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CHEMCOAL PROCESS RECYCLE TEST/IKDIAN HEAD LIGNWITE

by

C. R. Porter
Carbon Resources, Inc.
M. D. Hetland, C. L. Rnudson, J. R. Rindt, and W. G. Willson
University of North Dakota Energy Research Center

ABSTRACT

This report details work at the University of North Dakota Enmergy 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 iato clean solid and
liquid products. The process features low-severity conversion (temperatures
less rthan 340°C: pressures less than 12.4 MPa (1809 psig)) of coal in a
phenolic solvent, with an alkali promoter and carbon monoxide reductant. The
work presenied in this report was funded by the United States Department of
Energy (DOE) through UND/DOE Cooperative Agreement DE-FC21-83FE60181, the
Electric Power Research Imstitute (EPRI) Contract 2655-3, the CUniversity of
North Dakota (UND), and Carbon Resources Inc. (CRI).

A successful CPU recycle test to solvent lineout was achieved. Operation
was maintained for 39 theoretical passes and was concluded voluntarily. Tte
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 over 80X of MAF coal and
remained relatively constant.

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

® Excess solvent (113%) was generated under all conditioms.
® Reductant consumption was below 2.0 wtl of the MAF coal as
hydrogen gas.
INTRODUCTION
Tne 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 momoxide reacted to produce high yields of high-quality
hydracarbon products under unexpectedly mild processing conditionms.
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Thus, the ChemCoal Process uses a chemical method to separate ash and
sulfur compounds from the orgamic matrix of coal., This chemical method
consists of an iounic reaction between the coal, a phenolic solvent, alkali,
and a reductant such as carbon monoxide. The combimation of phemnolics and
alkali provide a good physical solvation medium for the orgamics in the
coal. When heated to temperatures of 325°-340°C at pressures below 12.4 MPa
(1800 psig), the orgamic matrix of the coal is broken down by the reaction of
the phenolics, alkali and carbon mounoxide 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
inerganic impurities are removed by centrifugation and/or filtration, leaving
an organic liquid which is low in ash and sulfur. The fine-particulate solid
product is precipitated, and low-temperature distillation is used to recover
recycle seivent and the precipitating solvent (1,2,3,4).

Between 1981 and 1984, more than 300 experiments were performed by Carbon
Resources in batch, semi~batch, and continuous process unit (CPU) systems in
their laboratory near Boulder, Colorado. The experimental portion of the
ChemCoal Proczss development program was moved to the University of Norch
Dakota Energy Research Center (UNDERC) in 1985. The development program at
UNDERC involved a series of shakedown tests, equipment development, and
process operations evaluations. The five-step ChemCoal Process which evolved
from the work at UNDERC is shown in Figure 1.

Distillates

1|

Recycle Solvent

Makeup Alkali —

DISTILLATION
€0,C0,, H,
co CH,OH
Feed Coal ———» PREPARATION l SOLVATION SouD LiGUD
SEPARATION EXTRACTION
, 1
1OM/ Ash ChemCoal Solid

Figure 1. Five-Step ChemCoal Process
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The work performed at UNDERC between May 1, 1985, and April 1, 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 desiyn, studies of residence time o1 system
parameters, or the on-line production of ChemCoal solids.

EQUIPMENT AND MATERIALS

Equipment

The original research plan called for operation of the UNDERC continuous
processing unit as it was configured for the liquefaction of low-rank coal
(LRC) using bottoms recycle and classical, high-boiling solvent systems. 1In
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 indepemdently 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 ercountered with the existing
reacctor comnfiguration when used in the ChemCoal processing mode. Solids
loading in the reactor increased over the course of the run, eventually
forc.ng shutdown.

As a result of numerous equipment design modifications, it was discovered
thar essentially all problems resulted from solvent vaporization and its
subsequent stripping from the reactor system, leaving the coal behiad to
settle in the reactor. Figure 2 is a diagram of the resulting rezctor config-
uration which addressed the problems of solvent vaporization. This reactor
configuration, which was used during Run 123, included a 17-foot lomg, upflow,
co-current tubular preheater apnd two 2-gallon continuously stirred tank
reactors (CSTRs). The first CSTIR functisnmed as a preheater and the second as
a rteacror, 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 10 pounds of slurry feed per hour.

CPU Operations

During the run, the feed slurry was pumped through the tubular przheater
with 2 high-pressure positive displacement metering pump. After leaving the
tubular preheater, the feed slurry entered the CSTR preheater. This preneater
was kept half full through the use of a dip tube that extended up from the
bottom of the vessel. In an effort to reduce che load on the knock-back
condenser, the upper hzlf 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 enscred that the slurry
crossed the entire length of the reactor so that the longest possible resi-
dence time, and rherefore the grzatest conversion, would occur. The liquid
level was mczitored by a nuclear level indicator which perwitted 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 trhe tubular preheater at
the same location as the feed slurry. Both the pre eated gas and slurry were
injected into the CSTR preheater where additional reducing gas was added.
After passing through a coundenser, 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 compuier c¢ontrolled to maintain
accurate flow rates and simplify data acquisition. Mass flow racres and
balances were available withirn 15 minutes after the end of each 4-hour run
period.

Downstream Separations Operation

A& flouwsheet of the separationms leoop is presented as Figure 3. The loop
included a centrifuge, precipitation tank and a distillation unit, and could
be operated in either Mode 1 or 2. In Mode 1, following tempsrary storage in
the stirred surge tank, the product slurry was transferred to a precipitation
tank. 1In this tank, methanol was added to effect the precipitation of the
ChemCoal solid. The precipitated slurry, which contained solvent, ChemCoal
solids, ash, and IOM, was centrifuged to remove tne solids. The liquid strean
was then distilled to separate the methanol from the phenclic recycle
sclvent. 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 IOM 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 rhat would be expected to occur
during the long-term unit operations necessary to achieve solvent lineout.
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Figure 3. ChemCoal Downstzeam Processing Loop

CONTINUQUS PROGESS UNIT RUN 123 CONDITIONS

For this rum, the reductant gas, €0, was fed at 3 scfh per pound of Indian
Head iignite 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 inm 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 liguid temperature in the reactor was
kept at 340°C. The slurry feed rate for passes 1 through 20 was 2.5 1lbs/hr;
for passes 21 through 39, the slurry feed rate was 1.25 1bs/hr.

A change in downstream processing resulted in the decrease in the slurry
feed rate from pass 21 through the erd 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 to 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 1:1 to 3:1. 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 distillatiom column was lowered from 110° 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 sclvent. In addition, the phenolic
solvent was extracted from the ChemCoal-IOM-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 1lbs/hr was
changed to 1.25 1bs/hr for passes 21 through 39. The gas feed rate was
adjusted to maintain the required ratio with the feed siurry.

RESULTS AND DISCUSSION

Mass Yield Summary

The 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 summary sheets which were used to track on-line data stream
procassing 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
tetrahydrofuran 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 ———> Gas, 00 63.76 g/h
(:02 99.79
H 0.92
Feed Slurry —————————> c? C.98
Coal, maf 184.86 Rx c2 0.52
Solvent 538.9 c3 0.24
Water 75 96.7% c4 0.21
Ash 16.3 closure ———
Sodium 4.3 Total 166.42 MeDH 1208.9 g/h
Total 819.36 Lo 33.8
r———-) Product Slurry —3{ Cent. > fFiltrate —§
10M 36.08 79.3%
ChemC 89.29 closure
Water 40.00
Na +
Dist.562.92 l
Ash 16.8
_— Cake, IOM 36.73
Total 745.13 ChexC 89.29
Ash 12.92
Wash 235.38
i ] .
§—— Filirate + Me"i Distillationt—> MeOH recycle Total 374.32
1249.72 g/n 99.80% 600.96 g/h
closure

——> Recycle Solvent
| 646.26

Figure 4. Mass Balance Summary Sheet
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Avarage Yield Summary

Figure 5 summarizes the yields obtained during this run. During Run 123,
80.5%2 of the coal, omn an MAF basis, was comnverted to product. 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 shculd be noted that the ChemCoal solid
product yields remained relatively constant throughout the run. Apparently
the basic conversion mechanism remained constant, even as the solvent composi-
tion changed to inclede more complex phenolics.

AVERAGE YIELD. SUMMARY (UNNORMALIZED)
AVG MASS CLOSURE 96.7 X

UNCONY (19.5%)

aas {2.0%) —

SOLID (483
PRODUCT( =)

DIST (30.2%) -

Figure 5. Average Yield Summary (unnormalized), CPU Rum 123

Table 1 compares the elemental analyses of the ChemCoal solid with Imdian

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 matter, fixed carbon
and heating values were also increased.
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TABLE 1

COAL AND CHEMCOCAL SOLID DATA

Lignite? UNDERC Solid?

Form of Material -60 Mesh Powder
Proximate, wti AR:

Moisture 25.3 2.0

w 30.8 44 .0

FC 36.0 52.0

Ash 7.5 0.5-1.0
Ultimate, wt% maf:

C 71.6 81.0

H 4.41 6.4

N 0.66 0.8

0 (diff) 22.29 11.5

S 0.95 0.3
Heating Value, Btu/lb 6,000-%,000 14,800
Specific Graviry 1.4 >1.0
Na, ppm mf 1,900 22
Ca, ppm mf 8,300 115
Ti, ppa mf 300 45

2 An analysis of an Indian Head lignite {(ZAP2C) used and ChemCoal
solid product produced at DNDERC.

Gas Yields

Average gas consumption and production during Run 123 produced molar
ratios of CO, HZO' EZ and COz as follows:

Co + H,0 — H, + CO
1.4 1.8 Q. 1.

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

Distillate Yields

The distillate yield was largely dependent upon two key downstream process
variables: 1) variability of the operational temperature of the distillation
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 processing changes,
the distillate yield increased from an average of 272 (MAF basis) prior ro
pass 20 to an average of 35.5% after pass 21.

Operational Solvent Balance

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

Solvent Characterization

Throughout Run 123, the phenolic stait-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 sc.ivent was recycled from pass to pass, the m— and p~cresols
were diluted with both phenolics formed from the coal and by methancl from the
precipitation step. The replacement of start-up solvent by the system is a
natural result of processing, but during this rum was accelerated by selective
retention Oof phenolic solvent in the centrifuge cake. Figure 7 illuctrates
the removal of phenolic solvent that occurred in the system during the course
of the runm.

Capillary GC/MS was used to identify many of the components in the process
streams; these chromatograms are pictured im 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, the 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 variety of other phenolic
compounds from the coal were also present. Some of the components analyzed
are labelled on the figure. Nine of the 26 components analyzed, in addition
to m and p-cresols, were present in significant quantities.

CONCLUSIONS AND RECOMMENDATIONS
Counclusioas

CPU Run 123 demonstrated that the ChemCoal Process can be run successfully
to lineout with solvent recycle. During this rum, 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 of 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.
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Recommendations

Significant developments and process
development research was undertaken at UNDERC, leading to new patent applica-

tions.

More developmeat 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 obtainmed during CPU Run 123 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 inciudes
the following:

1. There should be virtually no loss of phenolics 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 additiomal wvolatiies from the
unconverted coal,

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

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

Other coals should be evaluated as ChemCoal feeds in the ERC
CcpU.

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 comncept should be provided im a process demonstration
unit.

5a~1-13

improvements have been made since




ACKNOWLEDGEMENTS

The authors acknowledge the assistance of USDOE, EPRI, UNDERC, and CRI for

funding of this work and the members of these organizations whc contributed
their time, effort and suggestions.

REFERENCES

L.

Knudson, C.L. and S.A. Farpum, "Subbituminous Coal Characterization."
Proceedings of the Tenth Apnual EPRI Contractors® Conference on Clean

Liquid and Solid Fuels, Palo Alto, CA, April 23-25, 1985.

Porter, C.R. aad H.D. Raesz, "The ChemCoal Process for the Chemical
Transformation of Low-Rank Coal." Proceedings of the Thirteenth Biennial
Ligunite Symposium, Bismarck, ND, May 21-23, 1985.

Roudson, C.L., S.A. Farnum, and J.R. Rindt, "Bench-Scale Data on the
ChemCoal Process.” Proceedings of the Eleventh Annual EPRI Contractors®
Conference on Clean Liquid and Solid Fuels, Palo Alto, CA, May 7-9, 1986,

Porter, C.R., C.L. Ronudson, and J.R. Rindt, "The ChemCoal Process -for Low-
Temperature Conversion." ACS Div. Fuel Chem. Preprimts, 31, &4, 70, 1986.

Wilison, W.G., C.L. Knudson, S.A. Farnum, S. Cismay, R. Ness, J.R. Rindt,
G.R. Porter, and H.J. Brolick, "ChemCoal Process CPU Recycle Development
Program With Indian Head Lignite." Final Report, Jume 27, 1986,
DOE/FF/60181.

Wiltsee, G.A., Low-Rank Coal Research Quarterly Techmical Progress
Reports, June 1983-Decewber 1985.

Sa~-1-14



ISOTOPIC CONSTRAINTS ON THE EFFICIENCY OF LIQUEFACTION OF
LOW-RANKED COAL
by
J. Steer, K. Muehlenbachs
Geology Department, University of Alberta
Edmonton, Alberta, Canada
and
T. Ohuchi, D. Carson, B. Doherty, B. Ignasiak
Coal Research 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 coa!
cencentration was systematically increased from 0 to 27 wt%. The inherent
difference in 13C/12C 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 isotopically determined coal-derived product
yields indicate that; coal incorporation into distillaie, toluene soluble and
ioluene 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
wl% a 14 {o 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, whiile 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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concentration; and that a change in coal concentration from 15 to 26 wi%
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 410 8
wi% 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% resuit 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 resuits suggest that co-processing
of coal-bitumen mixtures comprising of 5 to 10 wi% coal can enhance
generation distillate 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 cue to a component cf 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 "coa! 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 13¢/12C
between marine and terrestrial plants. This distinction in 13¢/12C 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/12C 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 13¢/12¢
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
sxperimenis was a single stage process for salubilizing sukbituminous coal
using stripped bitumen as solvent.

A one litre Magne-Drive stirred (750 rpm) stainiess steel autoclave
was charged with 125 grams of Athabasca stripped bitumen atmospheric
residue (-350°C fraction removed by distillation) and 0,8, 15,30, or 60
grams of vacuum dried Vesta subbituminous coal ground to 100 mesh. The
autoclave was pressurized by hydrogen o 8.6 MPa. at ambient temperature
and heated at a rate of 8°C per minute with continual stirring until an
operational temperture of 430°C was attained. Conditions were maintained
for 45 minutes. The aufoclave 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 fraction 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
soluble fractions. The residue was collected as the toluene insoluble
fraction. Each product fraction was analyzed for vield by weight, elemenial
analysis, and 13¢/12C ratio. Dumas-Schéniger combustion was used as
befere to quantitatively convert the hydrocarbons producis to CO2 {1, The
gas was purified to remove No and waters of combustion and the 13C/12¢
ratio of the COo gas measured by mass spectrometery. Most analysis were
done in duplicate. The 513C was calculated from the measured 13¢/12¢
ratio according to the following equation(1).

_ (18¢cr12C)gample - (13C/12C) e
(1) 813C= X 103 ppt.
(13C/12C) et
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Values for 813C are presented with respect to the internationally
accepted PDB scale(2). For duplicated autoclave runs, the error of
measurement in 8'3C between simular product types was +.07 ppt. By
comparision, .03 ppt. represents the analytic limit of repeated
measurement of 13C/12C in one CO5 sample by the mass spectrometer.

RESULTS AND DiSCUSSION

Contrast in 13C/12G ratio between Vesta coal and stripped Athabasca
bitumen may be utilized as a natural isotopic tracer in order to menitor coal
or bitumen incorporation into synthetic product fractions. 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. Algebraically the
reiation can be derived from a simple two end member mixing model(1). Coal
(er bitumen) contribution i a product is then:

1
r 9 3Cprod‘ 513Ccoal
(2) %COAI-C= L1 i

13 13 ] X100%
8 Cbit'a Ccoal

The validity of the model depends upon two assumptions: that major
chemical components of a reservoir must be isotopically uniform, for
prefered reaction of one isotopically distinct fraction will bias the
calculation; and that any isctopic partitioning caused by the process be
known and compensated for.

We have analyzed the major components of our starting materials to
test for intrasample isotopic variation. Given the greater variation in nature
of 513C value for petroluems (-15 to -30 ppt. (3)) as compared to coais (-20
to -25 (4)), a larger selection of bitumen procuct fraction were analyzed,
table(2) . The 513C value for pyriding extract of another subbituminous coal
and acid treated Vesta coal were z!so determined. Measured §13C 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 1a Elemental Composition of TABLE 1b Composition of feed and run products

Vesta Coal and Stripped Bitumen of Athabasca stripped bitumen

Fraction Coal Bitumen Fraction Bitumen Processed Bitumen
Feedwt’% Carbonin Grams

Carbon 71.6 82.4 —

Hydrogen 5.0 10.1 Distill ate 146 499

Nitrogen 1.7 0.5 Pentane Soluble 61.5 241

Sulphur 1.0 49 Toluene Soluble 239 247

Ash 17.0 07 Toluene Insoluble 0.0 0.8

Moisture 0.7 0.0 Evolved Gases - 4.4

% Recovery - 101.7

Table 2 Reservoir Uniformity

Bitumen and Coal Fractions 513C ppt.

Athabasca Stripped Bitumen -29.22

Suncor Bitumen -29.22
Toluens Soluble -28.10
Pentane Soluble -26.29
Middie Distillate 350-524 °C -20.24
524 «C Distillate -29.18
Highvale Coat -25.54
Highvale Coal Pyridine Extract -25.64
Vesta Coal -25.28

Vesta Coal Trezted with HCI -25.26
Vesta Coal Treated with HF -25.29

TABLE 3 Evolved gas fractions (carbon in grams)

Run # DC-1 DC-2 DC-3 DC-51 DC-45 DC-5
Amount of coal 60 60 30 15 8 4)

(in grams)
Methaneto 4.83 4.83 444 332 382 410
Pentane
COs2 141 107 053 026 023 0.9
co 028 027 021 016 012 012

TOTAL 652 617 518 374 417 441
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Athabasca bitumen and Vesta coal are uniform in 13¢/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 13C hydrocarbon gases, carbon monoxide, and
13C-enriched carbon dioxide.

Vacuum pyrolysis experiments have been performed on a varity of
subbituminous coals (5:6.7) and mode! compounds (9). In general methane
evolved from subbituminous coal over the temperature range of 400-500°C
enriches the residue in13C by 2 to 8 ppt.(5:6.7), while the liberation of CO»
depletes the source material ot13C bv 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 (%) have reported a13C
degletion in the gas occurs between evolved CO and the source material,
whereas Gaveau et. al. (7) observed that evolved CO was enriched in 13C
with respect to the source. Isotopic shifts due to reverse reaction of the
evolved gases with the source material to "scramble” the isotopic signature
of the evolved gas has been demonstrated to be insignificant. Experimental
evidence indicates that heating at 500°C for over 180 hours resuilts in no
13¢ 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 13C for crack
gas liberation in bitumen hydrotreatment can be estimated from isotopic
shifis measured in pyrolysis of bitumen and model compounds (9.10)
Utilizing the isotopic shifts reported in liturature, crack gas evolution is
expected to enrich the residue approxiamatly +0.4 (1). Generation of 12C
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 ot coal-derived
carbon being erroneously high due to the isotopic ratio of bitumen's residue,
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becoming more coal like.

To correct for the enrichment of 135 in bitumen the *3¢/12G 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 813Cy;t with the 513C value obtained for a blank run preduci 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, appendix(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 DC-51
between the isotopically calculated amount of coal derived carbon and the
intial charge of coal in the autoclave (127,123% excess yield respectively).

Both excess yield experiments had a net decrease in C4 to Cg
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 12C relative to bitumen. The observed decrease in
light hydrocarbon (C1 to Cs) with the addition of 4 to 8 wi% coal may
influence the 12C depletion of bitumen due to processing. A precise
measurement of the 13C/12G 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 of13C/2¢ ratios
in light hydrocarbon gases, CO», 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(1),
results in greater coal incorporation into every product fraction. Calculated
yields of distillate (-524°C) solely derived from coal ars cbserved to
ncrease in a near linear fashion with coal concentration, figure(1).
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Incorporation of coal-derived material in thie pentane soluble fraction
appears o be largely indapendent of coal concentration. Yields of
coal-derived peniane soluble fraction are similar for autoclave runs in
witich 4 and 15 wit% 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 toluzne insoluble
material versus coal concentration, figure(1). Coal derived insolublie yields
increase gradually (figure(1)) over the concentration range of 0 to 15 wi%.
In contrast a sharp increase in toluene insoluble yield for coal
concentrations in excess of 15 wi% was observed, 4.1 grams for 15 wi%
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 concenirations of 15 wi% the curve
denoting toluene solublility appears to "level off". At coal concentrations in
excess of 15 wi% 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 o stable compounds (ioluene insoluble
material) prior to hydrogen capping when coal concentration is in excess of
15 wi%. For siurry ratios of 0to 15 wi% coal a linear relationship appears
to exist between coal concentration and the incorporation of coal-derived
carbon into 2ach product fraction.

In analogous fashion the incorporation of bitumen-derived carbon into
the synthetic liquids can b2 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 wi% coal, over distillate yields obtained in the
hydrotreaiment of bitumen aione. 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 soiuble fraction. For coal concentrations greater
than 8 wi% 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, table1b).

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 concentration increases, bitumen derived component of the
toluene soluble material decreases from 24.7 grams (bitumen only) to 10.2
grams (28 wi% coal). The effect is more pronounced at low coal
concentrations 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. Isotopically determined bitumen-derived carbon yields of
the three fractions, distillate, pentane soluble, and toluene soluble suggest
that the increased distillate yield cbserved for coal concentrations of 4 to 8
wt% are derived via thermal degradation of pentane soluble and toluene
soluble material. _ .

The proportion of distillate deried solely-from bitumen shows no
appreciable change in yield icr coal concentrations in excess of 15 wi%,

(51.4 grams-26 wt%; 52.5 grams-15 wt%; 51.4 grams-0 wt%). For
bitumen-cozi siurry ratios in excess of 15 wt% the amount of
bitumen-derived carbon present ini the toluene insoluble fraction increases
from 1.2 to 5.1 grams. This increase paraliels a measured increase in
toluene insolubzie product yicids 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 the slurry  ( as evidericed by the three fold increase in coal-derived
insoluble matter). Coal concentration in excess of 15 wi% appears to
enharce the conversion of the toluene solubie fraction inherent in bitumen
into pentane sciuble 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 ccal
liquefaction and bitumen upgrading. At coal concentrations of 0-10 wi% a
14 1017% Increase yield is observed in the bitumen-derived component of
the distiliate fraction. Concordently 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 distiliate 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 to 26 wi%, no appreciable change in the amount of
bitumen incorporated into distillate fraction 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% as coal concentration
increases from 15 to 26 wi%. Over the same concentration range rearly a
four fold increase in toluene insoiuble yield occurs. Calculated coal-derived
nroduct 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 resulis suggest that co-processing of coal-bitumen mixtures
consisting of 5 to 10 wit% 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 1a Coal and bitumen incorporation into synthetic products

Run DC-1: 80 grams Vesta coal (35.4 grams carbon)
125 grams Athabasca stripped bitumen (102.3 grams carbon)

Product %COAL-C Total Carbon Ccal Derived Bitumen Derived
Type ' Carbon Carbon
Distillate 12.2 60.2 73 - 529
Pentane Soluble 8.1 30.2 24 27.8
Toluene Soluble 504 19.2 97 85
Toluene Insoluble  70.2 18.3 13.5 58
Total Garbon 128.9 329 86.0

in Products

Carbon in 6.5 21 4.4
Evolved Gases

Total Carbon 135.4 35.0 100.4

Budget in Grams

% Recovery 98.3 98.9 98.1

APPENDIX 1b Coal and bitumen incorporation into synthetic products

Run DC-2: 80 grams Vesta coal (35.4 grams carbon)
125 grams Athabasca stripped bitumen (102.3 grams carbon)

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

Distillate 10.3 59.0 6.1 529

Pentane Soluble 8.7 34.3 23 32.0

Toluene Soluble 48.5 21.1 102 10.9

Toluene Insoluble 745 16.9 126 43

Total Carbon 131.3 31.2 100.1 -

in Products

Carbon in 6.2 1.8 4.4

tvolved Gases

Total Carbon 1375 33.0 1045

Budget in Grams

% Recovery 999 932 102.2
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APPENDIX 1¢ Coal and bitumen incorporation into synthetic products

Run DC-3: 30 grams Vesta coal (17.7 grams carbon)
125 grams Athabasca stripped biturnen (102.3 grams carbon)

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

Distillate 53 543 29 514

Pentane Soiuble 50 36.9 1.8 35.0

Toluene Soluble 433 21.2 Q.2 12.0

Toluene Insoluble  75.9 5.6 4.6 1.3

Total Garbon 118.0 18.3 99.7

in Products

Carboen in 52 0.8 44

Evolved Gases

Total Carbon 123.3 19.1 104.1

Budget in Grams

% Recovery 102.7 107.9 101.8

APPENDIX 1d Coa! and bitumen incorporation into synthetic products

Run DC-4: 30 grams Vesta coal (17.7grams carbon)
125 grams Athabasca stripped bitumen (102.3 grams carbon)

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

Condensate 53 545 29 516

Pentane Soluble 45 32.9 15 314

Toluene Soluble 38.3 21.3 8.2 13.14

Toluene Insoluble 770 5.1 39 1.2

Tota! Carbon 113.8 16.5 973

in Products

Carbon in . 52 c8 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 1e 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

Condensate 0.0 6.2 0.0 6.2

Gas Qil 3.4 55.7 19 53.8

Pentane Soluble 50 26.6 13 25.3

Toluene Soluble 292 17.7 52 . 128

Toluene Insoluble 812 3.1 ’ 25 06

Total Carbon 109.3 0.9 98.5

in Products

Carbon in 3.7 0.0 3.7

Evolved Gases

Total Carbon . 113.0 109 102.2

Budget in Grams

% Recovery 100.0 1225 €8.2

APPENDIX 1f Coal and bitummen 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 Coal Derived Bitumen Denved
Type Carbon Carbon

Condensate - 0.0 47 0.0 4.7

Gas Oil 0.0 536 0.0 53.6

Pentane Soluble 5.3 23.0 1.2 21.8

Toluene Soluble 16.3 202 33 169

Toluene Insoluble  74.1 21 1.5 05

Total Carbon 103.6 6.0 975

in Products

Caronin 4.2 0.0 4.2

Evolved Gases

Total Carbon 107.8 8.0 101.7

Budget in Grams

% Recovery 99.8 127.7 98.5
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THE STUDY OF VARIABILITY IN THE DISTRIBUTION OF CHEMICAL SPECIES IN COAL
CONVERSION PRODUCTS USING SIZE EXCLUSION CHROMATOGRAPHY - GAS
CHROMATOGRAPEY - MASS SPECTROMETRY (SEC-GC-MS)

C. V. Philip and R. G. Anthony

Kinetic, Catalysis and Reaction Engineering Laboratory
Department of Chemical Engineering, Texas A&M University
College Station, Texas 77843 - (409)845-3376

ABSTRACT

The low rank coals used in the liquefaction experiments were Texas Big
Brewn lignite from the Wilcox formation, Zap-2 Indian Kead lignite and
Beulah Ilignite from North Dakota and Wyodak cocal from Wyoming. Mini re-
actors (6.3 and 20 m2) 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 wused in varying proportioens. The samples of liquid products from

selected experimental conditions were used for the detailed analysis.

The product slurry as well as the recycle solvents were extracted with
tetrahydrofuran (THF) and tl.e 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 1004 SEC
column, a high resoiution gas chromatograph with a bonded phase wide becre
fused silica column and an Ion Trap Detector (ITD, Finnigan), a mass spec-
trometer for capillary chromatograph. A sample injected into the SEC 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 cclumn and the components were
detected by the mass spectrometer (ITD). The mass spectral fragmentation

data were stored on a 10 megabyte hard disk and were later analyzed 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 time
(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 Govermment. Neither the United States Government nor any Agency
thereof, mor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any 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 on low rank coal derived 1liquids which
were produced under varying liquefaction conditions were used tc identify
probable chemical reactions responsible for converting coal to 1liquid
p-oducts. We have observed a strikimg similarity in the identity of chemi-
cal species in aanthracene oil (A04), recycle solvents and the low rank coal
derived liquids. The aromatic specles which are characteristic of coking
oven products from coal, such as anthracene oil and creosote oll were found
in all low rank coal derived liquids from the 1liquefactien experiments,
inecluding the one using water under super critical conditions. However
there were varilations in the concentrations. The hydroxy arcomatics, also
known as alkylated phenols, which are preduced under lignite liquefaction
experiments, are not major components in anthracene oil. The straight chain
hydrocarbons, mainly alkares which are found in any coal liquid and are
observed as sharp peaks are substituted with a *hump™ of GG. It appears
that the pyrelytic conditions used in coking oven are destroying or con-
verting mest of the straight-chain alkane species and producing numerous
isomeric hydrocarbons as evidenced by the MS fragmentation patterns of the
GC "hump®. The paper will present analysis data on specific samples to
demonstrate the basic trends in liquefaction reactions as well as the
instrumentation and analysis technigues.

INTRODUCTION

The major stumbling block in any coal liquefaction study is the time required
for analysis of the coal-derived liguids. Most liquefaction studies used only simple
routine tests to evaluate the degree oi conversion. These tests were based on
viscosity of the liquids produced, and on the amounts of rxesidues, distillates, and
non-volatiles in the product slurry. Occasionally, more time-consuming analytical
tests were alsc performed to estimate the asphaltene and oil content of the product
slurry. Rarely, coal liquids (most of the time only certain fraction were used) were
also extensively analyzed by sophisticated instrument such as gas chromatography -
mass spectrometry (GC-MS), nuclear magnetic resonance (NMR), Fourier Transform
Infrared (FTIR) spectrometry and high performance liquid chromatographic separations
{HPLC).

Size exclusion chromatography - gas chromatography - mass spectrometry (SEC-GC-
MS) is a unique technique which we have developed during the project period for coal
liquid amalysis. Size exclusion chromatography (SEC) separates molecules based on
size in a short amalysis time. Unlike other chromatographic techniques, SEC does not
retain sample species on the column, the analysis time is fixed, and everything
loaded onto the column elutes within a fixed time frame. The application of SEC is
limited only by the solubility of the sample in a solvent. Since tetrahydrofuran
{(THF) is a good solvent for coal liquids, the separation of coal liguids by SEC is
easily achieved with appropriate columms.

Although size exclusion chromatography (SEC) has been used primarily for the
separation and characterizetion of polymers based on molecular size or molecu}gz
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 mnot resolve them for the purpose of identificetion. The gel columns
packed with Spm polymer particles have about 50,000 theoretical plates per meter, a
five-fold increase over that of 10 pm columms; thus, an increase in separation effi-
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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 remcin reasonably good resolution, a column

cn in length can separate a relatively large sample in a time as short as 25 minuteb
SEC is used as a preliminary separation technique. Other analytical techniques suc

as gas chromatography (GC) and gas chromatography-mass spectroscopy (GC-MS) are used
to analyze the SEC fractionms.

Coal liquids, petroleum crudes, and their distillation cuts have been separated
intg 7fgur 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 auto-

mated fraction collection followed by injection of the fraction into the GC reduces
analysis vtime, zs:nd offers an option for the collection of the desired number of
fractions at predatermined time intervals. The manual collection of up to 10 cne-ml

fractions is also wused in order to varify the effectiveness of the automated
technique.

The flame ionization detector (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 complex for routine use as a GC
detector. The Ion Trap Detector (ITD, Finnigan) is a low priced mass spectrometer
(MS) for capillary chromatography. Three analytical tools - SEC, GC, and ITD - are
incorporated into a powerful analytical system for the analysis of complex mixtures

such as coal liquids, recyle solvent and anthracene oils. The instrumentation was
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.

EXPERTMENTAL

Coal Liquid Samples

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 loew-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 7recycle solvent represents a very complex synthetic crude
sample with questionable hydrogen donor capability. Four recycle solvents produced
from Wyodak subbituminous coal, two North Dakota lignites (ZAP-2 and Beulah), and
Texas Big Brown lignite were used for mini-reactor liquefaction experiments on some
coals at Texas AS&M University. Some liquefaction experiments were performed using
othar solvents such as plain anthracene oil and water under supercritical conditions.
Temperature pressure and feed gas compositions were varied to produce chemical 1i-
quids with different chemical compositions, from low-rank coals. The slurry from the
reactor was extracted with THF by sonicating in an ultrasonic bath for 15 minutes.
These extracts were also analyzed. A 25% solution of the sample was prepared in
tecrahydrofuran (IHF) and filtered through 0.45 um disposable HPLC filters (Supelco)
and 100 uls of the filtered solution were used for each SEC separation.
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SEC-GC-MS Instrumentation

£ schematic of the SEC-GC-M3 instrumentation is shown in Figure 1. The system
consists of the followinyz: a liquid chromatograph (LC, Waters ALC/SEC Model 202)
equipped with a 60 cm, 5 um, 100 A PL-gel column (Polymer Lahboratories) and a refrac-
tive 3Iindex detector (Waters Model R 401); a bonded phase fused silica capiliary
column manufactured by Scientific Glass Engineering, Inc. {SGE); am autosampler
(Varian 8000); a flewe ionization detector (FID):; a nitrogen specific detectoxr (Ther-
nicnic Ion Specific - TSD); and a microcoumputer system (IBM CS 9000) with 1000K bytres
RaM and dual 8™ floppy disk drives for collecting raw chromatographic data.

A Fimnigan Ion Trap Detector (ITD), a small mass spectrometer for capillary
chromatography, is the third detector interfaced with 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 1ITD, cthe data collzction, and the identification of species by a library
search with a NBS Mass Spectral Data Base stored on a 10 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
separgtion manually and reset the ITD between GC runs. A new software for ITD was
obtained during the 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, (Figure 2) and to concentrate it before manually injecting the
sample (0.2-0.5 pl) with a Sclentific Glass Engineering (SGE) on-coluan injector in
order to better identify the minor components.

SEC-GC_Interface

The continucus sample separations on the gel column followed by the GC analysis
of selected fractions were achieved by the operation of two 6-port valves and a 34-
port wvalve (All from Valce Instrument Company) as illustrated in Figure 2. Sample
injection into the LC was pexrformed by a 6-port valve (V.) with 2 2 ml sample loop
and fitted with a syringe-needleport for variable sample size injection. The com-
bined operation of another 6-port switching valve and the 34-port vaive {V,) with 16
sample loocps (100 pgl) enabled the linking of the liquid chromatograph with %he auto-
sampler of the gas chromatograph. The autosampler was modified to handle 100 pl
samples directly from the fraction collection loops of V,. When V, was turned
clockwise, it kept V., in line 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, in line with the autosampler for sampze injection but it
bypassed the LC stream. “Generally, 0.1 gl 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 1BEM systems and the raw chromatographic data were stored omn the 8"
fleppy 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 sampls
injected into the SEC column, wup to 16 fractions were collected and analyzed by the
GC using appropriate gas chromatographic programs stored in the memory without any
mavual interaction.

In addition to the use of the LC-GC interface (Figure 2), 1 ml fractions wexe
manually collected and analyzed by GC using the autosampler. The fractions were also
evaporated using a slow stream of nitrogen and amalyzed each fraction by GC-MS using
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a SGE on-column injector.
RESULTS & DISCUSSION

SEC of Wyodsk Recycle Solvent

Figure 3 shows the SEC separation of Wyodak recycle solvent. The separation
pattern AQES various chemical species and chemical groups are assigned based on
reported as well as unreported studles. When valves V, and V, (Figure 2) are
engaged, the SEC effluents are collected in the sample 16ops of” V., at specific
intervals. The refractive index detector output shows the effect of such fraction
collections as negative peaks (Figure 4).

G alysis o actions of Wyo ecycle Solvent
Sixteen SEC fractions of 100 pl each were collected from the Wyodak recycle
solvent (Figure 4) at 0.5 min intervals. Each fraction was analyzed by injecting 0.1

#l Into the GC, which used the flame ionization detector (FID). The first three
fracrions 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 teaperature the larger alkanes in fraction #2 and #3 can be
detected. A shorter columa znhances the FID resporse as these heavy alkanes accumu-
late on the columm probably due to irreversible adsorption or decompositicn.

Identification of Species in SEC Fractjons of Wyodak Recycle Solvent
Figure 5.1 shows the GC of fraction #4. It shows alkanes ranging from C to

C,n- It is quite possible that the fraction may contain higher alkanes which are not
dégected due to the GC-oven temperature limit. The peaks are identified from the MS
fragmentation pattern. Fraction #5 is collected after a 0.5 minute interval and i

GC (Figure 5.2) shows alkanes ranging from C., to C o This fraction has low
alkanes (C 'Cza) in larger proportions in adé?tion go smaller amounts of aikanes
(CZS-CBO) wﬁgch wvere detected earlier in fraction #4.

When SEC columns are overloaded the peaks tail to longer retention time or
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 sites 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 spreading and the sampic to
elute over a slightly longer retention time period.

The peak due to C 7 is larger relatively to other alkanes in Figure 5.1 and 5.2.
Qur experience with %ossil fuels indicates that the straight 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 pristane, phytane, and hopane, and some. of them are calied biological mar-
kers. It 1is quite possible that the C,. peak could be due to some branched alkanes
27
co-eluting with n-C27.

The GC of fraction #6 1s shown in Figure 5.3, which contains mostly alksnes in
the range of C1 -02 and small amounts of C,, and C2 -629 The fractiorn #6 was
collected 0.5 minuge aéter fraction #5 and one minute agter fraction #4. 1If fraction
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#35 had not been collected, the GC of fraction #4 and #6 which were one minute apart
could have been used to qualitatively, but mnot mecessarily qualitatively, determine
all of the species. Fractionm #5 has species from both fractions #4 and #6. The peak
width of species eluting at these retention times is about one minute. Hence SEC
fractior collection at one min (one ml} intervals would have contained all cthe
species with less overlapping and analysis time could have been reduced to half. A
short peak immediately after C.. is pristane {trimethylhexadecane). The short peaks
that appear between the n-alkane peaks appear to be isoalkanes or branched alkanes.
The baselire 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 5.4) has alkanes as small as
C,,- The ratio of peak heights of pristame to C ; increases in the GC’ of this
fraction compared to previous fractions as expected %rom 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 basesline shift is due to the co-elution of several
lazge phenollic species im wuny isomeric forms. Fraction #9 (Figure 5.6) does mnot
contain any alkanes. The ratis 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 im this fraction.
Compared to fraction #2, the phenols in fraction #9 are of shorter size while the
peaks appearing at long GC retention times are aromatics. It is safe to say that
phenols appear before 16 mirutes of GC retention time followed by aromatics after 16
minutes, The GC of fract:n #10 is shown in Figure 5.7. Light phenols including
xylanols and cresols present in this fraction are separated on the GG before a
retention time of B minutes. The species appearing after 8 minutes are aromatics,
¥ mostly with alkyl side chains.

Fraction #l1, vhose'GC is in Figure 5.8, contains phencl, which appears at 3
-minutes. Phenol is the only phenolic in Fraction 11. Almost all possible isomers of
one and two ring aromaties 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 retention time is cbserved. 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 NBS Mass
Spectral Data Base has only a fraction of the needed standard reference spectra to
identify the species in this fraction. Most of the idemtification has been assigned
bas2d on the fragmentation patterns and boiling points derived from the GC retention
tires. Fraction #12 as shown in Figure 5.9 has overlapping from two types of aroma-
tics - alkylated aromatics and polycyclic aromatics. Fraction #13 contains aromatics
with slight alkylation and the ring numbers increase as shown in Figure 5.10. Both
tractions #14 and #15 (Figure 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 pyreme and coronene
are eluted froz the gel column only after napthalene although they are much larger.
More pyrene 1is in Fraction #15 than in Fraction #14 but the reverse is true for
anthracene which appears before naphthalene.
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ffect of Solvent-Solute Interaction on SEC
The separation of chemical species by size exclusion chromatography is more

mobile phase (most often a pure solvent like 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 structure if the compound is known.

ect of Gel- e eraction on SEC
If the molecules have a tendency to interact with the packing material of the
column, molecules may elute at longer retentiom 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 to stay on the columm slightly
longer than expected from their linear molecular sizes. The SEC elution pattern
shows that the aromatics appe2r to be smaller than similar structured cycloalkanes.
Among similar aromatics such as benzene, naphthalene, and anthracene, the elution
volume 1s in the decreasing order of limear molecular sizes (i.e. anthracene is
followed by mnaphthalene and then benzene elutes last). In the case of polyeyclic
aromatics where three or more rings are attached to a single ring as in pyrene and
coronene, the elution 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-chain causes the molecules to elute sooner, as
expected from the resulting linear size increase¢ due to alkyl side-chains.

Prcoable Molecular Structure Based on SEC

Although the mechanism of SEC separation is controlled by linear molecular size
as. well as other parameters, the separation pattern is very reproducible.
Considering all the molecular parameters responsible for the size exclusien chroma:?‘

graphic separation pattern and the known separation patterms of a number of co
pounds, it is possible to predict the retention volume of a compound of known struc-

ture. Based on the same principie the retention volume gives information on the
structure of the molecule.

The role of size exclusion chromatography is the separation of rather complex
coal liquids into simpler fractions. The retention volume can be used to help identi-
fy the chemical structure where GC-MS is unable to identify its possible structure.
For example biphenyl and dihydroacenaphthene have the same molecular formula as well
as similar mass spectral fragmentation patterns. Coal liquids contain both species.
The one which appears first (lower SEC retention volume) is biphenyl (GC ret. time =
17 min. in Figure 5.6). Dihydroacenaphthene appears lster 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.

Sample Spreading

This phenomenon is quite apparent from Figure 2.5. Since tne 100 pl fractions
are collected at 0.5 pl volume intervals and the species have about 1 ul peak width,
each species is detected in two or more consecutive fractionms. The fractions at the
lower retention wvolumes spread less compared to those at the higher retention
volumes, as illustrated by examining the spreading of C,_H_, and phenanthrene. The
componient n—C25H 2 is detected in three SEC fractions wifth a"maximum concentration in
the second frac21on (Figure 5.1, 5.2, 5.3). Phenanthrene is detected in the last
five fractions (Figures 5.8, 5.2, 5.10, 5.11, 5.12). The examination of any parti-
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cular species shows that they are spread over three or more fractions and the range
of spreading (a measure of peak width) increases with retention volume.

It is quite evident that the analysls of small fractions at restention volume
intervals of 0.5 ml or even 1 ml does not miss any major or minor species. Almest
all species at detectable levels are ldentified.

Quantitative Analvsis by SEC-$C-MS

The quantitative estiipation of species by SEC-GC-MS technique requires a mathe-
matical solution. Twc types of approaches for the quantitative estimation can be
envisiconed. One is for the 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 wusing the data
derived from the analysis technique.

When a particular component eluting at a certain retention volume is to be
estimated, this approach can be outlined as follows. Since SEC is extremely reprodu-
cible, the peak shape, peak width and peak height are dependent on the amount of the
species in the sample volume injected, sample volume and retentiom time. From these
factors the SEC peaks can be simulzted or elution pattern of any species within the
separation range ¢an be plotted as a function of mass wvs. retentisa +volume. The
analysis data supplies the concentration of this particular species over two or more
0.5 ml iIntervals., A match-up computer program has to be developed so that it can
pick wuvp the peak shape and concentration based on three or four data points at known
intervals.

The second approach towards quantitativc snalysis 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 ecoal liquefaction processes.

It is a fact that coal liquids are composed of thousands or maybe millions of
chemical compounds. Classifying them into a few meaningful groups of compounds can
be a suitable procedure to evaluate coal liquid composition. Currently at least two
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 functional groups or functionslities in a coal liquid
by sophisticated instrumentation such as solid state MR and FTIR. By the first
mechodology coal liquid is separated into fractions such as oils (pentane soluble)
asphaltenes (pentane insolubles but benzeme solubles) and preasphaltenes (pyridene
soluble but insoluble in benzene and pentane) where no clean separation or estimarion
is achieved. By the second type of methodology more cumulative data is achieved on
functional groups. This wethodology has the disadvantage of looking at a compound
with more than one functicnal group. The amount of each group is estimated as
scparate moieties and computed separately. The alkyl chains attached to an aromatic
ring, which also has phenolic groups, is very different from saturaced hydrocarbons
such as normal paraffins but they are classified together in this approach.

Qverlapping of Species in SEC Fractions

When SEC-GC is used in its automated version for coal liquid analysis, 0.1 ul
fractions of SEC effluents are analyzed by GC tz produce simpler gas chromatograms,
Some of these gas chromatograms, 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 alkames. The total
area counts of such gas chromatograms excluding solvent peak which represents ¢t
sample volume (0.lgl), wmultipiied by the response factor will give the mass
alkanes in the SEC fraction analyzed. Certain 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 boiling point alkanes are mixed with the high boiling
poeint phenols where the linear molecular sizes of the species are similar. The
alkanes appear at low retention times whereas phenols appear at longer retencion
times (Figure 2.5.5). In these cases the aree counts have to be lumped into two
groups, cne for alkanes and another one isxr phenols. Each of these area counts
multiplied by the corresponding FID response factor indicate the amount of alkanes or
thenols preseat in the 0.1ul SEC fractions. All of the sixteen or more GCs of
selected SEC . 0.1ul fractions of coal liquids or recycle solvents are individually
analyzed for various "lumped chemieal” species in the fractions. Coal liquid samples
can be separated by distillation and estimated for the nmonvolatile content. The SEC
of nonvolatiles and volatiles are reconstructed to show both in the same SEC output.
These data along with SEC-GC data 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 very similar to the plotting
of distillation temperatures vs. composition, a technique ccmmonly 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 2ecreases as SEC retention volume
increases. The individual chemical lump has a SEL separation patterm similar to a
distillation temperature vs. molecular weight plot, a technique used in petrole.

refining to iliustrate the composition of various distillation cuts.

Chemical Lumping

The species not been identified as one of the major chemical 1lumps such as
alkanes, phenols and aromatics are lumped together as unidentified. However, che
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 heterocyclie compounds with sulfur, nitrogen or oxygen as the heteroatom, and
other heteroatom-contazining species. Some of these compounds appear with aromatics
(e.g. thiophenes, quinolines) and with phenols (e.g. aromatic amines), and most of
ther are lumped with the unidentified species lump.

One exception to the rule that SEC separates species in the decreasing order of
linear molecular size, is that condensed ring aromatics appear to adhere to the
column longer so that some polycyclic aromatics such as pyrene and coronene are
eluted from the gel column only after naphthalene, although th:ir melecular sizes are

much larger. More pyrene is in Fraction #15 than in Fraction #14, but the reverse is
true for anthracene.

Varigbility in the Distribution of Chemical Species ii. low_ Rank Coal
Conversion Product

Almost all the samples from most successful low-rank coal liquefaction experi-
ments ware analyzed by SEC-GC-MS technique and MS raw data were stored on about 200
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5%"-floppy disks. Although the liquefaction experients used mostly the conditions
used in the pilot plant at the UNDERC, some experiments were conducted under
different conditions and solvents including water under supercritical conditions.
Initially the SEC-GC-MS data on the recycle scivents and anthracene oil were very
carefully studied and GG peaks were identified and the components in various frac-
tions were tabulated. Certain SEC fractions of the recycle solvents were analyzed by
the GC-MS several times varying samples sizes to identify any minor components.
Since the coal 1liquids contain many components, the mass spectral data of some
compounds were mnot available in the library. A very careful evaluation of the MS
fragmentation pattern was mecessary to establish the identity of the compound. Iden-
tification of unknowns needed better MS fragmentation patternm and time. Once a
compound was identified, the information was continously used for identifying trace
amounts based on masses of the major fragments.

Distribution 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 speeies exist in
coal liquids. For example almost any direct coal liquefaction process produces very
similar species, which differ from each other by size and extent of iscmerization but
with an orderly distribution pattern. Alkanes ranging from C H26 and C 44H8 are
detected in almost amy ccal liquid. Most of these are straight %ﬁam alkanes sgowing
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, phytane, and hopane. These species are also called biomarkers and
their comncentration varies depending on the sample. The straight chain hydrocarbons,
mainly the alkanes, are observed as sharp GC peaks in the GC of certain SEC fractions
of lignite-derived liquids. The corresponding SEC-fractions of the anthracene oil
show a "hump" in the GC. It appears that the pyrolytic conditions used in a coking
oven are destroying or converting most of the straight-chain alksne species into
numerous isomeric hydrocarbons. The MS fragmentatioen patterns of the GC "hump", are
similar to that of alkanes.

Distrjbutio Phenols

Phenols are a major chemical lump present in coal liquids. Phenols have basi-
cally one or more aromatic ring structures with alkyl substituents. Methyl, ethyl
and propyl are the most common alkyl substituents. The smallest species is the one
with a hydroxyl group attached to a benzene ring. Addition of a methyl group pro-
duces three isomers - o-, m-, and p-cresols. It appears that all three are present
in about the same proportion. The number of possible isomers increases as the
possible number and size of alkyl substituents increases. It is expected that highar
dezree of alkylation can produce larger 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 SEG
phenolic fractions rather than resolved peaks. Since these shifts are quite reprodu-
cible and real, it can be assumed that these "bumps" are due to a large number of

components eluting continuously without resolution. Their SEC retention time sug-
gests that they are probably phenols. The gas chromatographers who are used to fewer
sharp peaks from capillary GC may prefer to resolve them. Sometimes derivatization
techniques are wused 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 tailiug as a sexious problem. Peak tailing is expecte
to decrease as the degree of alkylation increases. Peak tailing for cresol is le’
than that for phenol. It is much improved for xylenols. The derivatization o

phenols prior to GC separation may produce fewer well-resolved peaks but ac the
expense of losing some components.

Distribution of Aromatics

The mnumber of isomers of alkylated aromatics is enormous. Lower members of 1
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 alkylated phenols and aromatics various isomers exist in a continuous pattern.
Tae less alkylation gives few well-resolved isomers. The more alkylation gives a
large number of isomers but in smiller concentrations.

We have observed a striking similarity in the identity of chemical species found
in different types of coal liquids such as anthracene oil (A04), recycle solvents and
the lignite-derived liquids frem 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 products from coal, such as anthracenme 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-
tions. Their relative concertration was found to increase varying with the severity
which is used to produce tne 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 alkylated phenols, which are produced .
under lignite liquefaction experiments, are not major components in anthracene oil.

CONCLUSIONS

The coal conversion products are compounds of at least two types of species.
"a" The species which are released f{rom 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 phenanthrene and pyrenes are products of high temperature
chemistry. Coke ovens and even wood burning fireplaces produce these produc:ts. The
liquefaction enviromment can cause additions of alkyl side chains to these species
although higher tempzrature causes the dealkylation of these products. Some of these
species may be existing in coal but in lower concentrations.

The coal liquafaction 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 wunder varying conditions from different coals and liquefaction solvents
indicate that liquefaction temperatures below 400°C produce very little type "b"
compounds although they are not totally absent. The alkylated aromatics such as
alkyl indans and benzenes appear to ke generated from the original coal structure
although these compounds could be catatytically generated at these temperatures even
from simple starting materiais such as CO and H,. Several low temperature reactions
products from coal suppcrt the existence of One or two ring aromatics with other
substituents, =2specially in low rank coals.
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Figure 1. SEC-GC~MS instrumentation.
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CATALYTIC STEAM GASIFICATION OF LIGNITE CHAR
by

J.R. Kim, T.W. Ewon, S.D. Kim and W.H. Parkz
Department of Chemicgl Engineering
zDivision of Chemical Engineering and Polymer Technology
Korea Advanced Institute of Science and Technology
Seoul, 131 Korea

- ABSTRACT

Reaction kinetics of catalytic steam gasification of Australian lignite
chars having mean particle size of 0.3mm have been studied im a 5.5
cm~ID x 100 c¢m high thermobalance reactor.

The sample char has been prepared from the pyrolyzinz the Austral-
ian lignite (%C9fc 75.7) at T00°C under the atmospheric pressure in a
muffle furnace. Three different cataiysts (K200, NazCOa, Li2COi) and its
mixture [{Na, X)2C03] were impregnated intoe the chars in order to' deter—
mine the effocts of catalyst type and amount of catalyst leading (1-5 wt.
%) at different reaction temperatures (700-800°C) on the rate of sgteam
gasification. The mass conversion of the char has besen determined by the
ratio of the gasified carbon to the initial carbon content in the char.

The non-catalytic gsteam gasification reactions have been well repre-
gsented by the unreacted shrinking core model in which chemical reaction
is the rate controlling step. The reaction orders with respect to carbon
were found to be 2/3 in the case of non—catalytic and Li2COz~catalytic
reactions. Whereas, the reaction witkh K:COa catalyst revealed a zeroth
reaction order. In the cases of Na:CO: and mixed (Na,K)2C03 catalytic
steam gasification reactions, the reaction order was found to be zero and
the reaction rate constant can noit be described as an unique value. The
reaction rate increased with the reaction temperature and the amount of
catalyst loading.

Under the same experimental conditions with 3 wt% catslyst loading,
the catalytic activities were found to be ranked as Na:COx> mixed
{Na,K)2C0s> EzCOs> Li:COa

Reactivity enhancement factors for the mixed (Na,K)2C0s catalysts
were found to be the arithmetic mean wvalues of he both NazCOs and
€03 catalysts. Activation energies and frequency factors of the cata-
lytic reactione were smaller than those of the comparable non-catalytic
steam gasification reactions which may give ar evidence of the compen-
sate effect in the reaction.

INTRODUCTION

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

For the production of methane in a coal gasifier, the following reac-
tion is considered becauge of its thermoneutral characteristics [1]:

2C + 2H20 = CH« + CO2 (1)
The overall reaction i3 a combination of the exothermic water-gas shift

and methanation reactions and the endothermic carbon gasificztion rcac-
tion. These three reactions are siow in the absence of catalyst, however,



the rates may be increased up to a certain level by increasing reacticn
pressure. But, equilibrium conversion is recuced with increasing pres-
sure. The rate of carbon gasification with steam increases sharply with
increase in Lemperature, however, increasing temperature severely Llimits
the equilibrium production of methane. Therefore, the sclution would be
to operate the gasifier at an intermediate temperature around 1000 K with
minimum equilibrium problems and to utilize cataiysts to acceierate reac-
tion rates. In the Exxon gasifier, K2COi1 as a catalyst has been employed
for methane production as shown in reaction (1).

It has been known that the alkali, alkaline earth, and transition met-
als inherently present in the mineral matters of the raw coai or artifi-
cially added by physical mixing or impregnation are most effective cata-
lysts. Active catalysts appear to participate in the gasification reaction
by undergoing chemical or electronic interactions or bota with the carbo-
nacecus substrate [2], however, the details of these interactions are not
yvet clearly understood. Therefore, a number of studies have been car-
ried out in order to determine the effects of catalysts on the gasification
rate and the reaction mechanisms.

In this study, reaction kinetics of catalytic steam gasification of Aus-
tralian lignite char have been investigated in a 5.5 c¢m-ID x 1 m high
thermobalance reactor.

EXPERIMENTAL

The char samples used in char-steam gasification have been prepared
by heating an Australian lignite (%C%f = 75.7%) to 700°C at a heating
rate of 6°C/min and charred at 700°C for 2 h. The proximate and ash
analysis of the char sample are shown in Table 1.

‘v

Table 1. Analysis of char sample

Proximate analysis Ash analysis

(dry basis, wt.%) (wt.%)

v.d” 7.3 sio; 14.1 Cca0  8.19 Py0. 0.04

ash - Al,0; 11.79 M0 13.91 sO,°  10.30
. Fe,045 27.38 Na,0 3.91 residue 9.26

F.C. 89.8 TiOz Q.45 KZO 0.67

2V.M.: volatile matter, *2F.C.: fixed carbon

Impregnated char sample was prepared from the char having particle size
of =45 + 70 mesh by soaking it into the aqueous solution of alkali metal
carbonate (Li2COs, Na:C0Qi3, and K:COi3) and consequent drying process.

Char gasification has been carried out in a 5.5 cm-ID = 1.0 m high
stainless steel thermobalance [3] in which a sample of char was placed in
a stainless steel wire mesh basket by means of a winch assembly for sus-
pension of the sample which was connected to a electronic balance (Chyo
model PD2-300W). The reactor was heated to a desirable reaction tempera-
ture under a stream of nitrcgen. The initial weignt loss may come from
the evolution of moisture and the residual volatile matter present in the
sample. When the system reached an isothermal steady state, a stream of
superheated steam was instantaneously admitted to the reactor at a mass
flow rate of 4 g/min. Fractional conversion of char sample was followed
by recording the weight loss of the sample with time.

In this study, the effects of catalyst type {LizCOi, Na:COi3, K:COa,
and mixed (Na,K)2COs} and the amount of catalyst loading (0 - § wt.X} at
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different reaction temperature (700 - 800°C) on Lthe raie of steam szasifi-
cation have been determined.

RESULTS AMND DISCUSSION
1. Reaction Order and Activation Enerzy

The carbon conversion in steam gasification reaction, X, is defined as:

X = (We = W}/(Wo ~ W) (2)
where Wo ig the initial weight of char, W, is the weight of ash in the
sample char measured by complete ignition of the sample residue, and W
is the sample weight at a given time.

For non-catalytic steam gasification of the lignite char, the fractions
of converted carbon from 700 to 800°C are shown in Fig. 1. The time
required for 50% conversion were found to be 140, 42, and 13 min at the
temperature of 700, 750, and 800°C, respectively. It can be seen that the
conversion rate is primariiy affected by the reaction temperature.

1.0 r
' ' .' —emee— gheinking core model
— — — cantinuous model
[18-0 N .
T, C
T O 800
-— 0.6 |- a 750
o 700
{4
2
0.4 -
Q
>
<
o
Q p.2 -
0.0 1 i3 1

4] 20 40 &0 80 100 120
Time (min)

Fig. 1. Carbon conversion with time for non-catalytic steam gasification
The reaction rate, r, is defined as:

r=d¥/dt =K (1 - X)» (3}

s

where X, t, and n are the reaction rate constant, time, and order of
reaction, respectively.

Egquation (3) is consistent with the volumetric reaction model [4] when
n is unity and the unreacted shrinking-core model in the chemical reac~-
tion control regime {57 in which n is 2/3. It can be seen both models fit
.he experimental data well at low temperature, and the predicted values
from the wvolumetric reaction model exhibited larger deviation than those

from the shrinking-core model at the higher conversions and at higher
temperatures.



The order of non-cataiytic steam gasification reacticn of the lignie
char has been well represented by the unreacied sarinking-core modetl in
which chemical reaction is the rate controiling step. The activation
energy under the non—catalytic reaction was found to be 176.5 ki/moi
from the Arrhenius pilot.

Fractional conversion of carbon in the non-catalytic and catairtic
steam gasification of Australian lignite char with time at 750°C are shown
in Fig. 2 in which straight line passing the origin was obtained up to
80%. conversion for Kz:COQi: catalytic gasification reaction.

1.0

-}

O es vion

32
L &303
3% %) ,C0
32802203
;f 12503

= o
n;n-c;t;lyt'.c

qebrDODBOSO

30 40 50 60
Tima  fun)

Fig. 2. Relation between X and t for non-catalytic and catalytic steam
gasification at 750°C.
[a: mole ratio Na/K = 2; b: mole ratio Na/K = 1]

It can be seen that the reaction rate is irrelevant to the conversion
and the order of reaction, m in Eq. (3) is zero as reported by Huhn et
al. [6] and Miura et al. [7]. However, Juntgen 2nd van Heek (8] and
Kayembe and Pulsifier [9] have reported that n is 2/3 and 1.0, respec-
tively.

Catalytic gasification using Na:CO; exhibited uniquely bigh value of
initial reactivity followed by constant reactivity with time. Thus a plot
of conversion versus time for Na:CO; gasification was combination of two
straight lines having different slopes and the inflection point of conver-
sion was found to vary with temperature. The reaction orders were found
to be zero in Na:CO: catalytic gasification and 2/3 in Li:COs catalytic
gasification in the same manner of the non-catalytic gasification condition.

The existence of different n values for the type of catalysts can be
explained by differences in the accessibility of the catalyzed 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 accessibility and the activity of the ecatalyzed carbon atoms during
the course of conversion which is related to their mobility. The mobility
of catalyst depends on the melting or boiling points, thus, it can be
affected b¥ the reaction temperature. With this regard, Juntgen and van
Heek [8] reported that the reaction order is zero for the high-mebility
catalyst and larger than zero order for the low-mobility catalyst.

2. Relative Catalytic Activities of aAlkali Metal Carbonates

Reiative catalytic activities of alkali metal carbonates vary with the
physical and chemical properiies of subsirate carbon, amount of catalyst
loading, and gasifying agent. In the catalytic steam gasification of the
lignite char adding Li»COs, Na:COs, or Kz:CQs, the catalytic activities were
found to be ranked as Na> K Li under the same experimental conditions
with 3 wi.”% catalyst loading 2s shown in Fig. 2.

Relative activities of catalysts were found to vary with temperature.
Activities of LizCOs incressed noticeably with reaction temperature than
comparable K:COi3, and the initial gasification reaction rate of the char
with LizCOaz at 800°C surpassed that of K2C0s3 catalytic reaction. Relative
activities of Na:CO3 was found to be lower at ithe higher temperature (750
- B0C°C) than that of X:CO:z which mey result from the higher deactiva-
tion of Naz:C0s at higher temperature than that of K2C0a.

The effectiveness of the catalysts is related io their mobility or the
surface and the latter dependa on the boiling point relative to the reac-
tion temperature [8]. Since the boiling points of Li (1330°C) is much
higher ‘thap K {(760°C), K has larger. . activity than Li at lower tempe:-a-
ture below the boiling point of X. Thus, activity of Li weculd be higher
than K at high temperature may be due to the higher relative mobility of
Li at the given higher temperature.

3. Reaction Characteristics of Mixed Catalysts

The steam gasification rate of the lignite char with the mixed catalyst
of {Na,K)2COi1 is shown in Fig. 2. The catalytic activities and the reaction
characteristics of the mived catalyst exhibiied the medium values of each
single catalyst which is similar values of the previous study of coke~-CO:
grnsification with mixed catalyst [11].

Considering the reaction characteristics with each catalyst of Na2C0s
and E2C03, the high ipitial reactivity at large mole ratioc of Na to X (2:1)
is similar to the behavior of Na:003; catalyst, while the constant reacrti-
vity over the entire conversion range at smaller mole ratio of Na to K
{1:1) is similar to the behavior of KzCOa calalyst used.

Reactivity of the mixed catalyst steam gasification is defined as the
initial reaction rate in terms of the mass ratio of each component of the
mixed catalyst at the different reaction temperature as shown in Fig. 3.

As can be seen from the figure, the reactivity values of the mixed
catalyst gasification were found to be the arithmetic mean values of both
N2:2002 and K:COs catalysts. This result can be interpreted by the vapor
ecycle reaction mechanism [2] which consists of reduction of alkali metal
carbonate to allkkali metal followed by the same oxidation cycle in both
Na:C03 and K2:COs; catalysts.
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Fig. 3. Initial gasification rate of K:COi, Na:CO3 and (Na,X)CO: mixed
catalvsis at.varicus reaciion temrerature

4. Effect of Catalyst Loading on the Reaction Rate

As shown in Fig. 2, time required for 50% conversion were found to
be 32, 30, 20 and 16 min for 0, 1, 3, and 5 wt.%2 Kz200a loading, respec-
tively. It may indicate the positive catalytic effect on the reaction rate,
however, the initial reaction rate did not increase at low concentration of
catalyst (1 wt.X). Apparent reaction rate constant in terms of X:CO
loading, Ck, at various temperature are shown in Fig. 4 ir which the rate
constant incressed linearly with K:CO: loading as:

K=K + K2 Cx {4)

where K; is the intercept of the straight line represented as Arrhenius
equation;

Ei = A exp (-Eo/RT) (5

where A and E. have been obtained from the experimental data and their
resulting values are 9.15x10* min-! and 175.9 kJ/mol, respectively.
These values are coasistent with those of non-catalytic steam gasification
condition.

Activation energies 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
118.8 kJ/mol for 0, 1, 3 and 5 wt.% K:CO; loading, respectively.

Relation between activation energy and K:COi loading is shown in
Fig. 6 with the following expression as:

E = E° + 3exp (~ YCu«) ‘ (6)

where 8 and Y are the constants which were obtained from the exper-
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imental data of the present and previous studies [6,10,12,12] using the
non~linear regression. The resulting values exhibited three different
patterns in proportion to 8 and ¥ values (Tabie 2).

Kew| TO"2:iSioce ®ol I |
=] 700 9-225 {0002 |
a| 7salo-a83 {0211
o1 300]0-872]3.022 | e

0.95 -
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(&)
(&)
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|

032 N
g.01 L _/ ]

0-00 : - -

I

Ck (K:CQzwts)

Fig. 4. Effect of catalyst loading and reaction temperature on gasification
rate
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Fig. 5. Arrhenius plots for non-catalytic and catalytic char-Hz0 reactions
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Table 2. Comparison of the constants of Eq. (6) with the literature values

3

authors I Matecial F az'o {KPa) | % "1&2:::3 E, (K3/mol) 2 8 f v
This work (lignite char 100 Q-5 17€.5 117 .6 58.581C.8
Higmans active carbon |2.6(in He)|0-17.1 260 144.5120.2(9.2
et al.[10]

Veraa and | sub-bituminous{ S0 {(in He){0-11.1 205.6 150 50.010.1
Beil [13] | coal

Chin active carbon |85 (in Ar)j|0-10.7 148 148 o] -
et al.[12]
Huhn coke 100 0 - 6.7 159 142 17.312.1
et al.[6]

When tha beta, 3, is small, the activation energy, E, is almost con-
stant and the wvalue is identical to the non-catalytic gasification with the
variation of catalyst loading [12]. Whereas, 3 and y are large, the activa-
tion energy, E, decreased at the lower catalytic loading and it did not
vary with the additional loading of K2CQ03 as the data of Huhn et al. [6].
In addition, when 8 is large and vy is small, the activation enerzy
decreased continuously with Cx as reported by Wigr=>r9 et al. {10] and
Veraa and Bell [13]. The results of present study .an be classified in

this category having the resulting values of E° 8 andy are 117.5, 58.6
and 0.5, respectively.

5. Compensation Effect
When catalytic reaction having the compensation effect, the frequency

factor, A, and activation enerzy, E, change in the same direction with
cataiyst and tend {0 compensale each other in the Arrhenius equation.
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Therefore, the rate constani, K, would be restricted {14].

These effects have been reported previously for the catalytic gasifi-
cation of carbon with Oz and COz2 [1S] and H:0 [16].

For the reactions, Archenius equation is defined as:

K = A exp (-E/RT) (7

which is related to the following equation,

log A = JE + log Ko (8)
in which A changes with the variation of E at the different experimental
conditions.

Combining equations (7) and (8), the following equation can be
derived.

E = X exp [E (2.30j - 1/RT)] (9)

The isokinetic temperature, Ts, the temperature at which all the

reaction with a given gasification agent proceed at the same reaction
rate, iz derived as:

. ' Ts = 1/ (2.30 jR). (10)

where j and R are the slope of the empirical equation (8) and the gas
constant, respectively.

The resuiting values from Eq. (8) are plotted in Fig. 7 in which the

10-0L B
A Faistel e ai.[I6]

s.ab Q This woark

1QQ 120 200 =0
E (KJsmaol)

Fig. 7. Plot of log A versus E
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experimental data of Feistel et al. [16] on the gasificaticn of three diffar-
ent chars under thc steam pressure of 1-10 atm are also included.

The isckinetic temperature for steam gasification of the present study
resulted in 1275 K. In addilicn, the isokinetic temperature for the CO:
gasification of graphite was 1250 X as reported by Kawana [17] and Bied-
erman [18].
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LABORATORY SIMULATION OF POSTBURN UCG CONTAMINANT PRODUCTLON

J. E. Boysen
C. &. Mones
R. R. Slaser

ABSTRACT

Previous field tests have demonstrated the technical feasibility 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
cperations 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 laboratory simulator was developed, and six simulations of UCG postburn
coal pyrolysis have been completed. The simulations show that the products of
ccal pyrolysis are the source of most contaminants associated with UCG
operations. Injection of water into the UCG cavity can limit postburn coal
pyrolysis and reduce the production of contaminants by cooling the masses of
rubble and coa! ash in the cavity. However, if the injected water forms
channels as it 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 1imits postburn pyroiysis
and subsegquent contamimant generation although steam generated in the hot
portions of the coal limits the rate of water flow.

LCG field 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. This 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 tog much pressure in the
cavity. .

INTRODUCTION

Underground cecal gasification (UCG) is a process for producing gas from
coal without mining the coal. UCG field experiments 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
agata 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 ome of
the key environmental concerns (Cooke and O1jver 1985).

The mechanism for groundwater contamination 1is 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
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. resource, and the resulting liquids and gases are not recovered after shutdown
of the production operations. With time, the high temperatures 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 flow of groundwater (Glaser and OQwen 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

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

2) to estimate postburn contaminant generation (based on the thickness of
the pyrolysis zone}, and

3) to determine potential postburn operatihg procedures for reducing
postburn pyrolysis product generation and migration resulting from the
Rocky Mountain 1 field demonstration. )

The initial series of six experiments is completed.
TECHNICAL DISCUSSION
General

Data from the excavation of UCG tests (Oliver 1986) were used to produce
a simplified schematic of postburn in situ conditions. The upper diagram in
Figure 1 illustrates a coal seam in which an area of coal that has been gasi-
fied. This area is partially filled with hot ash and rubble from thermally
affected coal and collapsed overburden (rubble). At injection shutdown, both
the rubbie and the thin char layer surrounding the cavity are at high
temperatures.

Conditions in the cavity area depend upon the gechydrologic environment
of the site and the UCG operation history. This cavity may be wet or dry de-
perding 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 the overburden. In addition, the postburn pressure in the cavity can be
high or near atrmospheric 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 1. This cylindrical differential element is considered
to be one-dimensional.
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Physical Simulation

Pestburn coal pyrolysis was simulated in a laboratory reactor that is
illustrated 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 illustrated in Figure 2. This sampie configuration allows
the simulation of a differential 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 field. The
rubble 2zone temperature 1is controlled by circulating hot gas through the
tubing coil surrounding the outer circumference of the rubble zone. Poris Hi
and Hg of Figure 2 are the coil inlet and outlet. Additional ports A and k
are used to inject water into the coal and rubble zone, respectively. Thermo-
couples in thz coal monitor the movement of the pyrolysis zone from the simu-
lated cavity sidewali during coocldown.

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, the pressure
in the rubble z2one and at the outer boundary of the coal can be varied. The
control of water influx from each scurce and control of pressure allows for
the simulation of a variety of postburn conditions and potential operating
procedures.

Experimental Procedure

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

1)  The rubble boundary is heated to a predetermined temperature. A initial
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 until the coal core reaches a temperature in excess of
1800°F (382°C).

3) 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 temperature versus time profile in the rubble zone is main-
tained during th:c physical simulation. The physical simulation lasts z4
hours or until the ctemperature at the coal face 1is less than S500°F
(260°C).
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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. 1f water is injected during the
experiment, samples of the injected water are taken during the water
injection pericd. Also, hourly samples of the gases produced during the
experiment are analyzed using gas chromatography.

The initial series of six physical simulations for UCG postburn coal

pyrolysis was designed to consider the effects of three variatles on postburn
coal pyrolysis and the subsequent contaminant generation and migration. The
three research variables are as follows:

i)

2)

3)

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

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 ir the containment of generated contamirznts.

Water influx into the cavity: water influx into the cavity shouid result
in lower cavity temperatures.

The experimental conditions for the six simulations are presented in Table 1.

Table 1. Postburn UCG Coal Pyrolysis Physical Simulation
Experimental Conditions

Rate of
Experiment No. Water Injection Test Conditions
3 0.1 cc/min Cavity Water Injection
Cavity Shut-in
4 1.0 cc/min Cavity Water Injection
Cavity Shut-in
5 1.0 cc/min Cavity Water Injection
‘ Cavity Vented
6 4.0 cc/min Water Injection Into Coal Seam
Cavity Vented
7 0.16 cc/min Nater Injection Into Coal Seam
Cavity Vented
8 1.60 cc/min Water Injection Into Coal Seam

Cavity Yented

Note: Experiments 1 and 2 were trial experiments (shakedown).
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The specific questions to be answered from this series of simulations are

1)  Can postburn coal pyrolysis be reduced by injecting water into the cavity
and/or by inducing water influx through the coal seam?

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

3) Are gaseous and liguid pyrolysis products the main source of phenolic
contamination or is the remaining pyrolyzed coal a significant 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 limiting postburn pyrclysis. The
temperature selected, 500°F (260°C), is the temperature at which signmificant
pyrolysis of the ¢oal begins.

Typical temperature profiles for the coal core are illustrated in Figure
3. The temperature profiles in the coal at three different times during ex-
periment 3 are shown. The initial temperature profile at the time coal com
bustion is terminated is curve "1, the temperature profile at the time of
maximum penetration of the 500°F (260°C) temperature zone is curve "2, and
the final tamperature profile when the fate of the coal cools below 500°F
(260°C) 1is curve "3". Aiso, listed on the figure are the test conditions for -
the experiment. Data for the maximum penetration of the pyrolysis zone
(500°F/260°C) during the physical simulations are presented in Table 2.

Table 2. Experimental Pyrolysis Zone Penetration

Experiment No. Maximum Penctration Depth

3 0.53"
0.38"
0.59"
0.21"
0.31"
0.28"

OOV

The data presented in Figure 4 illustrate the relationship between the
rate of water injection 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-
Jjection 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 previousiy measured parmeability of the
refractory at these temperatures is on the order of Q.1 miliidarcies (md).
This permeability is at least an order of magnitude less *han that published
for Hanna No. 1 coal (Hutchinson et al. 1977). This observ:ziion indicates that
as steam is generated inm the coal pores, the volume expansion creates a con-
siderable impedence to water flow through the hot coal. Also, in experiment
6, wiich tested the highest water injection rate through the coal. the refrac-
tory around the coal core was fractured from the point where the coal core was
at steam temperature out to the coal face. This phenomena may limit water
influx through the coal seam in field conditions.

The data presented in Figure 5 illustrate 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 will limit postburn py-
roiysis. However, the test data for thc case in which the cavity was vented
(experiment 5} do not indicate a benefit from cavity water injection. The data
indicate that there was little 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. In experiment 5, the steam generated from the injected water took
the path of least resistance and flowed out of the rubble zone cooling only a
Tocal region of rubble. Without significant cooling of the rubblie zone or the
coal face, the pyrolysis zone penetration was not reduced. In a field
situation, channeling of water injected into a UC& 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 Migration

The data presented in Figure 6 illustrate 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 illustrate
that as pyrolysis of the coal occurs, the concentration of the water soluble
phenols bound to the coal increases until the coal is compietely pyrolyzed.
Charred regiosns of the coal core have low concentrations of water soluble
phenols 1if the pyrolysis products generated in the core flow away from the
char 2zome. If the pyrolysis products flow through ihe char zone as in
experiment 5 (Figure 7}, the char tends to reabsorb phenols.

The concentration of phenols found in the produced 1iquids is much
greater than the concentration of phenols found on the thermally altered coal.
Table 3 provides a listing of the measured phenol concentrations found in the
produced 1liquids 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 ug/kg range founc in the coal samples. Also, the mass ot
phenois 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 illustrate this fact.
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Table 3. Phenol Concentrations of the Liquids Produced
During the Physical Simulations

Phenols Concentration
Injection Rate In Injected Water In Produced Liquid

Experiment No. cc/min ug/L mg/L
3 0.1 * 650
4 1.0 * -—-
5 1.0 * 210
6 4.0 * 51,6.1,2.1,2.5,2.3,(11)
7 0.16 * 1100
8 1.6 * 130,58,6.2

* Value less than the detection limit for the analytical procedure
(<20 ug/L)

Table 4. Phenol Distribution in the Coal and Product Liquids

vhenol Distribution

Residual Phenols Phenols in
Injection Rate on Coal Produced Liquid
Experiment No. _cc/min (ug) (ug)
3 0.1 106 40,000
4 1.0 116 0 meee—-
5 1.0 118 77,000
6 4.0 43 25,000
7 0.16 73 61,000
8 1.6 71 34,000

The mass of other selected contaminant species found ir 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 Tiquid produced, and the mass of coal pyrolyzed during the simu-
lation. The results of these caiculations are presented in 7able 5. The vari-
ation of results is significant, but it is evident that these contaminant
species originate from the coal seam, ar mubilized when coal is pyrolyzed,
and migrate with the coal pyrolysis products.
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Table 5. Other Contaminant Species Generated During Coal Pyrolysis

Cortaminant Species = Mass of Species in Produced Liquids*
Mass of Coal Pyrolyzed

Lowest Yalue Highest Value
Total Organic Carbon {mg/kg) 2900 4700
Sulfate (mg/kg) 300 4800
Ammonia (mg/kg)** 400 1600
Boron {ug/kg) 80 2800
Fluoride (mg/kg) 20 130
Barium (ug/kg) 90 8900
Arsenic (ug/kg) Trace {<20) 700
Selenium (ug/kg) Trace (<50) . 120 (<360}
Lead (ug/kg) 70 4300

* Reported Towest and highest values based on comparison of results from
experiments 3, 5, 6, 7, and 8. Yalues are presented to confirm
contaminant species origin from coal pyroiysis,

**  Values reported for ammonia represent the mass of nitrogen in the
ammonia.

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are drawn from the results of the initial
series of physical simulations.

1) Liquid and gaseous pyrolysis products are a major source of phenols in
groundwater when compared to thermally altered coal. Phenols in produced
liquids are at Tleast an order of magnitude greater than those water
soluble phenols remaining on the coal.

2) Most contaminant species associated with UCG operations are preseat in
the pyrolysis products. Analyses of the produced liquids verify the
presence of phenols, ammonia, suifates, arsenic, boron, barium, fluoride,
Tead, 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) Mater flow through the coal will Timit postburn pyrolysis, but steam
generation in the coal appears to limit the rate of water flow.

The conciusions drawn from the znalyses of experimental results were used
to formulate ~ecommendations for operation of future UCG field tests. These
recommendations are of particular value to the upcoming Rocky Mountain 1 UCG
Field Demonstration jointly sponsored by the Gas Research Institute (GRI) and
the United States Department of Energy (U.S. DOE). Tie foliowing recommenda-
tions are made to minimize groundwater contamination and promote containment
of contaminants near the UCG cavity.
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1) The flow of pyrolysis liquids into the underground formation should be
prevented. This can be accomplished by minimizing gas leakage to the
formation during gasification and venting the cavity as soon as the
gasification process is complete. Also, water injection into the cavity
must not generate steam pressures greater than the hydrostatic pressure
of the coal seam or connected aquifers.

2) Although preliminary indications show water influx from the coal seam is
beneficial, it may be difficult 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 rate.
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ABSTRACT

Approximately 70 percent of the eastern bituminous coal burned to generate
electricity is physically cleaned in some manner prior to combustion.
Therefore, a substantial amount of coal cleaning plant operating dats and coz=l
cleaning-related reserve information is available for most sastern bituminous
coal seams. In contrast, only four percent of low-rank, western coal is
presently being cleaned, and limited information is available assessing the
response of this coal to physical cleaning. This paper outlines the general
advantages and disadvantages of cozl cleaning for existing low-rank coal mining
and power plant operations. It alse discusses procedures for evaluating the
cleaning characteristics of low-rank coals. Results from cleaning
investigations on three low-rank rtoals, one Robinson Seam subbituminous From
Montana and two HWilcox Formation lignitus from Texas, are used as examples.
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INTRODUCTION

Low-rank coal daposiis (subbituminous and iignite) often occur in shallowly
buried seams, allowing the use of relatively inexpensive surface mining
techniques. The low cost of these low-rank coals, coupled with the proximity of
some of the reserves to areas of high population growth, are two reasons why
domestic electric utility use of low-rank ccal increased from 110M tons in 1977
to 267M tons in 1985 (1). In this same time period, utility use of eastern
bituminous coal increased only five parcent (from 380M to 399M tons).

Unfortunately, this shift to low-rank coal has posed some special problems to
coal mining companies and electric utilities, especially utilities switching
from higher-rank, eastern bituminous coals. For example, the higher inherent
moisture contents and lower heating values of the low-rank coals necessitate
that additional tons be mined, transported, and fired to produce the same power
nslant output that fewer tons of higher-rank coals produce. These low heating
values, coupled :.ith potential haat transfer efficiency problems caused by ash
slagging and fouling tendencies, require conservative pulverizer and boiler
designs for new power plants, or expensive boiler and pulverizer redesigns for
existing power plants that are switching to lower-rank coals. 7 > erosiveness
and abrasiveness of some high quartz content, low-rank coals can also result in
excessive maintenance costs and availability losses due to pulverizer-surface,
boiler-feed line, anc convection-tube deterioration or wear.

Although most western, low-rank coal mining operations do not clean the coal
(2), physical coal cleaning is one commercially available technology with the
potential for reducing many of the problems associated with burning low-rank
coal. Physical coal cleaning is a sorting process based on one or more physical
properties (usually particle size and particle density) used to remove
undesirable species (such as ash- and sulfur~bearing mineral matter) from coal.

Figure 1 ocutlines the general advantages and disadvantages of coal cleaning for
axisting surface mining and power plant operations. The magnitude and in some
cases the direction of these changes is dependent upon a number of factors,
including:

Characteristics of the coal reserve
Mining logistics

Cleaning plant design and operation
Transportation distance and cost
Power plant design

Environmental issues

These factors and their interrelationships are site-specific, rcaking it
necessary to consider each case separately and on a system—wide basis in order
to assess the feasibility of cleaning a given reserve. Figure 1 and the
following discussion should therefore be used only as a guide to coal-cleaning
considerations and not a listing of specific cause and effect relationships.

Coal Cleaning Plant Considerations

Cleaning plant capital and operating costs are dependent cn factors such as the
required capacity (tons per hour), complexity of the design and equipment
saelected for the cleaning plant, refuse disposal system, and local labor rates.
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An EPRI study (3) assessing the cost impacts of coal cleaning for various
regional coal sources suggests that coai-cleaning plants should have capital
casts ranging from 24.00 to $12.00 per ton of annual plant capacity and
operating and maintenance costs ranging from $0.640 to $2.00 per ton of raw coal
processed. Hater requirements for water-based, coal-cleaning processes may also
be 3 concern in arid regions. Closed—water-loop cleaning plants can operate
with water consumptions less than ten gallons per ton of coal processed.
rlowever, the solids dewatering and water reclamation systems required to
minimize water usage increase clecning-plant capital and operating costs.

The costs associated with a cleaning plant must be recovered through savings in
the mining operation, reductions in tonnage-dependent costs, and/or benefits

associated with coal quality improvement at the power plant.

Mining Considerations

Addition of a coal-cleaning plant has four primary effects on an existing mining
operation. The first is that it creates a coal-quality buffer between the mine
and the power plant. Equipment operators do not have to be as meticulous in
segregating the coal seam from other sediments because the coal-cleaning plant
is available downstream to make that separation. This ~an promote less coal
rejection in the mining phase and increase overall mining speed. Secondly, coal
cleaning can increase ccal heating value and improve boiler heat rate. which
raeduces the tonnage required %o achieve the same powar plant cutput. This not
only affects raw-coal tonnage requirements, but reduces other tonnage-dependent
costs (considered later in this discussion).

Thirdly, coal cleaning affects the life of the reserve. In some cases reserve
life is extended because of im--oved coal recovery during mining and/or the use
of portions of the reserve tso low in quality tc be marketed raw. In other
cases, reserve life is shortened bhecause of heating value lost in the refuse
from the cleaning operation.

The final effect of coal cleaning on mining operations relates to mine
praoduction rate. Heating value that is lost in the refuse from ‘he cleaning
operation must be replaced by mining additional tons to maintain the same energy
output from the mine. The energy lost to refuse may be offset to some degree by
improved boiler performance (heat rate) at the power plant. However, if miring
production rate (tons per day) must be increased when a cleaning plant is
constructed, the capability of the existing mining operation to produce this
additional tonnage as well as the cost impact of increasing production rate must
be considered.

Transportation and Other Tonnage-Dependent Considerations

Higher coal heating values and any subsaquent improvement in boiler heat rate
resulting from coal cleaning decrease the tonnage recuired to achieve the same
power plant output, thereby reducing tonnage-dr.pendent costs such as
transporfation, and coal handling and locading costs. These cost savings can be
substantial, especially in cases where the cral is transported long distances
and significant heating value increases resul< from cleaning. For example, if
the coal source feeding a power plant is upgraded from 7,000 Btuslb to 8,000
Btu/lb by cleaning, transportation costs required to provide a given power-plant
output (GW/yr) could be reduced by approximately 12.5 percent without any
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improvement in heat rate. If an improvement in heat rate is realized, the
potential savings become greater.

One point that should be emphasized is that clean-coal moisture content is a
controllable variable dependent upon a number of factors, including inherent
moisture content, coal size consist, cleaning-plant design, mining methods, and
climate. In many cases, concerns over tonnage-dependent costs and coal-handling
problems stemming from increased clean—-coal moisture contents have necessitated
that more elaborate physical dewatering equipment (i.e., hich rpm horizontsl
centrifuges) or thermal drying equipment be used in the cleaning plant. 1In
essence, the potential for reducing tonnage-dependent operating costs and
improving power plant performance dictates the amount of cleaning plant capital
and operating costs dedicated to minimizing the moisture content of the clean
coal product.

Power Plant Considerations v

Figure 1 lists a number of potential power-~plant benefits resulting from
cleaning, including improved pulverizer and boiler performance and availability,
and reduced demands on ash- and SO_-removal systems. The relative changes in
ash~ and S50_-removal system demands can be assessed fairly accurately from
heating valde increases, ash reductions, and S0, emission potential reductiens
accompanying cleaning. However, because of variations that can occur in ash
characteristics and composition, the effects of coal cleaning on pulverizer and
boiler performance and availability are more difficult to quantify.

For instance, with certain coals, cleaning increases the proportion of basic
constituents in the ash and reduces ash fusion temperatures. This may promote
more tenacious ash slagging and fouling characteristics, which can to varying
degrees counteract tha favorable effect that raduced ash loading has on
pulverized-coal-fired boiler performanca. In such a case, the improvements in
boiler efficiency and capacity resulting from cleaning may not be as pronocunced
as expected. Coal cleaning can also change coal mineral-matter distribution,
fly-ash composition, and fly-ash resistivity, thereby affecting coal
abrasiveness and erosiveness, fly—ash erosiveness, and electrostatic
precipitator (ESP) performance.

BACKGROUND

The preceding discussion outlines the general advantages and disadvantages of
coal cleaning, and jpoints out the necessity of conducting individual case
studies for each coal reserve. The overall feasibility of cleaning a given
reserve can only be determined by weighing the cost benefits resulting frem
cleaning against ths cost penalties.

For the last six yvears, the Electric Power Research Institute (EPRI) has been
investigating the cleaning characteristics of prominent domestic cozl seams to
assess the changes in coal quality and power-plant benefits associated with
physical-coal cleaning. The coal-cleaning phase of this research has been
performed primarily at EPRI's Coal Cleaning Test Facility (CCTF) near Homer
City, Pennsylvania: a demonstration facility equipped with commercial-scale,
coal-cleaning equipment. Some of the CCTF-produced clean coals and parent raw
coals are subjected to comparative bench— and pilot-scale combustion testing
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through EPRI's Availability and Life Extension Program. This combustion testing
is designed to quantify the improvements in power-plant performance achieved by
cleaning and gain a better understanding of coal-quality parameters that dictate
various aspects of combustion performance (i.e., slagging and fouling).

The remainder of this paper discusses general methods for evaluating the
feasibility of cleaning a given low-rank coal reserve. Results from CCTF coal-
cleaning investigations on three low-rank coals. cne Robinscn Seam subbi tuminous
from Montana and two Wilcox Farmation lignites from Texas, serve as examples 4.
5).

COAL CLEANING FEASIBILITY EVALUATION

The first step in any coal-cleaning evaluation involves collecting information
about the coal reserve. If the reserve is not being mined, the only sources of
samples are from drilling, channel samples taken along outcrops, and coal
removed from test pits. These three sampling methods can provide valuable
information about changes in coal characteristics throughout the reserve and are
valuable in mine planning as well as evaluating coal cleaning. Unfortunately,
the size consist of samples extracted in this manner (especially by drilling and
channel sampling) may bear little relationship to run-of-mine samples. If the
reserve is being mined, an empirical relationship between these samples and
run—of-mine samples can be developed. If not, engineering judgment based on
pzst experience with similar coals must be used.

A special advantage of an existing mine is that enough coal is available to
allow commercial-scale cleaning tests. The ideal method of evaluating any
reserve involves extensive core drilling to assess the overall characteristics
of the reserve, including coal variability, commercial-scale cleaning tests to
develop reliable plant design and clean-coal quality and cost information, and
Pilot- or commercial-scale combustion tests to assess the impact of clean coal
qualily on boiler perfermance. This entire procedure is rarely followed because
of time and cost constraints. Rather than assume the availability of some
specific level of test data, the following discussion covers most of the
commonly utilized test procedures for making this evaluation.

Size Analyses

One of the most important analyses required to evaluate the cleaning potential
and desired cleaning-plant design for a given run-of-mine coal is the
distribution of weight, heating value, and impurities concentration (ash,
sulfur, oyrite, quartz, etc.) in the various size fractions of the coal. This
information is obtained by laboratory screening procedures developed for the
testing and evaiuation of coals.

Tables 1 through 3 list the size analyses for three low-rank, run-of-mine coal
samples tested at the CCTF. All analyses are on a dry basis because a
wat-screening procedure is required to obtain efficient screening.

The "™Direct®™ zclumns in Tables 1 through 3 iisi the weight proportion, ash
content, sultur content, and heating value in each size fraction. The
"Proportions of Total (%)™ columns list the proportion of the raw-coal's ash,
sulfur, and energy in each size fraction.
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Table 1

RAH~-CDAL QUALITY BY SIZE
Robinson 3eam Subbituminous
Absaloka Mine
Big Horn County, MT

Sire Direct (Dry Basis) Proportion of Total /)
Proportion Total Hoating
of Coal Ash Suliur Valua
Passing x Retained L] Mt X3 (Wt 7)Y (Btu/lbl Ash Sulfur  Engrgy
+2-1in x 3/6-in 14.9 11.1 0.57 11,289 16.0 %.0 14.9
3/G-in X 3/8-in 15.2 9.0 0.85 11,638 13.3 13.6 15.7
3/8-in  x 28H 48.7 8.6 .51 11,512 40.6 46.9 49.6
264 » 20cH 15.1 11.6 1.41 10,893 16.9 22.6 16.6
100H . 200M 3.3 14.7 1.43 105445 4.5 5.0 3.1
200 x 0 2.8 32.0 0.9 8,394 8.7 2.9 2.1
Table 2
RAW-CUAL QUALITY BY SIZE 3
Hilcox Formation Lignite
Big Brown Mine
Freestone County, TX
Sire Direct (Dry Basis) Proportion of Total (7)
Propertion Total Heating
of Coal Ash Sul fur Value
Paszing x Reiained (Rt 72) tHt 7) (Kt Z) (Bhu/lb) Ash Sulfyr Energy
6-in x 1 1/2-in 15.5 11.5 0.93 11,121 9.9 14.2 18.4
1 1/2-in x 3/4-=in 16.9 12.6 1.10 10,917 11.0 17.2 18.5
3/4=in X 3/8-in 18.2 13.9 l.2% 10,684 13.1 20.9 19.5
3/8-in X 284 33.% 15.5 1.22 10,470 26.9 37.7 35.2
284 ». 100M 5.1 1.3 1.17 2,279 5.6 5.5 4.8
1000 x 200M 1.2 36.3 0.98 7,543 2.3 1.1 0.9
2004 x 0 8.7 69.2 ~9.43 3,058 31.3 3.4 2.7
Table 3
RAW-COAL QUALITY BY SIZE
Hilcox Formation Lignite
Winfield North Mine
Titus County, TX
Size Birect (Drv Basis) Proportion of Total (7}
Proportion Total Haating
of Coal Ash Sulfur Value
Passing x Retajned Wt /) IRt 71 (Wt Z [1:3:378]-) Ash Sulfur Enorgy
6-in x 1 2-in 13.5 21.4 0.68 9»723 9.0 13.4 16.0
T W2-in x 3/4-in 9.9 21.4 0.70 9,735 6.6 10.1 11.8
3/6-in x 3/8-in 14.8 22.5 0.68B 9,533 10.4 14.7 17.2
3/8~1n x 264 37.2 21.7 0.88 9,413 25.2 %7.7 4%2.8
28H x 1004 4.9 22.1 D.39% 9,430 3.4 6.4 5.6
1004 ®  200H 2.0 31.7 0.92 8,25% 2.0 2.5 2.0
200M x O 17.7 78.2 G.20 2,131 &3.6 5.1 4.6



One of *he most significant characteristics of the size analyses in Tables 1
through 3 is that, for all three coals, the ash contents of the finest size
fraction (200M x 0) are substantially higher than those of the coarser size
fractions. For the two Wilcox Formation lignite samples (Big Brown Mine and
Winfield North Mine), this high clay content fraction represents a significant
weight proportion of the raw coal (8.7 and 17.7 percent, respectively). The
"Proportion of Total (%)™ columns show that 31.3 and 493.4 percent of the total
ash is in the 200M x 0 size fraction, but this reprasents only 2.7 and 6.6
percent of the raw-coal's heating value (energy). Removal of the 200M x 0 size
frzction during cleaning would therefore be a feasible approach to reducing ash
conten? in *he two lignites, without sacrificing a large proportion of the raw-
coal®s heating valuae.

For thke Robinson Seam subbituminous sample, the 200M x 0 size fraction is only
2.8 weight percent of the raw coal and contains 2.1 percent of the raw-coal's
energy. The ash content of this size fraction (32 percent) is lower than the
two lignites, indicating a higher cleaning potential. The normal commercial
method of cleaning this size range of bituminous coal is froth flotation. While
CCTF work with Robinson Seam (§) did include a preliminary evaluation of the use
of froth flotation to clean this coal, additional work in this area is needed
~afore this technology is applied commercially *o low-rank coals. The lack of
cormercially demonstrated technology, combined with the low proportion of the
raw vnal's energy value contained in the 200M x 0, indicate that it would be
best to discard this fraction.

Another advantags of removing the 200M x 0 size fraction during cleaning is that
moisture-content increases stemming from coal cleaning and potential
coal-handling problems will not be as pronounced as in cases where the fines are
recoverad in the clean-coal product. This simplifies cleaning~plant design and
results in lower cleaning-plant capital and operating costs than are ~equired
wh2n the 200M x 0 coal must be separated, dewatered, and combined with the
clean-coal product.

Lastly, Tables 1 through 3 illustrate that, for all three coal samples, the

sul fur contents in the fine 200M x 0 size fractions are either equal to or lower
than the remaining plus 200M raw coal. Although removal of the minus 20CM size
fraction will reduce ash contents and increase heating values for thase three
coals, it may not reduce sulfur content. Tre coarser size fractions would have
to be cleaned to obtain any significant sulfur or SOZ reductions.

Kashability Analyses

Since conventional coal-cleaning processes are primarily based on differences in
particle density as well as size, it is also important to determine the
distribution of weight, heating value, and impurities concentrations (ash,
sulfur, pyrite, quartz, etc.) in the various specific gravity fractions of rau
coal samples. This specific gravity distribution, termed a washability
analysis, is most useful when performad on the various size fractions of
run~of-mine samples or the seam zones of drill cores and channel samples.

During CCTF investigations of the three low-rank coals, washability analyses
were performed on the various size fracticns of each run-of-mine sample. Figure
2 is a plot of ash loading (1b/MBtu) and SO_ emission potential (lb/MBtu) versus
energy recovsry obtained from the plus 200M washability snalyses. Ash 2nd SO2
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THEORETICAL ASH AND SO
VERSUS ENERGY RECOVERY RELATIONSHIPS
From +200M Raw Coal Washability Analysis

Table 4

COMPARISON OF RAW COAL HEAD ANALYSES
70 THEORETICAL CLEAN COAL PRODUCTS
From Raw Cozl Hashability Analyses

(As-Received Basis)

Energy Heating
Yield Recaovery Moisture Ash sulfur Value 50 ash
e %) [#/4) INt 7} (Ht 2) (Wt 21 (Bhw/lby l].hﬁé(g! (1Y, 517}
ROBINSON SEAM SUABIMMHINGS
Rwse Coul 100 100 2.3 8.2 0.72 8,762 .64 9.4
Theoratical GClean Coal % % 24.3 5.2 0.30 8,960 0.60 5.8
BIG AROMN MINE LIGNITE
Haes Cowl 100 100 31.9 12.8 ©.77 6.779 z.27 18.5
Theoratical Ciean Coal a7 L 33.9 6.4 0.60 72420 1.63 8.7
MINFIELD NORTH MINE LIGNITE
R Coml 100 100 2.8 2.2 0.44 5,550 1.67 38.0
Theoretical Clean Coal k44 92 3. 1.0 0.30 6,056 1.58 13.3

fiotes: = Theoreticsl cleem cosl products do not contsin the 20088 x O 3ize fraction. Do plus 200K mizes, &
perfect damity ssparation at 1,60 specific gravity sas astumed for Robinten Seam cubbituminus and Big
Brosn Minm lignits, snd a parfect separstion st 1.80 spacific gravity waz assumed for Hinfiald North
Hine lignite.

'
- Ax-rectived bagis astisetes sre meds assuming a 2.0 psrcentage point moisturs increaze uwpon cleaning for
sll thres coals. '
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are shown because they are of interest ot many power plants; however, other
impurities, such as quartz or iron content, can be evaluated in the same

manner. Quantities are listed on a lb/MBtu basis to orient the evaluation more
toward boiler loading and because lb/MBtu quantities are independent of moisture
content. The 200M x 0 size fraction washability results are not included in the
pPlots because this size fraction would probably be discardad. 0Only the plus
200M size fraction would be subjected to any type of density separation. The
energy recoveries in Figure 2 do not reach 100 percent because the portion of
energy in the 200M x 0 size fraction has already been subtracted.

The main purpose of these impurities-versus-energy recovery curves (Figure 2) is
to quantify the theaoretical leval of impurities reductions which can be achieved
by upgrading the coal in density-based equipment, as well as the proportion of
tha raw-coal's anergy which must be sacrificed to achieve these impurity
reductions. From a coal-cleaning perspective, it is best to separate the coals
at or near the specific gravity where these curves level off. For example, the
Big Brown Mine lignite ash-versus-energy recovery curve levels off in the range
of eight to ten lb/MBtu of ash (sce Figure 2). Separations yielding a product
containing less than eight 1/MBtu of ash would probably be undesirable because
a small incremental ash reduction must be traded for a shars drop in product
energy recovery. Separations yvielding a product with ash loading much above ten
1b/MBtu may alse ba undesirable bacause a small increase in energy recovery must
be traded for a large incremental increase in ash loading.

The changes in slope of the curves in Figure 2 suggest that it would probably be
bast to clean the Robinson Seam subbitumin.us ana 5ig Brown Mine lignite samples
at a specific gravity of approximately 1.60, and the Winfield North Mine lignite
at a somewhat higher specific gravity (approximately 1.80). In certain cases,
environmental or power-plant considerations can override the logic of using thre
washability analyses to estimate desired separating gravity and clean-coal
quality. The actual separation gravity and cleaning approach at commercial
operations is also affected by site-specific economic and contractual
considerations.

Table % compares the raw—coal analyses to the laboratory clean-coal qualities
and recoveries obtained at 1.60 and 1.80 specific gravities, respectively. The
clean-coal analyses, normally reported on a dry basis, have been converted to
as-received basis by assuming a 2.0 percentage point moisture increase when the
coals are cleaned. These rather small rmoisture content increases seem
reasonable because the difficult to dewater 200M x 0 size fraction will net be
recovered in the clean-coal product.

The laboratory results in Table % suggest that the ash reductions and heating
value increases achieved by cleaning the two lignites will be much nore

~onounced than for the Robinson Seam sutbituminous. Therefore, the potential
savings in transport:tion and other tonnage- or ash-quantity-dependent costs
will be more dramatic for the lignites.

In contrast, the potential for 502 reduction is highest for the Robinson Seam

subbituminous sample (from 1.6G toc 0.68 lb/MBtu) beczuse pyrite (FeS_ ) is

removed during cleaning. Sulfur dioxide reductions of this magnitude (61

percent) would bring the coal well into compliance with the 1971 New Source

Parformance Standards (NSPS) of 1.20 lb’MBtu, and could dramatizally reduce .
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flue—gas scrubbing demands at power plants that must achieve the 78 +to 90
parcent SO2 reduction restrictions in the 1979 NSPS legislation.

Table 4 also illustrates that at these reasonably high separation gravities
(1.60 to 1.80), between 92 and 96 of the raw coal's energy was recovered in the
laboratory clean-coal products. However, in commercial-scale cleaning
processes, the yields and energy recoveries at these given ciean-coal qualities
should be substantially lower because of the inherent inefficiency of
commercial-scale cleaning equipment.

CCTF Clczaning Results

The preceding section illustrates that a substantial amount of cleaning
information can be obtained fro= relatively inexpensive laboratory analyses on
run-of-mine coal samples. Drill core and channel samples can be analyzed in the
same fashion, except that it may be more meaning®ul to separate these seam—only
samples by the zones of the seam instead of by size. I: other impurities such
as quartz, pyrite, or Na_0 are causing specific problems at the power Flant,
their potential cleaning reduction can also be assessed by including them in the
size and washability analyses.

If these preliminary laboratory results look promising and warrant further
investigation, actual cleaning tests can then be performed to determine the true
cleaning response of the coal and the performance of specifie cleaning c¢ircuits.
Such tests also provide bulk samples for comparative combustion testing.

For the two Wilcox Formation lignites and the Robinson Secam subbituminous
samples, actual cleaning tests were performed using the 25 ton~-per—hour,
demonstration-scale circuits at the CCTF. The circuits utilized combinations of
a heavy-media vessel to clean 6-in x 3/8-in coarse coal and a concentrating
table or water-only cyclones to clean 374 or 3/8-in x 200M intermediate size
coal. The fina 2D0M x 0 raw coal was discarded in all tests.

Table 5 lists the raw-coal qualities and resultant clean~coal qualities and
cleaning-circuit performances for each coal. For moisture-depandent parameters,
the information is given on both as-received and drv bases.

The actual cleaning results verify the observations made from the raw—-coai size
and washability analyses (Table 4); namely, that the most pronounced ash
raductions and heating value increases were achieved for the two lignites, and
the SO0, reductions were most significant fer the Robinson Seam subbituminous.
The eneérgy recaoveries of 87 to 90 parcent also illustrate that 10 to 13 percent
of the raw coal’s energy was sacrificed to achieve these coal-quality
improvements.

As expected, the energy recoveries in Table 5 ar> substantially lower than for
the laboratory-produced clean coals in Table 4 because of circuit inefficiency.
The slightly lower separation gravities and clean-coal ash contents for the
Robinson Seam subbituminous and Big Brown Mine lienite cleaning tests also
contributed to the rather large differences between theoretical and actual
performances for thase two coals,
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Table 5
ACTUAL COAL CLEANING

PERFORMANCE RESULTS
From CCTF Cleaning Tests

Abswloka Mine Big Brom Nine Hinfield North Mine

Bobinson Seem Subbitwmiroys Wi Li i ignite M £ ion L
Cosl Size Cleasnad Crushed to Crushed to Crushed to
3/6~-in x DO 3/8-in « 0 6-in x O
As-Received Dey As -Received Oy Av~Recwived Ory
—Dagis Bogis __Besis Basiz —_Be3is Reiz.

RAM COAL QUALITY
Total Moisture (Nt /1 22.3 - 1.9 - 3.8 --
Azh (et 71 8.2 10.6 12.5 18.4 21.1 3l.e
Volatile Matter (Mt 73 29.1 37.« 3.0 “5.5 23.5 34.9
Fixed Carbon (Mt Z) %9.6 52.0 2.6 36.1 2.6 33.7
Salfur (Mt 2] 0.72 0.93 0.77 1.13 0.%6 0.69
Pyritic Sulfur (Nt 71 0.49 0.6% 0.22 0.3z 6.05 ‘0.07
Heating Value (Btw/ib? 8,761 11,280 6,779 9,954 £,55%0 8,259
Ash (lbABtu) .4 18.5 38.0
soz 1 Ib/MBtu) 1.66 2.27 1.67

CLEAN COAL QUALITY .
Total Moisture it 72} 25.3wn -- 36.6 -- 33.2 -
Ash (Nt Z) .7 6.3 6.0 L8] 13.0 19.4
volatile Matter (nt Z) 28.2 7.7 30.8 7.1 30.3 5.3
Fixed Carbon (Mt Z) 1.8 56.0 z8.6 “3.8 23.6 35.3
Sulfur 14t /) 0.31 0.61 0.65 0.99 0.56 0.84
Pyritic Sulfur (Mt Z) 0.09 0.12 0.08 0.12 0.03 0.04
Heating Value (Btu/lh) 8,950 11,981 7,437 11.369 6,59 .87
Ash tlb/MB by} 5.3 8.0 19.6
soz (loBtu) 0.8 1.7 1.70

CLEANING PE"ME-
Yield 1Mt 7} 85 az 87 B4 75 75
Erergy Recovery t7) 87 K0 &9

®  Yields and energy recoveries were determirmd from indivichml CCTF flowsheet tetts during which feed coal
quality was slightly different from rae coal quelity listed above.

so Iradequats conl dmatering squipment sas used in this test, resulting in uwealistic soisture contant increases
for the clesn coal. Thaveforae, a ressaable moisture content increase of 3.0 percent was assumed for tha
clean-comsl product.
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Combusticn-Related Analvses

Table 6 compares combustion-related laboratory analyses for the raw coals and
CCTF-produced clean coals. The information is grouped into coal analyses, ash
fusion temperature analyses, and ash compositions. The infermation in Table §
is oriented toward rulverized-coal-fired, dry—bottom boilers due to their
applicability for low-rank coal combustion. For cvelone~fired, wet-bottom
boilers, the arguments and considerations could be vastly different.

Hith the exception of ash fusion temperatures and compositions, all analyses in
Table 6 are on an as-received basis. Hardgrove Grindability Indices are
obtainad from a laboratory procedure to determine how difficult a coal will be
to pulverize. Lower Hardgrove Grindability Indices (HGIs} signify that more
energy will be required to pulverize a given quantity of coal to minus 200M (the
typical pulverized-coal-fired boiler feed size).

Robinson Seam Subbituminous. Although the ash reduction was not as pronounced
for the Robinson Seam subbituminous coal as for the two lignite samples, the
Robinson Seam's drop in ash content should still significantly reduce the
abrasiveness and erosiveness of the cocal. Cieaning reduced ash loading
(lb/MBtu) by 44 percent, possibly promoting reductions of similar magnitude in
ash handling and disposal raquireTents and convection—-tube erosion.

The HGI for the Robinson Seam coal remained essentially unchanged with cleaning.
This sigrifies that, on a weight basis, pulverizer energy requirement (kHh/ton)
and capacity (tons/hrs) should be very similar for the raw and cleaned coals.
However, on an equivalent heating value basis, pulverizer energy requirements
(kHh’MBtu) and capacity (MBtu/hr) should be improved by approximately the same
magnitude as heating value increases resulting from cleanirng.

The ash fusion temperatures for the Robinson Seam clean coal are slightly higher
than for the raw coal, perhaps due to the removal of pyrite (FeS.) and
subsequent reduction of Fe_0O., content in the ash. The slagging Index (R )
détermined from ash fusion temperatures increased significantiy for the clean
coal, indicating lower ash slagging potential. Heat transfer efficiency in the
combustion zone of a pulverized-coal boiler should improve when burning this
cleaned coal due to the combined effects of reduced ash leoadinuy and less
tenacious ash slagging tendencies.

In contrast, the Na_0 content in the ash and resultant fouling index (R_7*)
increased when the ﬁobinson Sean subbituminous coal was cleaned. Both the raw
and clean coal fail within the low—to-medium fouling range, indicating that
convection-tube fouling mav not be a lcad-limiting problem. However, the
sncreased Na,_0 concentration in the clean—coal ash may counteract the pesitive
effects that reduced ash loading has on convection-tube, heat transfer
efficiency.

Hilcox Formation Lignites. The raw lignite samples have much higher ash
loadings (1%.5 and 33.0 1b/MBtu) ‘than the Robinson Seam subbituminous ceal, and
greater potential ¥for ash removal and heating value enhancement with cleaning.
Table é also illustrates that the quartz contents of the lignites, particulariy
the Hinfield Horth Mine lignite, decreased with cleaning. The reductions in
pawer plant ash disposal requirements, coal abrasivenass, and fly-ash
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Table ¢

COMBUSTION-RELATED COAL
AND ASH ANALYSES COMPARISONS
From CCTF Raw and Clean Coal Products

»j x_Formati
Clean Coal  Raw Cos]
85 100
87 106
25.3 319
5.3 18.5
a.68 2.27
2z.3 “7.8
8,950 6,779
62 3 Na <8 o 12.8
NA NA
(3} 101.000
2,107/ 2,030/2,050
2,118/NA 2,120/2,12¢C
2,122/ 2,260/2,280
2,126/NA 2,310/2,320
36.3 5.5
1e.9 15.9
3.7 5.5
25.6 11.3
1.2 1.9
2.9 8.5
0.% 0.7
1.7 1.1
0.2 NA
0.2 NA
12.4 8.9
lc2.6 100.0
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High Severs
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erosiveness stemming from these coal quality improvements will undoubtedly lead
to benefits in pulverizer and boiler performance and availability.

In contrast, the ash fusion temperature and ash composition analyses in Table §
illustrate one area of concern when cleaning the two iignites. Namely, for both
lignite samples cleaning increased the proportion of basic constituents, such as
Fe,d_, Ca0, M30, and Na_0, in the ash, and reduced ash fusion temperatures. The
conventional indices ingicate that the slagging and fouling tendencies of the
ash would be advarsely affected by cleaning, which moy have a negative impact on
pulverized-coal-fired boiler performance.

Pilot-Scale Combustion Results. As part of another EPRI project (RP-2625), the
Big Brown Mine raw and clean lignites listed in Table é were subjected to
comparative bench~ and pilot-scale combustion tests at Combustion Engineering's
Fireside Performance Test Facility in HWindsor, Connecticut. TYhe combustion
testing was designed to simulate full—-scale, pulverized-coal=-fired boiler
performance and to reduce the level of uncertainty associated with predicting
the impact of ccal quality on boiler performance from laboratory tests alone.

The results from this project have not yet been issued as an EPRI report, but
the preliminary data seem to verify many of the trends predicted by the analyses
in Table 6; namely, that the main powar-plant improvements resulting from
cleaning the Big Brown Mine lignite will be reduced coal abrasiveness and
erosiveness, decreased fly-ash erosiveness, and lower ash handling and disposal
requirements and casts. In the tests, normalized erosion rates for an
experimental convection-tube were reduced by approximately 50 percent when
burning clean lignite. Coal abrasiveness and required grinding energy were alsc
substantially lower for the clean coal, leading Combustion Engineering's staff
to predict improvements in both pulverizer capacity and availability.

The main surprise in the pilot-scale combustion resuits for the Big Brown Mine
lignite was that the increase in basic constituents and reduced ash fusibiltity
temperatures for the clean coal did not seem to have any significant adverse
effects on slagging and fouling tendencies in the pilot-scaie furnace. Slag
deposits produced from the cleaned lignite were generally thinner and more
sintered in nature than those prcduced from the raw lignite. Fouling deposits
were cleanable by sootblowers up to five-gas temperatures of 2,330 F for the
cleaned lignite, whereas deposits were cleanable up to flue-gas temperatures of
enly 2,220°F for the raw lignite.

The discrepancy between the pilot-scale slagging and fouling results and the
tendencies predicted by the standard ASTHM based indices illustrates the
importance of comparative combustion studies to evaluate coal cleaning
feasibility. Obtaining a better understanding of the reasons for these
discrepancies is one of the goalz of the continuing research of EPRI's
Availability and Life Extension Program. A more complete evaluation of the
pilot-scale combustion results for the Big Brown Mine raw and cleaned lignite is
also included in the Biennial Lignite Swvmposium Proceedings (7). The paper,
entitled "The Effects of Coal Cleanings on the Combustion Performance
Characteristics of Big Brown lLignite,™ summarizes the pilot~scale combustion
investigation results and predicts some of the economic implications of cleaning
the feed to Texas Utilities Big Brown Power Station.
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CONCLUSTIONS

Assessment of the potential of physicai coal cleaning to improve the combustion
performance of iow-rank coals requires evaluation of the entire system, from
coal mining through power generation. While this evaluation can be performed
using only laboratory data, commercial-scale cleaning tesis and commercial- or
pilot-scale combustion tests reduce the level of uncertainty inherent in using
laboratory-scale data to predict commercial-scale performance.

The three low-rank, coal-cleaning investigations performed to date at the CCTF
have all shown significant improvements in coal quality with cleaning, and
acceptable energy recoveries in the clean-coal product (87 to 90 percent). At
reasonably high separation gravities (1.60 to 1.30), the small proportion of +
3.10 specific gravity material (2.0 to 3.0 percent) facilitates the use of
relatively inexpensive t¢ operate, water-based, coal-cleaning equipment (such as
jigs, water-only cyclones, or concentrating tables). The ability to reject the
fine 200M x 0 raw coal without losing an excessive amount of energy promotes
lower clean-coal moisture content and less potentiai for coal-handling
problems. Fines rejection may also eliminate *he need for elaborate physical-
or thermal-dewatering circuits in the cleaning plant.

The main differences in the cleaning results for the three low-rank coals are
the potential power-plant benefits resulting from cleaning. The two lignite
samples had more dramatic ash reductions and heating value improvements than the
Rebinson Seam subbituminous sample, indicating greater potentisl improvements in
pulverizer and boiler availability and greater reductions in tonnage-dependent
costs. In contrast, the Robinson Seam subbituminous had more pronounced SO
reductions, indicating greater potential reduction in flue-cas scrubbing coSts.

EPR]l is continuing its investigations into the potential benefits and
applicatiors of coal cleaning for low-rank coal reserves. One goal of this
research is {2 provide information for EPRI-member utilities experiencing
coal-quality-related problems or performing the type of evaluation discussed in
this paper. Anyone interested in CCTF activities can obtain more information by
contacting Clark Harrison, EPRI Project Manager, Coal Cleaning Test Facility,
P.0. Box 98, Homer City, Pennsylvania 15748, (412) G79-35D3.
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ABSTRACT

The deleterious effect of oxidation processes on coal flotation is gene-
rally recognized by researchers in the field. The present study, however,
demonstrates that rproperly controlled low-temperature heating can actually
ilmprove eoal flotation and its separation from mineral matter especially for
low-rank ecoals. With a lignite sample, low-iemperature heating at 130°C for a
given time under ambient atmosphere leads to a higher yield and greater ash
rejection during subsequent bench-scale flotation experiments. By combining
experimental results from Hallimond-tube and bench-scale flotation experi-
ments, bubble attachment-time measurements, wetting phenomena, and FTIR spen-
troscopy, it is elear that thermal treatment imder the above conditions, which
involves dehydration and oxidation reactions, changes the coal sample to a
more hydrophobis state. These new results provide further evidence of <%he
complexities involved in the analysis of coal surface chemistry as rela‘ed %o
flota*ion phenomena.

INTRODUCTION

<% 1s well known that generally coals with higher ranks possess a natural
flotatility whereas lower-rank coals have a mere hvdrcprhilic character. The
flotation response of coals has long been known %o vary with carbon content
and asn content (1,2). Because of the hydrorhilic character of low-rank
coals, they are difficult to float even at a high dosage of oily collectors
such as kerosene. € is ndt uncommon thzt several tens of pounds of fuel oil
are required to float sub-bituminous coal or lignite (3,4). Further, at such
31 high oily collector level, particle aggregation phenomena is so severe that
substantial separation of coal particles from mineral matter is diffieult 1.0
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 low-rank coals.

Poor flotability of low-rank coals is attributed $to the higher con.en: of
oxygen-containing groups, such as carboxyl and hydroxvl groups (4-7). When a
fresh coal swrface is exposed to the atmosphere, oxidation starts and oxygen
contzining groups are formed at the cosal surface. Tnis oxidation phenomena
nas been repsrted by many authors Lo result in a decrease of the hydropnobie-

ty and henee a decrease in the flotability of suech .0als. Fuerstenan et al.
(8) further suggested that “he oxygen functional groups control not only “he
thermodynamies but also the kineties of coal flotation.
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With the study of coal oxidation in soluticon by a variety of oxidants
snen as HNO,, KZCr207/HNO3, KMNOH/OH", BUOOH/AIBN, NaOCl/OH , ete. (9-11), ii
nas begen obServed that a polymeric amorphous and polydispersed produect can be
formed, which is often identified as humic acid. The major functional group
of tne humic aeid is known to be the carboxyl group (12). Other constituents
such as phenolic, alecholic, carbonyl, and methoxyl gzroups are alsd present in
humie aecid in significant amounts (13). Yarzab et al. (6) have suggested that
tne humic acids thus formed are similar in siructure to low-rank coal. As Lhe
aoxidation of <the ecoal suspension proceeds further, walter-soluble acids are
formed with the color of the solution changing from rusty-brown towards yel-
low-green and finally disappearing. From the foregoing brief review, a basis
far the poor flotability of low-rank coals is established and the importance
of oxidation phenomena in the %echnology of coal flotation is evident.

Nevertheless, in contrast to the decrease in hydrophobicity and flotabil-
i%y of coals by extensive oxidation as reported by many researchers, a few
researchers have indicated that modestly controlled thermal treatment actually
increases the flotability for ceritain types of coals. For example, in 7 out
of 10 samples, con%inuous flotation using a kercsene/pine 5il reagent showed
that dehydration and oxidation by heating at 100°C can result in a higher
flotation yield than that obtained in convenft.ional control experiments (14).
Ahen tracing the literature back to 1954, .experimental data from Sun (5) also
show an increase in bench-scale flotation recovery for anthracite and ligni‘e
with a nmodest thermal %4reatment (Figure 1).

LIGNITE ANTHRACITE
1CQ

®

Pu

[+«

w

2

w

o
0 2 4 6 8 O 1 .2 3 4

OIL , Ib/ton
OXIDATION [ 150 hrs] OXIDATION [250 hrs}
1 Blank 1 Blank 4 300°C
2 150°C 2 200°C 5 350°C
3 200°C 3 250°C
Fig. 1 Flotation recovery of lignite and anthracite coals from

bench-scale flotation test as a function of thermal
treatment (5).
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Further experiments carried ou% in this present study substantiate these
findings. 1t iIs =2nfirmed that modes®t low-tenperature neating does increase
tne hydrophobiecity of low-rank coals, a*t leas® for the coals investigated. Of
the six coal samples investigated (anthracite, low-volatile bituminous, med-
lum-volatile bituminous, high-volatile bituminous, sub-bituminous and 1lig-
nite), significant improvement in c¢oal nydrophobicity in terms of bubble at-
tachmen® times and flotation recovery is observed for both sub-tituminous coal
and lignite after a modest thermal treatment under an ambien® atmosphere.
Examina%ion of the coal using a DIGILAB FTS-40 FTIR spectrometer reveals a
notable change in the FTIR spectra of lignite after low-temperature heating.
Researen 1Is still in progress and preliminary results are presented in this
paper.

SAMPLES AND PREPARATION

5ix coals of different rank were initially chosen for this study.
Tabie 1 gives the characteristies of these samples. Samples used for bubble
attacnment-time measwements and Hallimond-tube flotation experiments were
webt-ground in a peorcelain ball mill with distilled water, screened %o a size
of 100x200 mesh and tnen air-dried. The samples used for bench-scale flota-
%“ion were directly wet-grcund in the porcelain ball mill with distilled water
%~o 100% passing 100 mesh before being transferred to the flotation cell. The
sanples used for FTIR spectroscopic analysis were wet-gromnd in a porcelain
mortar with distilled water to a size of minus 5 um then vacuun dried and
svtored in a desiceator. Low-temparature hea“ing of the samples was done at
130°C under an ambient atmcsphere.

Table 71 Identification and Characteristies of Coal Samples

Mine/Plant.
Rank- Location % Ash ¢ Sufur
Enthracite Panther Valley, PA 3.0 0.65
Low~-Volatile Cambria #33,
3ituminous Cambria County, PA 6.6 1.04
Medium-Volatile Helvetia/Helen 6.9 1.10
Bituminous Homer City, PA
High-Volatile Valley Camp of Utah 7.0 0.80
3ituminous Helper, UT
Sub=-Bituminous Clovis Poin%t Mine 11.0 0.56
Gillet, WY
Lignite Big Brown Mine 27.9 1.03

rreestone County, TX




HYDROPHOBIC CHARACTERIZATION BY BUBBLE ATTACHMENT~TIME MEASUREMENTS

In general, the hydrophobic character of c¢oal can be studied by contaect
angle measurements, with either the captive-bubble 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 ©o describe the hydrophobie/hydraphilic balance of eodals,
ineluding wettability .by surface tension measurements (17), immersion-time
measurement (7,18), salt flotation experiments (19), bubble attachment time
(20), etec. The bubble zttachment-time measurement was chosen for ¢he present
study because no wetting agent was used in the flotation experiments.

Measurements of bubble attachment time were carried out with an elec—
tronie induction timer (produect of Virginia Coal and Mineral Services, Inc.).
A captive bubble (approximately 2 mm) held on a bubble tube was pushed by an
electromechanical power driver so thal the tip of the bubble was kept in
contaect with a bed of particles for a given time (econtact time). After %he
bubble, together with the tube, returned to its original position, the bubble
was observed through a microscope %o decermine whether attachment of partiecles
at, the bubble surface had occurred within that given contact time. The exper—
iment was repeated Lo obtain ten observations at different positions of the
particle bed, and the number of observations which resulted in attachment was
2ounted. terwards, the contact time was then changed by adjusting the pulse
frequency, and experiments at this new contact time were repeated. Finally,
the contacl time at which 50% of the observations resulted in attachment was
taken as the bubble attachment time. Further, the contact times from the
electronic induction timer were calibrated with an SP2000 high-speed video
system (Spin Physics). The attachment time measured in the present siudy is
quite aceurate. ’

The bubble attachment time is defined as the time required for ths dis-
joining water film between the solid and gas phases to drain £o such a thick-
ness that rupture of the water film takes place. The actual abtachment of the
particle on the bubble is established after the rupture of the water film.
This parameter is a kinetic coriterion and is determined by the surface chemis-
try features of the bubble and particle and can be altered by flotation rea-
gents. Highly hydrophobic particles possess short bubble-attachment %imes,
while nhydrophilic particles require long contact times in order to establish
attachment, .

The bubble attachment time for the different ¢oal ranks are contrasted in
Figure 2. The low rank coals are generally the most hydrophilic as revzaled
from this data showing bubble attachment times as much as 10 times greater
than the higher rank coal, the low-veolatile bituminous coal. If these coals
are sudbjected Lo 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 types are given in Figure 3. It was observed
that a significant decrease in bubble attachment time is achieved for both the
sub~-bituminous cozl and the lignite after heating at 130°C for a period of
time. . can be realized that the low-temperature heating alters the surface
character of both lignite and sub~bituminous coal. Based on the principles of
bubble attachment phencmena, a deerease in attachment fime implies that the
edals have become more hydrophobis. A better flotation response for both
lignite and sub-bituminous ecoal is expected after low-temperature heating.On
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Fig. 2

Fig. 3
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the other hand, %the thermal treatment has lintle effect on high- and low-
volatile bituminous «0als and asctually increases Lthe bubble attachment time
for tre medium-volatile bituminous eoal. Bubble attachment time for anthra-
zite eonal is flirst decreased and then increases when the heating lS ex.ended
beyond 60 hours.

HALLIMOND-TUBE AND BENCH-SCALE FLOTATION

The Hallimond-tuiibe and bench-szale flofa<tion Lestus wers carried oub with
lignite, since the most significant change ln babble attachment Lime was ob-
served in this ease. The Hallimond-tube flotation experiments were done with
150 ml distilled water and 3 grams of coal, 50 ml/min air flow rate and pH 5.5
to 6.0, After the coal parflﬁles were heated at 130°C for a gliven time and
rooled <o room %temperature, the sample was first transferred into "a beaker
containing 60 ml distilled water, fhen gently stirred for 5 minutes to wet the
sampie followed by 2-houwr 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 1long
flotation times so that indiseriminate transport of coal particles due to
turbulence of bubble motion could be avoided and thus the true flotability of
she c£oal particles was measured.

Experimental results from the Hallimond-tube flotation experiments are
given in Table 2. Inecredible improvement in flotation recovery was obtained
with the low-temperature heating process. In faet, after two hours of Halli-
mongd-tube flotation with no reagenft addition, untreated lignite particles
could no%t be recovered, whereas a recovery of 84% was achieved after low-
temperature heating. Other results show that this recovery is sustained even
after 65 hours of thermal %“reatmen%.

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

Thermal Flotation Yield
Treatment Time Time (%)
(minutes) (hours)
0 2 0.3
3 2 27.0
5 2 55.4
10 2 55.3
50 2 83.9

Bench-secale flotation experiments were carried out with a 2-liter Gali-
gher fiotation machine at 5% solids, 4 ml/min air flow rate, 900 rpm, 1 kg/ton
MIBC, and 10 kg/ton kerosene. Again, vigorous stirring was necessary %o fully
wet the thermally freated lignite particles before adding flotation reagents.
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The Improvement in lignite hydrophobicity by low-temperature heating is
again evident from bench-scale flotation experiments, as shown in Table 3.
Witn 10 minutes of flotaticn, lignite recovery is 18% without any thermal
treztment and 69% with thermal treatment. It is noticed that the 1 provement
in flotation recovery for bench-scale flotation experinments is less (1an trzs
observed for Hallimond-~tube experiments, probably Dbecause a hign kerosene
dosage was used for bench-scale flotation.

Table 3. Comparison of Flotation Yield and Ash Rejestion
for Minus 100-Mesh Lignite Coal Particles
with and without Therma. Treatment.
Bench Scale (1 kg/ton MIBC, 10 kg/ton kerosene)

Coneentrate Product

Thermal Flotation Yield Ash Content
Treatment Time Time (%) {(®
0 5 minutes 16 12.5
0 70 minutes 18 13.1
65 hours 5 minutes 50 10.1
%5 hours 10 minutes 69 13.4

Table 3 also gives the ash content in the lignite clear coal product from
the bench-scale flotation with and without thermal treatment. Signifiecant
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-temperature heating causes the lignite t> become
difficult to wet., Extended wetting and stirring had to be done after thermal
treatment so that the coal particles would be wetted prior ¢¢ Hallimond-tube
flotazion tests and bubble attachment-time measurements. In this regard, a
natural wetting experiment was carried out in distilled water to observe the
wetiing Kineties of the lignite eooal particles with and without low-
temperature heating.

Immersion time and imbibition techniques have bteen shown to be successful
to study the wettability of fine coal particles (7, 18, 21, 22). The imibibi-
tion technigue was used tO study the wetting phenomena of lignite with and
without thermal treatment. The wetiing test was carried out without addition
of any weiting agents. In these uxperiments, 3 grams of coal (100x200 mesh)
with and without low-temperature heating were placed on the surface of 80 =l
distilled water ir a 100-ml beaker. The system was ndot 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 wettability study are given in
Figure 4. The effect of low-temperature heating upon the wetting of lignite
is eclearly shown from the figure. 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 water in one minute without thermal treatment.

100

80
g 60
2
o After Heating
:E 40 for 65 hrs

20

0o W __ | Bi I
0 1 2 3 4

WETTING TIME, hrs

Fig. 4 -Particle wetting versus time for 1lignite coal
sample with and without low-temperature heating.

FTIR SPECTROSCOPY MEASUREMENTS

In order to understand the chemistry governing the low-t{emperature heat-~
ing process and to monitor the hydrophobiecity change of lignite during the
ourse of low-temperature neating, FTIR spectroscopy measuwcements were carried
<'1t. The spectra were run on a DIGILAB FTS-40 FTIR Spectrometer equipped with
an MCT deteaxtor. A diffuse reflectance technique with an environmentally
montrolled chamber was used for these measurements. All spectra were obtained
with 700 scans at 2 em ' resolution, and the experiments were run against a
KBr blank. The optical bench was purged with compressed dry air.
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FTIR speeciroscopy na2s been suscessfully used for i characterization of
coal surfaces (20,23-25). In previous work it has been shown ~ha%t coal hydro-
phobizity as determined by nontact angle, bubble attachment Lime and flotation
recovery can be characterized by an FTIR spectrosecopic eriterion which =2ont-
rasts the abundance of surface hydropnilic groups (hydroxyl and carbaxyl
groups) with the abundance of surface hydrophobiec groups {aliphatic and aro-
matl~ CH groups). Such a criterion was successful to show the rank-dependence
of coal hydrophobirity. In the presen®. worx, however, it was observed that
the value of absorption intensity of hydroxyl groups in low-rank 2oals, espen~
ially in the lignite sample used, decreased to zero af“er heating at 130°C for
only a short time (See Figure ). In addition, the aromatie hydrogen content
in most low-rani =0als is neglegible. T is difficult to cetect this group dy
its absorption peak at 3030 cm ', especially after thermal treatment. In this
regard, a revised index %o describe the hydrophobic character of coals from
FTIR spectra, which ~an be used for coals in both the natural state and after
tnermal treatment, was formulated:

r Ki(HL)i .
Hydrophiliei%y Index = ——— (1)
L KJ(HO);
J

“here (I—‘L)i is a measure of the abundance of the hydropnilic functional group
i and (HO), is a measure of the abundance of the hydrophobic functional group
j ac =ne <lal swface respectively. K; and K; are corresponding coefficients
and may be determined eitner tLheoretically or %xperiementally.

If we consider tCha® *%“he aliphatlie and aromatic CH groups are the only
nydrophobie funectional groups and that the hydroxyl and carboxyl groups are
the orly hydrophilic groups, then the hydropniliecity index given by equation
(1) ean be simplified as:

o (-COGM) + 2(~0H) ,

Hydronpilieity Index = R-4) = (Ar=H) (2)
«here (~-CODM), (-CH), f‘R-H), and (Ar-H) are the values of the absorption
idtensiny as expressed bty the Kubelka - Munk funection (25,27) for carboxyl,
nydrozyl, aliphatic CH, and aromatiec CH groups. Because the hydroxyl group
nas dugl funetionality being able to act as both a hyarogen donor and hydrogen
acceptor whereas tne carboxyl group acts only as 2 nydrogen acceptor then the
contrisution to nydrophilie character from the hydroxyl group is expected %o
be twine that of the carboxyl group, a factor of 2 is used for the absorpticn
intensity eoefficient for the hydroxyl group whereas <the coefficientis for
other funetional groups at this time are assumed ©o be unity.

Jsing such 2 definition for thne hydrophilieity index as given by equation
(2), a rank-dependenne of noal hydrophobiecity for six samples is plonted in
Figure 6. Comparing the.e results with measwured bubble attachment <%imes
{Figure 2) and contact angles {(Figure 7) for six coal samples, it is elear

“nat tnis hydropniliecity index as determined from rTIR speoctra presents 2
rather good measure of the hydrophobie/nydrophilic balance at a o293l surface.

The hydrophilicity index as a funetion of lignite heating time is plotted
in Figure 8. Two plateaus can be observed. The (ndex drops quickly %o %the
firs% plateau a% an Index value of 3.1. As heating a*% 130°C is extended and
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Fig. 7

Fig. 8
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another plateau is found the index reaches a stable value of 2.8 within the
neating time investigated. By combining the results from this figure together
with those from bubble attachment-time measurements and flotation tests, i%
can be suggested vhal the hydrophiliecity of the lignite coal decreases during
thermal treabment at 130°C. At the same time, the OH groups disappear from
the lignite surface as is evident from the spectra presented in Figure 5.
More discussion follows in the next section,

Further, it has been found from these experiments that this new state of
hydrophobieity created by low-temperature heating is not reversible. After
low-temperature heating atc 130°C for 65 hours, the hydrophilicity index given
by Equation 2 remains essentially constant even when the heated reoal sample
has been placed in ambient air for up to 69 hours. These reasults 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 130°C.

Aging Time (hrs) 0 2.8 13.5 25 69
Index Value 2.87 2.64 2.86 2.87 3.09
DISCUSSICN

Although the effect of oxidation on the hydrophobicity of coals has heeh
studied extensiveiy before, and it has been shown in most reports tha* oxida-
“ion alters the coal toward a more hydrophilic state, the present study sug-
gests that low-temperature heating can improve hydrophobieity for certain 20al
types, at least for the lignite sample studied in this work, if such heating
18 controlled at a modest temperature and for Lhe proper time.

Lou~temperature heating seems to involve two opposing phenomena whisch
affeet hydrophobie/hydrophilic balance at the coal surface. Flrst, water
molecules trapped in the pores of coal and adsorbed af the coal surface are
removed during drying, and some carboxyl groups break up slowly with an
increase in the heating time. These phenomena should al%er the ooal toward a
more hydrophobie state. On the other hand, some hydrocarbon ehains a%t the
cozl surface are slowly oxidized to yield new phenol and earboxyl groups, thus
decreasing the hydrocarbon content, which will bring the coal toward a more
hydrophilic state. Apparently, surface-chemistry features of the =20als during
the heating process are determined by the relative extent of these different
rezction types. Most low-rank ccals are high in moisture and carboxyl group
content. An lincrease in hydrophobieity of the lignite after low-temperature
heating seems Lo Dbe atiributed to the first reaction type, especially since
the heating temperature was held a®t 130°C. The increase in hydrophobieity
will faeili%ate the flotation separation of 2ozl particles from mineral mat-
ter. 3Such iIs the case as shown in Table 3.
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Change of the surface chemistry features of eoal during “hermal treatment
shoilld be determined by coal type and heating temperature. In Figure 1, heat-
ing a2t 150°C for 150 hours causes a greater flotability for that partiecnlar
lignite sample but heating at 200°C for 150 hnours is adverse tdo the flota-
tion. On the other hand, in the case of anthracite, a greater flotability ecan
be acnieved even when the heating temperature is increased from 200°C to 250°C
for 250 hours (Figure 1). For the medium-volatile coal sample used in this
study, 130°C nheating for any time period can c-nly alter the coal sample toward
a more nydrophilic state (Figure 3). However, in a previous study with
anotner medium-volatile bituminous ecoal sample (28], it was observed that
heating at 150°C for 8 hours actually derreases the carboxyl group sontens,
The inncrease of carboxyl group content due to oxidation became significent
only when the temperature of healing was lnereased to 200°C.

Further, for a given coal type which can be made more hydrophobic by
thermal treatment, the proper heating temperatuwre seems %0 be related to the
time. In an early study on pneumatic transport of finely ground lignite by
air, it was observed that even partially combusted lignite particles at 450°C
for one minute exhibited a nigh hydrophcbicity and were very diffiecult to wet
by water (29).

In Figure 8, it can be noticed that the hydrophilicity Index for lignite
decreases with an increase of heating time, then reaches a plateau value.
Alterwards, it drops again and then reaches another plateau value. The first
platecu of the hydrophilicity index occurs at a time from 5 to 10 minutes.
Flotation yield from Hallimond-tube flotation follows the oppcsite pattern.
It is suggested that the first plateau be attributed to the dehydration reac-
tion, while the drop to the second plateau corresponds %0 decomposition of
nydroxyl and carboxyl groups-

As ran be noticed from Table 4, change in the coal swface-chemistry
features of the lignite by low-temperature heating is irreversible. This
phenomenon has also been observed by other authors (30,31) and indicates that
a substantial structural change occurs at the surface of the lignite during
low-temperature heating. In faet, from study of a sud-dituminous coal by in-
situ FTIR difference spectoscopy, Gethner (31) has observed changes of the
ocal both with respecet to internal hydrogen-bonding interactions and
variations in carboxyl group frequencies even at 100°C for vacuum drying. On
~his bzsis it was suggested that the standard drying procedures in any parti-
sular laboratory might unknowingly change the coal structure and/or surface
~hemistry.
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