fied in a 1985 report by Bechtel Group, Inc., "ChemCoal Process Evaluation 
Study." The recycle results showed: 

ChemCoal Process conversion averaged ove r  80% of MAF coal and 
remained relatively constant. 

No loss in conversion occurred as process-derived solvent 
replaced start-up solvent in multiple recycles. 

• Excess solvent (II3Z) was generated under all conditions. 

Reductant c o n s u m p t i o n  was below 2.0 wt% of t h e  MAF coal as 
hydrogen gas. 

INTRODUCTION 

~ne ChemCoal Process originated in 1975 as a result of work performed to 
catalytically desulfurize coal. In early 1982, it was found that, under 
proper conditions, a process-derived polar solvent in the presence of aqueous 
alkali and carbon monoxide reacted to produce high yields of high-quality 
hydrocarbon products under unexpectedly mild processing conditions. 
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Thus, the ChemCoal Process uses a chemical method to separate ash and 
sulfur compounds from the organic metrix of coal. This chemical method 
consists of am ionic reaction between the coal, a phenolic solvent, alkali, 
and a reduc~ant such as carbon monoxide. The combination of phenolics and 
alkali provide a good physical solvation medium for the organics in =he 
coal. ~;hen heated to temperatures of 325°-340°C at pressures below 12.4 MPa 
(1800 pSIE), the organic matrix of the coal is broken down by the reaction of 
the phenollesj alkali and carbon monoxide to produce lower molecular weight 
material. This material is soluble in the organic solvent, while the ash and 
mineral matter from the coal remain as suspended solids. These solid 
inorganic impurities are removed by centrifugation and/or filtration, leaving 
an organic liquid which is low in ash and sulfur. The ~ine-par=icnlate solid 
product is precipitated, and low-temperature distillatio~ is used to recover 
recycle solvent and the precipitating solven~ (1,2,3,4). 

Between 1981 and 1984, more than 300 experimen=s were performed by Carbon 
Resources in batch, semi-batch, and continuous process unit (CPU) systems in 
their laboratory near Boulder, Colorado. The experimental pot=ion of the 
ChemCoal Process developmen= program was moved to the Univers£~y of North 
Dakota Energy Research Center ~UNIDERC) in 1985. The development program at 
UNDERC involved a series of shakedown tests, equipment development, and 
process operations evaluations. The five-s=ep ChemCoal Process which evolved 
from the work at UNDERC is shown in F~Eure i. 
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Figure  t .  Five-Step ChemCoal Process 
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The work performed at UNDERC between May i, 1985, and April I, 1986, on 
the ChemCoal Process culminated in a continuous solvent recycle test (5). The 
goal was to validate the chemistry of the entire process, including both the 
conversion and downstream separations loops. To do this, it was necessary to 
operate until functional lineout of the solvent was achieved. The subject of 
this peper is CPU Run 123, which was a continuous process run whose primary 
purposes were an assessment of recycle solvent quality and quantity, and 
process yields at functional lineout. These objectives were considered to be 
more important than reactor design, studies of residence time oz system 
parameters, or the on-line production of ChemCoal solids. 

EQUIPMENT AND MATERIALS 

Equipment 

The original research plan called for operation of the UNDERC con=inuous 
processing unit as it was configured for the liquefaction of low-rank coal 
(LRC) using bottoms recycle and classical, high-boiling solvent systems. In 
this configuration, the CPU had been operated successfully to functional 
solvent lineout during many previous runs, which were under DOE contract 
(6). Due to this past operational record, as well as the behavior of the test 
equipment operated independently by CRI, it was presumed that little diffi- 
culty would be encountered in the reactor loop and that most problems would 
arise during the integration of the downstream separations loop. 

However, numerous operating problems were emcountered with the existing 
reac=or configuration when used in the ChemCoal processing mode. Solids 
loading in the reactor increased over the course of the run, eventually 
forcing shutdown. 

As a result og numerous equipment design modifications, it was discovered 
that essentially all problems resulted from solvent vaporization and its 
subsequent stripping from the reactor system, leaving the coal behind to 
settle in the reactor. Figure 2 is a diagram of the resulting reactor config- 
uration which addressed the problems of solvent vaporization. This reactor 
configuration, which was used during Run 123, included a 17-foot long, upflow, 
co-current tubular preheater and two 2-gallon continuously stirred tank 
reactors (CSTRs). The first CSTR functioned as a preheater and the second as 
a reac=or. Each CSTR was equipped with a knock-back condenser to enable 
retention of enough solvent to effectively slurry the coal. This system, 
depending on reactor residence time, was capable of operating with a 
throughput of up to i0 pounds of slurry feed per hour. 

CPU Operations 

During the run, the feed slurry was pumped through the tubular preheater 
wi=h a high-pressure positive displacement metering pump. Af=er leaving the 
tubular preheater, the feed slurry entered the CSTR prehea~er. This prehea=er 
was kept half full through the use of a dip tube that extended up from the 
bottom of the vessel. In an effort t o  reduce the load on the knock-back 
condenser, the upper half of the preheater was not heated. 
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The slurry was transferred batchwise every 30 seconds into the reactor 
through the use of a pressure differential caused by injection of reductant 
gas into the CSTR preheater. After the slurry transfer, fresh reductant was 
injected into the CSTR reactor through the transfer line. This method of 
slurry transfer resulted in minimal accumulation of solids in the line due to 
settling. The reactor was also kept half full, and slurry was introduced into 
the reactor near the top of the liquid level. This ensured that the slurry 
crossed the entire length of the reactor so that the longest possib]e resi- 
dence time, and therefore the greatest conversion, would occur. The liquid 
level was =cuitored by a nuclear level indicator which permitted tracking of 
inventory changes within the reactor. The product slurry was depressurized, 
collected and transferred to a stirred surge tank. 

Introduction of reducing gas into the CPU was handled by a sequential 
lockhopper letdown system. Cold reducing gas entered the tubular prehea=er at 
the same location as the feed slurry. Both the pre eared gas and slurry were 
injected into the CSTR preheater where additional reducing gas was added. 
After passing through a condenser, the gas from the stirred preheater was 
injected into the reactor. Additional fresh reductant was also injected into 
the bottom of the CSTR reactor. Gas from the reactor was cooled in a high- 
pressure knock-out pot to remove any readily condensible organics. It was 
then metered, analyzed by on-line GC, and flared. 

All CPU operations--including slurry and gas transfers, slurry and gas 
letdowns~ and reductant gas injection--were computer controlled to maintain 
accurate flow rates and simplify data acquisition. Mass flow rates and 
balances were available within 15 minutes after the end of each 4-hour run 
period. 

Downstream Separations Operation 

A flowsheet of the separations loop is presented as Figure 3. The loop 
included a centrifuge, precipitation tank and a distillation unit, and could 
be operated in either Mode i or 2. In Mode I, following temporary storage in 
the stirred surge tank, the product slurry was transferred to a precipitation 
tank. In this tank, methanol was added to effect the precipitation of the 
ChemCoal solid. The precipitated slurry, which contained solvent, ChemCoa! 
solids, ash, and lOH, was centrifuged to remove the solids. The liquid stream 
was then distilled to separate the methanol from the phenclic recycle 
solvent. The phenolic solvent was then recycled to the system. This mode of 
operation was used for simplicity to reach solvent lineout. In Mode 2, the 
methanol was added to the product slurry after the ash and lOM were removed by 
centrifugation in order to quantify ChemCoal solids yield and quality. The 
ChemCoal solid was then collected on a filtration unit that had been inte- 
grated into the distillation unit. These two modes of operation provided the 
flexibility necessary to handle the changes that would be expected to occur 
during the long-term unit operations necessary to achieve solvent lineout. 
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Figure 3. ChemCoal Downstream Processing Loop 

CONTINUOUS PROCESS UNIT RUN 123 CONDITIONS 

For this run, the reductant gas, CO~ was fed at 3 scfh per pound of Indian 
~ead lignite slurry fed. The system pressure was maintained at 1700 to 1800 
psig. As the feed slurry was passed through the tubular preheater, the slurry 
temperature was raised to 100°C in the first six feet and to 200°C in the 
remaining eleven feet. After exiting the tubular preheater, the feed slurry 
entered the CSTR preheater. The temperature of the slurry in the CSTR 
preheater was maintained at 250°C. The liqui~ temperature in the reactor was 
kept at 340°C. The slurry feed rate for passes 1 through 20 was 2.5 15s/hr; 
for passes 21 through 39, the slurry feed rate was 1.25 Ibs/hr. 

A change in downs=ream processing resulted in the decrease in the slurry 
feed rate from pass 21 through the end of the run. This change was required 
because too much phenolic solvent had been removed from the system during the 
centrifugation and distillation steps. The lack of phenolic solvent in the 
system eventually led =o reduced effectiveness of precipitation of the 
ChemCoal product and plugging of the centrifuge. 

To rectify the situation, the ratio of methanol to feed slurry was 
increased in the precipitation tank from I:i to 3:i. This change resulted in 
an easier centrifugation step in which less phenolies were retained in the 
cake. To further retain the recycle solvent in the system~ the temperature in 
the distillation column was lowered from Ii0 ° to 80°C. This virtually elimi- 
nated the removal of any phenolics wizh the methanol fraction, as well as 
leaving some methanol in the recycle solvent. In addition, the phenolic 
solvenu was extracted from the ChemCoal-lOM-ash centrifuge cake and replaced 
in the system. 
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The result of the changes made to maintain recycle solvent increased the 
load on the distillation column to the point where it was unable to keep up 
with the throughput. Therefore, the slurry feed rate of 2.5 Ibs/hr was 
changed to 1.25 Ibs/hr for passes 21 through 39. The gas feed rate was 
adjusted to maintain the required ratio with the feed slurry. 

RESULTS AND DISCUSSION 

Mass Yield Summary 

~ne global mass balances for Run 123 averaged 96.7%. Because the mass 
balances were so high, the mass flow rates used in yield calculations 
discussed in this section were not normalized. Figure 4 is an example of the 
mass balance su---ary sheets which were u~ed to track on-line data stream 
processing during the run. The balance sheets contain the mass flow rate in 
grams per hour for all streams and an estimated conversion value based upon 
te~rahydrofuran insoluble (THFI) analysis. They also supply per-pass mass 

balances. Combined with the  routine analyses, these balances form the  basis 
for all calculations and yield determinations used. 

Gas, CO 158.25 g/h 

Feed Slurry > 
Coal, mar 184.86 
Solvent 538.9 
Water 75 
Ash 16.3 
Sodium 4.3 

Total 819.36 

Gas, CO 63.76 g/h 
CO2 99.79 

092 
0.98 

Rx C2 0.52 
C3 0.24 

96. ~ C4 O. 2I 
closure 

Total 166.42 MeOH 1308.9 glh 

------> LO 33.8 .J. 

Product Slurry ~ C e n t .  ~-> Filtrate--5 
IOM 36.08 79.3% ( ChemC 89.29 closure 
Water 40.00 

Na + I Dist.562.92 
Ash 16.8 

Cake, IOM 36.73 
Total 745.13 ChemC 89.29 

Ash 12.92 
Wash 235.38 

~ - -  Fil%raT.e + Ne~i ~ Distillation~~=OH recycle 
1249.7~ g/h 99.80~. / 600.96 g/h 

cl osure 
Recycle Solvent 
646.26 

Total 374.32 

Figure 4. Mass Balance Summary Sheet 
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Averase Yield Summary 

Figure  5 summarizes the y i e l d s  ob ta ihed  dur ing  t h i s  run.  During Run 123, 
80.5% of the coal, on an MAF basis, was converted to p~oduce. The product 
distribution was as follows; 48.3% of the moisture and ash free coal (MAF) fed 
was ChemCoal solid, 30.2% of the MAF fed was methanol-soluble distillate, and 
2.0% of the MAF was gas product. It should be noted that the ChemCoal solid 
product yields remained relatively constant throughoue ghe run. Apparenciy 
the basic conversion mechanism remained constant, even as the solvent composi- 
tion changed to include more complex phenolics. 

AVERAGE YI.EI.D.SUMMARY (UNNORMALIZED.) 
A ~  MASS CLOSla'RE 96.7 X 

UNr..,ONV ~ .  

soup (4a.5~ PRODIJI6"9" 

Figure 5. Average Yield Summary Cunnormalized), CPU Run 123 

Table 1 compares the elemental analyses of the ChemCoal solid with Indian 
Head lignite. As the table clearly shows, the ChemCoal Process reduced the 
moisture, ash, sulfur, oxygen, sodium, calcium, and titanium contents of the 
lignite. By reducing the sulfur and oxygen contents, the percent carbon, 
hydrogen, and nitrogen contents increased. The volatile ma~ter, fixed carbon 
and hea~ing values were also increased. 
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TABLE i 

COAL AND CKEMCOAL SOLID DATA 

Form of Material 
Lignite a UNDERC Solid a 
-60 Mesh Powder 

Proximate, wt% AR" 
Moisture 25.3 2.0 
VM 30.8 44.0 
FC 36.0 52.0 
Ash 7.5 0.5-I.0 

Ultimate, wt% maf: 
C 7i.6 81.0 
H 4.41 6.4 
N 0.66 0.8 
O (diff) 22.39 11.5 
S 0.93 0.3 

Heating Value, Btu/ib 6,000-5,000 14,800 
Specific Gravity 1.4 >I.0 
Na, ppm mf 1,900 22 
Ca, ppm mf 8,300 115 
Ti, ppm mf 300 45 

a An analysis of an Indian Head lignite (ZAP2C) used and ChemCoal 
solid product produced at UNDERC. 

Gas Yields 

Average gas consumption and production during Run 123 produced molar 
ratios of CO, H20, H 2 and CO 2 as follows: 

CO + H20 ~ H + CO 
1.4 1.8 

The results of the water-gas shift reaction as it occurred in this system 
show a net consumption of shift reaction B 2 (4). The net wt% H 2 consumption 
came to 2% of the MAF fed. Hydrocarbon gas production was minimal at only 1% 
of the MAF. 

Distillate Yields 

The d l s t i l l a t e  y i e l d  was l a r g e l y  d e p e n d e n t  upon two key  downs t ream p r o c e s s  
variables: I) variability of the operational temperature of the d i s t i l l a ~ i o n  
unit; and 2) the effectivness of the solvent recovery from the centrifuge 
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cakes. Because operation of the distillation unit was different during the 
first 20 passes of the run than during the last 19, varied yield structures 
were produced for the overall process. As a result of the processin E changes, 
the distillate yield increased from an average of 27% (MAF basis) prior to 
pass 20 to an average of 35.5Z after pass 21. 

Operational Solvent Balance 

Figure 6 shows that the operational solvent balance prior to rJn pass 20, 
provided little leeway for losses in mixin E and transfer. After pass 21, 
however, the processing modifications improved solvent balance to a comfort- 
a~le excess. The intentional replacement of previously processed phenolics 
into the system, coupled with ~he changes which occurred in the downstream 
processing loops after pass 21, resulted in improved solvent recovery. 

Solvent Characterization 

Throughout gun 123, the phenolic start-up solvent was removed and replaced 
by a coal-derived recycle solvent characteristic of both the coal and the 
process. The start-up solvent was a commercial mixture of m- and p-cresols. 
As the distillate so,vent was recycled from pass to pass, the m- and p-cresols 
were diluted with both phenolics formed from the coal and by methanol from the 
precipitation step. The replacement of star~-up solvent 5y the system is a 
natural result of processing, but during this run was accelerated by selective 
retention of phenolic solvent in the centrifuge cake. Figure 7 illuctrates 
the removal of phenolic solvent that occurred in the system during the course 
of the run. 

Capillary GC/MS was used to identify many of the components in the process 
streams; these chromatograms are pictured in Figure 8. The analyses showed 
that a variety of coal-derived phenolics were formed during the reaction of 
the lignite. Early in the run~ during pass 6, nhe solvent was composed 
primarily of the two cresols and their methylethers, as shown in Figure 8. 
Later in the run, as is also shown in Figure 8, a varlety of other phenolic 
compounds from the coal were also present. Some of the components analyzed 
are labelled ou the figure. Nine of the 26 components analyzed, in addition 
to m- and p-cresols, were present in significant quantities. 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

CPU gun 123 demonstrated that the ChemCoal Process can be run successfully 
to lineou~ wi~h solvent recycle. During this run> it was demonstrated that 
excess solvent was generated under all conditions and that reductant consump- 
tion as hydrogen gas and/or hydrogen equivalents was below 2.0 wtZ o~ the 
MAF. ChemCoal Process conversion averaged over 80% of the MAF fed. This 
conversion remained relatively constant, with no loss in conversion occurring 
as process-derived solvent replaced start-up solvent in multiple recycles. 

5a-l-10 



I--  

u 
r~ 

20O 

190 1 
170 ~ 

~61:1 

14,0 .- 

130 - 

1 2 0  

110 - 

100 

9 0  

70 

50  

40  

30 

20 

10 

0 

AVG 105.0 X 

AVG 125.7 

l i I I ] I I I I I I I I I i i I I' I I I | I ] | | I ! | i l l | l | | 

5 1 0 .  15 20 25 3O 

[]  110 C cut  ÷ 80  C cut  

Figure 6, Operational Solveu~ Bclance, Ruu 123 

39 

t.00 

T'o 

D.90 

0.80 

0.70 

0.50 

0.50 

0.40 

0.30 

0.20 

0.10 

0.00 

I 5 

Figure 7. 

10 15 20 25 3O 
Rim Pare 

n POt41N + POH OUT 

Phenol£c Solvent Balance, Run 123 

35 39 

5a-l-ll 



h a e i a) Methanol 
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Recommendations 

Significant developments and process improvements have been made since 
development research was undertaken at UNDERC, leading to new patent applica- 
tions. More development is needed, including the following areas: 

Production of quantities of solid ChemCoal product for testing 
in end-use applications. This should be produced with the 
improved downstream processing developed resulting from the 
experience obtained during CPU Run 113 in which solvent lineout 
was achieved. To achieve successful processing operations with 
the ChemCoal Process, it is necessary to limit the loss of 
phenolic solvent during downstream processing. This includes 
the follow~ng: 

I. There should be virtually no loss of phenollcs with 
the centrifuge cake. The addition of a pyrolysis unit 
after the centrifuge would recover any phenolics 
carried out of the stream with the centrifuge cake, as 
well as producing additional volatiies from the 
unconverted coal. 

2. The ChemCoal solids cake should be washed thoroughly 
to remove as many phenolics as is possible. 

The recycle test using Indian Head lignite should be repeated to 
determine reproducibility and to produce ChemCoal product for 
combustion testing. 

Other coals should be eval~ted as ChemCoal feeds in the ERC 
C~. 

A reactor design study should be undertaken. 

Residence time/temperature requirements with the condenser- 
reactor configuration used during Run 123 should be determined. 

The process economics should be updated to include new reactor 
concepts and product separation and recovery techniques. 

Proof of concept should be provided in a process demonstration 
unit. 
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ISOTOPIC ~ N T S  ON THE EFFICIENCY OF LIQLF,_FACTION OF 
LOW-RANKED COAL 

by 
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Geology Department, University of Alberta 
Edmonton, Alberta, Canada 

and 
1". Ohuchi, D. Carson, B. Doherty, B. Ignasiak 

Coal Reseazch Department, Alberta Research Council, Devon,Alberta, Canada. 

ABSTRACT 

The influence of subbituminous Vesta coal upon the processing of 
stripped Athabasca bitumen(-350°C distillate fraction removed) was 
investigated in a series of 1 litre stirred autoclave runs in which coal 
concentration was systematically increased from 0 to 27 wt%. The inherent 
difference in 13C/12 C ratio existing between Vesta coal and stripped 
bitumen (3.94 pads per thousand) was utilized as a natural isotopic tracer 
to monitor coal and bitumen incorporation into each synthetic liquid 
fraction. Comparision of isotopically determined coal-derived product 
yields indicate that; coal incorporation into distillate, toluene soluble and 
toluene insoluble fractions progressively increases with increasing coal 
concentration; and that a change in coal concentration from 15 to 26 wt% 
results in a three fold increase in toluene insoluble product. Relative 
incorporation of bitumen-derived carbon into synthetic liquid fractions 
changes as a function of coal concentration. Comparision of product yields 
obtained for hydrotreatment of bitumen with those isotopically determined 
from co-processing runs indicates that, for coal concentrations of 4 to 8 
wt% a 14 to 17% increase in distillate yield is observed with a congruent 32 
to 49% decrease in toluene soluble yields. Coal concentrations of 15 to 26 
wt% result in no appreciable increase in distillate yield over co-processing 
of bitumen alone, while bitumen derived carbon in the toluene insoluble 
fraction increases from 0.9 to 5.0%. The results suggest that co-processing 
of coal-bitumen mixtures comprising of 5 to 10 wt% coal can enhance 
generation distillate derived from bitumen. 
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ABSTRACT 

The influence of subbituminous Vesta coal upon the processing of 
stripped Athabasca bitumen(-350°C distillate fraction removed) was 
investigated in a sedes of I litre stirred autoclave runs in which coal 
concentration was systematically increased from 0 to 27 wt%. The inherent 
difference in 13C/12 0 ratio existing between Vesta coal and stripped 
bitumen (3.94 parts per thousand) was utilized as a natural isotopic tracer 
to monitor coal and bitumen incorporation into each synthetic liquid 
fraction. Comparision of isotopic, ally determined coal-derived product 
yields indicate that; coal incorporation into distillate, toluene soluble and 
toluene insoluble fractions progressively increa~ses with increasing coal 
concentration; and that a change in coal concentration from 15 to 26 wt% 
results in a three fold increase in toluene insoluble produ~. Relative 
incorporation of bitumen-derived carbon into synthetic liquid fractions 
changes as a function of coal concentration. Comparision of product yields 
obtained for hydrotreatment of bitumen with those isotopic, ally determined 
from co-processing runs indicates that, for coal concentrations of 4 to 8 
wt% a 14 to 17% increase in distillate yield is observed with a congruent 32 
to 49% decrease in toluene soluble yields. Coal concentrations of 15 to 26 
wt% result in no appreciable increase in distillate yield over co-processing 
of bitumen alone, while bitumen derived carbon in the toluene insoluble 
fraction increases from 0.9 to 5.0%. The results suggest that co-processing 
of coal-bitumen mixtures comprising of 5 to 10 wt% coal can enhance 
generation dis~.=llate derived from bitumen. 
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INTRODUCTION 

Future energy self sufficiency is an objective pursued by both the 
provincial and federal goverments of Canada. As a consequence the Alberta 
Research Council (A.R.C.) has initiated experimentation into the efficient 
generation of transportation fuels from Alberta's two greatest energy 
resources- subbituminous coal and bituminous oils. It would be 
economically desirable in heavy oil upgrading to supplement bituminous oils 
with inexpensive coal, provided a high conversion to distillate could be 
achieved. An important process variable in co-processing would be then the 
proportion of coal to bitumen in the slurry. The efficiency of distillate 
synthesis, as well as coal solubilization, was examined in a series of 1 litre 
autoclave experiments in which 0,8,15,30,60 grams of subbituminous Vesta 
coal were processed with 125 grams of stripped bitumen. 

The standard method of evaluating process efficiency, coal 
conversion, underestimates the conversion of coal due to a component of the 
insoluble matter being bitumen-derived. We have found from carbon isotpoe] 
studies that 0.5 to 5.0% of the total carbon in bitumen was incorporated " -  
into the toluene insoluble fraction. This results in an error of approximately 
15% when calculating "coal conversion". The amount of either coal or 
bitumen incorporated into any synthetic product derived from co-processing 
can be quantitatively evaluated by stable isotope mass balance 
calculations(1). In nature there exist an innate difference in 13C/12 C 
between marine and terrestrial plants. This distinction in 13C/12 C is 
preserved after burial and catagenesis. As a result, coal (primarily 
terrestrial in origin) and bitumen (primarily marine in origin) have different 
carbon isotope signatures. Measured 13C/12 C values of stripped Athabasca 
bitumen and Vesta subbituminous coal differ by 3.94 ppt. (parts per 
thousand) which is the order of 70 times the experimental error in isotopic 
ratio measurements. Utilizing the inherent difference as an isotopic tracer 
it is possible to model the carbon budget during liquifaction as the mass 
balance between two end members( ! ). Precise determination of the 13C/12 C 
ratio of a synthetic liquid fraction allows for calculation of the relative 
proportion of coal derived carbon incorporated into that fraction. 
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METHODS 

The coal-bitumen co-processing scheme examined in these 
9xpedments was a single stage process for solubilizing subbituminous coal 
~;sing stripped bitumen as solvent. 

A one litre Magne-Drive stirred (750 rpm) stainless steel autoclave 
was charged with 125 grams of Athabasca stripped bitumen atmospheric 
residue (-350°C fraction removed by distil]alJon) and 0,8,15,30, or 60 
grams of vacuum dried Vesta subbiturninous coal ground to 100 mesh. The 
autoclave was pressurized by hydrogen to 8.6 MPa. at ambient temperature 
and heated at a rate of 8°0 per minute with continual stirring until an 
operational temperture of 430°C was attained. Conditions were maintained 
for 45 minutes. The autoclave was subsequently cooled to 200°C and the 
naphta fraction directly removed from the autoclave. Product gases were 
collected, their volume measured, and analyzed by gas chromatography. 
Reaction mixture was transferred to glassware and distilled under reduced 
pressure to isolate a ~raction distillable to less than 524°C (distillate). 
Residue after distillation was extracted by n-pentane and toluene 
successively in a Soxhlet extractor to isolate the pentane and toluene 
sotuble fractions. The residue was collected as the toluene insoluble 
fraction. Each product fraction was analyzed for yield by weight, elemental 
analysis, and 130/120 ratio. Dumas-SchSniger combustion was used as 
before to quantitatively convert the hydrocarbons products to CO 2 (1). The 
gas was purified to remove N 2 and waters of combustion and the 13C/12 C 
ratio of the CO 2 gas measured by mass spectrometery. Most analysis were 
done in duplicate. The 613C was calculated from the measured 130/12 C 
ratio according to the following equation(I). 

(13C/12C)sample _ (13C/12C)re f 
(1) 813C= X 103 ppt. 

(13C/12C)ref 
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Values for 513C are presented with respect to the internationally 
accepted PDB scale(2). For duplicated autoclave runs, the error of 
measurement ~n ~13C between simular product types was +.07 Dpt. By 
comparision, +.03 ppt. represents the analytic limit of repeated 
measurement of 13C/12 C in one CO 2 sample by the mass spectrometer. 

RESULTS AND DISCUSSION 

Contrast in 13C/12 C ratio between Vesta coal and stripped Athabasca 
bitumen may be utilized as a natural isotopic tracer in order to monitor coal 
or bitumen incorporation into synthetic product f~'actions. When two 
isotopically distinct substances intereact in a closed system the products 
will have an isotopic signature intermediate between the parental sources 
reflecting relative amounts of each component utilized. AlgebraicaJJy the 
relation can be derived from a simple two end member mixing model( 1 ). Coal 
(or bitumen) contribution in a product is then: 

f -  

(2) %COAl-C= L1 - 
513Cprod- ~13Ccoa! l 

513Cbi t- 513Ccoal J 
X100% 

The validity of the model depends upon two assumptions: that major 
chemical components of a reservoir must be isotopica!ly uniform, for 
prefered reaction of one isotopic, ally distinct fraction will bias the 
calculation; and that any isotopic par'dtioning caused by the process be 
known and compensated for. 

We have analyzed the major components of our starting materials to 
the variation in nature test for intrasample isotopic variation. Given (3))greater 

of 813C value for petroluems (-15 to -30 ppt. as compared to coals (-20 
to -25 (4)), a larger selection of bitumen product fraction were analyzed, 
table(2). The 513C value fer pyridine extract of another subbituminous coal 
and acid treated Vesta coal were also determined. Measured ~13 C values of 
the isolated fractions lie within experimental error of the composite 
materials, indicating that the major chemical fractions of stripped 
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TABLE la Elemental Composition of 
Vesta Coal and Stripped Bitumen 

Fraction Coal Bitumen 

Carbon 71.6 82.4 
Hydrogen 5.0 10.1 
Nitrogen 1.7 0.5 
Sulphur 1.0 4.9 
Ash 17.0 0.7 
Moisture 0.7 0.0 

TABLE lb Composition of feed and run products 
of Athabasca stripped bitumen 

Fraction Bitumen Prc, c~sed Bitumen 
Feed wt% Carbon in Grams 

Distilla.te 14.6 49.9 
Pentane Soluble 61.5 24.1 
Toluene Soluble 23.9 24.7 
Toluene Insoluble 0.0 0.9 
Evolved Gases 4.4 

% Recovery 101.7 

Table 2 Reservoir Unifo,'Tnity 

Bitumen and Coal Fractions 513 C ppt. 

Athabasc~ Stripped Bitumen -29.22 
Suncor Bitumen -29.22 
Toluene Soluble -29.10 
Pentane Soluble -29.29 
Middle Distillate 350-524 o(~ -29.24 
524 "C Distillate -29.19 
Highvale Coa~ -25.54 
Highvale Coal Pyridine Extzact -25.64 
Vesta Coal -25.28 
Vesta Coal Treated with HCI -25.26 
Vesta Coal Treated with HF -25.29 

TABLE 3 Evolved gas fractions (carbon in grams) 

Run# DC-1 DC-2 r'jc-3 DC-51 DC-45 DC-5 
Amount of coal 60 60 30 15 8 0 

(in grams) 

Methaneto 4.83 4.83 4.44 3.32 3.82 4.10 
Pentane 

GO 2 1.41 1.07 0.53 0.26 023 0.19 

CO 0.28 0,27 0.21 0 . 1 6  0.12 0 . 1 2  

TOTAL 6.52 6.17 5.18 3.74 4.17 4.41 
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Athabasca bitumen and Vesta coal are uniform in 13C/12C. 
The second assumption in the mass balance calculation is that any 

isotopic partioning caused by the process be known and compensated for. 
During the co-processing of coal-bitumen thermally activated bond severing 
results in the evolution of low 13 C hydrocarbon gases, carbon monoxide, and 
13C.endche d carbon dioxide. 

Vacuum pyrolysis experiments have been performed on a varity of 
subbituminous coals (5,6,7) and model compounds (9). In general methane 
evolved from subbituminous coal over the temperature range of 400-500°C 
enriches the residue in 130 by 2 to 8 ppt.(5,6,7), while the liberation of CO 2 
depletes the source material ot 13C by about 3 ppt.. At present, data for the 
isotopic shifts induced by CO liberation in coal pyrolysis in the temperature 
range 400-500°C are contradictory. Sacket and Chung (5) have reported a 13C 
depletion in the gas occurs between evolved CO and the source material, 
whereas Gaveau et. al. (7) observed that evolved CO was enriched in 13 C 
with respect to the source. Isotopic shifts due to reverse reaction of the 
evolved gases with the source material to "scramble" the isotopic signatu re 
of the evolved gas has been demonstrated to be insignificant. Experimental i 
evidence indicates that heating at 500°C for over 180 hours results in no 
13 C exchange among methane, carbon dioxide, and carbon monoxide (8). 

Comparision of the quantity and composition of the gas phases 
evolved during coal-bitumen co-processing and a bitumen-only blank run 
allow for a first order calculation by difference, of the type and quantity of 
gas evolved solely from coal. Isotopic shift in coal due to gas evolution is 
estimated to be about +0.06 ppt. or about the same as the experimental error 
of measurement. 

in analogous fashion isotopic depletion or enrichment in 13 C for crack 
gas liberation in bitumen hydrotreatment can be estimated from isotopic 
shifts measured in pyrolysis of bitumen and model compounds (9,10). 
Utilizing the isotopic shifts reported in litu;ature, crack gas evolution is 
expected to enrich the residue approxiamatly +0.4 (1). Generation of 12 C 
enriched gases must be taken into account for bitumen when calculating the 
quantity of parential material utilized in generation of a product fraction. 
Failure to account for the gas results in the mass balance of coal-derived 
carbon being erroneously high due to the isotopic ratio of bitumen's residue, 

5 A2-7 



becoming more coal like. 
To correct for the enrichment of 13 0 in bitumen the 13C/12 C ratio of 

the synthetic liquids derived from a bitumen-only blank run were 
determined in order to provide an indication of bitumen's responce to 
processing, in equation (2) the gas effect is compensated for by replacement 
of 813Cbit with the 813C value obtained for a blank run product when 
calculcating coal incorporation for the same product type. 

After isotopic correction for crack gas evolution, the amount of coal 
(or bitumen) calculated to be present should equal its weight in the 
experimental charge. The amount of bitumen as calculated from the 
corrected equation 2, ranged from 98 to 102% of the actual experimental 
charge, appendi×(1). For coal 93 to 127% of the experimental charge was 
acounted for. In run DC-3 the excess yields calculated for the carbon budget 
of oitumen and coal 102, 108% respectively, are in part artifacts of the 
excess yield of product recovered from the autoclave, 103% by weight. A 
more serious discrepancy is observed experiments DC-45 and DO-51 
between the isotopically calculated amount of coal derived carbon and the 
intial charge of coa! in the autoclave (127,123% excess yield respectively). 

Both excess yield experiments had a net decrease in C1 to C 5 
hydrocarbon gas evolution (7,19% respectively) relative to the bitumen-only 
blank run, table(3). As well the naphta fraction (-200°C) of each exhibited a 
0.5 ppt. enrichment in 12 C relative to bitumen. The observed decrease in 
light hydrocarbon (C 1 to C5) with the addition of 4 to 8 wt% coal may 
influence the 12 C depletion of bitumen due to processing. A precise 
measurement of the 13C/12 0 ratio of the crack gases liberated via 
co-processing is required in order to more accurately estimate coal 
incorporation. Progress is now under way for the analysis of 13C/!2C ratios 
in light hydrocarbon gases, CO 2, and CO liberated during co-processing. 

With the addition of coal and it's subsequent solubilization a portion 
of each synthetic product will be coal derived. Any relative change of coals 
incorporation in a product fraction directly monitors process efficiency. 
Increasing coal content in the reaction slurry, illustrated in figure(I), 
results in greater coal incorporation into every product fraction. Calculated 
yields of distillate (-524°C) solely derived from coal are observed to 
increase in a near linear fashion with coal concentration, figure(I). 
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Figure 1 Variation in the isotopic, ally determined amount of coal derived carbon 
incorporated into each synthetic liquid. Symbols =- Distillate; o- Pentane Soluble; 
- -  Toluene Soluble: =- Toluene Insoluble. 
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Figure 2 Variation in the isotopically determined amount of bitumen derived 
carbon incorporated into each synthetic liquid as a function of coal concentration 
in the SlUrry. Symbols; ,~- Disti l late; o- Pentane Soluble; ° - Toluene Soluble: 
o- Toluene insoluble. 
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Incorporation of coal-derived matedal in the pentane soluble fraction 
appears to be largely independent of coal concentra'~on. Yields of 
coal-derived pentane soluble fraction are similar for autoclave runs in 
which 4 and 15 wt% coal were added, 1.2 and 1.7 grams repectively 
(appendix 1), inspite of the three fold increase in coal concentration. A 
"break in slope" is observed in the plot of the coal derived toluene insoluble 
material versus coal concentration, figure(I}. Coal derived insoluble yields 
increase gradually (figure(I)) over the concentration range of 0 to 15 wt%. 
in contrast a sharp increase in toluene insoluble yield for coal 
concentrations in excess of 15 wt% was observed, 4.1 grams for 15 wt% 
coal rising to 13.1 grams for coal concentrations of 26 wt% (appendix 1). 
Another "break in slope" is observed in the plot of coal derived toluene 
soluble material versus coal concentration. For coal concentrations of 0 to 
15 wt% a large relative increase in the amount of coal derived toluene 
soluble material exists. Beyond coal concentrations of 15 wt% the curve 
denoting toluene solublility appears to "level off". At coal concentrations in 
excess of 15 wt% a diminished capacity for bitumen's solubilization of 
coal-derived toluene soluble matter appears to exist. Results suggest that 
bitumen and coal fragments of high molecular weight generated during 
thermolysis may repolymerize to stable compounds (toluene insoluble 
material) prior to hydrogen capping when coal concentration is in excess of 
15 wt%. For slurry ratios of 0 to 15 wt% coal a linear relationship appears 
to exist between coal concentration and the incorporation of coal-derived 
carbon into each product fraction. 

In analogous fashion the incorporation of bitumen-derived carbon into 
the synthetic liquids can b~ evaluated, figure(2). Several discernible trends 
are apparent from the isotopically calculated yields of bitumen-derived 
carbon. Most notable is an increase in distillate yield (14 to 17%) with the 
addition of 4 to 8 wt% coal, over distillate yields obtained in the 
hydrotreatment of bitumen aJone. Graph'ically there appears to be antithetic 
correllation between bitumen-derived distillate and pentane soluble yields. 
From the distillate and pentane soluble curves, figure(2), a general trend of 
increased distillate yield corresponds with a decrease in the 
bitumen-derived pentane sotuble fraction. For coal concentrations greater 
than 8 wt% the bitumen-derived carbon component (yields ranging from 25.3 
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to 33.2 grams) of the pentane soluble fraction are in excess of the yield 
obtained from the processing of bitumen alone (24.1 grams, tablelb). 

The excess bitumen derived carbon in the distillate and pentane 
soluble fractions seems to be derived at the expense of the toluene soluble 
fraction. As coal concenb'ation increases, bitumen derived component of the 
toluene soluble material decreases from 24.7 grams (bitumen only) to 10.2 
grams (26 wt% coal). The effect is more pronounced at low coal 
conce~rations decreasing from 24.7 grams in the bitumen-only experiment 
to 16.9 grams fc- coal concentrations of 4 wt%, a 32% decrease. By 
comparision the decrease in bitumen-derived toluene soluble product yields 
over the concentration range of 8 to 26 wt% is only from 12.1 to 10.2 grams, 
a 16% reduction. Isotopica!ly determined bitumen-derived carbon yields of 
the three fractions, distillate, pentane soluble, and toluene soluble suggest 
that the increased distillate yield observed for coal concentrations of 4 to 8 
wt% are derived via thermal degradation of pentane soluble and toluene 
soluble material. 

The proportion of distillate deri~Jed solely from bitumen shows no 
appreciable chanoe in yield fcr coal concentrations in excess of 15 wt%, 
(51.4 grams-26 wt%; 52.9 grams-15 wt%; 51.4 grams-0 wt%). For 
bitumen-co~',i s~urry ratios in excess of 15 wt% the amount of 
bitumen-derived carbon present in the toluene insoluble fraction increases 
from 1.3 to 5.1 grams. This increase parallels a measured increase in 
toluene insolubie ~.mduct yi~ids for coal-derived carbon (4.1 to 13.1 grams, 
appendix 1 ). The sharp increase in insoluble yields is in part due to 
polymeriaztion reactions, (as evidenced by the increase in bitumen-derived 
component of the toluene insoluble product), and in part by coal saturation 
in i~.e slurry ( as evidenced by the three fold increase in coal-derived 
insoluble matter). Coal concentration in excess of 15 wt% appears to 
enhance the conversion of the toluene soluble fraction inherent in bitumen 
into pentane soluble and toluene insoluble products. No appreciable change in 
the bitumen-derived component of the distillate is observed at this 
concentration range. 
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CONCLUSIONS 

A stable isotope mass balance techinque was used to investigate the 
efficiency of single stage coal-bitumen co-processing for the solubilization 
of coal. Stable isotope mass balance calculations indicate that changes in 
coal concentration in bitumen co-processing evoke differing effects in coal 
liquefaction and bitumen upgrading. At coal concentrations of 0-10 wt% a 
14 to17% increase yield is observed in the bitumen-derived component of 
the distillate fraction. ConcordenUy the bitumen derived component of the 
toluene soluble fraction decreases from 32 to 49% with respect to yields 
obtained for the hydrotreatment of bitumen alone. Excess distillate yields 
appear to have been primarily generated from the conversion of the toluene 
soluble fraction and pentane soluble fraction of bitumen. With futher 
addition of coal, 15 t026 wt%, no appreciable change in the amount of 
bitumen incorporated into distillate fractiorl occurs. Yields of 
bitumen-derived pentane soluble material are in excess of those obtained 
for the processing of bitumen alone. Yields in the bitumen-derived toluene 
soluble fraction are observed to decrease by 17=/o as coal concentration 
increases from 15 to 26 wt%. Over the same concentration range nearly a 
four fold increase in toluene insoluble yield occurs. Calculated coal-derived 
product yields indicate that a limit may exist for the solubility of 
coal-derived toluene soluble product in bitumen and that at higher coal 
concentrations a dramatic increase in the insoluble product (unreacted coal) 
occurs. The results suggest that co-processing of coal-bitumen mixtures 
consisting of 5 to 10 wt% coal will generate a synthetic liquid low in 
toluene insoluble material and result in distillate yields in excess of those 
obtained from the hydrotreatment of bitumen. 
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APPENDIX 1 a Coal and bitumen incorporation into synthetic products 

Run DC-1: 60 grams Vesta coal (35.4 grams carbon) 
125 grams Athabasca stripped bitumen (102.3 grams carbon) 

Product %COAL-C Total Carbon Coal Derived Bitumen Derived 
Type Carbon Carbon 

Disti!late 12.2 60.2 7.3 52.9 
Pentane Soluble 8.1 30.2 2.4 27.8 
Toluene Soluble 50.4 19.2 9.7 0.5 
Toluene insolub]e 70.2 19.3 13.5 5.8 

Total Carbon 128.9 32.9 96.0 
in Products 

Carbon in 6.5 2.1 4.4 
Evolved Gases 

Total Carbon 135.4 35.0 100.4 
Budget in Grams 

% Recovery 98.3 98.9 98.1 

APPENDIX lb  Coal and bitumen incorporation into synthetic products 

Run DC-2:60 grams Vestacoal (35.4 grams carbon} 
125 grams Athabasca stripped bitumen (102.3 grams carbon) 

Product 
Type 

%COAL-C Total Carbon Coal Derived Bitumen Derived 
Carbon Carbon 

Distillate 10.3 59.0 6.1 52.9 
Pentane Soluble 6.7 34.3 2.3 32.0 
Toluene Soluble 48.5 21.1 10.2 10.9 
Toluene Insoluble 74.5 16.9 12.6 4.3 

Tota! Carbon 131.3 31.2 100.1 
in Products 

Carbon in 6.2 1.8 4.4 
Evolved Gases 

Tota! Carbon 137.5 33.0 104.5 
Budget in Grams 

% Recovery 99.9 93'.2 102.2 
. . . . .  i 
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APPENDIX l c  Coal and bitumen incorporation into synthetic products 

Run DC-3:30 grams Vesta coal (17.7 grams carbon) 
125 grams Athab.~ca stripped bitumen (102.3 grams carbon) 

Product 
TyD3 

%COAL-C Total Carbon Coal Derived Bitumen Derived 
Carbon Carbon 

Distillate 5.3 54.3 2.9 51.4 
Pentane Soluble 5.0 36.9 1.9 35.0 
Toluene Soluble 43.3 21.2 9.2 12.0 
Toluene Insoluble 75.9 5.6 4.6 1.3 

Total Carbon 118.0 18.3 99.7 
in Products 

Carbon in 5.2 0.8 4.4 
Evolved Gases 

Total Carbon 123.3 19.1 104.1 
Budget in Grams 

% Reo::Pmy 102.7 107.9 101.8 

APPENDIX ld  Coal and bitumen incorporation into synthetic products 

Run DC-.4:30 grams Vesta coal (17.7grams carbon) 
125 grams Athabasca stripped b~umen (102.3 grams carbon) 

Product 
Type 

%COAL-C Total Carbon Coal Derived Bitumen Derived 
Carbon Carbon 

Condensate 5.3 54.5 2.9 51.6 
Pentane Soluble 4.5 32.9 1.5 31.4 
Toluene Soluble 38.3 21.3 8.2 13.1 
Toluene Insoluble 77.0 5.1 3.9 1.2 

Total Carbon 113.8 16.5 97.3 
in Products 

Carbon in 5.2 0.8 4.4 
Evolved Gases 

Total Carbon 119.0 17.3 101.7 
Budget in Grams 

% Recovery 99.2 97.7 99.4 
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APPENDIX le  Coal and bitumen incorporation into synthetic products 

Run DC-51: 15 grams Vesta coal (8.9 grams carbon) 
127.3 grams Athabasca stripped bitumen (104.1 grams carbon) 

Product %COAL-C Total Carbon Coal Derived Bitumen Derived 
Type Carbon Carbon 

Co~ensate 0.0 6.2 0.0 6.2 
Gas Oil 3.4 55.7 1.9 53.8 
Pentane Soluble 5.0 26.6 1.3 25.3 
Toluene Soluble 29.2 17.7 5.2 12.6 
Toluene Insoluble 81.2 3.1 2.5 0.6 

Total Carbon 109.3 ~ 0.9 98.5 
in Products 

Carbon in 3.7 0.0 3.7 
Evolved Gases 

Total Carbon 113.0 10.9 102.2 
Budget in Grams 

% Recovery 100.0 122.5 98.2 

APPENDIX I f  Coal and bitumen incorporation into synthetic products 

Run DC-45:8 grams Vesta coal (4.7 grams carbon) 
126.3 grams Athabasca stripped bitumen (103.3 grams carbon) 

Product %COAL-C Total Carbon C.~.1' Derived Bitumen Derived 
Type Carbon Carbon 

Condensate 0.0 4.7 0.0 4.7 
Gas Oil 0.0 53.6 0.0 53.6 
Pentane Soluble 5.3 23.0 1.2 21.8 
Toluene Soluble 16.3 20.2 3.3 16.9 
Toluene Insoluble 74.1 2.1 1.5 0.5 

Total Carbon 103.6 6.0 97.5 
in Products 

C,a.,bon in 4.2 0.0 4.2 
Evolved Gases 

Total Carbon 107.8 6.0 101.7 
Budget in Grams 

% Recovery 99.8 127.7 98.5 
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THE STUDY OF VAR/A3ILITY IN THE DISTRIBUTION OF CHEMICAL SPECIES IN COAL 
CONVERSION PRODUCTS USING SIZE EXCLUSION C~ROMATOGRAPHY - GAS 
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ABSTRACT 

The low rank coals used in the liquefaction experiments were Texas Big 
B~cwn lignite from the Wilcox formation, Zap-2 indian Head lignite and 
Beulah lignite from North Dakota and ~yodak coal from Wyoming. Mini re- 
actors (6.3 and 20 ml) used mostly Autoclave high pressure fittings. The 
liquefaction solvents included anthracene oil, four recycle solvents from 
the coal liquefaction pilot plant at the University of North Dakota Energy 
Research Center (UNDERC) and water under supercritical conditions. Hydro- 
gen, carbon monoxide and hydrogen sulphide were the reactive gases which 
were used in va~-i.n~ proportio.-_s. The sanples of liquid products from 
selected experime1%tal conditions were ,_,s-a ~ the d=~a~l=d analysis. 

The product slurry as well as the recycle solvents were extracted with 
tetrahydrofuran (THF) and tLe solubles were used as samples for the analy- 
sis. The technique for the analysis is based on the integrated use of 
three instruments - a size exclusion chromatograph (SEC) with a 100A SEC 
column, a high resolution gas chromatograph with a bonded phase wide bore 
fused silica column and an Ion Trap I)etector (ITD, Firu~igan), a mass spec- 
trometer for capillary chromatograph. A sample injected into the $EC was 
separated based on linear molecular size and the fractions of effluents 
were collected at preprogramed time intervals. The separation of each 
fraction is continued on the capillary, c~lum~ and r_he components were 
detected by ~he mass spectrometer (ITD). The mass spectral fragmentation 
data were stored on a l0 megabyte hard disk and were later ana1_yzed by the 
library search using National Bureau of Standards (NBS) mass spectral data 
base which has fragmentation patterns of about 40,000 organic compounds. 
The library search was used to identify the general formula as well as 
probable functional groups of most major components in coal liquids. The 
identification of each species was achieved by using several factors in- 
cluding SEC retention volume (linear molecular size), GC retention rime 
(boiling point, molecular weight) and mass spectral fragmentation pattern. 

Disclaimer: This report was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor any Agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of an>" information, apparatus, product, or process disclosed, or repre- 
sents that its use would not infringe privately owned rights. 
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The SEC-GC-MS analysis data o n  low rank coal derived liquids which 
were produced under varying liquefaction conditions were used tc identify 
probable chemical reactions responsible for converting coal ~o liquid 
products. We have observed a striking similarity in the identity of chemi- 
cal species in anthracene oil (A0@), recycle solvents and the low rank coal 
derived liquids. The aromatic species which are characteristic of coking 
oven products from coal, such as anthracene oll and creosote oll were found 
in all low rank coal derived liquids from the liquefaction experiments, 
including the one using water under st~per critical conditions. However 
there were variations in the concentrations. The hydro~ aromatics, also 
known as alkylated phenols, which are produced under lignite liquefaction 
experiments, are not major components in anthracene oil. The straight chain 
hydrocarbons, mainly alkanes which are found in any coal liquid and are 
observed as sharp peaks are substituted with a =hump" of GC. It appears 
that the pyrely~ic con~ions used in coking oven are destroying or con- 
ver~ing most of the straight-chain alkane species and produclng numerous 
isomeric hydrocarbons as evidenced by the MS fragmentation pa~terns of the 
GC "hump". The paper will present analysis data on specific samples to 
demonstrate r~he basic ~rends in liquefaction reactions as well as the 
instrumentation and analysis techniques. 

INTRODUCTION 

The major stumbling block in any coal liquefaction study is the time required 
for analysis of the coal-derived liquids. Most liquefaction s~udies used only simple 
routine nests =o eva!ua~e =he degree oE conversion. These tests were based on 
viscosity of ~-he liquids produced, and on the amou~ts of residues, d/snillaces, and 
~on-volatiles in the produce slurry. Occasionally, more nime-consumln 5 analytical 

J tests were also performed to estimate the asphaltene and oll content of the product 
slurry. Rarely, coal liquids (most of the nlmc only certain fraction were used) were 
also extensively analyzed by sophlsnlcated instrument such as gas chromatography - 
mass spectrometry (GC-MS), nuclear magnetic resonance (NMR), Fourier Transform 
Infrared (FTIR) spectrometry and high performance liquid chromatographic separations 
(HeLC).  

Size exclusion chromatography - gas chromatography - mass spectrometry (SEC-GC- 
MS) is a unique technique which we have developed durin E the project period for coal 
liquid analysis. Size exclusion chromatography (SEe) separates molecules based on 
size in a short analysis time. Unlike other chromatogTaphic techniques, SEC does not 
retain sample species on the column, r/~e analysis time is fixed, and everything 
loaded onto the column elutes within a fixed =lee frame. The application of SEC is 
limited only by =ha solubility of the sample in a solvent. Since tetr~hydrcfuran 
(THF) is a good solvent for coal liquids, t/re separation of coal liquids by SEC is 
easily achieved with appropriate columns. 

Although size exclusion chromatography (SEC) h~s been used primarily for the 
separation and characterization of polymers based on molecular size or m01ecu~a~ 
weight, its use can be extended to the separation of smaller size molecules.- - 
Since coal-derived mixtures have several components of similar sizes, the use of SEC 
alone does non resolve them for the p u r p o s e  of identification. The gel columns 
packed with 5~m polymer particles have about 50,000 theoretical plates per meter, a 
five-fold increase over that of I0 ~m columns; thus, an increase in separation eff~- 
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ciency is achieved. Because sample sizes can be increased with a minimal loss of the 
number of Theoretical plates and still remzin reasonably good resolution, a column ~" 
cm in length can separate a relatively large sample in a time as short as 25 minute 
SEC is used as a preliminary separation technique. Other analytical techniques su 
as gas chromatoEraphy (GC) and gas chromatography-mass spectroscopy (GC-MS) are used 
to analyxe the SEC fraction. 

Coal liquids, petroleum crudes, and their distillation cuts have been separated 
iut~ 7f~ur or five fractions by SEC. These SEC fractions were analyzed by use of 
GC.-' '- The fraction collection procedure was performed manually, which was ineffi- 
cient, and susceptible to human error. A preferred technique is to use a computer 
controlled fraction collection and subsequent GC-MS analysis technique The au~o- 
ma~ed fraction collection followed by injection of the fraction into the GC reduces 
analysis time, ~nd offers an option for the collection of the desired number of 
fractions a~ predetermined time intervals. The manual collection of up to i0 cne-ml 
fractions is also used in order to varify the effectiveness of the automated 
~echnique. 

The flame ionization d e t e c t o r  (FID) is used for the detection and quantitative 
estimation of components separated by the GC. Identifications of major species is 
achieved by a mass spectrometer which cannot be used for quantitative analysis of 
complex mixtures such as coal liquids. 

Mass spectrometers used to be expensive and co=plex for routine use as a GC 
detector. The Ion Trap Detector (ITD, Finnigan) is a low priced mass spectrometer 
(MS) for capillaty chromatography. Three analytical ~ools - SEC, GC, and ITD - are 
incorporated into a powerful analytical system for ~he analysis of complex mixtur 
such as coal liquids, recyle solvent and anthracene oils. The instrumentation w 
developed as a part of this DOE project. The SEC-GC-MS analysis of Wyodak recyc 
solvent is used to illustrate the speed and effectiveness of The technique. 

~=~ 

EXPERIMENTAL 

Coal Liquid S~mples 
Coal liquids used for The analysis included recycle solvents which were obtained 

from the University of North Dakota Energy Research Center (UNDERC). Anthracene oil 
distillates were used to liquefy low-rank coals and the resulting product slurries 
were recycled as liquefaction solvents for approximately twenty times before the 
recycle solvents were produced. The recycle solvent contained a substantial amount 
of original anthracene oil and its decomposition products along with low-rank coal- 
derived products. The recycle solvent represents a very complex synthetic crude 
sample with questionable hydrogen donor capability. Four recycle solvents produced 
from Wyodak subbiruminous coal, two North Dakota liEnites (ZAP-2 and Beulah), and 
Texas Big Brown lignite were used for mini-reactor liquefaction experiments on some 
coals at Texas A&M University. Some liquefaction experiments were performed using 
oth~_r solvents such as plain anthracene oil and water under supercrltical conditions. 
Temperatl~re pressure and feed gas compositions were varied to produce chemical ll- 
quids with different chemical compositions, from low-rank coals. The slurry from the 
reactor was extracted wir_h THF by sonic, sting in an ultrasonic bath for 15 minutes. 
These extracts were also analyzed. A 25% solution of the sample was prepared in 
~e~rahydrofuran (I~iF) and filtered through O.A5 ~m disposable HPLC filters (Supelco) 
and i00 ~is of the filtered solution were used for each $EC separation. 
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SEC-CC-MS Instrumentation 
A schematic of the SEC--GC-MS instrumentation is shown in Figure i. The system 

c0nsls~s of the followin~: a l~quid chromatograph (LC, Waters ALC/SEC Model 202) 
equipped with a 60 co, 5 /to, I00 A PL-gel column (Polymer Laboratories) and a refrac- 
tive index detector (Warers Model K 401); a bonded phase fused silica capillary 
column manufactured by Scientific Glass Engineering, Inc. /,SGE) ; an autosampler 
(Varlet 8000); a flame ionization detector (FID); a nitrogen specific detector (Ther- 
mionic Ion Specific - TSD); and a microcomputer system (IBM CS 9000) with 1000K bytes 
RAM and dual 8" floppy disk drives for collecting raw chromatographic da~a. 

A Finnigan Ton Trap Detector" (!TD), a small mass spectrometer for capillary 
chromatography, is the third de~ec~or interfaced wi~h the gas chromatograph. Finni- 
gan introduced the ITD during the first year of the DOE project and one of the first 
ones was purchased and installed during the second year of the project. The control 
of the ITD, ~he da~a collection, and the identification of species by a library 
search with a NBS Mass Spectral Data Base stored on a I0 megabyte hard disk, are per- 
formed by an IBM PC XT microcomputer. Since the software from Finnigan did not allow 
the operation of the ITD in a run programmed mode, it was necessary to run each GC 
separation manually and reset the ITD between GC runs. A new software for ITD was 
obtained during ~he last year of the project, "which allows uninterrupted analysis of 
several samples in an automated mode. It was also a practice to collect samples on 
the loops of valve V 3 (Figure 2) and to concentrate it before manually injecting the 
sample (0.2-0.5 #1) with a Scientific Glass Engineering (SGE) on-column injector in 
order to better identify the minor components. 

S.~C-GC Interface 
The continuous sample separations on the gel column followed by the GC analysis 

of selected fractions were achieved by the operation of ~wo 6-port valves and a 34- 
) port valve (All from Valco Instrument Company) as illustrated in Figure 2. Sample 
injection into the LC was performed by a 6-poTt valve (VI) with a 2 ml sample loop 
and fitted with a syringe-needleport for variable sample size injection. The com- 
bined operation of another 6-port swltchin E valve and t h e  34-port valve "V~) with 16 
sample loops (100 ~1) enabled the linking of the liquid chromatograph with ~he auto- 
sampler of the gas chromatograph. The autosampler was modified to handle 100 ~i 
samples directly from the fraction collection loops of V~. When V 2 was turned 
clockwise, it kept V 3 in llne of the LC effluent so that ~he fractions of separated 
sample could be collected and the autosampler was bypassed. V? at its counter- 
clockwise position kept V 3 in line wlr/~ the autosampler for sampIe injection but it 
bypassed the LC stream. Generally, 0.I ~1 samples were used for the GC analysis. 
Sometimes the stream from the capillary column was split (50/50) for the simultaneous 
monitoring by the FID and TSD. The real time monitoring of the GC was possible on 
both Varian and IBM systems and the raw chromatographic data were stored on the 8" 
floppy disks. The fraction collections and sample injections into the GC, as well as 
the data collection, were performed by the integrated system composed of a Varian 
Automation System (VISTA 401) and the IBM microcomputer (CS 9000). For each sample 
injected into the SEC column, up to 16 fractions were collected and analyzed by the 
GC using appropriate gas chromatographic programs stored in the memory without any 
manual interaction. 

In addition ¢o the use of the LC-GC interface (Figure 2.), 1 ml fractions wore 
manually collected and analyzed by GC using the a=tosampler. The fractions were also 
evaporated using a slow stream of nitrogen and analyzed each fraction by GC-MS using 
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a SGE on-column injector. 

RESULTS & DISCUSSION 

SEC of Wvodak Recygle ~olven~ 
Figure 3 shows the SEC separation of Wyodak recycle solvent. The separation 

pattern &o~q various chemical species and chemical groups are assigned based on 
reported~'-- as well as unreported studies. When valves V 2 and V 3 (Figure 2) are 
engaged, the SEC effluents are collected in the sample loops of V 3 at specific 
intervals. The refractive index detector out, put shows the effect of such fraction 
collections as negative peaks (Figure 4). 

GC Analysis of SEC Fractions of W voda~ Fe~vcle Solvent 
Sixteen SEC fractions of I00 ~I each were collected from the Wyodak recycle 

solvent (Fio~ure 4) at 0.5 mln intervals. Each fraction was analyzed by injecting 0.1 
~l into the GC, which used the flame ionization detector (FID). The first three 
fractions and the last fraction showed the GC of the solvent; so the GC of those 
fractions are not included in Figure 5. The first GC (Figure 5.1) corresponds to 
the GC of fraction #4 and the last GC (Figure 5.12) is that of fraction #15. By 
increasing the GC oven temperature the larger alkanes in fraction #2 and #3 can be 
detected. A shorter col,~n ~nhances the FID response as these heavy alkanes accumu- 
late on the column probably due to irreversible adsorption or decomposition. 

Identification of Svecies in SEC Fract~on~ 9~ Wyodak Recycle Solven~ 
Figure 5.1 shows the GC of fraction # 4 .  It shows alkanes ranging from C25 to 

Co_. It is quite possible that the fraction may contain higher alkanes which are not 
d~ected due to the GC-oven temperature limit. The peaks are identified from the MS 
fragmen~atlon pattern. Fraction #5 is collected after a 0.5 minute interval an 
CC (Figure 5.2) shows alkanes ranging from C1q to C~0. This fraction has 
alkanes (C~9-C~4) in larger proportions in adaition £o smaller amounts of aikanes 
(C25-C30) w[tich-were detected earlier in fraction #4. 

When SEC columEts are overloaded the peaks tall to longer retention time o r  

volume. In the case of other modes of chromatography, such as gas chromatography, 
the overloading causes a shift in the retention time toward lower values, and peaks 
skew toward lower retention times. A "cascading effect" occurs due to the decreasing 
number of active sines seen by the sample as the number of the same sample molecules, 
which temporarily block the active sites, increases. The reverse phenomenon is true 
in the case of SEC where a larger sample size causes peak spreadln 5 and the sample to 
eluce over a slightly longer retention tlme period. 

The peak due to C.. is larger relatively to other alkanes in Figure 5.1 and 5.2. / 
Our experience with ~ossll fuels indicates that the stralght chain alkanes (n-al- 
kanes) have a normal distribution over a wide molecular weight range. Even in other 
reported works on hydrocarbon fuels an unusual enhancement of a particular straight 
chain alkane is not observed. The alkane fractions always contain branched alkanes 
such as prlstane, phytane, and hopane, and some. of them are called biological mar- 
kers. It is quite possible that the C27 peak could be due to some branched alkanes 
co-eluting with n-C27. 

The GC of fraction #6 is shown in Figure 5.3, which contains mostly alkanes in 
the range of C1~-C2t ' and small amounts of C~ and Co~-Coo. The fraction #6 was 
collected 0.5 mln~e a~ter fraction ~5 and once'Inure ~te~fractlon ~4. If fraction 
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~5 had not been collected, the GC of fraction #4 and #6 which were one minute apart 
could have been used to quallr~tlvely, but non necessarily qualitatively, determine 
all of the species. Fraction #5 has species from both fractions #4 and #6. The peak 
width of species eluti~%g at these retention times is about one minute. Hence SEC 
fraction collection at one min (one ml) intervals would have contained all the 
species with less overlapping and analysis time could have been reduced to half. A 
short peak immediately after C17 is p~istane (tr!methylhexadecane). The short peaks 
that appear between the n-alk~ne peaks appear to he isoalkanes or b~anched alkanes. 
The baseline appears to be shifted slightly upward compared to the baseline of the 
GC's in Figure 5.1 and 5.2. This is probably due to a large number of possible 
isomers of phenolic species. GC of fraction #7 (Figure 5.$) has alkanes as small as 
C19. The ratio of peak heiEhts of pristane to C17 i~creases in the GC " of this 
f~ction compared to previous fractions as expected from its shorter linear molecular 
size. The smaller peaks between n-alkane peaks are alkylated phenols and branched 
alkanes. 

Fraction #8 (Figure 5.5) is mostly alkylated phenols and indanols with a trace 
amount of smaller alkanes. The baseline shift is due uo the co-elunion of several 
!a~ge phenolic species in ;,.~ny isomeric forms. Fraction ~9 (Figure 5.6) does no~ 
contain any alkanes. The rat,-e of the o-cresols to m-, p-cresols increases from 
fraction #8 to #9. Both m-cresol and p-cresol are structurally longer than o- 
cresol. Some long aromatic species such as biphenyls also appear in this fraction. 
Compared to fraction #S, ~he phenols in fraction #9 are of shorter size while the 
peaks appearing an long GC retention times are aromatics, I~ is safe to say than 
phenols appear before 16 minutes of GC retention time followed by aromatics after 16 
minutes. The GC of fraetf ;n #I0 is shown in Fibure 5.7. Light phenols including 
xylanols and cresols present in ~his fraction are separated on the GG before a 

mostlyretenti°nwithtimeallc21°fside8 mlnutes.chains. The species appearing afzer 8 minutes are aromatics, 

Fraction #11, whose - GC is in FiEure 5.8, contains phenol, %-hieh appears at 3 
minutes. Phenol is the only phenolic in Fraction Ii. Almost all possible isomers of 
one and two ring aromatics with alkyl side chains (propyl or shorter) are detected in 
this fraction. Since the number of species are higher, co-elutions of two or "more 
components at one GC re=entlon time is observed. The mass spectral fragmentation 
pattern can be used to assign the molecular formula and general structural nature. 
The identification of ~ ;omers is very difficult in a number of cases. The I~S ~lass 
Spe,:tral Data Base has only a fraction of the needed standard reference spectra to 
identify the species in this fraction. Most of the identification has been" assigned 
bas.-~d on the fragmentation patterns and boiling po~n~s derived from the GC retention 
ti~es. Fraction ~12 as shown in Figure 5.9 has overlapping from t~o types of aroma- 
tics - alkyiated aromatics and polycyclic aromatics. Fraction #13 contains aromatics 
wi~h slight alkylauion and the ring numbers increase as sh.~wn in Figure 5.10. Both 
frac:ions #14 and #15 (FiEure 5.11, 5.12) contain only multi-ring aromatics with few 
alkyl side chains. One exception to the .rule that SEC separates species in 
decreasing order cf linear molecular size is that condensed ring aromatics tend To 
remain in the column longer. Some polycyclic aromatics such as pyrene and coronene 
are eluted from the gel eolum~ only after napthalene although They are much larger. 
Here pyrene is in Fraction #15 than in Fraction #I~ but the reverse is true for 
anthracene which appeazs before naphthalene. 
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~ffect of Solvent-Solute ~nte;act~oq o~ SEC 
The separation of chemical species by size exclusion chromatography is mot% 

reproducible than any other types of chromatography. Once the SEC columns, th 
mobile phase (most often a pure solvent llke THF or toluene), and the flow rate ar~ 
selected, the retention volume (or retention time assuming the flow rate does not 
change) is primarily a function of linear molecular size, which can be obtained from 
the valence bond struct~tre if the compound is known. 

r~q 

Effect of Gel-Solute Interaction o~ SEC 
If the molecules have a tendency to interact with the packing material of the 

column, molecules may elute at longer retention volume. In the case of PL gel 
columns which are packed with a gel formed by the co-polymerization of styrene and 
divinyl benzene, the aromatic species have a tendency =o stay on =he column slightly 
longer than expected from their linear molecular sizes. The SEC elution pattern 
shows that the aromatics appear to be smaller than similar structured cycloalkanes. 
Among similar aromatics such as benzene, naphthalene, and anthracene, the elution 
volume is in r-he decreasing order of linear molecular sizes (i.e. anthracene is 
followed by naphthalene and then beDzene elutes last). In the case of polycyclic 
aromatlcs where three or more rlngs are attached to a single ring as in pyrene and 
coronene, the elutlon time increases as the number of rings increases. Pyrene has a 
retention time longer than that of anthracene. Coronene is eluted only after py- 
rene. The additional alkyl side-chaln causes the molecules to elute sooner, as 
expected from the resulting linear size increas~ due to alkyl side-chains. 

Probable Molecular Structure Based on SEC 
Alnhough the mechanism of SEC separation Is controlled by linear melecula ~ ~;-^ 

a~ well as or_her parameters, the separatlon pattern is very reprodu 
Considerin~ all the molecular parameters responsible for r_he size excluslcn chr 
graphic separation pattern and the known separation patterns of a n'~-2oer of 
pounds, it is possible zo predict the retention volume of a compound of known 
ture. Based on t.he same principle r_he retention volume gives information on ~he 
structure of r/~e molecule. 

The r o l e  of  s i ze  exc lu s ion  chromatoEraphy i s  Lbe s e p a r a t i o n  of r a t h e r  complex 
coal liquids into simpler fractions. The retention volume can  be used to help identi- 
fy the chemical surucrure where GC-MS is unable to identify its possible structure. 
For exampl~ biphenyl and dihydroacenaphrhene have the same molecular formula as well 
as similar mass spectral fragmen~atlon patterns. Coal liquids contain both species. 
The one which appears first (lower SEC retention volume) is biphenyl (GC ret. time = 
17 mln. in Figure 5.6). Dihydroacenaphthene appears later at longer SEC retention 
volume and is identified in Figure 5.12 at GC retention time of 13 minutes. The 
former has a longer structure compared to the latter. 

Samvle Svreadln~ 
This phenomenon is quite apparent from Figure 2.5. Since t~e I00 #i fractions 

are collected at 0.5 ~I volume intervals and the species have about 1 #i peak width, 
each species is detected in two or more consecutive fractions. The fra~nions at the 
lower retention volumes spread less compared to those at the higher retention 
volumes, as illustrated by examining the spreading of C_ H52 and phenanth~ene. The 
component n-C25H~? is detected in t h r e e  SEC fractions wi~ a maximum concenuration in 
the second fraction (Figure 5.1, 5.2, 5.3). Phenanthrene is detected in the last 
five fractions (Figures 5.8, 5.9, 5.10, 5.11, 5.12). The examination of any parti- 
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c u l a r  species shows cha~ they are spread over three or more fractions and the range 
of spreading (a measure of peak widr-h) increases with re~en~i0n "volume. 

In is quite evid~n~ that the analysis of small fractions at retention volume 
intervals of 0.5 ml or even 1 ml does not m~ss any major or minor species. Almost 
all species at detectable levels are identified. 

Quantitative Ana%ysis by SEC-.'J0-MS 
The quantitative estimation of species by SEC-GG°MS technique requires a mathe- 

maulcal solu~-ion. Two types of approaches for the quantitative esulmauion can be 
envisioned. One is for ~he estimation of one or more selected species of interest. 
The second approach is based on grouping of various species in coal liquids into a 
few chemical lumps and estimating the quantity of these lumps by using the data 
derived from the analysis technique. 

When a particular component elutlng an a certain retention volume is no he 
estimated, th~s approach can be outlined as follows. S~nce SEC is extremely reprodu- 
=Ible, the peak shape, peak width and peak height are dependent on the amount of the 
species in ~he sample volume injected, sample volume and retention nine. From these 
factors the SEC peaks can 5e simulated or elutlon pattern of any species within the 
separation range can be plotted as a funct%on of mass vs. retention volume. The 
analysis data supplies the concentration of this particular species over t~o or more 
0.5 ml intervals. A match-up computer program has to be developed so that it can 
pick up ~he peak shape and concentration 5ased .on three or four data point~ a= known 
intervals. 

The second approach cowards quantitati~-c .analysis is based on dividing the coal 
liquid into distinct fractions containing similar chemical species as is illustrated 
in Figure 3. This type of chemical lumping gives more useful information on coal 
liquefaction reactions and on kinetic models of coal liquefaction processes. 

IE is a fact that coal liquids are composed of thousands or maybe millions of 
chemical compoun,-~s. Classifying them into a few meaningful groups of compounds can 
be a sui'-'able procedure uo evaluate coal liquid composition. Currently at least ~wo 
types of" classification approaches have been used. One is based on physical separa- 
tion by appropriate combination of physical and chemical methods. The second ap- 
proach is based on estimating functlonal groups or functional£ties in a coal liquid 
by sophisticated instrumentation such as solid state NMR and FTIR° By the first 
methodology coal liquld is separated into fractions such as oils (pentane soluble) 
asphaltenes (pentame insolubles but be.nzen¢ solubles) and preasphaltenes (pyridene 
soluble but imsoluhle "~n benzene and pentane) where no clean separation or estimation 
is achieved. By ~he second type of methodology more cumulative data is achieved on 
functional groups. This met/%odoloKy has the dlsadvannage of looking au a compound 
with more than one fun~c~-mal group. The amount of each group ~_s estimated as 
s&parate moieties and computed separately. The alkyl c h a i n s  attached ~:o an aroma=it 
ring, which also has phenolic groups, is very different from saturated hydrocarbons 
such as normal paraffins b u t  they a~.'e classified ¢ogerher in this approach. 

OverlaDvin~of Svgcies in SEC Fractions. 
When SEC-GC is used in its automated "~ersion for coal liquid analysis, 0 .I pl 

fractions of SEG effluents are ar~lyzed by GG to produce s~mpler gas chromatograms. 
Some of these gas ohromatograms, for example the GCs of longer alkanes, are composed 
of chemically similar components. The flame ionization detector (FID) response 
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factor, based on mass, is essentially the same for these larger alkanes. The total 
area counts of such gas chromatograms excluding solvent peak which represents 
sample volume (0.I~I), multiplied by the response factor will give the mass 
alkanes in the SEC fraction analyzed. Certaln SEC fractions are composed of two or 
more different chemical species due tc the overlapping effect of similar size spe- 
cies. For example, the low boillug poin~ alkanes are mixed with the high boiling 
point phenols where the linear molecular sizes of the species are similar. The 
al.kanes appear at low retention times whereas phenols appear at longer retention 
times {Figure 2.5.5). In these cases th£ azea counts have to be lumped into two 
groups, cne for alkanes and another one for phenols. Each of these area counts 
multiplied by the correspondlng FID response factor indicate the amount of alkanes or 
phenols present in the O.l~l SEC fractions. All of the sixteen or more CCs of 
selected SEC 0.i~I fractions of coal liquids or recycle solvents are individually 
analyzed for various "lumped chemical" species in the fractions. Coal liquid samples 
carl be separated by distillation and estimated for ~he nonvolatile content. The SEC 
of nonvolatiles and volaEiles are reconstructed to show both in the same SEC output. 
These data along with SEC-GC da~a are used to reconstruct the SEC of Wyodak coal- 
derived recycle solvent as shown in Figure 2.3. 

SEC vs. Distillation 
The chemical lumping pattern shown in Figure 2.3 is we: 7 similar to the plotting 

of dis~illation temperatures vs. composition, a technique commonly used in petroleum 
refining to simulate the composition of distillate as a function of temperature. 
Since SEC includes nonvolatiles, information on their size distribution is also 
shown. In each chemical lump the molecular weight ~ecreases as SEC retention volume 
increases. The individual chemical lump has a SEn separation pattern similar to a 
distillation temperature vs. molecular weight plot, a technique used in petroleb,- 
refining to illustrate the composition of various distillation cuts. 

Chemical LumDln9 
The species not been identified as one of the major chemical lumps such as 

alkanes, phenols and aromatics are lumped roger/let as unidentified. However, the 
species in this lump include saturated and unsaturated cycloalkanes with or without 
side chains, which resemble the naphthenes, a petroleum refinery product group. A 
number of well known species in coal liquid are not mentioned in this lumping scheme, 
such as heterocycllc compounds with sulfu2, nitrogen or oxygen as the heteroatom, and 
other heteroatom-con~ailling species. Some of these compounds a~ear with ~romatics 
(e.g. thiophenes, qulnollnes) and with phenols (e.g. aromatic amines), and most of 
them are lumped wlth the unidentified species lump. 

One exception to the rule that SEC separates species in the decreasing order of 
linear molecular size, is that condensed tin 8 aromatics appear t o  adhere to the 
column longer so that some polycycllc aromatics such as pyrene and coronene are 
eluted from the gel column only after naphthalene, although their molecular sizes are 
much larger. More pyrene is in Fraction #15 r/fan in Fraction ~14, 5u~ r~.e reverse is 
true for anthracene. 

Variabil~t 7 in the Distribution of Chemical Species i,. Low Rank Goal 
Conversion Product 

Almost all the samples from most successful low-rank coal liquefaction experi- 
ments were analyzed by SEC-CC-MS technique and MS raw data were stored on about 200 
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5%"-floppy disl~s. Although the liquefaction experients used mostly the conditions 
used in r_he pilot plant at the UNDERC, some experiments were conducted under 
different conditions and solvemts including water urLder supercritical conditions. 
Initially ~he SEC-GC-MS data on the recycle solvents and anthracene oil were very 
carefully studied and GC peaks were identified and ~he components in various frac- 
tions were tabulated. Certain SEt fraction~ of the recycle solvents were analyzed by 
the GC-MS several times varylng samples sizes uo identify any minor components. 
Since the coal liquids contain many components, the mass spectral data of some 
compounds were not available in the library. A very careful evaluation of the HS 
fragmentation pattern was necessary uo establish the identity of the compound. Iden- 
tification of unknowns needed better MS fragmentation pa~tern and ~ime. Once a 
compound was identified, the information was continously used for identifyin 5 trace 
amounts based on masses of r_he major fragments. 

Dis.tribu.t£on of Alkanes 
One of the major results of SEC-GC-MS studies is the discovery of an orderly 

pattern, by which various isomers and homologs of similar chemical species exist in 
coal liquids. For example almost any dlrect coal liquefaction process produces very 
similar species, which differ from each other hy size and extent of isomerization hut 
with an orderly distribution pattern. Alkanes ranging from C19H26 and C..H^- are 
detected in almos= any coal liquid. Mos~ of these are straigh~ c'~azn .-- ~ 5u . a£Kanes ssowzng 
an orderly continuous pattern. Neither is a particular n-alkane almost absent nor is 
it present in a disproportionate amount. Exceptions exist for some branched alkanes 
such as pristane, phy~ane, and hopane. These species are also called biomarkers and 
uheir concentration varies depending on the sample. The straight chain hydrocarbons, 
mainly the alkanes, are observed as sharp GC peaks in the GC of certain SEt fractions 
of lignite-derived liquids. The corresponding SEC-fractions of the anthracene oil 
show a "hump" in the GC. Iu appears =hat the pyrolytic conditions used in a coklng 

I 

oven are destroylng or converting most of the straight-chain alkane species into 
numerous isomeric hydrocarbons. The MS fragmentation patterns of the GC "hump", are 
similar ~o r/%at of alkanes. 

D i.str~bution ~f Phenols 
Phenols are a major chemical lump present in coal liquids. Phenols have basi- 

cally one or more aromatic ring structures with alkyl subsniuuents. Methyl, ethyl 
and propyl are the most common alkyl substltuenns. The smallest species is the one 
with a hydroxyl group attached to a bet.zone ring. Addition of a methyl group pro- 
duces three isomers - o-, m-, and p-cresols. It appears that all r~hree are present 
in about t_he same proportion. The number of possible isomers increases as the 
possible number and size of alkyl substltuents increases. It is expected that higher 
de~ree of alkyiation can produce largez molecules in a larger number of isomeric 
forms, separation of which is rather difficult even by high resolution GC methods. 
This could be the reason why a shift in the GG baseline is observed for the SEC 
phenolic fractions rather ~han resolved peaks. Since these shifts are quite reprodu- 
cible and real, ir can be assumed that these "bumps" are due ~o a large number of 
components eluting continuously without resolution. Their SEG retention t:'me sug- 
gests that they are probably phenols. The gas chromatographers who are used ~o fewer 
sharp peaks from capillary GC may prefer to resolve them. Sometimes derivatization 
techniques are used to obtain sharper well resolved peaks. As a matter of fact 
unresolved "bumps" are telling a story. Too many isomers of close molecular weight 
or boiling point are eluting without resolution at close retention times. Phenols do 
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show peak tailing in most GC separation conditions. But currently available 
capillary columns do not show tailing as a serious problem. Peak tailing is expect 
to decrease as the degree of alk-ylation increases. Peak tailing for cresol is le 
than that for phenol. It is much improved for xylenols. The derivatization 
phenols prior to CC separation may produce fewer well-resolved peaks but aa the 
expense of losing some components. 

Distribution of Aromatics 
The number of isomers of alkylated aromatics is enormous. Lower members of 

alkylated benzenes such as xylenes are well-resolved and detected by FID and MS. 
Increased alkylation causes an increase in the number of isomers. In the case of 
both alk'ylated phenols and aromatics varlou& isomers exist in a continuous pattern. 
~le less alkylation gives few well-resolved isomers. The more alkylation gives a 
large number of isomers but in s~iller concentrations. 

We have observed a striking similarity in the identity of chemical species found 
in different types of coal liquids such as anthracene oil (AO&), recycle solvents and 
the liEnite-derived liquids from our liquefaction experiments as they are separated 
by SEC-GC and identified by MS. The polycyclic aromatic species which are character- 
istic of coking oven produc~s from coal, such as anthracene oil and creosote oil are 
found in all lignite-derived liquids from our liquefaction experiments, including the 
liquid obtained by the dissolution of lignite in water under super critical condi- 
ci0ns. Their relative concentration was found to increase varying with the severity 
which is used to produce the coal liquid. Anthracene oil has the highest concentra- 
tion of polycyciic aromatics and the lignite liquefied in supercritical water has the 
lowest. The hydroxy aromatics, also known as alkylatedphenols, which are produced 
under liEnite liquefaction experiments, are not major components in anthracene oil. 

CONCLUSIONS 

The coal conversion products are compounds of at least t w o  types of species. 
"a" The species which a~e released from the coal matrix and stabilized by the coal 
liquefaction process. This type of species retains most of its original structural 
characteristics. Most of the alkanes and alkylated phenols belong to this group. 
"b" The species which are characteristic of high temperature reactions. The polycy- 
clic aromatics such as phenanChrene and pyrenes are products of high temperature 
chemistry. Coke ovenL and even wood burning fireplaces produce these prod,;c~s. The 
liquefaction enviror~mant can cause additions of alkyl side chains to these species 
although higher temperature causes the dealkylation of these products. Some of these 
species may he existing in coal but in lower concentrations. 

The coal liquefaction process generates both types of compounds. Lower 
temperatures favor type "a" compounds while higher temperatures tend to produce more 
of type "b" compounds. The SEC-GC-MS analysis data on a number of coal liquids 
produced under varying conditions from different coals and liquefaction solvents 
indicate that liquefaction temperatures below 400°C produce very little type "5" 
compounds although they are not totally absent. The alkylated aromatics such as 
alkyl indans and benzenes appear to he generated from the original coal structure 
alr_hough r_hese compounds could be cataryuically generated at these temperatures even 
from simple snaTting materials such as CO and H 2. Several low temperature reactions 
products from coal suppcrt the existence of one or two ring aromatics with other 
substitl-ents, especially in low rank coals. 
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• ABSTRACT 

Reaction kinetics of catalytic steam g~sd_~cation of Austr~ lignite 
chars having mean particle size of 0.3ram have been studied in a 9.5 
cm-ZD x I00 cm high thermoba]ance reactor. 

The sam!01e char has been prepared from the pyrolyzin~ the Austral- 
ian l~Em/te (~C~= 75.7) at T00oC under the atmosphezqc pressure in a 
muffle furnace. Three different cataiysts (I~C0s, Na2COs, L~CO3) and ~ts 
m/xture [{Na, E)2COs] were impregnated into the chars in order to- deter- 
mine the effects of catslyst type and amount of catalyst loading (I-5 wt. 
~) at different reaction tempeFatures (700-800oC) on the rate of steam 
ga.ci~cation. The mass conversion of the char has been determined b y  the 
r a t i o  o f  t h e  ~ a s i f i e d  c a r b o n  to  t h e  i n i t ~ /  c a r b o n  c o n t e n t  i n  t h e  c h a r .  

The non-catalytic steam Easific.ation reactions have been well repre- 
sen%ed by the unreacted shrinkiug core model in which chemic.a/ reaction 
i s  t h e  r a t e  c o n t r o l l i n g  step. The r e a c t i o n  o r d e r s  with respect to carbon 
were found %0 be 2/3 in the case of non-catalytic and Li~CO~-cata/y~/c 
reactions. Whereas, the reaction with KzC03 catalyst revealed a zeroth 
react/on order. In the cases of Na2COs and mixed (Na,K)mCOs catalytic 
steam Easification reactions, the reaction order was found to be zero and 
the reao~don rate constant can not be ¢~escr/bed as an unique value. The 
reaction rate iucressed with the reaction temperature and the amount of 
catalyst loadiuE. 

Under the same experimental cond/tions wi%h 3 wt% catalyst 1oadiug, 
the catalytic activit/es were found to be ranked as Na~COa) mixed 
(Na~K)zC0~> E~COs> Li~CO,- 

React/vity enhancement factors for the mixed (Na~KhCO~ catalysts 
were found to be the arithmet/c mean values of uhe both Na~CO~ and 
E~CO~ catalysts. Anti,at/on ener~es and frequency factors of the c~ta- 
Iytic reactions were smaller than those of the comparable non-catalytic 
steam E ~ f ~ c ~ M o n  r e a c ~ n s  w h i c h  may give an evidence of t h e  c o m p e n -  
sa te  effect in the react/on. 

INTRODUCTIOb; 

Numerous investigations have been focused on ~he role of catalysts in 
th~ coal Easification reactions in order to enhance the reactivity under 
the low reaction temperature. 

Fox- the production of methane in a coal Easif~er, the followinE reac- 
tion i s  considered because of its thermoneutral c h a r a c t e r d s t i c s  [I]: 

2C ÷ 2H=O = OH4 + CO2 [I) 

The  o v e r a l l  r e a c t i o n  is  a c o m b i n a t i o n  of  t h e  e x o t h e r m / c  w a t e r - g a s  s h i f t  
and methanation react/ons and the endothermic carbon gasificu~-ion r~ac- 
tion. These three reactions are slow in the absence of c~talyst, however, 
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the rmtes may be increased u~ to a certain [eve[ by increasin~ reacticn 
pressure. But, equilibrlum conversion is ~educed with incressin~ pres- 
sure. The rate of c-urbon ~asification with steam increases sharp|y with 
increase in teml~eFature, however, increasin~ temperature severely ~/mits 
the equilibrium production of methane. Therefore, the solution would be 
to operate the gasifier at an intermediate temperaLure around I000 K with 
minimum equilibrium problems and to utilize cataiysLs to acceder.rite reac- 
t/on rates, in the Exxon gasifier, KzCOa as a c~taIyst has been employed 
for methane production as shown in reaction [I). 

It has been known that the alkali, aika//ne earth, and transition met- 
als inherently present in the mineral matters of the raw coal or artifi- 
cially added by phys4csd mixing or impreEnation are most effective c-ta- 
l)'sts. Active c~talFsts appear to participate in the Ea~ification reaction 
by underzoing chemizal or electronic interactions or both with the carbo- 
naceuus substrate [2], however, the details of these interactions are not 
yet clearly understood. Therefore, a number of studies have been car- 
ried out in order to determine the effects of catalysts on the Ea~ifica~ion 
rate and the reaction mechan/sms. 

In this -"tudy, reaction kinet/cs of cataly't/c steam Easification of Aus- 
trsdian REnite char have been investigated in a 5.5 cm-lD x 1 m high 
thermobalance reactor. 

EXPERIMENTAL 

The char samples used in char-steam gasific.~tion have been prepared 
by heatinE an Australian [iEnite (7.C ~af : 75.7Y.) to 700°C at a heating 
rate of 6°C/m/n and charred at ';'00°C for 2 h. The proximate and ash 
analysis of the char sample are shown in Table I. 

Table  I. A n a l y s i s  o f  c h a r  sample  

Prox2mate = ~ l y s i ~  Ash analysis 
( d r y  b a s i s ,  wt.:~) {wt.%} 

t 
V.M. 7.3 SiO 2 14 .i CaO 

ash 2.9 AI203 11.79 MgO 
** Fe203 27.38 Na20 

F.C. 89.8 TiO 2 0.45 K20 

8.19 P205 0.04 
13.91 SO 3 10 .30  
3.91 residue 9.26 
0 .67  

ZV.M.: volatile matter, *ZF.C.: fixed carbon 

I m p r e E n a t e d  c h a r  s ample  was p r e p a r e d  f r o m  the  c h a r  hav inE  p a r t i c l e  s ize  
of -45 + 70 m e s h  b y  s o a k i n g  it  in to  t he  a q u e o u s  so lu t ion  of a lka l i  metal  
c a r b o n a t e  (LiaOO3, NazCO~, and  KzCO=) a n d  c o n s e q u e n t  d r y i n g  p r o c e s s .  

Cha r  g a s i f i c a t i o n  h a s  been  c a r r i e d  o u t  in a 5.5 cm-ID x 1.0 m h i g h  
s t a in l e s s  s t e e l  t h e r m o b a l a n c e  [3] in w h i c h  a sample  of c h a r  was p l aced  in 
a stainless steel wire mesh basket by means of a winch assembly for sus- 
pension of  t h e  ~ m p l e  w h i c h  was  c o n n e c t e d  to a e l e c t r o n i c  ba l ance  (Chyo  
model PD2-300W). The  r e a c t o r  was  h e a t e d  to a d e s i r a b l e  r e a c t i o n  t e m p e r a -  
t u re  u n d e r  a s t r e a m  o f  n i t r o g e n .  The  in i t ia l  w e i g h t  loss  may come f rom 
the  e v o l u t i o n  o f  m o i s t u r e  and  t h e  r e s i d u a l  vo la t i l e  m a t t e r  p r e s e n t  in t he  
sample. When the system reached an isothermal steady state, a stream of  
superheated steam was instantaneously admitted to the reactor at a mass 
flow rste of 4 ~/min. Fr~ctional conversion of char sample was followed 
by recording %he weight loss of the sample with time. 

in this study, the effects of cataIys~ type {LizCO~, NazCO3, l~CO~, 
and mixed (Na,K}2CO~} and the amount of cat~Jyst loading (0 - 5 wt.~) at 
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d~ferent resction temperature (700 - 800°C} on Lhe rate of ste.~m =~Rsifi- 
ca~.ion have been determined. 

RESULTS .~;D DISCUSSION 

I. Reaction Order and Act"vat[on Energy 

The carbon conversion in sZeam gnsifica+/on reaction, X, is defined as: 

X = (We- w)/CWo - W~) (2) 

where We is the initial weight of char, W= is the weigh~ of ash in the 
sample char  measured by complete ignition of the sample residue, and W 
is ".he saml~le weight at a a'Jven ,/me. 

For non-catalytic steam gasification of the Hgn/te char, the fractions 
of conver%ed carbon from 700 to 8000C are shown in FiE. 1. The t/me 
required for 50% conversion were found to be 140, 42, and 19 rain at the 
temperature of 700, 750, and 800oC, res~ect/vely. It can be seen tha~ the 
conversion rate is primarily affected by the reaction temperature. 

'° I 
• ~ s l ' w i n k J n g  c o r e  m o d e (  

------continuOUs model 

o so0 

/ . / , j -   ,oo 

6 0  8 0  

T ime ( ra in)  

O-B 

I 
- --  0 -6  

0 

OO-Z 

O-OJ 
0 20 4 0  I 0 0  120 

F~E0 1. Carbon conversion with time for non-catalytic steam gasification 

The reaction rate, r, is defined as: 

r = duXldt = E (I - X)" 

where K, t, and n are the reac=ion rate constant, time, and order of 
react/on, resDect~vely. 

Equation [3} is cons~tent with the volumetric reaction model [4] when 
n is unity autd the unreaotcd shrinking-core model in the chemical reac- 
t/on contmol regime [5] in which n is Z/3. I% con be seen both models fit 
Lhe exper/mental data well at low temperature, and the predicted values 
from the volumetric reaction model ezJ~ibited lar~er devi-tion than those 
from the shrinking-core model at the h[~her conversions and at hi~her 
temper~Lures. 
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The order of non-catalytic steam gasificaUon reaction of the lignite 
char has been well r~Dresenteci by the unreactcd snrinklng-core modci iz, 
wh ich  c h e m i c a l  r eac t i on  is the  rn te  c o n t r o i l i n ~  s t e p .  The  a c t i v a t i o n  
ener&D, u n d e r  the  nQn--cata /y t ic  f e a t ' . i o n  was  f o u n d  to be 176.~ k J / tool  
f rom t h e  A r r h e n i u s  l~|Ot. 

F r a c t i o n a l  c o n v e r s i o n  of  c a r b o n  in the  n o n - c n u ~ l y t i c  a n d  c a t a i y t i c  
steam gasification of Australian ~gnite char with time at 750eC are shown 
in Fig. Z in which straight line passing the origin was obtained up to 
80;~ conversion for Z~CO~ catalytic gasification reaction. 

1.0 

I 

0.6 

0.4 

O.Z 

- /  & 

• :): )u.~)Zr'o , 

• ): Lil~ ) 

• non-¢ar.~l yl : :  c 

0 IQ ZO 30 ~ SO 50 

~ g .  2. Relation between X and t for non--c~taly-tic and catalytic steam 
gasification at 750eC. 
[a: mole ratio Na/K = 2: b: mole ratio Na/K : I] 

It can be seen that the reaction rate is irrelevant to the conversion 
and the order of reaction, n in Eq. (3) is zero as reported by Huhn et 
al. [6] and Miura et al- [7]. However, Juntgen and van Heek [8] and 
Kayembe and Pulsi~er [9] have reported that n is Z/3 and 1.0, respec- 

tively. 
Catalytic gas~ication using Na~CO, e.xb/bited uniquely high value of 

~tial reactivity followed by constant reactivity with time. Thus a plot 
of conversion versus time for NeaCO3 gasification w~s combination of two 
straiKht lines having different slopes and the inflect~n point of conver- 
s-ion was found to vary with tem1~erature. The reaction orders were found 
to be zero tn NaaCO~ c a t a l y t i c  gasification and 2/3 in Li:CO~ catalytic 
gasification in the same manner of the non-catalytic g-asix'ication condition. 

The e.,dstence of different n values for the type of cata/ysts can be 
e.vplained by differences in the accessibility of the cata/yzed carbon 
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atoms and mineral matters which may deactivate the amount of active 
catalyst by side reactions. The reaction order would be a function of 
the accessibi~ty and the activity of the catalyzed carbon atoms dur~.n~ 
the course of conversion which is related to their mobility. ,The mobility 
of c~talyst depends on the melt/n~[ or boiling points, thus, it can be 
affected by ~he r eac t i on  ~emperature. Wi~h this regard, Juntgen and van 
Heek [8] reported that the reacT/on order is zero for the hi~h-mobility 
catalyst and larger than zero order for the Iow-mobil/ty catalyst. 

2. Relative Cata/yZic Activities of A/kaH Metal Carbonates 

Relative catm/ytic acti'~ties of alkali metal carbonates vary with the 
physical and chemical prol~erlies of substrata carbon, amount of catalyst 
loading, and g~sifying agent. In the catalytic steam ,xasificat~on of the 
lib-Ate char adding LhCO~, Na~C03, or BlzC03, the cstal.vtic ac~vities were 
found to be ranked as Na) K> L£ under ~he same experimental conditions 
with 3 wt.?. c a t a l y s t  loading as shown in Fig. 2. 

Relative ac t iv i t i e s  of  ca t a lys t s  were  found  to v a r y  wi th  t empe ra tu r e .  
Activities of L~CO~ increased not /cesbly with r~act/on temperature than 
compaz-able KzC03, and the initial gasification reaction rate of the char 
with LizC03 at 800=C surpassed that of KaCO~ cataly-t/c reaction. Relative 
actdvities of Na=CO~ was found to be lower at the higher temperature (750 
- 800"C) than that of ~£~C0~ which may result from the higher deactSva- 
tion of Na=COs at higher temperature than that of KaCO3. 

The effectioeness of the catalysts is related to their mobility od the 
surface and the latter depends on the boiling point relative to the reac- 
t/on tem9erRture [8]. Since the boiling l=Oints of Li (1330oC} is much 
higher "than X ~Zd~C), K has :lar,¢er.aclh~.ty than L[ at lower tempe-a- 
ture below the boiling point of E. Thus, activity of L~ would be higher 
t han  K a t  h igh  t e m p e r a t u r e  may be due to t he  h i g h e r  r e l a t i ve  mobili ty of  
IA a t  the given higher taml~erature. 

3. Reaction Characteristics of Mixed Cata/ysts 

The stean/ gm~if~cation rate of the li&~nite char with the mixed catalyst 
of (Na,K)zCO= is shown in F~g. 2. The cataly%~'c activities and the reactbn 
characteristics of the mi~ed catalyst exhibiled the medium values of each 
single catalyst wh/ch is similar values of the previous study of coke--CO= 
gr~.sification with mixed catalyst [II]. 

Considering the reaction characteristics with each catalyst of Ns~CO~ 
and E~CO~, the high initial reactivity at large mole ratio of Na to X (2:1] 
is sire/far to the behavior of NaaCO3 catalyst, while the constant reacti- 
vity o v e r  the en t i r e  c o n v e r s i o n  r a n g e  a t  smaller  mole ra t io  of  Na to K 
(i:I) is similar to the  behavior of ~CO= czlalyzt used. 

Reac~/vit~, of the mi~ed catalyst steam gasification is defined as the 
initial reaction rate in terms of the .-,ass ratio of each component of the 
mixed catalyst at the different reaction temperature as shown in Fig. 3. 

As can he seen from the figure, the reactivity values of the mL~ed 
catalyst gasification were found to be the arithmetic mean values of both 
Na=CO~ and Z=CO3 catalysts. This result can be interpreted by the vapor 
cycle reaction mechanism [2] which comsists of reduction of alkali metal 
carbonate to alkali me~ml followed by the same oxidation cycle in both 
Na=C0~ and E=CO3 catalysts. 
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FIK. 3. Initial ~asification rate of K:COn, NazCO~ and (Na,K)CO= mixed 
caZa/vsts ~tc~-~rimu.s reaction te_~2._~rature 

4. Effect of Catalys~ Loading on the Reaction Rate 

As shown in Fi~. 2, time required for 50% conversion were found to 
be 42, 30, 20 and 16 rain for 0, I, 3, and 5 wt.% }L~COs loaoing, respec- 
tively. It may indicate the positive cataly-t/c effect on the reaction rate, 
however, the initial reaction rate did not increase at low concentration of 
cata/yst (I wt.".). Apparent react/on rate constant in terms of K2CO~ 
loading, Ck, at various temperature are shown in Fig. 4 in which the rate 
constant increased l i nea r ly  with K=CO3 loading as: 

w h e r e  ~ is  t he  i n t e r c e p t  o f  t h e  s t r a i g h t  l ine  r e p r e s e n t e d  as  A r r h e n i u s  
equation; 

K, = A exp (-F~/RT) (5) 

where A and Eo have been obtained from the erperimental data and their 
resulting values are 9.15xi0 • rain -~ and 175.9 k J/tool, respectively. 
These values are consistent with those of non-catalytic steam ~rasification 
condition. 

Activation energ/es obtained from the Arrhenius plot are shown in 
Fig. 5. As can be seen, the activation energies are 176.5, 148.0, 127.5 and 
119.0 k J/tool for 0, I, 3 and 5 wt.% I~CO~ loadin~, respecld-.-ely. 

Relation between activation energy and K2CO~ loading is shown in 
F'-'E. 6 with the followin~ expression as: 

E : E ° + 3exp (- v.C~) (6} 

where S and ~ are the constants which were obta/ned from the e::per- 
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imenL~/ data of the present and previous studies L~,r~ ~rl~,.-,.-~" '~, usJn~ the 
non-~ne~- re=~ression. The resulting values exhibited three di~feren,. 
pattern~ in proportion to S nnd 7 vnlues (Table 2). 

C ,....IE,.ace ~=', ] [~:e',l .... ~ ' " " ""'~,~, 
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Fi~. 4. Effect of catalyst loading and ~a:t/on temperature on ~asification 
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Fi~. 5. o~Thenius plots  fo r  n o n - c a t a l y t i c  and  c~t~lyt/c char-H~O reac t ions  
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Table 2. ComDarison of t h e  consZ~nts of Eq. (6) with the literature values 

| 

l , 

This worm 

~.#iqmans 
e= ~. [z0] 

Vera~ and 

Chin 
e~ a£. [12] 

~ ~.M] 

lignite char  

active carbon 

suh-bi~um/mous 
coal 

active caxbon 

coke 

i00 

2-6 (in He) 

50 {in He) 

85 Cin At) 

I00 

0 -5 

0 - 17.1 

0 - 11.1 

0 - 10.7 

0 - 6.7 
t 

176.5 

260 

205.6  

148 

159 

E ° 
m,, 

117.6 

144.5 

150 

148 

14 2 

58.610.5 
i 

120.9 I 0.1 
i 

50.0 0.1 
l 

0 i - 

17.312.1 

When the beta, S, is small, the activation energy, E, is almost con- 
~ant and the va/ue is identical to the non-cataly-tic gasification ~ith the 
variation of catalyst loading [12]. Whereas, 3 and 7 are large, the activa- 
t/on energy, E, decreased at the lower catalytic loading and it did not 
vary" with the additional toading of K2CO~ as the data of Huhn et aI. [6]. 
In addition, when ~ is large and 7 is small, the activation energy 
decreased continuously with Ck as reported by Wigr'~,'s et al. [I0] and 
Veraa aud Bell [13]. The resuP_s of present study ~ be classified in 
this category having the resulting values of E °, 8 and'f are II7.S, 58.6 
and  0.8, r e s p e c t i v e l y .  

5. Compensation Effect 

When c~ta/y~/c react/on having the compensation effect, the frequency 
face.or, A, and activation energy, E, change h~ the same direction with 
cnta/ys% and tend to condensate each other in the Arrhenius equation. 
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Therefore, the -ate constan%, K, would be restricted [14]. 
These effec?.s h-re been r~ported previously for the c-ts/ytic g--~skq- 

cation of carbon wi£h Oz and COz [IS] and ~:[zO [IS]. 
For the reactions, .~rrhenius equation iS defined as: 

;~ - A e.rp (-E/RT} 

which is related to the fol|owing equation, 

(7) 

log A = jE + Io~ Ko (8) 

ha w]a~ch A chanEes with the vari~?/on of E at the different experimental 

conditions. 
Comh'iniz% E equations (7) and (8), the following equation can he 

derived. 

K : I{~ exp [E (2.30~ - I/RT)] (9) 

The isckinetic temperature, T=, the ~eml0erature at which all the 
react/on with a ~ven ZasifJcation sgent proceed at the same reac%~on 

rate, is derived as: 

Ts : I/ {2.30 jR) (I0) 

where j and R are the slope of the emDirical equation (8) and the ~as 
constant, respect/rely. 

The resulting values from Eq. (8) are plotted in F~g. 7 in which the 

to.oL 

~-13 l 

7.0 
Q 

• 6.0 

tOO 

, ,, ,, 

. / /  
/ Slope = 0.0Z.7 

| .  

i_=o 200 2Eo 
E [ KJ/mol) 

Fi~. 7. Plot of lo~ .% versus E 
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experimental data of Feistel eL al. [16] on the gasificaticn of three differ- 
ent chars under thc steam pressure of i-[0 alto are a/so included. 
The i~okinetic temlDersture for steam ~asif[cstion of the present study 
resulted in 1275 K. In addition, the isoMinetic temDer:Iture for th~ COz 
~-~sification of ~r~phite was 12S0 ~ as reported by Eawana [17] and Bied- 
erman [18]. 
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LABORATORY SIIIILATION OF POSTBURN UCG CONTANINANT PRODUCTION 

O. E. Boysen 
C. S. Mones 
R. R. Slaser 

MI~-IP,~CT 

Previous field tests have demonstrated the technical feasibi l i ty and 
confirmed the commercial economic potential of underground coal gasification 
(UCG). However, contamination of groundwater is a major environmental concern 
that may delay or prevent commercialization of UCG. When UCG recovery 
operations are terminated, energy is stored in the adjacent masses of rock and 
coal ash, and this energy is transferred into the coal seam. Coal continues to 
be pyrolyzed as a result of the energy transferred and the products of this 
coal pyrolysis are believed to be the major source of groundwater contamina- 
tion resulting from UCG. 

A laborator.v simulator was developed, and six simulations of UCG postburn 
coal pyrolysis have been completed. The simulations show that t)e products of 
coal pyrolysis are the source of most contaminants associated with UCG 
operations. Injection of water into the UCG cavity can l imit  postburn coal 
pyrolysis and reduce the production of contaminants by coolin§ the Basses of 
rubble and coal ash in the cavity. However, i f  the injected water forms 
channels as i t  flows through the cavity, the cooling effect is localized and 
the benefit of the water injection in limiting postburn coal pyrolysis is 
greatly reduced. Also, water flow through the coal l imits postburn pyrolysis 
and subsequent contaminant generation although steam generated in the hot 
portions of the coal limits the rate of water flow. 

UCG f ield tests should be operated so that the flow of pyrolysis liquids 
and gases into the formation is prevented, and the natural influx of water 
into the cavity is allowed. Th is  can be accomplished by minimizing gas 
leakage to the formation during gasification, venting the cavity when the 
gasification process is complete, and being sure water injection into the 
cavity does not cause the steam generated to create too much pressure in the 
cavity. 

INTROOU~"T|ON 

Underground coal gas i f ica t ion (UCG) is  a process for producing gas from 
coal without mining the coal. UCG field experieents in subbituminous coal 
deposits have successfully demonstrated the technical feasibility of producing 
gas from coal (Covell et al. 1980; Hill et al. 1980; Ahner 1982). Economic 
oata indicate commercial potential for the process, but the uncertainty of the 
environmental impact resulting from the process may delay commercial 
development. The contamination of groundwater resulting from UCG is one of 
the key environmental concerns (Cooke and Oliver 1985). 

The mechanism for groundwater contamination is believed to be as 
follows: when oxidant injection is stopped, combustion ceases, but large 
masses of coal ash and rock are at high temperatures. The energy in these 
masses is  slowly dissipated by heat conduction to adjacent portions of the 
resource. This conductive heating pyrolyzes part of the adjacent coal 

6 A2-1 



resource, and the resulting liquids and gases are not recovered after shutdown 
of the production operations. Wi th time, the high te~eratures in the 
formation decrease and coal pyrolysis stops. However, the pyrolysis products 
remain in the coal seam and soluble contaminants are transported further from 
the cavity by the natural f low of groundwater (Glaser and (}wen 1986). The 
production of pyrolysis products following shutdown of UCG recovery operations 
and the resulting groundwater contamination have not been previously 
investigated. 

The objectives of this research are 

I) to simulate pyrolysis processes following shutdown of UCG recovery 
operations, 

2) 

3) 

to estimate postburn contaminant generation (based on the thickness of 
the pyrolys is zone), and 

to ~etermine potential postburn operating procedures for reducing 
postburn pyrolysis product generation and migration resulting from the 
Rocky Mountain I field demonstration. 

The in i t ia l  series of six experiments is completed. 

"IEC, III~I CAL DI.r~¢USSION 

Gemeral 

Data from the excavation of UCG tests (Oliver 1986) were used to produce 
a simplified schematic of postburn in situ conditions. The upper diagra~ in 
Figure I i l ]ustrates a coal seam in which an area of coal that has been gasi- 
fied. This area is partially f i l led with hot ash and rubble from thermally 
affected coal and collapsed overburden (rubble). At injection shutdown, both 
the rubble and the thin char layer surrounding the cavity are at high 
temperatures. 

Conditions in the cavity area depend upon the geohydrolo9ic environment 
of the site and the UC6 operation history. This cavity may be wet or dry de- 
pendin2 upon the nature of the overburden and the nature of the coal seam. 
The gasification operating pressure history may have inhibited or promoted 
water influx into the cavity. The source of water influx can be the coal seam 
or ~ overburden. In addition, the postburn pressure in the cavity can be 
high or near atF.~spheric pressure depending upon whether the process wells are 
shut in or open. 

The simulation of postburn pyrolysis is achieved by considering a small 
element of coal and rubble at the cavity boundary. This element is depicted 
in Detail A of Figure i .  This cylindrical differential element is considered 
to be one-dimensional. 
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SIMULATION OF UCG POSTBURN PYROLYSIS 
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F1 gure 1 

6 A2-~ 



Pl~sical Si I lat ion 

Postburn coal pyrolysis was simulated in a laboratory reactor that is 
i l lustrated in Figure 2. Testing was conducted with Hanna coal samples taken 
parallel to the bedding plane. The samples used for testing were three inches 
in diameter and approximately one foot long. Each sample was placed in the 
reactor vessel as is i l lustrated in Figure 2. This sa~le configuration allows 
the simulation of a di f ferent ial  element on the cavity sidewall. 

The coal face is heated with hot gas injected through port H and 
exhausted through ports B and C. A combustion zone develops because of the 
oxygen content in the injected hot gas.  After combustion of the coal is 
achieved, the hot-gas injection is terminated and controlled cooling of the 
rubble zone simulates the heat transfer which would occur in the f ield. The 
rubble zone temperature is controlled by circulating hot gas through the 
tubing coil surrounding the outer circumference of the rubble zone. Ports H I 
and H 0 of Figure 2 are the coil inlet and outlet. Additional ports A and 
are used to inject water into the coal and rubble zone, respectively. Thermo- 
couples in t ~  coal monitor the movement of the pyrolysis zone from ti~ simu- 
lated cavity sidewall during cooldown. 

The laboratory reactor is designed to test the range of water influx con- 
ditions that can be encountered in a UCG field test. Both influx rates and 
sources (locations) of water influx can be varied. In addition, tne pressure 
in the rubble zone and at the outer boundary of the coal can be varied. Tile 
control of water influx from each seurce and control of pressure allows for 
the simulation of a variety of postburn conditions and potential operating 
procedure~. 

.Ex~ri mental Procedure 

The following experimental procedure for the physical simulations was 
developed during two shakedown tests. The simulation procedure is as follows: 

i )  The rubble boundary is heated to a predetermined te~erature. A in i t i a l  
rubble boundary temperature of 1800"F (982"C) was selected to prevent 
damage to the laboratory reactor. 

2) The coal is ignited with air to develop a char layer. Air is injected 
into the rubble unti l  the coal core reaches a temperature in excess of 
1800"F (982"C). 

When the core reaches the desired temperature, the air injection is dis- 
continued. The conditions are adjusted to match the selected simulation 
conditions and water injection. 

4} The desired te~erature versus time profi le in the rubble zone is ~ain- 
rained during thz physical simulation. The physical simulation lasts 24 
hours or until the zemperature at the coal face is less than 500"F 
(260°C). 
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s) Coal samples are taken for analyses after the simulation reactor is shut 
down, cooled, and unloaded. Samples of liquids produced from the reactor 
are collected during the experiment. I f  water is injected during the 
experiment, samples of the injected water are taken during the water 
injection period. Also, hourly samples of the gases produced during the 
experiment are analyzed using gas chromatography. 

The in i t ia l  series of six physical simulations for UCG postburn coal 
pyrolysis was designed to consider the effects of three variables on postburn 
coal pyrolysis and the subsequent contaminant generation and migration. The 
three research variables are as follows: 

i )  Pressure gradient direction in the coal seam: pressure gradient direction 
is important in determining fluid transport in or out of the cavity. 

2) Water influx rate through the coal seam: preliminary numerical model 
indications show the rate of water influx through the coal to be a key 
factor affecting the pyrolysis zone penetration. Water influx through 
the coal is also important in the containment of generated contamincnts. 

3) Water influx into the cavity: water influx into the cavity should result 
in Tower cavity temperatures. 

The experimental conditions for the six simulations are presented in Table I. 

T~le 1. Po~.burn ~ ~I Pyrolysis Physical Simlatlon 
~l~ri rental ~diti(~s 

Experiment No. 
Rate of 

Water Injection 

3 0. i  cclmi n 

4 1.0 cc/min 

5 ! .0 cc/min 

6 4.0 cc/mi n 

7 0.16 cc/min 

8 1.60 cc/min 

Test Conditions 

Cavity Water Injection 
Cavity Shut-in 

Cavity Water Injection 
Cavity Shut-in 

Cavity Water Injection 
Cavity Vented 

Water Injection Into Coal Seam 
Cavity Vented 

Water Injection Into Coal Seam 
Cavity Vented 

Water Injection Into Coal Seam 
Cavity Vented 

Note; Experiments i and 2 were tr ia l  experiments {shakedown). 
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I) 

The specific questions to be answered from this series of simulations are 

Can postburn coal pyrolysis be reduced by injecting water into the cavity 
and/or by inducing water inf lux through the coal seam? 

2) What is the source of specific contaminant species (i.e. which 
contaminants come from the coal seam)? 

2) Are gaseous and liquid pyrolysis products the main source of phenolic 
contamination or is the remaining pyrolyzed coal a significan~ source of 
contamination? 

Results of Simulations 

Pyrolysis Zone Penetration 

Temperature profiles in the coal core are used to determine the maximum 
penetration depth of the pyrolysis zone into the coal core. The penetration 
of the pyrolysis zone for these six experiments are compared to determine the 
relative effectiveness of test conditions in l imiting postburn pyrolysis. The 
temperature selected, 500=F (260=C), is the temperature at which significant 
pyrolysis of the coal begins. 

Typical temperature profi les for the coal core are i l lustrated in Figure 
3. The temperature profiles in the coal at three different times during ex- 
periment 3 are shown. The i n i t i a l  temperature profi]e at the time coal com- 
bustion is terminated is curve "1", the temperature prof i le at the time of 
maximum penetration of the 50D°F (260°C) temperature zone is curve "2", and 
the final t~mperature prof i le when the face of the coal cools below 500=F 
(260°C) is curve "3". A;so, l isted on the figure are the test conditions f o r  
the experiment. Data for the maximum penetration of the pyrolysis zone 
(500=F/260"C) during the physical simulations are presented in Table Z. 

Table 2. Experimental Pyrolysis Zone Penetration 

E~periment No. Max i~m Penetration Depth 

3 0.53" 
4 0.38" 
5 0.59" 
6 0.21" 
7 0.31" 
8 0.28" 

The data presented in Figure 4 i l lus t ra te  the relationship between the 
rate of water in3ection through the coal and the pyrolysis zone penetration 
over the range of experimental conditions considered. The higher the rate of 
water injection through the coal, the less the pyrolysis zone penetration. 
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When the cast coal core was removed from the reactor after these experi- 
ments, some valuable observations were made. In each test involving water in- 
jection through the coal core, substantial radial flow of water out of the 
coal core and through the refractory casting was observed in the portion of 
the core below steam temperatures. The previously measure4 permeability of the 
refractory at these temperatures is on the order of 0.~ millidarcies (md). 
This permeability is at least an order of ~agnitude less than that published 
for Hanna No. 1 coal (Hutchinson et al. 1977). This obserwtinn indicates that 
as steam is generated in" the coal pores, the volume expansion creates a con- 
siderable impedence to water flow through the hot coaT. Also, in experiment 
6, uhich tested the highest water injection rate through the coal~ the refrac- 
tory around the coal co,-e was fractured from the point where t.hecoal core was 
at steam temperature out to the coal face. This phenomena may l imit  water 
influx through the coal seam in f ield conditions. 

The data presented in Figure 5 i l lustrate the results of the cavity water 
injection tests. Comparing the two experiments in which the cavity was shut 
in indicates that higher water influx into the cavity wi l l  l imit  postburn py- 
rolysis. However, the test data for fly. case in which the cavity was vented 
(experiment 5} do not indicate a benefit from cavit~ water injection. The data 
indicate that there was l i t t l e  or no cooling of the rubble or coal face as a 
result of the injected water. In experiments 3 and 4, steam generated from 
the water injected into the cavity was forced to disperse and flow through the 
coal core. ~n experiment 5, the steam generated from the injected water took 
the path of least resistance and flowed out of the rubble zo~ cooling only a 
local region of rubble. Without s ign i f icant  cooling of the rubble zone or the 
coal face, the pyrolysis zone penetration was not reduced. In a f i e ld  
situation, channeling of water injected into a UCG cavity is possible, 
especially in cavities having a high-void volume, but over a long period of 
time cavity water injection should be beneficial in the cavity vent case also. 

Contaminant Production and Mi~ration 

The data presented in Figure 6 i l lustrate the phenol concentration dis- 
tribution in the coal core after experiment 3, and the maximum temperature 
profile achieved during the experiment. The data in this figure i l lustrate 
that as pyrolysis of the coal occurs, the concentration of the water soluble 
phenols bound to the coal increases until the coal is completely pyrolyzed. 
Charred regions of the coal core have Tow concentrations of water soluble 
phenols i f  the pyrolysis products generatcd in the core flow away from the 
char zone. I f  the pyrolysis products flow through t ~  char zone as in 
experiment 5 (Figure 7), the char tends to reabsorb phenols. 

The concentration of phenols found in the produced liquids is much 
greater than the concentration of phenols found on the thermally aIterea coal. 
Table 3 provides a l is t ing of the measured phenol concentrations found in the 
produced liquids and injected water for the six experiments. The 
concentration of phenols in the produced liquids is in the range of mg/L as 
compared to the ~g/kg range foun~ in the coal samples. Also, the ~ass of 
phenols in the produced liquids are several orders of magnitude greater than 
the mass of water-soluble phenols remaining on the coal. The data listed in 
Table 4 i l lustrate this fact. 

# 

6 A2-9 



PYROLYSIS ZONE PENETRATION VERSUS RATE OF 
WATER INJECTION THROUGH COAL WITH CAVITY VENTED 

,~.4- 
c 

e 
~ 0,3, 

o o . 2 -  
o 

Q 
c- 
o 

1"4 
m 0.1" 

E 

0.0 
Q.U " - I .~  2.'o ~:o ,:0 

Water  InlecfJon Rate. ¢c / rn;n  

,.% 

Figure 4 

W" 
C 

i0.6' 
Q 

I 

O I~1,, 
O 

IP t,-, 

m 0,2 

e 

o.o 0o0 

PYROLYSIS ZONE PENETRATION VERSUS 
RATE OF WATER INJECTION INTO CAVITY 

Legend 
• cm,nty shut.-I. 
• Ca:rdty VentKl 

Water Inlectlon R~t,, ~ m i n  

Fi oure 5 

6 A2-10 



b .  2000. 

~ 0 '  

i 

MAX 1EMPERATURE AND PHENOL CONCENTRATION 

0 
0.0 

SO0, 

vs. POSITION FOR EXPERIMENT NO. 5 

F 
CONDfllOHS 

Darted line b Phend C~no. 
$44kl fine Is idc~ Yemp. 

l i d  f io l i  IR lit t ln t lchl l l  

| 

| 
I 
! 

, I 
| 

m i , . a  
| 

I 
" I ' • ' ' '~ • " | . . . .  i " " " "  " "  

5.0 10.0 IS.O "20~.0 
Position in Rotod, In 

G 
E 

,lO0 
O 

N 

E 

t~ 
,1f00 

,3 
O 

,,,F 
. - 0 

2~l,O 

F igure  5 

MAX TEMFERATURE AND PHENOL CONCENIRATION 

2500-  
vs. POSITION FOR EXPERIMENT NO. 5 

.!1, 

0 ,¸ o 

o.0 
' " " - - ' i  " • " " i 

5.0 

p 4 ° °  

F'I 

I 

. . . .  I . . . .  I ' " "  " ~ " i .  • 0 

m.o ~ o  ~,o.o ~l,o 
Fosltlon In Ro~ort. in 

F igure  7 

6 A 2 - 1 1  



Table 3. Phenol Concentrations of the Liquicls Produced 
During the Physical Simulations 

Phenol s Concentration 
Injection Rate In Injected Water In Produced Liquid 

Experi ment No. cc/mi n ~9/L mg/L 

3 D.l * 650 
4 1.0 * - - -  

5 1.0 * 210 

6 4.0 * 51,6.1,2. I,Z.5,2.3,(11) 

7 O. 16 * II00 

8 1.6 * 130,5U,6.2 

Value less than the oetection l imit  for the analytical procedure 
(<20 ug/L) 

Table 4. Phenol Distributioo tn the Coal amJ Product Uquids 

;:henol Distribution 
Residual Phenols Phenols in 

Injection Rate on Coal Produced Liquid 
Experi,~nt No. cc/min (u 9) (~9) 

3 0. i  106 40,000 

4 1.0 116 

5 I. O 118 77, DO0 

6 4.0 43 25,000 

7 0.16 73 61,000 

8 1.6 77 34,000 

The a s s  of other selected contaminant species found in  the produced 
liquids per mass of coal pyrolyzed during the physical simulations waS cal- 
culated from the concentration of the species found in the liquid produced, 
the volume of liquid produced, and the mass of coal pyrolyzed during the simu- 
lation. The results of these calculations are presented ~n ~able 5. The vari- 
ation of results is significant, but i t  is evident that these contaminant 
species originate from the coal seam, ar ~bi l ized when coal is pyrolyzed, 
and migrate wi%h the coal pyrolysis products. 
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Table 5. Other Contaminant Species Generated During Coal Pyrolysis 

Contaminant Species = MassofSpecies in Produced Liquids* 
Mass of Coal Pyrolyzed 

Lowest Value Highest Value 

Total Organic Carbon {mg/kg) 2900 4700 
Sulfate (mg/kg) 300 4800 
Ammonia (mg/kg)** 400 1600 
Boron (pg/kg) 80 ZBO0 
Fluoride (mg/kg) 20 130 
Bariu~ (pg/kg) 90 8900 
Arsenic (pg/kg) Trace (<ZO) 700 
Selenium (pg/kg) Trace (<50) 120 (<360} 
Lead (~g/kg) 70 4300 

Reported lowest and highest values based on comparison of resul ts  from 
experiments 3, 5, 6, 7, and 8. Values are presented to confirm 
contaminant species origin from coal pyrolysis. 

Values reported for ammonia represent the mass of nitrogen in the 
a~monia. 

CONCLUSIONS AND RECOIINENDATIONS 

The following conclusions are drawn from the results of the ini t ia l  
series of physical simulations. 

!) Liquid and gaseous pyrolysis products are a major source of phenols ~n 
groundwater when compared to thermally al tered coal. Phenols in produced 
l iqu ids are at least an order of magnitude greater than those water 
soluble phenols remaining on the coal. 

2) Host contaminant species associated with UCG operations are present in 
the pyrolysis products. Analyses of the produced l lqu i~s ver i fy  the 
presence of phenols, ammonia, sul fates, arsenic, boron, barium, f luor ide,  
lead, and selenium. 

3) Injection of water into the cavity can limit postburn pyrolysis, but only 
to the degree to which the cavity is cooled. 

4) Water flow through the coal will limit postburn pyrolysis, but steam 
generation in the coal appears to li~it the rate of water flow. 

The conclusions drawn from the analyses of experimental resul ts  were used 
to formulate ~'ecommendations for operation of future UCG f ie ld  tests.  These 
recommendations are of par t icu lar  value to the upcoming Rocky Mountain I UCG 
Field Demonstration j o i n t l y  sponsored by the Gas Research Ins t i tu te  (GRI) and 
the United States Department of Energy (U.S. DOE). The fol lowing recommenda- 
t ions are made to minimize groundwater contamination and promote containment 
of contaminants near the UCG cavity. 
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i }  The flow of pyrolysis liquids into the underground formation should be 
prevented. Th is  can be accon~lished by minimizing gas leakage to the 
formation during gasification and venting the cavity as soon as tlme 
gasification process is complete. Also, water injection into the cavit:/ 
must not generate steam pressures greater than the hydrostatic pressure 
of the coal seam or connected aquifers. 

2) Although preliminary indications show water influx t rot  the coal seam is 
beneficial, i t  ~y  be d i f f i cu l t  to achieve an influx rate higher than the 
natural influx rate. Therefore, water injection wells surrounding the 
cavity are not expected to increase the water influx r~te. 
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ABSTRACT 

A p p r o x i m a t e l y  70 p e r c e n t  o f  %he e a s t e r n  b i t u m i n o u s  c o a l  burned to  genera te  
e l e c t r i c i , ~  i s  p h y s i c a l l y  c l eaned  i n  some manner p r i o r  t o  combus t ion .  
T h e r e f o r e ,  a s u b s t a n t i a l  amount o f  coa l  c l e a n i n g  p l a n t  o p e r a t i n g  c ~ e  and coa l  
c l e a n i n g - r e l a t e d  rese rve  ~ n f o r m a t i o n  i s  a v a i l a b l e  f o r  most ~ a s t e r n  b i t u m i n o u s  
coa l  seams. In  con%fast ,  o n l y  f o u r  p e r c e n t  o f  l o w - r a n k ,  w e s t e r n  coa ]  i s  
p r e s e n t l y  be ing  c leaned ,  and l i m i t e d  in fo rxm~t ion  i s  ava£1ab le  assess ing  %he 
response o f  ~ h i s  coa l  t o  phys£ca l  c l e a n i n g .  Th i s  pape r  o u t l i n e s  t h e  gene ra l  
a¢~vantages and d i sadvan tages  o f  co~1 c l e a n i n g  f o r  e x i s t i n g  Zo~r-rank coa l  m i n i n g  
and power p lan~  o p e r a t i o n s .  ~ t  a l s o  di=~usmes p rocedures  f o r  e v a l u a t i n g  the  
c l e a n i n g  cha ra . c t e r i s% ics  o f  l o w - r a n k  c o a l s .  Resu l t s  f rom c l e a n i n g  
i n v e s t i g a t i o n s  on t h r e e  l o w - r a n k  coa l s ,  one Robinson Seam subb i tun r inous  f rom 
Montana and two N i l ¢ o x  Fo rmat ion  1 i g n i t e s  f rom Texas, a r e  used as examples.  
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INTRODUCTIO~ 

Lo~r- rank c o a l  d e p o s i t s  ( s u b b i t u m i n o u s  and  ] i g n i t e )  o f t e n  o c c u r  i n  s h a l l o w l y  
b u r i e d  seams,  a l l o w i n g  t h e  use o f  r e l a t i v e l y  i n e x p e n s i v e  s u r f a c e  ~ i n i n g  
t e c h n i q u e s .  The l o w  c o s t  o f  t h e s e  l o w - r a n k  c o a l s ,  c o u p l e d  w i t h  ~he p r o x i m i t y  o f  
some o f  t h e  r e s e r v e s  t o  a r e a s  o f  h i g h  p o p u l a t i o n  g r o w t h ,  a r e  two  r e a s o n s  why 
d o m e s t i c  e l e c t r i c  u t i l i t y  use o f  l o w - r a n k  c o a l  i n c r e a s e d  f r om  l l O M  t o n s  i n  1977 
t o  267M t o n s  i n  1985 ( 1 ) .  I n  t h i s  same t i m e  p e r i o d ,  u t i l i t y  use  o f  e a s t e r n  
b i t u m i n o u s  c o a l  i n c r e a s e d  o n l y  f i v e  p e r c e n t  ( f r o m  ~80M ~o ~99H t o n s ) .  

U n f o r t u n a t e l y ,  t h i s  s h i f t  ~o l o w - r a n k  c o a l  has posed some s p e c i a l  p r o b l e m s  t o  
c o a l  m i n i n g  c o m p a n i e s  and e l e c t r i c  u t i l i t i e s ,  e s p e c i a l l y  u t i l i t i e s  s w i t c h i n g  
f r om  h i g h e r - r a n k ,  e a s t e r n  b i t u m i n o u s  c o a l s .  For  examp le ,  t h e  h i g h e r  i n h e r e n t  
m o i s t u r e  c o n ~ e n t s  and l o w e r  h e a t i n g  v a l u e s  o f  t h e  l o w - r a n k  c o a l s  n e c e s s i t a t e  
t h a t  a d d i t i o n a l  t o n s  be m ined ,  t r a n s p o r t e d ,  and f i r e d  t o  p r o d u c e  t h e  same power 
p l a n ~  o u t p u t  t h a t  f e w e r  t o n s  o f  h i g h e r - r a n k  c o a l s  p r o d u c e .  These  l o w  h e a t i n g  
v a l u e s ,  c o u p l e d  ~ t h  p o t e n t i a l  h e a t  t r a n s f e r  e f f i c i e n c y  p r = b l e m s  caused  by ash 
s l a g g i n g  and  f o u l i n g  t e n d e n c i e s ,  r e q u i r e  c o n s e r v a t i v e  p u l v e r i z e r  and b o i l e r  
d e s i g n s  f o r  new power  p l a n t s ,  o r  e x p e n s i v e  b o i l e r  and p u l v e r i z e r  r e d e s i g n s  f o r  
e x i s t i n g  power  p l a n t s  t h a t  a r e  ~ t c h i n g  t o  l o w e r - r a n k  c o a l s .  7 ~ e r o s i v e n e s s  
and  a b r a s i v e n e s s  o f  some h i g h  q u a r t z  c o n t e n t ,  l o w - r a n k  c o a l s  can a l s o  r e s u l t  i n  
e x c e s s i v e  m a i n t e n a n c e  c o s t s  and  a v a i l a b i l i t y  l o s s e s  due t o  p u l v e r i z e r - s u r f a c e ,  
b o i l e r - f e e d  i i n e ,  and c o n v e c t i o n - t u b e  d e t e r i o r a t i o n  o r  wea r .  

A l t h o u g h  most  w e s t e r n ,  l o w - r a n k  c o a l  m i n i n g  o p e r a t i o n s  do n o t  c l e a n  t h e  c o a l  
C2) ,  p h y s i c a l  c o a l  c l e a n i n g  i s  one c o m m e r c i a l l y  a v a i l a b l e  t e c h n o l o g y  w i t h  t h e  
p o t e n t i a l  f o r  r e d u c i n g  m n y  o f  t h e  problenLS a s s o c i a t e d  w i t h  b u r n i n g  l o ~ - r a n k  
c o a l .  P h y s i c a l  c o a l  c l e a n i n g  i s  a s o r t i n g  p r o c e s s  based on one o r  more p h y s i c a l  
p r o p e r t i e s  ( u s u a l l y  p a r t i c l e  s i z e  mnd p a r t i c l e  dense%y) used t o  remove 
u n d e s i r a b l e  s p e c i e s  ( s u c h  as a s h -  and  s u l f u r - b e a r i n g  m i n e r a l  m a t t e r )  f r o m  c o a l .  

F i g u r e  1 o u t l i n e s  t h e  g e n e r a l  a d v a n t a g e s  and d i s a d v a n t a g e s  o f  c o a l  c l e a n i n g  f o r  
e x i s t i n g  s u r f a c e  m i n i n g  and power  p l a n t  o p e r a t i o n s .  The m a g n i t u d e  and i n  some 
cases  t h e  d i r e c t i o n  o f  t h e s e  changes  i s  d e p e n d e n t  upon a number o f  f a c t o r s ,  
i n c l u d i n g =  

e 

e 

e 

e 

e 

C h a r a c t e r i s t i c s  o f  t h e  c o a l  r e s e r v e  
M i n i n g  l o g i s t i c s  
C l e a n i n g  p l a n t  d e s i g n  and o p e r a t i o n  
T r a n s p o r t a t i o n  d i s t a n c e  and  c o s t  
Power  p l a n t  des ign  
E n v i r o n m e n t a l  i s s u e s  

These  f a c t o r s  and  t h e i r  i n t e r r e l a t i o n s h i p s  a r e  s i t e - s p e c i f i c ,  ~ a k i n g  i t  
n e c e s s a r y  %o c o n s i d e r  each case s e p a r a t e l y  and on a sys tem- -a i de  b a s i s  i n  o r d e r  
t o  assess  t h e  f e a s i b i l i t y  o f  c l e a n i n g  a g i v e n  r e s e r v e .  F i g u r e  1 and  t h e  
f o l l o ~ r i n g  d i s c u s s i o n  s h o u l d  t h e r e f o r e  be used  o n l y  as a g u i d e  t o  c o a l - c l e a n i n g  
c o n s i d e r a t i o n s  and  n o t  e l i s t i n g  o f  s p e c i f i c  cause  and e f f e c t  r e l a t i o n s h i p s .  

Coa l  C l e a n i n ~  P l a n t  C o n s i d e ~ a t i o n ~  

C l e a n i n g  p l a n t  c a p i t a l  and o p e r a t i n g  c o s t s  a r e  dependen t  en f a c t o r s  s u c h  as t h e  
r e q u i r e d  c a p a c i t y  ( t o n s  p e r  h o u r ) ,  ¢ o m m l e x i t y  o f  t h e  d e s i g n  and e q u i p m e n t  • 
s e l e c t e d  f o r  t h e  c l e a n i n g  p l a n t ,  r e f u s e  d i s p o s a l  s ys tem,  and l o c a l  l a b o r  r a t e s .  i 
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An EPRI s t u d y  (3 )  a s s e s s i n g  t h e  c o s t  impac t s  o f  c o a l  c l e a n i n g  f o r  v a r i o u s  
r e g i o n a l  c o a l  sou rces  s u g g e s t s  t h a t c o a ~ - c l e a n i n g  p l a n t s  s h o u l d  have c a p i t a l  
c ~ s ~  r a n g i n g  f rom ~ . 0 0  t o  $ 3 2 . 0 0  p e r  ton  o f  a n n u a l  p l a n t  c a p a c i t y  and 
o p e r a t i n g  and m a i n t e n a n c e  c o s t s  r a n g i n g  f rom $0 .~0  t o  $Z.O0 per  t on  o f  r a ,  c o a l  
p r o c e s s e d .  Water r e q u i r e m e n t s  f o r  ~ t e r - 6 a s e d ,  c o a l - c l e a n i n g  p rocesses  may a l s o  
be a c o n c e r n  i n  a r ; d  r e g i o n s .  C l o s e d - ~ a ~ e r - l o o p  c l e a n i n g  p l a n t s  can o p e r a t e  
~ i t h  ~ ra te r  consumpt ions  l e s s  t l m n  t e n  g a l l o n s  pe r  t o n  o f  c o a l  p rocessed .  
~ o ~ e v e r ,  t h e  s o l i d s  d e ~ r a t e r i n g  and ~ a t e r  r e c l a m a t i o n  sys tems  r e q u i r e d  t o  
m i n i m i z e  ~ a t e ~  usage i n c r e a s e  c l e a n i n g - p l a n t  c a p i t a l  and  o p e r a t i n g  c o s t s .  

The c o s t s  a s s o c i a t e d  w i t h  a c l e a n i n g  p l a n t  must be r e c o v e r e d  t h r o u g h  s a v i n g s  i n  
t h e  m i n i n g  o p e r a t i o n ,  r e d u c t i o n s  i n  t o n n a g e - d e p e n d e n t  c o s t s ,  e n d / o r  b e n e f i t s  
a s s o c i a t e d  ~r i th  coa l  q b a l i t y  i m p r o v e m e n t  a t  t h e  po~e r  p l a n t .  

H i n i n ~  C o n s i d e r a t i o n s  

A d d i t i o n  o f  a c o a l - c l e a n i n g  p l a n t  has f o u r  p r i m a r y  e f f e c t s  on an e x i s t i n g  m i n i n g  
o p e r a t i o n .  The first i s  t h a t  i t  cPea tes  a c o a l - q u a l i t y  b u f f e r  between t h e  mine  
and t h e  power p l a n t .  Equ ipmen t  o p e r a t o r s  do no t  have t o  be as m e t i c u l o u s  i n  
s e g r e g a t i n g  t he  coa l  seam f r o m  o ~ h e r  s e d i m e n t s  because  t h e  c o a l - c l e a n i n g  p l a n t  
i s  a v a i l a b l e  downstream t o  make t h a t  s e p a r a t i o n .  T h i s  can p romote  l e s s  c o a l  
r e j e c t i o n  i n  t h e  m i n i n g  phase  and i n c r e a s e  o v e r a l l  m i n i n g  speed.  Second l y ,  c o a l  
c l e a n i n g  can i n c r e a s e  c o a l  h e a t i n g  v ~ l u e  and i m p r o v e  b o i l e r  h e a t  r a t e ,  w h i c h  
r e d u c e s  t h e  tonnage  r e q u i r e d  ~o a c h i e v e  ~he ~ame p o ~ ) r  p l a n t  o u t p u t .  T h i s  n o t  
o n l y  a f f e c t s  ra~r -coa l  t o n n a g e  r e q u i r e m e n t s ,  bu t  r e d u c e s  o t h e r  t o n n a c e - d e p e n d e n t  
c o s t s  ( c o n s i d e r e d  l a t e r  i n  t h i s  d i s c u s s i o n ] .  

T h i r d Z y ,  c o a l  c l e a n i n g  a f f e c t ~  t h e  l i f e  o f  t he  r e s e r v e .  I n  some cases r e s e r v e  
l i f e  i s  e x t e n d e d  because o f  i m ~ - o v e d  c o a l  r e c o v e r y  d u r i n g  m i n i n ;  a n d / o r  t h e  use 
o f  p o r t i o n s  o f  t h e  r L ~ e r v e  t o o  l ow  i n  q u a l i ~ /  t c  be m a r k e t e d  raw. In  o t h e r  
c a s e s ,  r e s e r v e  l i f e  i s  s h o r t e n e d  because o f  h e a t i n g  v a l u e  l o s t  i n  the  r e f u s e  
f rom ~he c l e a n i n g  o p e r a t i o n .  

The f i n a l  e f f e c t  o f  c o a l  c l e a n i n g  on m i n i n g  o p e r a t i o n s  r e l a t e s  t o  mine 
p r o d u c t i o n  r a t e .  H e a t i n g  v a l u e  t h a t  i s  l o s t  i n  t h e  re fu .~e f r om t h e  c l e a n i n g  
o p e r a t i o n  must be r e p l a c e d  by  m i n i n g  a d d i t i o n a l  t o n s  t o  l a i n t a i n  t he  same e n e r g y  
o u t p u t  f r om the  mine.  The e n e r g y  l o s t  t o  r e f u s e  may be o f f s e t  t o  some d e g r e e  by 
i m p r o v e d  b o i l e r  p e r f o r m a n c e  ( h e a t  r a t e )  a t  ~he power  p l a n t .  However,  if m i r i n g  
p r o d u c t i o n  r a t e  ( t o n s  p e r  d a y )  must be i n c r e a s e d  when a c l e a n i n g  p l a n t  i s  
c o n s t r u c t e d ,  t h e  c a p a b i l i t y  o f  t h e  e x i s t i n g  m i n i n g  o p e r a t i o n  t o  p roduce  t h i s  
a d d i t i o n a I  t onnage  as w e l l  as  t h e  cos~ impac t  o f  i n c r e a s i n g  p r o d u c t i o n  r a t e  must 
be c o n s i d e r e d .  

T r a n s p o r t a t i o n  and O the r  T o n n a g e - D e p e n d e n t  C o n s i d e r a t i o n s  

H i g h e r  c o a l  h e a t i n g  v a l u e s  and  a n y  subssquen t  i m p r o v e m e n t  i n  b o i l e r  h e a t  r a t e  
r e s u l t i n g  f r om c o a l  c l e a n i n g  d e c r e a s e  t h e  t o n n a g e  r e < u i r e d  t o  a c h i e v e  t he  same 
power  p l a n t  o u t p u t ,  t h e r e b y  r e d u c i n g  tonnage-d~ .penden t  cos~r.s such as 
t r a n s p o r t a t i o n ,  and c o a l  h a n d l i n g  end l o a d i n ~  cos+s .  These c o s t  s a v i n g s  can be 
s u ~ t a n t i a i ,  e s p e c i a l l y  i n  c a s e s  where  t h e  c~a l  i s  t r a n s p o r t e d  l o n g  d i s t a n c e s  
and  s i g n i f i c a n t  h e a t i n g  v a ] u e  i n c r e a s e s  resu l - ,  f r om  c l e a n i n g .  For example ,  i f  
t h e  c o a l  s o u r c e  f e e d i n g  a power  p l a n t  i s  upgraded  f r om 7 , 0 0 0  B t u / l b  t o  8 ,000  
B t u / l b  by  c l e a n i n g ,  t r a n s p o r t a t i o n  c o s t s  r e q u i r e d  t o  p r o v i d e  a g i v e n  p o w e r - p l a n t  
o u t p u t  ( G ~ / y r )  c o u l d  be r e d u c e d  by a p p r o x i m a t e l y  ; Z . 5  p e r c e n t  ~ t h o u t  any 

7 ~'o.l -G 



~mprovement  i n  h e a t  r a t e .  I f  an i m p r o v e m e n t  i n  h e a t  r a t e  i s  r e a l i z e d ,  t h e  
p ~ e n ~ i a l  savinEL~ become g r e a t e r .  

One p o i n t  t h a t  s h o u l d  be emphas ized  i s  ~ h a t  c l e a n - c o a l  m o i s t u r e  c o n t e n t  ~s a 
c o n t r o l l a b l e  v a r i a b l e  dependen~ upon = number o f  f a c t o r s ,  ~ n c l u d i n g  i n h e r e n t  
m o i s t u r e  c o n t e n t ,  c o a l  s i z e  c o n s i s t ,  c l e a n i n g - p l a n t  d e s i g n ,  m i n i n g  methods ,  and 
c l i m a t e .  I n  many cases ,  conce rns  o v e r  t o n n a g e - d e p e n d e n t  c o s t s  and c o a l - h a n d l i n g  
problems ~emming ~rom increased clean-coal moisture contents have necessitated 
t h a t  more e l a b o r a t e  p h y s i c a l  d e w a t e r i n g  e q u i p m e n t  ( i . e . ,  h~gh rpm h o r i z o n t a l  
c e n t r i f u g e s )  o r  t h e r m a l  d r y i n g  e q u i p m e n t  be used i n  t h e  c l e a n i n g  p l a n t .  I n  
essence ,  t h e  p o t e n t i a l  f o r  r e d u c i n g  t o n n a g e - d e p e n d e n t  o p e r a t i n g  c o s t s  and 
i m p r o v i n g  power  p l a n t  p e r f o r m a n c e  d i c t a t e s  ~he amount o f  c l e a n i n g  p l a n t  c a p i t a l  
and o p e r a t i n g  c o s t s  d e d i c a t e d  t o  m i n i m i z i n g  t h e  m o i s t u r e  c o n t e n t  o f  t h e  c l ean  
c0a I  p r o d u c t .  

Power P l a n t  C o n s i d e r a ~ i o n ~  

F i g u r e  I l i s t s  a number o~ p o ~ e n t l a l  p o w e r - p l a n t  b e n e f i t s  r e s u l t i n g  f r o m  
c l e a n i n g ,  i n c l u d i n g  i m p r o v e d  p u l v e r i z e r  and  b o i l e r  p e r f o r m a n c e  and  a v a i l a b i l i t y ,  
and r e d u c e d  demands on a s h -  and S 0 2 - r e m o v a l  s y s t e m s .  The r e l a t i v e  changes i n  
ash-  and $ O z - r e m o v a l  sys tem demancL~ can be assessed  f a i r l y  a c c u r a t e l y  f r o m  
h e a t i n g  v a l u e  i n c r e a s e s ,  ash r e d u c t i o n s ,  and  $02 e m i s s i o n  p o t e n t i a l  r e d u c t i o n s  
accompany ing  c l e a n i n g .  Ho~ever ,  because  o# v a r z a t i o n s  t h a t  can o c c u r  i n  ash 
c h a r a c t e r i s t i c s  and  c o m p o s i t i o n ,  t h e  e~fec+-~ o f  c o a l  c l e a n i n g  on p u l v e r i z e r  and 
b o i l e r  p e r f o r m a n c e  and a v a i l a b i l i t y  a r e  more  d i f f i c u l t  %o q u a n t i f y .  

For  i n s t a n c e ,  w i t h  c e r t a i n  c o a l s ,  c l e a n i n g  i n c r e a s e s  t h e  p r o p o r t i o n  o f  b a s i c  
c o n s t i t u e n t s  i n  t h e  ash and r e d u c e s  a s h  fu_~ion t e m p e r a t u r e s .  T h i s  may p romote  
more ~ e n a c i o u s  ash  s l a g g i n g  and f o u l i n g  c ~ r a c t e r i s t i c s ,  whlch can t o  v a r y i n g  
degrees  c o u n t e r a c t  t h e  ~ a v o r a b l e  e f f e c ~  ~ha~ reduced  ash  l o a d i n g  has on 
p u l v e r i z e d - c o a l - f i r e d  b o i l e r  p e r f o r m a n c e .  I n  such  a case ,  t h e  i m p r o v e m e n t s  i n  
b o i l e r  e f f i c i e n c y  and c a p a c i t y  r e s u l t i n g  f~om c l e a n i n g  may no~ be as  p ronounced  
as e x p e c t e d .  Coa l  c l e a n i n g  can a l s o  change  c o a l  m i n e r a l - m a t t e r  d i s t r i b u t i o n ,  
f l y - a s h  c o m p o s i t i o n ,  and f l y - a s h  r e s i s t i v i t y ,  t h e r e b y  a f f e c t i n g  c o a l  
a b r a s i v e n e s s  and  a r o s i v e n e s s ,  f l y - a s h  e r o s i v e n e s s ,  and e l e c t r o s t a t i c  
p r e c i p i t a t o r  (ESP] p e r f o r m a n c e .  

BAC[GROU~D 

The p r e c e d i n g  d i s c u s s i o n  o u t l i n e s  t h e  g e n e r a l  a d v a n t a g e s  and d i s a d v a n t a g e s  o f  
c o a l  c l e a n i n g ,  and fmin+-s o u t  t h e  n e c e s s i t y  o f  c o n d u c t i n g  i n d i v i d u a l  case 
s t u d i e s  f o r  each  c o a l  r e s e r v e .  The o v e r a l l  f e a s i b i l i t - y  o f  c l e a n i n g  a g i v e n  
r e s e r v e  can o n l y  be  d e t e r m i n e d  by  w e £ g h i n g  t h e  c a s t  b e n e f i t s  r e s u l t i n g  f r o m  
c l e a n i n g  a g a i n s t  t h e  cos% p e n a l t i e s .  

For  %he l a s t  s i x  y e a r s ,  t h e  E l e c t r i c  Power  Research I n s t i t u t e  (EPRI )  has been 
i n v e s t i g a t i n g  t h e  c l e a n i n g  c h a r a c t e r i s t i c s  o f  p r o m i n e n t  d o m e s t i c  c o ~ l  seams t o  
assess  t h e  changes  i n  c o a l  q u a l i t y  and p o w e r - p l a n t  b e n e f i t s  a s s o c i a t e d  w~th  
p h y s i c a l - c o a l  c l e a n i n g .  The c o a l - c l e a n i n g  phase  o f  t h i s  r e s e a r c h  has been 
p e r f o r m e d  p r l m a r i l y  a t  EPRI 's  Coa l  C l e a n i n g  T e s t  F a c i i ~ y  (CCTF) n e a r  Homer 
C i t y ,  P e n n s y l v a n i a :  e d e m o n s t r a t i o n  f a c i l i t y  e q u i p p e d  w i t h  c o m m e r c i a l - s c a l e ,  
c o a l - c l e a n i n g  e q u i p m e n t .  Some o f  t h e  CCTF-preduced  c l e a n  c o a l s  and  p a r e n t  raw 
c o a l s  a r e  s u b j e c t e d  %o c o m p a r a t i v e  b e n c h -  and p i l o t - s c a l e  combus¢ ion  t e s t i n g  
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t h r o u g h  ~ P R I ' s  A v a i l a b i l i t y  and  L i f e  E x t e n s i o n  Program.  T h i s  c o m b u s t i o n  t e s t i n g  
i s  d e s i g n e d  %o q u a n t i f y  t h e  imp rovemen ts  i n  p o w e r - p l a n t  p e r f o r m a n c e  a c h i e v e d  by 
c l e a n i n g  and g a i n  a b e t t e r  u n d e r s t a n d i n g  o f  c o a l - q u a l i t y  p a r a m e t e r s  t h a t  d i c t a t e  
v a r i o u s  a s p e c t s  o f  c o m b u s t i o n  p e r f o r m a n c e  ( i . e . ,  s l a g g i n g  and f o u l i n g ) .  

The r e m a i n d e r  o f  t h i s  p a p e r  d i s c u s s e s  g e n e r a l  me thods  f o r  e v a l u a t i n g  t h e  
f e a s i b i l i t y  o f  c l e a n i n g  a g i v e n  l o w - r a n k  c o a l  r e s e r v e .  Resu l t :s  f r o m  CCTF c o a l -  
c l e a n i n g  i n v e s t i g a t i o n s  on t h r e e  l o w - r a n k  c o a l s ,  cne  Rob inson  Seam s u b b i t u m i n o u s  
f r o m  Montana and two N i l c o x  F o r m a t i o n  l i g n i t e s  f : o m  Texas ,  s e r v e  as e ~ m p l e s  ( q ,  
5 ) .  

COAL CLEANING F E A S I B I L I T Y  EVALUATION 

The f i r s t  s t e p  i n  a n y  c o a l - c l e a n i n g  e v a l u a t i o n  i n v o l v e s  c o l l e c t i n g  i n f o r m a t i o n  
a b o u t  ~he c o a l  r e s e r v e .  I f  %he r e s e r v e  i s  n o t  b e i n g  mined,  t h e  o n l y  s o u r c e s  o f  
s a m p l e s  a re  f rom d r i l l i n g ,  c h a n n e l  samp les  ~aken a l o n g  o u t c r o p s ,  and c o a l  
re~.oved f rom %eat p i t s .  These  t h r e e  s a m p l i n g  me thods  can p r o v i d e  v a l u a b l e  
i n ~ o r m a t i 0 n  a b o u t  c h a n g e s  i n  c o a l  c h a r a c t e r i s t i c s  t h r o u g h o u t  t h e  r e s e r v e  and  a r e  
v a l u a b l e  i n  mine p l a n n i n g  as  w e l l  as e v a l u a t i n g  c o a l  c l e a n i n g .  U n f o r t u n a t e l y ,  
~he s i z e  c o n s i s t  o f  s a m p l e s  ex~cracted i n  %h is  manner  ( e s p e c i a l l y  by d r i l l i n g  and 
c h a n n e l  s a m p l i n g )  may b e a r  l i t t l e  r e l a t i o n s h i p  ±o r u n - o f - m i n e  s a m p l e s .  I f  t h e  
r e s e r v e  i s  b e i n g  m i n e d ,  an  e m p i r i c a l  r e l a t i o n s h i p  be tween  t h e s e  s a m p l e s  and  
r u n - o f - m i n e  samples  can be d e v e l o p e d .  I f  n o t ,  e n g i n e e r i n g  ~udgmen% based  on 
p ~ s t  e x p e r i e n c e  w i t h  s i m i l a r  c o a l s  must  be u s e d .  

A s p e c i a l  a d v a n t a g e  o f  an e x i s t i n g  mine i s  t h a t  enough  coa l  i s  a v a i l a b l e  t o  
a l l o w  c o m m e r c i a l - s c a l e  c l e a n i n g  t e s t s .  The i d e a l  method  o f  e v a l u a t i n g  a n y  
r e s e r v e  i n v o l v e s  e x t e n s i v e  c o r e  d r i l l i n g  t o  a s s e s s  t h e  o v e r a l l  c h a r a c t e r i s t i c s  
o f  t h e  r e s e r v e ,  i n c l u d i n g  c o a l  v a r i a b i l i t y ,  c o m m e r c i a l - s c a l e  c l e a n i n g  t e s t s  t o  
d e v e l o p  r e X i a b l e  p l a n t  de_~igm and c l e a n - c o a l  q u a l i t y  and c o s t  i n f o r m a t i o n ,  and  
p i l o t -  o r  c o m m e r c i a l - s c a l e  c o m b u s t i o n  t e s t s  %o a s s e s s  t h e  i m p a c t  o f  c ! e a n  c o a l  
q u a l i t y  on b o i l e r  p e r f o r m a n c e .  T h i s  e n t i r e  p r o c e d u r e  i s  r a r e l y  f o l l o w e d  b e c a u s e  
o f  t i m e  znd c o s t  c o n s t r a i n t s .  Ra~her t h a n  assume t h e  a v a i l a b i l i t y  o f  some 
s p e c i f i c  i e v a l  o f  ~es% d a t a ,  t h e  f o l l o w i n g  d i s c u s s i o n  c o v e r s  most o f  t h e  
commonly  u t i l i z e d  t e s t  p r o c e d u r e s  f o r  mak ing  t h i s  e v a l u a t i o n .  

Size A n a l y s e s  

One o f  t h e  most  i m p o r t a n t  a n a l y s e s  r e q u i r e d  t o  e v a l u a t e  %he c l e a n i n g  p o t s n t i a l  
and  d e s i r e d  c l e a n i n g - p l a n %  d e s i g n  f o r  a g i v e n  r u n - o f - m i n e  coa l  i s  t h e  
d i s t r i b u t i o n  o f  w e i g h t ,  h e a t i n g  v a l u e ,  and i m p u r i t i e s  c o n c e n t r a t i o n  ( a s h ,  
s u l f u r ,  o y r i t e ,  q u a r t z ,  e t c . )  i n  t he  v a r i o u s  s i z e  f r a c t i o n s  o f  t h e  c o a l .  T h i s  
i n f o r m a t i o n  i s  o b t a i n e d  by  l a b o r a t o r y  s c r e e n i n g  p r o c e d u r e s  d e v e l o p e d  f o r  t h e  
t e s t i n g  and e y a i u a t i o n  o f  c o a l s .  

T a b l e s  I t h r o u g h  3 l i s t  t h e  s i z e  a n a l y s e s  f o r  t h r e e  l o w - r a n k ,  r u n - o f - m i n e  c o a l  
s a m p l e s  t e s t e d  a t  t h e  CCTF. A l l  a n a l y s e s  a r e  on a d r y  b a s i s  because  a 
w e t - s c r e e n i n g  p r o c e d u r e  i s  r e q u i r e d  to  o b t a i n  e f f i c i e n t  s c r e e n i n g .  

The WDirectW co lumns  i n  T a b l e s  ! ~hrough 3 i i s ~  t h e  w e i g h t  p r o p o r t i o n ,  ash  
c o n t e n t ,  s ~ l g u r  c o n t e n t ,  and  h e a t i n g  v a l u e  i n  each  s i z e  f r a c t i o n .  The 
w P r o p o r t i o n s  o f  T o t a l  ( ~ ) "  co lumns  l i s t  t h e  p r o p o r t i o n  o f  t he  r a w - c o a l m s  a s h ,  
s u l f u r ,  and e n e r g y  i n  each  s i z e  f r a c t i o n .  
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S~ze 

*-"-in x 3/6- in 
3/~,-in x 3 / 8 - i n  

3 / 8 - ; n  x ~ 
Z~l  x :IQCH 
ZOOM x :'JOH 
200H x 0 

T a b l e  1 

RAN-COAL QUAL ITY  BY SIZ£ 

R o b i n s o n  Seam S u b b i t u m i n o u s  

~bsaloka H~ne 

B~g Horn C o u n t y ,  HT 

P r o p o r t i o n  TO~al -~c'~-~mcJ 
o f  Coal Ach ~--ulgur V~lu~ 

14.9  11 .1  0.$7 11,289 
I 5 . Z  9 .0  0.85 11,638 

Propor~{on of  TO{l|  IZI  

A~;h ~u l  fu r  E ~ r ~ v .  
16 .0  9 .0  14.9  
13 ,3  13.6 L5 .7  

~.7 8.& 0.91 II,SZZ 40.6 46.9 49.6 
15.1 11.6 1.41 i0,893 16.9 ZZ.6 14.6 

3 .3  1~ .7  1.43 10 ,445  & .5  S.O 3 . 1  
Z .8  3 2 . 0  0.96 8 ,39~ 8 . 7  Z .9  2 .1  

m, ss i r~ ._  x 
• - ; n  x 1 Z/Z-~n 
1 1 / 2 - 1 n  x 3/4 - in  
3 / 4 - ; n  x 3 /8 -~n  

3 / 8 - i n  x ZSH 
2814 x 10011 
XOOH x ZOOH 

20011 x 0 

Tab le  2 

RAN-COAL QUAL ITY  B Y - S I Z E  

H i l c o x  F o r m a t i o n  / i g n i ± e  

Big Bro',.m M~ne  

Freestone County, TX 

D i r e ~  {Or~ Bas{s)  P r o p o r ~ i ~  o f  TO{111Xp 
P r o ~ r ~ i o n  To~mZ I ~ a ~ i n g  

o f  Coal  Ash S u l f u r  Va lue  
f N~ Z) I N t  Y.) (N~ 2.) (B fu /Zb  I A.~,h ~ 

14 .5  11 .5  0.93 21~1~l  9 . 9  l ~ . Z  18 .4  
10 .9  1Z .6  1.10 10 ,917  I 1 . 0  17.2 18.S 
18.2 13 .9  1.24 10,68/+ 13 .1  Z0.9 19 .5  

3 3 . ;  1~ .5  1.2Z 10,470 2 6 . 9  37 .7  3S.2  
5 . 1  7 1 . 3  1 .17 9 ,279 5 .&  S .5  4 . 8  
1 .Z 3 6 . 3  0 .98 7 , ~ 3  2 . 3  1 .1  0 . 9  
8 . 7  69 .2  0 . 4 3  3 ,058  31 .3  3 . 4  2 . 7  

S i = ~  

Pass { r~_  x Re~:, ,~j~ 
6 - i n  x 1 1 / Z - i ~  

1 / Z - i n  x 3 / 4 - i n  
3J#-i, X 3 / 8 - ~ n  

3 / 8 - i n  x 2aM 
~ t  x IOOH 
XOOM x ZOOtl 
ZOOM x 0 

Table 3 

R A N - C O A t  q U A L I T Y  BY SIZE 

N i l c o x  F o r m a t i o n  L i g n i % e  

Ninfield North Mino 

T i t u s  C o u n ~ r ,  TX 

O i . _ r ~  (Dry, Bas i s !  
P r~aor~ ion  To~al  ; t ~a t i ng  

o f  Coa l  A M  Sul'f'u r v a l , - -  
iN~ 7,) fHt z, ~ 

13.S Z1 .4  0.~1~ 9,723 
9 ,9  2 1 . 4  0 . ; 0  9 ,735 

I ~ . 8  2 2 . 5  0 .~8  9 ,533 

PropOr~iot~ o f  Toi'a~. ( Z I  

A~h S u l f u r  E ~ r ~ v  
9 .0  13.4  16.0 
6 . 6  ! 0 . 1  11 .8  

1 0 . 4  14 .7  17.2 

37.2 2Z .7  0 .88  9 ,413 Z.5.2 4 7 . 7  42 .8  
4 . 9  22 .1  0 .89  9,430 3 . 4  6 .4  5 .6  
Z.O 3 1 . 7  0 .91  8.Z5~* Z.O Z.6 Z.O 

17.7  78 .2  . 0 .20  2,131 4 3 . 4  5 . 1  4 .& 
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One o f  ~he most s i g n i f i c a n t  c h a r a c t e r i s t i c s  o f  t he  s i z e  a n a l y s e s  i n  T a b l e s  1 
t h r o u g h  3 i s  t h a t ,  f o r  a !1  t h r e e  c o a l s ,  t he  ash  c o n t e n t s  o f  t h e  f i n e s t  s i z e  
f r a c t i o n  (200M x O) a r e  s u b s t a n t i a l l y  h i g h e r  than  those  o f  t he  c o a r s e r  s i z e  
f r a c t i o n s .  For  t he  t w o  H i l c o x  F o r m a t i o n  l i g n i t e  samples ( B i g  ~rgwn ~ i n e  and 
N i n f i e l d  H o r t h  ~ i n e ) ,  ~h~s h i g h  c l a y  c o n t e n t  f r a c t i o n  r e p r e s e n t s  a s i g n i f i c a n t  
w e i g h t  p r o p o r t i o n  o f  ~he ra~  coa l  ( 8 . 7  and 17.7  p e r c e n t ,  r e s p e c t i v e l y ) .  The 
" P r o p o r t i o n  o f  T o t a l  ( x ) ~  columns sho~ t h a t  31 .3  and ~3.~ p e r c e n t  o f  t h e  t o t a l  
ash i s  i n  t h e  200M x 0 s i z e  f r a c t £ o n ,  b u t  t h i s  r e p r e s e n t s  o n l y  2 .7  and ~.6 
p e r c e n t  o f  %he r a w - c o a l ' s  h e a t i n g  v a l u e  ( e n e r g y ) .  Removal o f  t he  200M x 0 s i z e  
f r i c t i o n  ~ur~ng c l e a n i n g  wou ld  t h e r e f o r e  be a f e a s i b l e  app roach  t o  r e d u c i n g  ash 
con~en~ zn ~he two l i g n i t e s ,  w i t h o u t  s a c r i f i c i n g  a l a r g e  p r o p o r t i o n  o f  t h e  re, r -  
c o a l ' 5  h e a t i n g  v a l ~ e .  

For t h e  Rob inson  Seam s u b b i t u m i n o u s  sample ,  t h e  200M x 0 s i z e  f r a c t i o n  i s  o n l y  
2 .8  w e i g h t  p e r c e n t  o f  t h e  raw coa l  and c o n t a i n s  2.1 p e r c e n t  o f  t h e  r a w - c o a l t s  
ene rgy .  The ash c o n t e n t  o f  t h i s  s i z e  f r a c t i o n  (32 p e r c e n t )  i s  l o w e r  t han  the  

1 i g n i t e s ,  i n d i c a t i n g  a h i g h e r  c l e a n i n g  p o t e n t i a l .  The normal  commerc ia l  
method o f  c l e a n i n g  t h i s  s i z e  range  o f  b i t u m i n o u s  coa l  i s  f r o t h  f l o t a t i o n .  ~¢hi le 
CCTF work w i t h  Rob inson  Seam (6)  d i d  i n c l u d e  a p r e l i m i n a r y  e v a l u a t i o n  o f  t he  use 
o f  f r o t h  f l o t a t i o n  t o  c l e a n  t h i s  c o a l ,  a d d i t i o n a l  work i n  t h i s  a rea  i s  needed 
~ a f o r e  t h i s  t e c h n o l o g y  i s  a p p l i e d  c o m m e r c i a l l y  t o  l o w - r a n k  c o a l s .  The l ack  o f  
c o . - ~ m r c i a l l y  d e m o n s t r a t e d  t e c h n o l o g y ,  combined ~r~th t h e  l o ~  p r o p o r t i o n  o f  t h e  
raw L ~ a l ' s  e n e r g y  v a l u e  c o n t a i n e d  i n  t he  200M x O, i n d i c a t e  t h a t  i t  wou ld  be 
bes~ t o  ~ i s c a r d  t h i s  f r a c t i o n .  

Ano the r  a d v a n t a g e  o f  r emov ing  t he  200M x 0 s i z e  f r a c t i o n  d u r i n g  c l e a n i n ~  i s  t h a t  
m o i s t u r e - c o n t e n t  i n c r ~ s e s  stemming f rom c o a l  c l e a n i n g  and p o t e n t i a l  
c o a l - h a n d l i n g  p r o b l e m s  w i l l  n o t  be as p ronounced  as i n  cases where t h e  f i n e s  a r e  
r e c o v e r e d  i n  t h e  c l e a n - c o a l  p r o d u c t .  T h i s  s i m p l i f i e s  c l e a n i n g - p l a n t  d e s i g n  and 
r e s u l t s  i n  l o w e r  c l e a n i n g - p l a n t  c a p i t a l  and o p e r a t i n g  cos t s  than  a r e  - e q u i r a d  
when t he  200M x 0 c o a l  must be s e p a r a t e d ,  d e w a t e r o d ,  and combined w i t h  t h e  
c lean-cam1 p r o d u c t .  

L a s t l y ,  T a b l e s  1 t h r o u g h  3 i l l u s t r a t e  t h a t ,  f o r  a l l  t h r e e  c o a l  samp les ,  t h e  
s u l f u r  c o n t e n t s  i n  t h e  f i n e  200H x 0 s i z e  f r a c t i o n s  a r e  e i t h e r  e q u a l  t o  o r  l o ~ e r  
t han  t h e  r e m a i n i n g  p l u s  ZOOM raw c o a l .  A l t h o u g h  removal  o f  t he  minus 20OH s i z e  
f r a c t i o n  ~ 1 1  reduce  ash c o n t e n t s  and i n c r e a s e  h e a t i n g  v a l u e s  f o r  t h e s e  t h r e e  
c o a l s ,  i t  may n o t  reduce  s u l f u r  c o n t e n t .  T ~  c o a r s e r  s i z e  f r a c t i o n s  wou ld  have 
to  be c l e a n e d  t o  o b t a i n  any  s i g n i f i c a n t  s u l f u r  o r  $02 r e d u c t i o n s .  

K a s h a b i l i t y  A n a l y s e s  

S ince  conven%iona |  c o a l - c l e a n i n g  p rocesses  a r e  p r i m a r i l y  based on d i f f e r e n c e s  i n  
p a r t i c l e  d e n s i t y  as w e l l  as  s i z e ,  i t  i s  a l s o  i m p o r t a n t  t o  d e t e r m i n e  t h e  
d i s t r i b u t i o n  o f  w e i g h t ,  h e a t i n g  v a l u e ,  and i m p u r i t i e s  c o n c e n t r a t i o n s  (ash ,  
s u I f u r ,  p y r i ~ ® ,  q u a r t z ,  e t c . )  i n  t h e  v a r i o u s  s p e c i f i c  g r a v i t y  f r a c t i o n s  o f  rat~ 
c o a l  samples .  T h i s  s p e c i f i c  g r a v i t y  d i s t r i b u t i o n ,  termed a ~ s h a b i l i t y  
a n a l y s i s ,  i s  most  u s e f u l  when p e r f o r m e d  on t h e  v a r i o u s  s i z e  f r a c t i o n s  o f  
r u n - o f - m i n e  samp les  or- t h e  seam zones o f  d r i l l  co res  and channe l  samp les .  

Du r i ng  CCTF i n v e s t i g a t i o n s  o f  t h e  t h r e e  l o w - r a n k  c o a l s ,  w a s h a b i l i t y  a n a l y s e s  
were p e r f o r m e d  on t h e  v a r i o u s  s i z e  f r a c t i a n ~  o f  each r u n - o f - m i n e  sample .  Fzgure 
2 i s  a p l o t  o f  ash  l o a d i n g  ( l b~MBtu )  and SO_ e m i s s i o n  p o t e n t i a l  ( l b / M B t u )  v e r s u s  

. ~ . . , 

energy  r e c o v e r y  o b t a x n e d  f rom t h e  p l u s  200M ~ s h a b x l z t y  a n a l y s e s .  Ash =nd $0 Z 
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Figure 2 

THEORETICAL ASH AND SO 2 

VERSUS ENERGY RECOVERY RELATIONSHIPS 

From ÷200M Raw Coal Washability Analysis 

Table q 

COMPARZSOH OF RAH COAL HEAD ANALY5E5 
TO THEORETICAL CLEAN COAL PRODUCTS 
From Raw Coal Nashab~li~y Analyses 

CAs-Received Basis) 

Yie ld  I~:mmry I~oLsturm Ash ~ul fur  V a l ~  50 

~ e ~ i C m l  ¢ I m  Coal 94 9k 24.3 ~.Z 0.30 8,960 O . ~  S-& 

S~¢ MCH4 ~X~ LZ~TE 
' ~ C 0 e l  100 ]LO0 ~1.~ IZ.S o.T? &.T~9 ;:.Z7 18.S 

rh~oPetical  C , ' m  Coal ~ ;  ~; ~3.~ &.4 0.60 7,~;~0 1.63 ~.7 

N][I~rI"ELO NORTH IIZNE ~IGNZI~E 
Co~ 100 100 ~;Z.8 ZZ.; 0.~6 5,550 1,&7 38.0 

~ t i c ~ Z  Clean Coa'- 77" 9Z 3~.~ 11.0 0.~0 ~,~*-q~ 1.55 18,5 

- Thooe.eticl l  © 1 ~  ee81 p.od~:tJ do r ~  ¢¢~toi~ ~Lhm ZO~ x 0 ~izm ~emck.Lo~. o,~ plu-~ ZOOM s~.:r;.,s. ,,,, 
~ ' f . ~  ~w'~i%ht" ~ x i r i f : i c n  I t  1,6 n specific ~-~ 'L ty  ~ &  a$¢uned ~o~ ~ o b i ~  ~ ¢ ~ t ~ n u ,  and Big 
B ~  fl~r~ l i ~ [ t l ,  ~ • pmPf~t tepsrs~io,~ et ~.80 sp~;i f i~ g~avi~y .ms a s s u ~  for Ninfimld Noe~h 
Nine l i g n i t e .  

- A ~ - r l ~ L v o d  b a s i l  astl--bt~r~ s r t  mK~ a~iumir~ a ~.0 I~vc~n~:~e p o l n t  m o l s t u v t  i r c r ~ r m  upon cLqM~ir,~ for  
a l l  tl~ee <~ls. 
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a r e  s h o w ,  because  t h e y  a r e  o f  i n t e r e s t  o% many power  p l a n ~ ;  h o w e v e r ,  o t h e r  
i m p u r i t i e s ,  s u c h  as q u a r t z  o r  i r o n  c o n t e n t ,  can be e v a l u e t s d  i n  ~he same 
manner .  R u a n t i t i e s  a r ~  l i s t e d  on a l b / M B ± u  b a s i s  ~o o r i e n t  t h e  e v a l u a t i o n  more 
t o , f o r d  b o i l e r  l o a d i n g  end  because  l b / N B t u  q u a n t i ~ i e s  a r e  i n d e p e n d e n t  o f  m o i s t u r e  
c o n t e n ~ .  The 200M x 0 s~ze  f r a c t i o n  ~ s h a b i l i % y  r e s u l t s  a r e  n o t  i n c l u d e d  i n  t h e  
p l o t s  because  t h i ~  s i z e  f r a c t i o n  ~ o u l d  p r o b a b l y  be d i s c a r d e d .  O n l y  t h e  p l u s  
200M s i z e  f r a c t i o n  ~ o u l d  be s u b ~ e c t e d  t o  any  t y p e  o f  d e n s i t y  s e p a r a t i o n .  The 
e n e r g y  r e c o v e r i e s  i n  F i g u r e  2 do ~ o t  r e a c h  100 p e r c a n ~  because  t h e  p o r t i o n  o f  
e n e r g y  i n  t h e  ZOOM x 0 s i z e  f r a c t i o n  has a l r e a d y  been s u b t r a c t e d .  

The ma in  p u r p o s e  o f  t h e s e  i m p u r i t i e s - v e r s u s - e n e r g y  r e c o v e r y  c u r v e s  ( F i g u r e  2)  i s  
t o  q u a n t i f y /  t h e  t h e o r e t i c a l  l e v e l  o f  i m p u r i t i e s  r e d u c t i o n s  w h i c h  can be a c h i e v e d  
by  u p g r a d i n g  t h e  c o a l  i n  d e n s i t y - b a s e d  equ ipmen± ,  as  w e l l  as  t h e  p r o p o r t i o n  o f  
t h e  r e , r - c o a l ' s  e n e r g y  ~ h i c h  must  be s a c r i f i c e d  t o  a c h i e v e  t h e s e  i m p u r i t y  
r e d u c t i o n s .  From a c o a l - c l e a n i n g  p e r s p e c t i v e ,  i t  i s  b e s t  t o  s e p a r a t e  t h e  c o a l s  
a t  o r  n s a r  t h e  s p e c i f i c  g r a v i t ~  where  ~hesa c u r v e s  l e v e l  o f f .  For  e x a ~ l e ,  t h e  
B i g  Brown M ine  l i g n i t e  a s h - v e r s u s - e n e r g y  r e c o v e r y  c u r v e  l e v e l s  o f f  i n  t h e  r ange  
o f  e i g h ~  t o  ta f t  l b / M ~ u  o f  ash  ( see  F i g u r e  2 ) .  S e p a r a t i o n s  y i e l d i n g  a p r o d u c t  
~ o n ~ a i n i n g  l e s s  %hen e i g h t  l ~ J M ~ t u  o f  ash ~ o u l d  p r o b a b l y  be u n d e s i r a b l e  because  
a m l i  i n c r e m e n t a l  ash  r e d u c t i o n  must  b~ t r a d e d  f o r  a s h a r p  d r o p  i n  p r o d u c t  
e n e r g y  r e c o v e r y .  S e p a r a t i o n s  y i e l d i n g  a p r o d u c t  w i t h  ash  l o a d i n g  much above  t e n  
l b / M B t u  may a l s o  be u n d e s i r a b l e  because  a s m a l l  i n c r e a s e  i n  e n e r g y  r e c o v e r y  mus t  
be t r a d e d  f o r  a l a r g e  i n c r e m e n t a i  i n c r e a s e  i n  ash l o a d i n g .  

The changes  i n  s l o p e  o f  t h e  c u r v e s  i n  F i g u r e  Z s u g g e s t  t h a t  i t  w o u l d  p r o b a b l y  be 
b e s t  t o  c l e a n  t h e  Rob inson  Seam s u b b i t u m i h ~ u s  anQ ~ i g  Brown M ine  l i g n i t e  samp les  
a t  a s p e c i f i c  g r a v i t y  o f  a p p r o x i m a t e l y  1 . 6 n ,  and t h e  H i n f i e l d  N o r t h  M ine  l i g n i t e  
a t  a somewhat h i g h e r  s p e c i f i c  g r m v i ~ /  ( a p p r o x i m a t e l y  1 . 8 0 ) .  I n  c e r t a i n  c a s e s ,  
e n v i r o n m e n t a l  o r  p c , ~ e r - p l a n t  c o n s i d e r a t i o n s  can o v e r r i d e  t h e  l o g i c  o f  u s i n ;  t h e  
w a s h a b i l i t y  a n a l y s e s  t o  e s t i m a t e  d e s i r e d  s e p a r a t i n g  g r a v i t y  and  c l e a n - c a m 1  
q u a i i t y .  The a c t u a l  s e p a r a t i o n  g r a v i t y  and  c l e a n i n g  a p p r o a c h  a t  c o m m e r c i a l  
o p e r a t i o n s  i s  a l s o  a f f e c t e d  by  s i t e - s p e c i f i c  economic  end c o n t r a c t u a l  
c o n s i d e r a t i o n s .  

T a b l e  ~ compares t h e  r a w - c o a l  a n a l y s e s  %o t h e  l a b o r a t o r y  c l e m n - c ~ m l  q u a l i t i e s  
and  r e c o v e r i e s  o b t a i n e d  a t  1 .60  and 1 .80  s p e c i f i c  g r a v i t i e s ,  r e s p e c t i v e l y .  The 
c l e a n - c o a l  a n a l y s e s ,  n o r m a l l y  r e p o r t e d  on a d r y  b a s i s ,  have  been c o n v e r ~ e d  %o 
a s - r e c e i v e d  b a s i s  by  a s s u m i n g  a 2 . 0  p e r c e n t a g e  p o i n t  m o i s t u r e  i n c r e a s e  ~hen t h e  
c o a l s  a r e  c l e a n e d .  These r a ~ h e r  s m a l l  m o i s t u r e  c o n t e n t  i n c r e a s e s  seam 
r e a s o n a b l e  because  t h e  d i f f i c u l t  t o  d e ~ a t e r  200H x 0 s i z e  f r a c t i o n  ~ r i l l  n o t  be 
r e c o v e r e d  i n  t h e  c l e a n - c o a l  p r o d u c t .  

The l a b o r a t o r y  r e s u l t s  i n  T a b l e  q s u g g e s t  %hat %he ash  r e d u c t i o n s  and  h e a t i n g  
v a l u e  i n c r e a s e s  a c h i e v e d  by  c l e a n i n g  t h e  ~ o  1 i g n i t e s  ~ r i l l  be much ~ o r e  

"onounced t h a n  f o r  t h e  R o b i n s o n  Seam s u ~ b i ~ m m i n o u s .  T h e r e f o r e ,  %~,e p o t e n t i a l  
s a v i n g s  i n  t r a n s p o r t ~ t i o n  and  o t h e r  t o n n a g e -  o r  a s h - q u a n t i f y - d e p e n d e n t  c o s t s  
w i l l  be more d r a m a t i c  f o r  t h e  l i g n i t e s .  

I n  c o n t r a s t ,  t h e  p o t e n t i a l  f o r  502 r e d u c t i o n  i s  h ~ g h e s t  f o r  t h e  R o b i n s o n  Seam 
s u b b i t u m i n o u s  samp le  ( f r o m  1 .6~  t o  0 . 68  l b / N B t u )  because  p y r i t e  (FeS Z) i s  
removed d u r i n g  c l e a n i n g .  S u l f u r  d i o x i d e  r e d u c t i o n s  o f  t h i s  m a g n i t u d e  (61 
p e r c e n t )  w o u l d  b r i n g  t h e  c o a l  w e l l  i n t o  c o m p l i a n c e  ~ i t h  t h e  1971 New Sou rce  
P e r f o r m a n c e  S t a n d a r d s  (NSPS) o f  1 . 20  lh/HBtu, and c o u l d  d r a m a t i c a l l y  r e d u c e  
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f l u e - g a s  s c r u b b i n g  demands a t  power  p l a n t s  t h a t  must  a c h i e v e  t h e  70 t o  90 
pe roen±  SO 2 r e d u c t i o n  r e s t r i c t i o n s  i n  t h e  1979 NSP5 l e g i s l a t i o n .  

~ a b l e  ~ a l s o  i l l u s ± r a t e s  t h a t  a t  t h e s e  r e a s o n a b l y  h i g h  s e p a r a t i o n  g r a v i t i e s  
( 1 . 6 0  %0 1 . 3 0 ) ,  be%wean 9Z and 96 o f  t h e  raw c o a l ' s  e n e r g y  was r e c o v e r e d  i n  t h e  
~abora~orM c l e a n - c o a l  p r o d u c ~ s .  However ,  ~n c o m m e r c i a l - s c a l e  c l e a n i n g  
p r o c e s s e s ,  t h e  y i e l d s  and e n e r g y  r e c o v e r i e s  a t  t h e s e  g i v e n  c l e a n - c o a l  q u a l i t i e s  
s h o u l d  be s u b s t a n t i a l i v  l o w e r  because  o~ ~he i n h e r e n t  i n e f f i c i e n c y  o f  
c o m m e r c i a l - s c a l e  c l e a n i n g  e q u i p m e n t .  

CCTF C l e a n i n g  Results 

The p r e c e d i n g  s e c t i o n  i ! l u s t r a t a s  t | ~% a s u b s t a n C i a l  amount  o f  c l e a n i n g  
i n f o r m a t i o n  can be o b t a i n e d  ~rom r e l a t i v e l y  i n e x p e n s i v e  l a b o r a t o w a n a l y s e s  on 
run-of-mine coal samples. Brill core an~ channel samples can be analyzed in the 
same f a s h i o n ,  e x c e p t  t h a t  ~ t  may be more meaning~J1 t o  s e p a r a t e  t h e s e  s e a m - o n l y  
samp les  by  t h e  zones  o f  t h e  seam i n s t e a d  o f  by s i z e .  I :  o~her  impur i~ -~es  such  
as  q u a r t z ,  p y r i t e ,  o r  NazO a r e  c a u s i n g  s p e c i f i c  p r o b l e m s  a t  t h e  power F lanC,  
t h e i r  p o t e n t i a  ! c l e a n i n g  r e d u c t i o n  can a l s o  be a s s e s s e d  by  i n c l u d i n g  them i n  t h e  
s i t e  and w a s h a b i l i t y  a n a l y s e s .  

I f  t h e s e  p r e l i m i n a r y  l a b o r a t o r y  r e s u l t s  l e e k  p r o m i m i n g  and w a r r a n t  f u r t h e r  
i n v e s t i g a t i o n ,  a c t u a l  c l e a n i n g  t e s t s  can t h e n  be p e r f o r m e d  %o d e t e r m i n e  t h e  t r u e  
c l e a n i n g  r e s p o n s e  o f  t h e  c o a l  and t h e  p e r f o r m a n c e  o~ s p e c i f i c  c l e a n i n g  c ~ r Q u £ t s .  
Such ~ e s t s  a l s o  p r o v i d e  b u l k  s a m p l e s  f o r  c o m p a r a t i v e  c o m b u s t i o n  t e s t i n g .  

Far  t h e  two N i l c o ×  F o r m a t i o n  1 i g n i t e s  and t h e  Rob inson  Seam s u b b i t u m i n o u s  
s a m p l e s ,  a c t u a l  c l e a n i n g  t e s t s  were  p e r f o r m e d  u s i n g  t h e  Z5 t o n - p e r - h o u r ,  
d e a o n s t r a t i o n - s c a 1 0  c i r c u i t s  a% t h e  CCTF. The c i r c u i t s  u t i l i z e d  c o m b i n a t i o n s  o f  
a h e a v y - m e d i a  v e s s e l  %o c l e a n  G - i n  x ~ - ' 8 - i n  c o a r s e  c o a l  and a c o n c e n t r a t i n g  
%able o r  ~ r a t e r - o n l y  c y c l o n e s  t o  c l e a n  3 /4  o r  $ / 8 - i ~  x ZOOM i n t e r m e d i a t e  s i z e  
c o a l .  The f i n e  2BOY x 0 raw c o a l  ~ s  d i s c a r d e d  i n  a l l  t e s t s .  

T a b l e  5 l i s t u~  t h e  r a w - c n a l  q u a l i t i e s  and r e s u l t a n t  c l e a n - c o a l  q u a l i ~ £ e s  and 
c l e a n i n g - c i r c u i t  p e r f o r m a n c e s  f o r  each c o a l .  For  m o i s t u r e - d e p e n d e n t  p a r a m e t e r s ,  
t h e  i n f o r m a t i o n  i s  g i v e n  on b o t h  a s - r e c e i v e d  and d r y  bases .  

The ac tuaX  c l e a n i n g  r e s u l t s  v e r i f - y  t h e  o b s e r v a t i o n s  made f r o m  t h e  raw-cQaZ s i z e  
and  w a s h a b i l i t y  a n a l y s e s  ( T a b l e  ~ ) ;  n a m e l y ,  Chat  t h e  mos t  p ronounced  ash 
r e d u c t i o n s  and h e a t i n g  v a l u e  i n c r e a s e s  were  a c h i e v e d  f o r  Che ~ o  l i g n i C e s ,  and  
t h e  502 r e d u c t i o n s  were  most  s i g n i f i c a n t  f o r  t h e  Rob inson  Seam ~ u b b i t u m i n m u s .  
The e n e r g y  r e c o v e r { e s  o f  87 %o 90 p e r c e n t  a l s o  i l l u s t r a C e  t h a t  10 t o  13 p e r c e n t  
o f  t h e  raw coalWs e n e r g y  was s a c r i f i c e d  t o  a c h i e v e  t h e s e  c o a l - q u a l i t y  
i m p r o v e m e n t s .  

AS e x p e c t e d ,  t h e  e n e r g y  r e c o v e r i e ~  i n  T a b l e  5 a r ~  s u b s t a n t i a l l y  l o w e r  t h a n  ~ o r  
t h e  l a b o r a t o r y - p r o d u c e d  c l e a n  c o a l s  i n  T a b l e  q because  o f  c i r c u i t  i n e f f i c i e n c y .  
The s l i g h t l y  l o w e r  s e p a r a t i o n  g r a v i C i m s  and c l e a n - c o a l  ash  c o n t e n t s  f o r  t h e  
Rob inson  Seam s u b b i t u m i n o u s  and B i g  Brown Mine l i g n i t e  c l e a n i n g  t e s t s  a l s o  
c o n C r i b u t e d  t o  t h e  r aChe r  l a r g e  d i f f e r e n c e s  be%wean t h e o r e t i c a l  and a c t u a l  
p e r f o r m a n c e s  f o r  t h e s e  two c o a l s .  
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T a b l e  5 

ACTUAL COAL CLEANING 

PERFORMANCE R~$ULTS 
From CCTF Cleaning Tests 

~t,,ml~ka n i . a  

llabi,.,Mi P S.am ~ b i t ~ i r ,  m ~  

B i g  ~ h i . .  

N i l e . .  I rc - 'mat io -  t i a . i h ,  

N i n f i e l d  Nm-th Ilirll l  

" i l ~ .  F~.s,at ie-~ t i m i ~  9 

Coel  Siam C1eanad Cruv~ ,~  t o  r',-u~lhm:l to  ¢r,.Js~,ci to  

~/c~-in x 0 3 / 8 - i -  ~ 0 6 - i n  x 0 

Am Ib~ ~.'ved Dr'y As .-gte¢~, v~t,d 0*"7 &u- l i em iv , .d  P"M 

.mu4, COAL qU~L," r t  

To taZ H o ; m b ~ e  I N I  Ml 2Z.3  - -  11 .9  - -  31 .8  - -  

Ash I N t  Y.t 8 . Z  l O . k  l Z . 5  IS .6  Z I . ]  31 .~  

Vo~lJm~i]~ I1mttm- IN~ ~.l 29 .1  37 .~  31 .0  43 .5  Z3.S 3q .q  

F i g  Carbon 1142 Y.l ¢~0.6 5Z.O Z~..6 3k .1  ZZ.6 33 .?  

S u l f u r  Im t  ~1 0 .7Z  0 .93  0 .77  1.13 0 .66  0 .6~  

P y , ' i $ i ¢  S~Z fu r  I ~  Z.~ 0 . ~  o.k.~ 0.ZZ 0 .3Z 0 . 0 5  "0.07 

b r i n g  YmIu~ l l ' t t .~ . l .bl  8,761 ZZ,ZSO 6 ,779  9,~-_~ S,SSO 8 ,Z5~  

Ash 11b/t,n'Ibm, ) ,1.6 1 8 . 5  341.o 

SO I Lb/'/~t~J ) 1 .66 Z .Z7  1.67  
Z 

C L [ I I (  COIL ~U~LZTY 

T o ~ I  ~ o i B t u r l  I N t  7.! Z S . 3 N  - -  3~.6 - -  33 .2  - -  

Ash I N t  ~,! c,.7 6 . 3  6 . 0  ~ .1  13.0 19 .6  

¥ o h t i l e  I h t f m ~  qNt M.j 28 .2  37.."  3 0 . 8  67 .1  30 .3  6 3 . 3  

F~a(~ ~ I N t  ~.) 4 1 . 8  . ~ . 0  Z8 .6  6 3 . 8  Z3.& 35 .3  

Sul faJr  I ~ t  ~.1 0 .31  0 .~1  0 .6S 0 .gq  0 .$6  0.Sq 

P ~ r ~ t l c  S o l f u r  CNt 2.1 0 . 0 9  0 .1Z  0 .06  0.1Z 0 .03  0 .04  

Hmmtlrv;I W a l ~  I i t u / l k !  8 ,9S0 1 1 . ~ 1  7,¢,37 11,369 b ,S96  q ~ 7 6  

At~  l , ~ t : ~  I 5 . 3  8 . 0  2q .k  

SO ( l b / N S t ~  ! 0.641 1.7& 1.70 
Z 

¢LF, J~ING ISl[lltYplmJUSCE • 

Y ; i l d  I N t  ~.1 85 83 87 8/4 75 75 

E n m ~  ~ 17.1 87 ~ 8q 

• Yne lds  ~ ~ , - ~ m . e r i a m  atom c l n t e m i n a d  Yram i , . z i i v iduaL  CCTF f l a , ,nd~Nt  t e s t s  d ~ i , ~  ~ i c h  Ceed ¢ o l l  

c~ml i~y  rams - l i ~ t l y  d i f f e P m ~ t  Yram rim* ~ 1  q u m l i t y  l / t t e d  adbova. 

I , , . d m a l a  c m l  , $ . , a t , . - i , . ¢  . q u i p a ~ t  . i s  m a d  i n  ~hi$ t e s t .  , m u l t i - O  i .  t o t a l i s t i c  - ~ i s k n  ~ I ~ . ~ (  ~,',c,-,,at,a 

t o t  ~ C~NM~ C:~a][. ThE~rlBtQ~'~E, as r e a l ) l a r ~  ]-a m a l , t u r e  c ~ t e n t  i n c r e a s e  Of 3 .0  N r ~ e n t  ~ ~ m u i K I  f o r  t h4  

C11mn-CXRI p r o d g ~ t .  
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Combust ion-Re la ted  Ana lyses  

Tab le  6 compares combus t£on - re l a ted  l a b o r a ¢ o r y  a n a l y s e s  ~or the raw c o a l s  and 
CCTF-produced c lean  c o a l s .  The i n f o r m a t i o n  i s  grouped i n t o  coa l  ana ly~e~ ,  ash 
f u s i o n  tempera tu re  ana l yses ,  and ash compos i t i ons .  The i n f o r m a t i o n  ~n Tab le  
i s  o r i e n t e d  toward ~ u l v e r i z e ~ - c o a l - f i r e d ,  d r y - b o t t o m  b o i l e r s  due to  t h e i r  
a p p l i c a b i l i ~ r  f o r  l o ~ - r a n k  coa l  combust ion.  For c y c l o n e - f i r e d ,  we t -bo t tom 
b o i l e r s ,  ~he ergumen+.s and  c o n s i d e r a t i o n s  cou ld  be v a s t l y  d i f f e r e n t .  

H i t h  the  excep t i on  o f  ash f u s i o n  ~emperatures and compos i t i ons ,  a l l  ana l yses  i n  
Tab le  6 a re  on an a s - r e c e i v e d  bas i s .  Hardgrove G r i n d a b i l i z y  I n d i c e s  a r e  
o b t a i n e d  from a l a b o r a t o r y  procedure  %o de%ermine how d i f~ "~cu l t  a coa l  ~ r i l l  be 
~o p u l v e r i z e .  Lower Hardgrove Gr~n~ab iZ i t y  I n d i c e s  (HGZs) s £ g n i ~  t h a t  more 
ene r lw  w~! l  be r e q u i r e d  ~o p u l v e r i z e  a g i ven  quan~i~:~ o~ coa l  ~o minus 200H (~he 
t y p i c a l  p u l v e r i z e d - c o a l - f i r e d  b o i l e r  feed s i z e ) .  

Robinson Seam 5ubbi tum£nous.  A l though %he ash r e d u c t i o n  was not  as pronounced 
f o r  the  Robinson Seam subb i tum inous  coa l  as f o r  t he  %we l i g n i t e  s~mples, the  
Robinson Seam's drop i n  ash con~ent shou ld  s t ~ l l  s i g n l f i c a n ~ l y  reduce ~he 
ab ras i veness  and e r o s i v e n e s s  o f  the  coa l .  C l e a n i n g  reduced ash l o a d i n g  
( l b / N B t u )  by ~ pe rcen t ,  p o s s i b l y  promot ing r e d u c t i o n s  o f  s i m i l a r  magni tude i n  
ash h a n d l i n g  and d i s p o s a l  requirement~s and c o n v e c t i o n - t u b e  e r o s i o n  

The HGZ f o r  the Robinson Seam coa l  remained e m s e n t i a l l y  uncF~nged w i t h  c l e a n i n g .  
Th is  signifies that, on a weight basis, pulverizer energy requirement (kHh/ton) 
and c a p a c i t y  (%ons/hrs) shou ld  be ve ry  s i m i l a r  f o r  t he  raw and c leaned c o a l s .  
F|owever, on an e q u i v a l e n t  hea~-~ng va lue  bas i s ,  p u l v e r i z e r  energy requ l remen t~  
(kNh/RBtu) end c a p a c i t y  (MB~u/hr) shou ld  be improved by a p p r o x i m a t e l y  ~he same 
magni tude as hea t i ng  va~ue i nc reases  r e s u l t i n g  #tom c l e a n i n g .  

The ash f u s i o n  tempera tu res  f o r  the Robinson Seam c lean  coa l  a re  s l i g h t l y  h i g h e r  
than f o r  %he raw c o a l ,  perhaps clue to  ~che removal  o f  p y r i t e  (FeS 2) and 
subsequent r e d u c t i o n  o f  Fe^O. c o n t e n t  i n  t h e  ash.  The s l a ; g i n g  zndex (R ' )  

_ ~ ~ + - 
determ±~ed from ash fuszon  tempera .ures znereased s i g n i f i c a n t i y  f o r  %he Sclean 
c o a l ,  i n d i c a t i n g  l owe r  ash s l a g g i n g  p o t e n t l a l .  Heat transfem- e~- f l c iency  i n  the  
c o m b u s t i o n  zone o f  a p u l v e r i z e d - c o a l  b o i l e r  s h o u l d  improve  when b u r n i n g  %his 
c leaned coa l  due t o  the  combined e f f e c t s  o f  reduced ash l o a d i n g  and l e s s  
t e n a c i o u s  ash s l a g g i n g  t e n d e n c i e s .  

Zn contrast, the Ne_O content in the ash and resultan~ fouling index (R_') 
i n c reased  when %he ~obinson 3cam subb i tuminous  coa l  was c leaned.  Both ~he raw 
and c lean  coa l  f a i l  ~ r i t h i n  the  low- to-medium f o u l i n g  range,  i n d i c a t i n g  t l ~ ±  
c o n v e c t i o n - t u b e  f o u l l n g  may no t  be a 1 c a d - l i m i t i n g  prob lem.  However, %hl~ 
~ncreased No20 c o n c e n t r a t i o n  i ~  the  c l e a n - c o a l  ash may coun~eroc~ the  p e s i ~ i w e  
effe¢+.~ t h a t - r e d u c e d  ash l o a d i n g  ha~ on e o n v e o t i 0 n - t u b e ,  heat  t r a n s f e r  
e f f i c i e n c y .  

N i l c o x  Format ion L i g n i t e s .  The raw l i g n i t e  samples have much h i g h e r  ash 
f e e d i n g s  C18.5 and 38.0 lb /MBtu )  '~han the  Robinson Seam subbi tum£nous c o a l ,  and 
g r e a t e r  p o t e n t i a l  f o r  ash r e m o v a l  and h e a t i n g  v a l u e  enhancement w i t h  c l e a n i n g .  
Table 6 also illustrates that %he quartz contents of the lignites, particularly 
%he Min~eld Berth Mine lignite, decreased ~th cleaning. The reductions i n  
power p lan~ ash d i s p o s a l  requ i remen ts ,  coa l  a b r a s i v e n e s s ,  and f l y - a s h  
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T a b l e  6 

COM~USTIOH-RELATED COAL 
AND ASH ANALYSES COMPARISONS 

F r o m  C C T F  R a w  a n d  C l e a n  C o a l  P r o d u c ~ s  

( A s - R e c e i v e d  5 a s ~ s ,  E,  x c e p ~  A s h  A n a l y : e s )  

A.bsal~Jm R i n e  B i g  B e o . ~  N i . ~  N i n f i e l d  North Miv.s 
~;~ir.~--. ~ ~ U b i t u m i r o ~  wi lc~w F o v = s t i e ~  L i ~ n i t o  w i l e ~ ,  Fcw~a~ion L i a n i t e  

. ~  C ~ 1  ~ Raw Cam I Clean Coral ~ 

Y i e l d  INt  /. I 100 85 100 87 100 7.5 
EmmPQy Reoovary |~. ) 100 87 lOG 90 100 89 
Tot~1 MOiStu~t IM# /.1 ; [2.3 2-~.3 31.~ 3~.6 3Z.8 33.2 

~'O&L ANA~ . ~ G S  
- ~ ~ s ~  J ~ . ~  S .  ~ ~ 8 . ~  8 . 0  34. ~, l e .  • 

.5.02 I ]l:~FIBtu ) 1 .65 a.68 z.z7 1.?~ 1.67 )..70 
t to;s~Jr~ I ~X,~IB~! 2.~.~ Zm-.3 ~7.8 ceb.S $9.1 50.3  

H e a t ] ~  V,~lum I B t ~ / l b  I 8 ,761  8,9S0 6,779 7,~,37 S , S ~  6,S9~ 
~ r ~ v e  ~ - m d m b i l i t y  

I 1 o i s ~ r o  11~,-1 a ~ t  ~.~ 6Z ~ 1.93 62 ~ N~ <ds ~ 1;t.8 ~6 ~ 13.3 T~ ;) ZZ.0 5? • ZZ.O 

lausr t :  C o n t ~ t  
wt /. =u~ ~ 2  NA ~ ~ ~ t  7.2 3 .9  
R~W/11~ NA K~ 101.00O 9~ ,000 NA HA 

FUSIBI LTlrY [ ~ F I  
u Red~cing/~xid Lzlng | 

~mitb~[ O~for~m~i~n 1 , ~ i ~ / Z , o e ~  Z,1OT/I~A Z,O~G/Z,05~ Z,O10/Z,03O Z,3Zg/Z,580 Z,ZZO/'~300 
So f tw~i,~;I Z ,08q/~,161 2, I18/NA 2,120#2,120 Z,OSO/~,qNN: Z,370/Z,~30 Z,Z~O/Z,3SO 
t~m~sphm~.-~l 2 ,097 /2 ,177  Z, I~ . /NA 2 ,ZGO/? ,21~ Z,10G/Z,110 Z,3OO/Z,380 2 ,300 /2 ,$70  
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e r o s i v e n ~ s t e m m i n g  ~rom ~hese c o a l  q u a l i t y  improvements  w i l l  u n d o u b t e d l y  l e a d  
to benef ices i n  p u l v e r i z e r  and b o i l e r  p e r f o r m a n c e  and a v a i l a b i l i t y .  

I n  c o n t r a s t ,  t h e  ash f u s i o n  t e m p e r a t u r e  and ash c o m p o s i t i o n  a n a l y s e s  ~n Tab le  6 
illustrate one area of concern ~hen cleaning the two lignites. Namely, for both 

l i g n i t e  s a m p l e s  c l e a n i n g  i n c r e a s e d  t h e  p r o p o r t i o n  o f  b a s i c  c o n s t i t u e n t s ,  such as  
FarO. ,  CoO, HgO, and Na_O, i n  t h e  ash ,  and reduced  ash f u s i o n  t e m p e r a t u r e s .  The 
c o n v e n t i o n a l  i n d i c e s  i n d i c a t e  t h a t  t h e  s l a g g i n g  end f o u l i n g  t e n d e n c i e s  o f  t h e  
ash wou ld  be a d v e r s e l y  a f f e c t e d  by c l e a n i n g ,  wh ich  may have a n e g a t i v e  i m p a c t  on 
p u l v e r i z e d - c o a l - f i r e d  b o i l e r  p e r f o r m a n c e .  

P 2 1 o t - S c a l e  Combus t i on  R e s u l t s .  As p a r t  o f  a n o t h e r  EPRI p r o j e c t  (RP-2~25) ,  t h e  
3ig Brown Mine raw and clean lignites ~isted in Table 6 were subjected to 
comparative bench- and pilot-scale combustion ~es%s at Combustion Engineering's 
Fireside Performance Test Facility in Hindsor, Connecticut. The combustion 
t e s t i n g  was d e s i g n e d  %o s i m u l a t e  f u l l - s c a l e ,  p u l v e r i z e d - c o a l - f i r e d  b o i l e r  
p e r f o r m a n c e  and ~o reduce  the  l e v e l  o f  u n c e r t a i n t y  a s s o c i a t e d  w i t h  p r e d i c t i n g  
t h e  i m p a c t  o f  c ~ 1  q u a l i t y  on b o i l e r  p e r f o r m a n c e  f rom l a b o r a t o r y  t e s t s  a l o n e .  

The r e s u l t s  f r o m  t h i s  p r o j e c t  have n o t  y e t  been i s sued  as  an EPRI r e p o r t ,  bu t  
t h e  p r e l i m i n a r y  d a t a  seem to  v e r i f y  many o f  t h e  t r e n d s  p r e d i c t e d  by t h e  a n a l y s e s  
i n  Tab le  6 ;  name ly ,  t h a t  %he main p o w e r - p l a n t  improvemen ts  r e s u l t i n g  f r om 
c l e a n i n g  t h e  B i g  Brok~ Mine l i g n i t e  w e l l  be reduced c o a l  a b r a s i v e n e s s  and 
e r o s i v e n e s s ,  d e c r e a s e d  f l y - a s h  e r o s i v e n e s s ,  and l o w e r  ash h a n d l i n g  and d i s p o s a l  
r e q u i r e m e n t s  and  c o s t s .  In  t h e  t e s t s ,  n o r m a l i z e d  e r o s i o n  r a t e s  f o r  an 
e x p e r i m e n t a l  c o n v e c t i o n - t u b e  were  r e d u c e d  by  a p p r o x i m a t e l y  50 p e r c e n t  when 
b u r n i n g  c l e a n  l i g n i t e .  Coal  a b r a s i v e n e s s  and r e q u i r e d  g r i n d i n g  e n e r g y  were a l s o  
substantially lower for the clean coal, leading Combustion Engineering's staff 
%o p r e d i c t  i m p r o v e m e n t s  i n  bo th  p u l v e r i z e r  c a p a c i t y  and a v a i l a b i l i t y .  

The main s u r p r i s e  i n  ~he p i l o t - s c a l e  c o m b u s t i o n  r e s u l t s  f o r  t h e  B i g  Brown Mine 
l i g n i t e  was t h a t  t h e  i n c r e a s e  i n  b a s i c  c o n s t i t u e n t s  and r e d u c e d  ash fus ib~1~%y 
t e m p e r a t u r e s  f o r  t h e  c l e a n  c o a l  d i d  n o t  seem t o  have any s i g n i f i c a n t  a d v e r s e  
e f f e c t s  on s l a g g i n g  and f o u l i n g  t e n d e n c i e s  i n  t h e  p i l o t - s c a l e  f u r n a c e .  S lag  
d e p o s i t s  p r o d u c e d  f r om t h e  c l e a n e d  l i g n i t e  were  g e n e r a l l y  t h i n n e r  an4 more 
s i n t e r e d  i n  n a t u r e  t han  ~hose p roduced  f r o m  the  raw l i s m i t e .  F o u l i n g  d e p o s i t s  
were c l e a n a b l e  bv  s o o t b l o w e r s  up %o f l u e / m s  t e m p e r a t u r e s  o f  2 , 5 5 0 ° F  f a r  t h e  
c l eaned  l i g n i t e ,  whe reas  d e p o s i t s  were  c l e a n a b l e  up t o  f l u e - g a s  t e m p e r a t u r e s  o f  
o n l y  2 ,220°F  f o r  t h e  raw l i g n i t e .  

The d i s c r e p a n c y  be tween t h e  p i l o t - s c a l e  s l a g g i n g  and f o u l i n g  r e s u l t s  and t h e  
t e n d e n c i e s  p r e d i c t e d  by t h e  s t a n d a r d  ASTM based i n d i c e s  i l l u s t r a t e s  t h e  
i m p o r t a n c e  o f  c o m p a r a t i v e  combus t ion  s t u d i e s  t o  e v a l u a t e  c o a l  c l e a n i n g  
f e a s i b i l i t y .  O b t a i n i n g  a b e t t e r  u n d e r s t a n d i n g  of t h e  r e a s o n s  f o r  t h e s e  
d i s c r e p a n c i e s  i s  one o f  t h e  g o a l ~  o f  t h e  c o n t i n u i n g  r e s e a r c h  o f  EPRI ' s  
A v a i l a b i l i t y  and L i f e  Ex tens i on  Program.  A more c o m p l e t e  e v a l u a t i o n  o f  t h e  
p i l o t - s c a l e  c o m b u s t i o n  r e s u l t s  f o r  t h e  B i g  Brown Mine raw and c l e a n e d  l i g n i t e  i s  
a l s o  i n c l u d e d  i n  t h e  B i e n n i a l  L i g n i t e  5_vmposium Proceed ings  ( ~ ) .  The pape r ,  
e n t i t l e d  nThe E f f e c t s  o f  Coal C l e a n i n g s  on t h e  Combust ion P e r f o r m a n c e  
C h a r a c t e r i s t i c s  o~ B i g  Brown L i g n i t e , "  summar i zes  t h e  p ~ I o t - s c a l e  combus t i on  
i n v e s t i g a t i o n  r e s u l t s  and p r e d i c t s  some o f  t h e  economic i m p l i c a t i o n s  o f  c l e a n i n g  
t h e  f eed  t o  Texas U t i l i t i e s  B ig  Brown Power S t a t i o n .  

7 AI-15 



CONCLUSIONS 

Assessment  o f  t h e  p o t e n t i a l  o f  p h y s i c a l  c o a l  c l e a n i n g  t o  imp rove  The c o m b u s t i o n  
p e r f o r m a n c e  o f  i o w - r a n k  c o a l s  r e q u i r e s  e v a l u a t i o n  o f  t h e  e n t i r e  s y s t e m ,  f r om  
c o a l  m i n i n g  t h r o u g h  power  g e n e r a t i o n .  N h i l e  t h i s  e v a l u a t i o n  can be p e r f o r m e d  
u s i n g  o n l y  l a b o r a t o r y  d a t a ,  c o m m e r c i a l - s c a l e  c l e a n i n g  t e s t s  and c o m m e r c i a l -  o r  
p i l o t - s c a l e  c o m b u s t i o n  t e s t s  reduce  t h e  l e v e l  o f  u n c e r ± a i n T y  i n h e r e n t  i n  u s i n g  
! a b o r a ~ o r y - s c a l a  ~a ta  t o  p ~ e ~ i c t  c o m m e r c i a l - s c a l e  p e r f o r m a n c e .  

The t h r e e  l o w - r a n k ,  c o a l - c l e a n i n g  i n v e s t i g a t i o n s  p e r f o r m e d  to  d a t e  a t  t he  CCTF 
have  a i 1  shown s i g n i f i c a n t  improvemen%s i n  c o a l  q u a l i t y  w i t h  c l e a n i n g ,  and 
a c c e p t a b l e  ene rgy  r e c o v e r i e s  i n  t h e  c l e a n - c o a l  p r o d u c t  (87 to  90 p e r c e n t ) .  AT 
r e a s o n a b l y  h i g h  s e p a r a t i o n  g r a v i t i e s  ( 1 . 6 0  t o  1 . 8 0 ) ,  t h e  s m a l l  p r o p o r t i o n  o f  + 
O. lO  s p e c i f i c  g r a v i t y  m a t e r i a l  (Z.O to  5 . 0  p e r c e n t )  f a c i l i t a t e s  t h e  use o f  
r e l a t i v e l y  i n e x p e n s i v e  t o  o p e r a t e ,  w a ~ e r - b a s e d ,  c o a l - c l e a n i n g  e q u i p m e n t  ( s u c h  as 
~ i ~ ,  ~ a T e r - o n l y  c y c l o n e s ,  o r  c o n c e n t r a t i n g  t a b l e s ) .  The a b i l i t y  To r e j e c t  t he  
f i n e  2OOM x 0 raw c o a l  ~ r i t h o u t  l o s i n g  an e x c e s s i v e  amount  o f  e n e r g y  p r o m o t e s  
l o w e r  c l e a n - c o a l  m o i s t u r e  c o n t e n t  and l e s s  p o t e n t i a i  f o r  c o a l - h a n d l i n g  
p r o b l e m s .  F i n e s  r e j e c t i o n  may a l s o  e l i m i n a t e  t h e  need f o r  e l a b o r a t e  p h y s i c a l -  
o r  t h e r m a l - d e ~ a % e r i n g  c i r c u i t s  i n  t he  c l e a n i n g  p l a n t .  

The main d i f f e r e n c e s  i n  t h e  c l e a n i n g  r e s u l t s  f o r  t h e  t h r e e  l o w - r a n k  c o a : s  a r e  
t h e  p o t e n t i a l  p o w e r - p l a n t  b e n e f i t s  r e s u l t i n g  f r o m  c l e a n i n g .  The two l i g n i t e  
samp les  had more d r a m a t i c  a s h  r e d u c t i o n s  and h e a t i n g  v a l u e  i m p r o v e m e n t s  t h a n  t h e  
Rob inson  Seam s u b b i t u m i n o u s  samp le ,  i n d i c a t i n g  g r e a t e r  p o t e n t i a l  i m p r o v e m e n t s  i n  
p u l v e r i z e r  and b o i l e r  a v a i l a b i l i t y  and g r e a t e r  r e d u c t i o n s  i n  t o n n a g e - d e p e n d e n t  
c o s t s .  I n  c o n t r a s t ,  t h e  Rob inson  Seam s u b b i t u m i n o u s  had more ~ r o n o u n c e d  SO 2 
r e d u c t i o n s ,  i n d i c a t i n g  g r e a t e r  p o t e n t i a l  r e d u c t i o n  i n  f l u e - ~ a s  s c r u b b i n g  c o s t s .  

EPRI ~s c o n t i n u i n g  i t s  i n v e s t i g a t i o n s  i n t o  the p o t e n t i a l  b e n e f i t s  and  
a p p l i c a t i o n s  o f  c o a l  c l e a n i n g  f o r  l o w - r a n k  c o a l  r e s e r v e s .  One g o a l  o f  t h i s  
r e s e a r c h  i s  %o p r o v i d e  i n f o r m a t i o n  f o r  EPRI-member u t i l i t i e s  e x p e r i e n c i n g  
c o a l - q u a l i t ~ - r e l a ~ e d  p r o b l e m s  o r  p e r f o r m i n g  t h e  t y p e  o f  e v a l u a t i o n  d i s c u s s e d  i n  
t h i s  p a p e r .  Anyone i n t e r e s t e d  i n  CCTF a c t i v i t i e s  can o b t a i n  more i n f o r m a t i o n  by  
c o n t a c t i n g  C l a r k  H a r r i s o n ,  EPRI P r o j e c t  Manager ,  Coa l  C l e a n i n g  T e s t  F a c i l i t y ,  
P.O.  Box 98, Homer C i t y ,  Pennsylvania 157q8,  ( ~ 1 2 )  q79 -3505 .  
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THERMAL TREATMENT OF LOW-RANK COAL AND 
ITS RELATIONSHIP TO FLOTATION RESPONSE 

Y. Ye, R. Jin and J. D. Mille~ 
Department of Metallurgy and Metallurgical Engineering 
University of Utah 
Salt Lake City, Utah 8U112 

/~BSTRACT 

T~le deleterious effect of oxidation processes on coal flotation is gene- 
rally recognized by researchers in the field. The present study, however, 
demonstrates that ~roperly controlled low-temperat,~e heating can act,~lly 
improve coal flotation and its separation from mineral matter especially for 
low-rank coals. With a iignl~e sample, low-temperature heating at 130oC for a 
siren time under ambient atmosphere leads to a higher yield and greater ash 
"ejection during subsequent bench-scale flotation experiments. By combining 
experimental results from Hallimond-tube and bench-scale ~lotation experi- 
ments, bubble attachment-time measurements, wetting phenomena, and FTIR spec- 
troseoDy, £t is clear that thermal treatment ~mder the above conditions, which 
involves dehydration and oxidation reactions, changes the coal sample to a 
more hydrophobia state. These new results provide further evidence of the 
complexities involved in the analysis of co~l s,a-face chemistry as related to 
flotation phenomena. 

INTHODUCTION 

it is well known that generally coals with higher ranke possess a nat,~al 
f!otaDiltty whereas lower-rank coals have a more hy~d-cphi.llc character. The 
flotation response o~ coals has long been known to vary with carbon content 
and ash content (1,2). Because of the hydrophillc character of low-rank 
coals, they are difficult to float even at a high dosage of oily collectors 
slxch as kerosene. It is not uncommon that several tens of poumds of fuel oil 
are required to float sub-bituminous coal or lignite (3,4). Further, at such 

high oily collector level, particle aggregation phenomena is so severe that 
substantial separation of coal ;)articles from mineral matter is difficult to 
achieve. Thus, a new and effective way to clean coals of lower rank by froth 
flotation is desired in order to establish technology to better utilize the 
vast resource of !o's-rank coals. 

PDor flotability of low-rank coals is attributed to the higher content of 
oxygen-containing groups, such as earboxyl and hydroxyl groups (4-7). W~en a 
fresh coal s,~-face is exposed to the atmosphere, oxidation starts and oxygen 
containing groups are formed at the coal surface. This oxidation ~henomena 
has be_en re~o~t~ by many authors to result in a decrease of the hydrophoblc- 
ity and hence a decrease in the flotabillty of such reals. Fuerstenau et al. 
(8) f-~ther suggested that the oxygen functional groups control not only the 
thermodynamics but also the kinetics of coal flotation. 
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W!th the s.tudy of coal oxidation in solution by a va/iety of oxidants 
s,~cn as HNO 3, K2Cr207/HNO 3, KMNOd/0H-, BUOOH/AIBN, Na0Cl/OH-, etc. (9-11), it 
has been observed that a polymeric amorphoqs and polyd[spersed product can be 
formed, which is often identified as humic acid. The major functional group 
of the humjc acid ks Mnown to be the carboxyl groIIp (12). Other constituents 
s,~ch as phenolic, alcoholic, carbonyl, and methoxyl Eroups are also present in 
h,m~ic acid in significant amo,mts (13). Yarzab etal. (6) have sqggested that 
the humic acids thus formed are similar in structure to low-rank coal. As the 
oxidation of the coal suspension proceeds further, water-soluble acids are 
formed with the color of the soltttion changing from rusty-brown towards yel- 
low-green and finally disappearing. From the foregoing brief review, a basis 
for the poor flotability of low-rank coals is established and the importance 
of oxidation p.~enomena in the technology of coal flotation is evident. 

Nevertheless, in contrast to the decrease in hydrophobicity and flotabil- 
ity of coals by extensive oxidation as reported by many researchers, a few 
researchers have indicated that modestly controlled thermal treatment actually 
increases the flotab[Itty for certain types of coals. For example, in 7 out 
of lO ~amples, continuous flotation qslng a kerosene/pine oli reagent showed 
that dehydration and oxidation by heating at IO0°C can result in a higher 
flotation yield than that obtained in conventional control experiments (14). 
~hen tracing the !iterat,~e back to 1954,.experimental data from Sun (5) also 
show an increase in bench-scale flotation recovery for anthracite and lignite 
with a oodest thermal treatment (Figure I). 

LIGNITE ANTHRACITE 

Fig. I 
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Further experiments carried o,~t i n  this present study substantiate these 
findings, it is confirmed that modest lo~temperature nearing ~oes increase 
the hydrophobicity of low-rank coals, at least for the coals investigated. Of 
the Six coal samples investigated (anthracite, low-volatile bitumino,u~, med- 
ium-volatile bit~inous, high-volatile bit,~ninDus, Sub-bitumino,~ and lig- 
nite), significant improvement in coal hydrophogicity in terms of bubble at- 
tachment times and flotation recovery is observed for both sub-bituminous coal 
and lignite after a modest thermal treatment ~mder an ambient atmosphere. 
Examination of the coal using a DIGILAB FTS-aO FTIR spectrometer reveals a 
notable change in the FTIR spectra of lignite after low-temperature heating. 
Research is still in progress and preliminary results are presented in this 
paper. 

SAMPLES AND PREPARATION 

Six coals of different rank were initially chosen for this study. 
Table I gives the characteristics of these samples. Samples used for bubble 
attachment-time measurements and Hallimond-tube flotation experiments were 
wet-ground in a porcelain ball mill with distilled water, screened to a size 
of 100x200 mesh and then air-dried. The samples used for bench-scale flota- 
tion were directly wet-ground in the porcelain ball mill with distilled water 
to 100% passing 100 mesh before being transferred to the flotation cell. The 
samples used for FTIR spectroscopic analysis were wet-~o,~nd in a porcelain 
mortar with distilled water to a size of minus 5 um then vacu~ dried and 
stored in a desiccator. Low-tem[.erature heating of the samples was done at 
130°C under an ambient atmosphere. 

Table I Identification and Characteristics of Coal Samples 

Mine/Plant 
Rank. Location % Ash % Sulfur 

Kntnracite Panther Valley, PA 8.0 0.65 

Low-Volatile Cambria #33, 
Bit,~minous Cambria County, PA 6.6 1.0~ 

Medi um-Volatl I e Hel vet i a/Helen 6.9 1.10 
Bituminous Homer City, PA 

Hig~-Volati!e Valley Camp of Utah 7.0 0.80 
Bituminous Helper, UT 

St/b-Bituminous Clovis Point Mine 11.0 0.56 
Gillet, WY 

Lignite Big Brown Mine 2T,9 1.08 
Freestone County, TX 
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HYDROPHOBIC CHARACTERIZATION BY BUBBLE ATTACHMENT-TIME MEASUREMm.NTS 

In general, the hydrophobic character of ~al can be studied by contact 
angle measurements, with either the ca ptive-bt2bble method developed by Wark 
and Cox in 1934 (15) or the sessile-drop method introduced by Fox and Zisman 
in 1950 (16). Because of the heterogeneous character of coal, other methods 
have been developed to describe the hydrophobic/hyd~ophilie balance of coals. 
including wettability .by surface tension measurements (17), i.,~uersion-time 
measurement (7,18), salt flotation experiments (19), bubble attachment time 
(20), etc. The bubble ~ttachment-time measurement was chosen for the present 
study because no wetting agent was used in the flotation experiments. 

Measurements of bubble attachment time were carried out with an elec- 
tronic induction timer (product of Virginia Coal and Mineral Services, Inc.). 

captive bubble (approximately 2 ram) held on a bubble tube was pushed by an 
electromechanical power driver so that the tip of the bubble was kept in 
contact with a bed of particles for a given time (contact time). After the 
bubble, together with the tube, returned to its original position, the bubble 
was observed through a microscope to determine whether attachment of particles 
at the bubble surface had occurred within that given contact time. The exper- 
iment was repeated to obtain ten observations at different positions of the 
partigle bed, and the number of observations which res,~Ited in attachment was 
counted. Afterwards, the contact time was then changed by adjusting the pulse 
frequency, and experiments at this new ~ntact time were repeated. Finally, 
the contact time at which 50% of the observations resulted in attachment was 
taken as the b~bbla attachment time. Further, the contact times from the 
electronic indue.tion timer were calibrated with an SP2000 high-speed video 
system (Spin Physics). The attachment time measured in the present study is 
quite acc,~ate. 

The bubble atta~_/qment time is defined as the time required for the dis- 
joining water film between the solid and gas phases to drain to such a thick- 
n'ess that rupture of the water film takes place. The actual attachment of the 
particle on the bubble is established after the rupture of the water film. 
This parameter is a kinetic criterion a n d  is determined by t h e  surface chemis- 
try features of the bubble and particle and can be altered by flotation rea- 
gents. Highly hydrophobic particles possess short bubble-attachment times, 
while hydrophilic particles require long contact times in order to establish 
attachment. 

The b~,bble attachment time for the different coal ~anks are contrasted in 
Figure 2. The low rank coals are generally the most hydrophilie as revealed 
from this data showing bubble attachment times as much as I0 times greater 
than the higher rank coal, the low-volatile bituminous coal. If these coals 
are subjected to low-temperature heating, some interesting results are obtain- 
ed. The measured bubble attachment times as a function of low-temperature 
heating time for all six coal tyDes are given in Figure 3. It was observed 
that a significant decrease in bubble attachment time is achieved for both the 
sub-bit,~ninous coal and the li~nlte after heating at 130oC for a period of 
time. It can be realized that the low-temperature heating alters the st~face 
character of both lignite and sub-bituminous coal,. Based on the principles of 
bubble attachment phenomena, a decrease in attachment time implies that the 
coals ~ave become more hydrophobic. A better flotation response for both 
lignite and sub-bituminous coal is expected after low-temperature heating.On 

7 A2-4 



100 

Fig. 2 

X 

I -  

\ 

"I' \x 

J "1~-- ] 

I 
I 

! / 7-" 

LIG SUB HIVIB MVB LVB ANT 

RANK 

Measured bubble attachment time for six ceals of 
different rank (Parl.icle size lOOx200 mesh). 

~oo - ~  

Fig. 3 

~o 
=, 
== 
m 

T LVS 

, % i  

0 100 1000  

HEATING T I M E ,  hrs 

Measured bubble attachment time of six coal samples 
as a function of heating time (Particle size 100x200 mesh). 

7 A2-5 



the o.ther hand, t~e thermal treatment has ![.'.tle effect on high- and !ow- 
vol~,~!!e bituminous coals and actually increases the bubble attachment time 
/or t~e medi~-volatile bit~minous coal. Bubble attachment time for ant~ra- 
-.ire cgal is flrst decreased and then increases when the heating is extended 
beyond 60 hours. 

HALLIMOND-TUBE AND BENCh-SCALE FLOTATION 

The Hallimond-t1:be and bench-scale flotation tests were carried out with 
lignite, since the most significant change in b~bble attachaent time was ob- 
served in this ease. The Hall[mond-tube flotation experiments were done with 
150 ml distille~ water and 3 grams of coal, 50 ml/mln air flow rate and pH 5.5 
to 6.0. After the coal particles were heated at 130oC for a @lven time and 
cooled to room temperat,~re, the s~mple was first transferred into "a beaker 
containing 60 ml distilled water, then gently stirred for 5 minutes to wet the 
sample followed by 2-hour settering before the flotation process No flotation 
reagent was used for the Hallimond-tube flotation test. The experiments were 
designed for a slow flotation rate by using a low air flow rate and long 
flotation times so that !ndisoriminate transport of coal particles due to 
turbulence of bubble motion could be avoided and thus ,~he true flotability of 
%he coal particles was measured. 

Experimental results from the Hallimond-tube flotation experiments are 
given in Table 2. Incredible improvement in flotation recovery was obtained 
with the low-temperature heating process. In fact., after two hours of Halli- 
monC-tube flotation with no reagent addition, untreated lignite particles 
could not be recovered, whereas a recovery of 84% was achieved after low- 
temperature heating. O~her results show ~hat this recovery is s,~stalned even 
after 65 ho,~rs of thermal treatment. 

Table 2. Comparison of Flotation Yield for 100x200-Mesh 
6ignite Coal Particles with and without Thermal 
Treatment. Hallimond Tube (No Reagent) 

Thermal FI oration Yi el d 
Treatment Time Time (%) 

(minutes) (ho,ms) 

0 2 0.3 
B 2 27.0 
5 2 55.4 
10 2 55.3 
50 2 83.9 

Bench-scale flotation experiments were carried out with a 2-1iter Gali- 
gher flotation machine at 5% solids, 4 ml/min air flow rate, 900 rpm, I kg/ton 
MIBC, and 10 Mg/ton kerosene. Again, vigorous stirring was necessary to fully 
wet the thermally treated lignite particles before adding flotation reagents. 
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The improvement in lignite hydrophobicity by low-temperature healing is 
again evident from bench-scale flotation experiments, as shown in Table 3. 
With 10 minutes of flotation, lignite recovery is 18% without any t~ermal 
treatment and 69% with thermal treatment. It is noticed that the l'provement 
in flotation recovery for bench-scale flotation experlments is less <ban t~at 
observed for Hallimond-tube exper~_ments, probably because a high kerosene 
dosage was used for bench-scale flotation. 

Table 3. Comparison of Flotation Yield and Ash Rejection 
for Minus !00-Mesh Lignite Coal Particles 
with and without Thermal Treatment. 
Bench Scale {I kg/ton M!BC, 10 kg/ton kerosene) 

Concentrate Product 

Thermal Flotation Yield Ash Content 
Treatment Time Time (%) (%) 

0 5 minutes 16 12.5 
0 i 0 minutes 1 8 1 3.1 

65 hours 5 minutes 60 I0. I 
65 hours 10 minutes 69 13. 

Table 3 also gives the ash content in the lignite clean coal product from 
the bench-scale flotation with and without thermal treatment. Significant 
improvement in ash rejection at a high recovery with the heating process is 
evident from the data. 

WETTING PHENOMENA 

It has been observed from bubble attachment-time measurements and flota- 
tion experiments that low-tempera~ure heating causes the lignite to become 
difficult to wet. Extended wetting and stirring had to De done after thermal 
treatment so that the coal particles would be wetted prior to Hallimond-tube 
flotation tests and bubble attachment-time measurements. In this regard, a 
nat,~ral wetting experiment was carried out in distilled water to observe the 
wetting ~inet ics of the i ig~,i te coal particles with and without low- 
temper at T~re heating. 

Immersion time and imbibition techniques ha'~e been shown to De successf,~l 
to study Zhe wettability of fine coal particles (7, 18, 21, 22). The imibibi- 
Zion technique was used to study the wetting phenomena of lignite with and 
without thermal treatment. The wetting test was carried out without addition 
of any wetting agents. In these experiments, 3 grams of coal (I00x200 mesh) 
with and without low-temperature heating were place~ on the surface of 80 ml 
distilled water in a 100-ml bearer'. The system was not agitated. After a 
given time, the portion of particles which still remained at the air/water 
surface was collected, dried and weighed. 
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The experimental results from the wettabi!ity study are given in 
Fig,~'e 4. The effect of low-temperature heating upon the wetting of lignite 
is clearly shown from the fi~/re. After thermal treatment, 60% of the 
particles still remain unwetted and float at the air/water surface even after 
2.5 hours of wetting time, while almost 100% of the particles are wetted and 
immersed into the ~ater in one minute without thermal treatment. loo  

8O 

C9 6 0  Z 

9 
u. 4 0  
a~ 

2 0  

0 

After Heating 
for 65 hrs 

[ ....... l I 

0 1 2 3 

WETTING T IME ,  hrs 

4 

Fig. 4 .Particle wetting versus time for lignite coal 
sample with and without low-temperature heating. 

FTIR SPECTROSCOPY MEASUREMENTS 

In order to understand the chemistry governing the low-temperat.~"e heat- 
ing process and to monitor the hydrophobici, y change of lignite during the 
purse of low-temperature heating, r'~fIR spectroscopy me as=~-ements were carried 

c',t. The spectra were run on a DIGILAB FTS-aO FTIR Specl.rometer equipped with 
an MCT detector. A diffuse reflectance technique with an environmentally 
controlled chamber was used for these measurements. ~Ii spectra were obtained 
with 700 scans at 2 cm -I resolution, and the experiments were run against a 
KBr blank. The optical bench was purged with compressed dry air. 
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~-~TTR spectroscopy iqas been successfully ,~sed for the characterization of 
coal surfaces (20,23-25). In previo,~s work it has been shown '-.hat coal hydro- 
phobicity as determined by contact angle, bubble attachment ti~e a,~d flotation 
recovery can be characterized by an FTIR spectroscopic criterion which cont- 
rasts the abundance of s~face nydrophillc groups (~ydroxyl and carboxyl 
groups) with the abundance of surface hydrophobic gr-oups ~aliphatic and aro- 
matic CH groups). Such a criterion was successful to show the fan, k-dependence 
of coal hydrophobicity. In the present work, however, it was observed that 
the value of absorption intensity of hydroxyl groups in low-rank coals, espe. ~- 
ially in the lignite sample used, decreased to zero after heating at 130°C for 
only a short time (See Figure 5). In addition, the aromatic hydrogen content 
in most low-rank coals is negle~ib!e. It is difficult to detect this group by 
its adsorption peak at 3030 cm-', especially after thermal treatment. In this 
regard, a revised index to describe the hydrophobic character of coals from 
FT!R spectra, which can be used for coals in both the nat,~ral state and after 
thermal treatment, was formulated: 

Z Ki(HL) i 
Hydrophilicity Index : (I) 

K. (HO) 
3 J 

where (~L) i is a meas&-e of t~le ab,,n(lance of the hydrophllic f~nctional ~-oup 
i and (HO) i is a measure of the abundance of the hy~rophobic functional group 
j at the c~al surface respectively. K i and Kj are corresponding coefficients 
and may be determined either theoretically or ~xperiementally. 

If we consider that the alil)hatic and aromatic CH groups are the only 
hydrophobic f,mctional groups and that the hydroxyl and c&-boxyl groups are 
the only hydrophilic groups, then the hydroDhilicity index given Dy e@lation 
(I) can De simplified as: 

(-rOOM) * 2(-OH) 
HycLrohpllicity Index = (R-H) - (At-H) ',2) 

~here (-COOM), (-OH), tR-H), and (Ar-H) are the values of the absorption 
!.~tensi-. y as expressed by the Kubelka Munk function (26,27) for carboxyl, 
hydroxyl, a!Iphatic CH, and aromatic CH g~oups. Because the ~lydroxyl group 
has d~l f~nctionality being able to act as both a hycrogen donor and hydrogen 
acceptor whereas the carboxyl g~oup acts only as a hydrogen acceptor then the 
contribution to hydrophi!ic character from the hydroxyl group is expected to 
be t~ice that of the ca'boxy! group, a factor of 2 is used for the absorption 
intensity coefficient for the hydroxyl group whereas the coefficients for 
other fune~iona! groups at ~his time are assumed to be unity. 

Using such a definition for the hydrophiliclty index as given by e~*ation 
(2), a rank-dependence of coal hydrophobicity for six samples [s plotted in 
Fib.me 6. Comparing the Jr results with meas,med ~bble attachment times 
{Figure 2) and contact angles CFig~'e 7) for six coal sam o!es, it is clear 
that t~is hydrophilicity index as determined from FT.I.~ spectra presents a 
rather good measure of the hydrophobic/hydrophilic balance at a ccal surface. 

The hydrophi!icity index as a function of lignite heating time is plotted 
in Fig,~-e 8. Two plateaus can be observed. The Index drops quic~!y to the 
first plateau at an inCex value of 3.1. As heating at 130oC is extended and 
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another plateau is fo~md the index reaches a stable value of 2.8 within the 
heating time investigated. By combining the results from ,.his figt,~-e together 
with those from b~bble attachment-time measurements and flotation tests, it 
can be suggested ~.hat the hydrophilicity of the lignite coal decreases during 
thermal treatment at 130°C. At the same time, the OH groups disappear from 
the lignite surface as is eviden% from the spectra presented in Figure 5. 
More discussion follows in the next section. 

F,~rther, it has been found from these experiments that this new state of 
hydrol~hobicity created by low-temperature heating is not reversible. After 
low-temperature heating at 130°C for 65 hours, the hydrophilicity index given 
by Equation 2 remains essentially constant even when the heated coal sample 
has been placed in ambient air for up to 69 hours. These results are also 
shown by the data presented in Table 4. 

Table 4 Hydrophilicity Index Determined from FTIR Spectra 
as a Function of Aging under Ambient Conditions 
after 65 hours Thermal Treatment at 13OoC. 

Aging Time (hrs) 0 2.8 13.5 25 69 

index Value 2.87 2.64 2.86 2.87 3.09 

D IS CUSS ION 

Although the effect of oxidation on the hydrophobicity of coals has beeh 
studied extensively before, and it has been shown in most reports tha 4- oxida- 
tion alters ~he coal toward a more hydrophilic state, the present study sug- 
gests that low-temperature heating can improve hydrophobiclty for certain ?oal 
types, at least for the lignite sample studied in this work, if such hea:'ing 
is controlled at a modest temperature and for the proper time. 

Log-temperature heating seems to involve two opposing phenomena which 
affect hydrophobic/hydrophilic balance at the coal surface. First, water 
molec~Lles trapped in the pores of coal and adsorbed at the coal s,mface are 
removed du.-ing drying, and so~e carboxyl grOUpS break ,ip slowly with an 
increase in the heating time. These phenomena should al~er the coal toward a 
more hydrophobic state. On the other hand, some hydrocarbon chains at the 
coal s,Fface are slowly oxidized to yield new phenol and carboxTl groups, thus 
decreasing the hydrocarbon content, which will bring the coal toward a more 
hydrophilic state. Apparently, surface-chemistry features of the coals d~m!ng 
the heating process are determined by the relative ex~..ent of these different 
reaction types. Most low-rank coals are high in moist,m^e and caPbo~yl group 
con~ent. , An increase in hydrophobicity of the lignite after low-temperature 
heating seems to be attributed to the first reaction type, especially since 
the heating temperature was held at 130°C. The increase in hydrophobicity 
w!!i facili.~ate %he flota.~ion separation of coal particles from mineral mat- 
ter. Such is the case as shown in Table 3. 
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Change of the surface chemistry feat,~es of coal d~'ing thermal treatment 
sho~11d be determined by coal type and heating temperatu-e. In Figure ], heat- 
ing at 150°C for 150 hours causes a greater flotabiiity rot that partic,,lar 
lignite sample but heating at 200°C for 150 hours is adverse to the flota- 
tion. On the other hand, in the case of a.nt~racite, a greater flotability can 
be achieved even when the heating temperature is increased from. 200°C to 250°C 
for 250 hours (Figure l). For the medi~n-voiatile coal s&mple used in this 
study, ]30°C heating for any tlme period can ;nly alter the coal sample towa-d 
a more hydrophil[c state (Figure 3). However, in a previous study with 
another medium-volatile bituminous coal sample (28), it was observed that 
heating at 150°C for 8 hours actually decreases the carbo×yl group con.t~-. 
The increase of ca~boxyl group content due to oxidation became significant 
only when the temperat~z-e of heating was increased to 200oC. 

Further, for a given coal type w~ich can be made more hydrophobic by 
therma~ treatment, the proper heating temperatllre seems to be related to the 
time. In an early study on pne~natic transport of finely ground lignite by 
air, it was observed that even partially combusted lignite particles at 450~C 
for one minute exhibited a high hydrophcbicity and were very dlffzcult to wet 
by water (29). 

In Figure 8, it can be noticed that the hydrophiiicity Index for lignite 
decreases with an increase of heating time, then reaches a plateau value. 
Afterwa~-ds, it drops again and then reaches another plateau val,~. The first 
plateau of the hydrophi!icity index occurs at a time from 5 tO 10 minutes. 
Flotation yield from Hallimond-tube flotation follows the opposite pattern. 
It iS suggested that the first plateau be attributed to the dehydration reac- 
tion, while the drop to the second plateau corresponds to decomposition of 
hydroxyl and carboxyl groups- 

As can be noticed from Table ~, change in the coal surface-chemistry 
features of the lignite by low-t~perature heating is irreversible. This 
phenomenon has also been observed by other authors (30,31) and indicates that 
a substantial structumal change occurs at the surface of the lignite during 
low-temperature heating. In fact, from study of a sub-bituminous coal by in- 
situ FTIR difference spectoscopy, Gethner (31) has observed changes ~f the 
coal both with respect to internal hydrogen- Donding interactions and 
variations in carboxyl group frequencies even at I00°C for vacuum drying. On 
this basis i t  was suggested that the standard drying procedures in any parti- 
cular laboratory might unknowingly change the coal structure and/or surface 
chemistry. 
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