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INTRODUCTION

Several processes have been developed for converting coals to liquid
fuels. 1In order to produce a pumpable, environmentally acceptable fuel,
it is necessary to understand how the properties of the feed coals affect
the composition of the resulting liquid products -- especially the viscos-
ity and sulfur content. It has been shown, for example, that the petro-
graphic (maceral) composition of the feedstock plays a significant role
in coal conversion pr:oc:esses.l_2 The role of mineral matter, however, has
not been as clearly defined or as extensively studied.

Mukherjee and Chowdhury showed that the extent of conversion to liquid
products increased with both ash content and with the concentration of iron
and titanium.?® TIron, as contained in the residues from coal liquefaction
experiments, has been shown to increase the hydrogen transfer capacity of
anthracene oil." It was found that pyrite, and solids from the SRC
(Solvent Refined Coal) process had a significant effect on the hydrogena-
tion of creosote 0il, and that coal ash, reduced iron and SRC solids
exhibited a considerable activity for desulfurization.®> 1In that same study,
it was shown that the conversion of a Kentucky No. 9/14 coal to cresol-
solubles was dependent upon mineral content.

It is clear from the published data that coal minerals may play a
significant role in liquefaction processes. It is, therefore, important
to establish predictive correlations between mineral content and liquid
product composition. Our studies on matter effects in coal hydroliquefac-
tion have been directed toward this objective. We utilized batch autoclave
experiments, under closely controlled conditions of temperature, heating
rate, pressure and residence time, to evaluate the reactivities of several
coals having similar petrographic composition but widely varying mineral
content. This paper will present the autoclave screening data that have
been obtained in the first phase of our program. We will relate viscosity,
sulfur content and conversion to the mineral content of the feed coals.

*This work supported by the U.S. Energy Research and Development
Administration
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EXPERIMENTAL

The coals used in the autoclave screening studies are listed in Table
1. They were pulverized to minus 100 mesh and stored under argon in poly-
ethylene containers. Each sample was thoroughly homogenized prior to use.
Proximate, ultimate and sulfur forms analyses are given in Table 2, and
the petrographic (maceral) composition of each sample is shown in Table 3.
All of the coals used in this study were high volatile bituminous, with
widely varying sulfur and ash contents. Most of the samples had high
(>80%) vitrinite contents and were relatively low in fusinite and micrin-
ite. It was felt that these coals would provide a valuable test matrix
for studying mineral matter effects because they were all of similar rank,
geological origin and petrographic composition, but varied considerably
in ash content.

Mineral matter content was determined by x-ray diffraction analysis
of low temperature ash.®”7 The samples were prepared by ashing the coals
at a low temperature (<100°C) in a radiofrequency field, using a Tracerlab
Low Temperature Asher (LTA 600). The RF power was 200-250 watts, the oxygen
flow rate 60-80 cm®/min and the total ashing time 48-96 hours. Calibration
curves for the quantitative analysis of quartz, calcite and pyrite were pre-
pared, using nickel oxide as an internal standard. The clays were analyzed
by using talc as an internal standard. Kaolinite was distinguished from the
mixed layer clays by expanding the basal layers of the latter with ethylene
glycol. Results of these analyses are given in Table 4 as a weight percent
of the coal on a dry basis. Also included in this table for comparison,
are values for pyrite that were computed from the pyritic sulfur content
shown in Table 2.

The solvent (vehicle) used for the liquefaction runs in this study
was creosote oil (No. 4 cut), which was obtained from the Reilly Tar and
Chemical Co. This oil had a specific gravity of 1.12 and a boiling range
of 270-400°C.

All of the experiments were carried out in a one-liter (Autoclave
Engineers, Inc.) magne-drive autoclave, equipped with a turbine agitator.
A stainless steel liner, with an effective working volume of approximately
0.7 liter, was used in order to facilitate loading and unloading, and to
improve the material accountability. The inside surface of this liner was
cleaned by bead-blasting after each run. The temperature was monitored
and controlled by dual chromel-alumel thermocouples; the pressure was
monitored with a 0-5000 psig transducer. The temperature and pressure
were recorded continuously.

In a typical experiment, the autoclave (with steel liner in place)
was charged with 50.0 g (daf basis) of coal and 115.0 g of creosote oil,
and the mixture was stirred at 500 rpm. The system was purged with inert
gas and leak tested at 2000 psig. The system was then purged with hydrogen,
charged to the desired initial (cold) pressure, which was controlled to 2
psig, and leak tested again. The autoclave contents were heated to the
desired operating temperature (momilnally 430°C) over a period of approxi-
mately one hour. The temperature during the (30 min.) run was manually
controlled to ¥39C. No additional hydrogen was added during the run, and
the pressure dropped gradually as the hydrogen was consumed. At the end
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Table 1

Coals Used in the Autoclave Screening Study

Sample No. State Seam Mine
G98-76 Kentucky No. 11 Fies
98- 64 Kentucky No. 11 Homestead
G98-5h West Virginia Pittsburgh Ireland
G98-57 Illinois No. 6 Orient b
G98-82 Pennsylvania Pittsburgh Bruceton
G98-T1L Kentucky Elkhorn No. 3 Guaranty
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Table 2

Analyses of Coals Used in the Autoclave Screening Studya

Kentucky Kentucky Kentucky
No. 11 No. 11 West Illinois Pennsyl- Elkhorn
(Fies) (Homestead)  Virginia No. 6 vania No. 3
Proximate Analysis
Volatile Matter 39.01 39.24 k1,32 36.69 38.11 36.83
Fixed Carbon 43.80 b7.87 48.73 52.60 58.19 58.81
Ash 17.19 12.89 9.95 10.71 3.70 L.36
Ultimate Analysis
Carbon 6k.77 68.80 72.64 71.48 81.71 80,36
Hydrogen L. 65 L.78 5.19 L. 89 5.35 5.45
Nitrogen 1.24 1.h3 1.27 1.ks 1.6k 1.88
Sulfur 6.11 L.88 L kL 3.00 1.05 0.78
Oxygen (difference) 5.95 7.22 6.45 8.47 6.49 7.17
Ash 17.19 12.89 9.95 10.71 3.70 4.36
Sulfur Forms
Pyritic 3.68 2.h1 1.48 1.27 0.30 0.08
Sulfate 0.11 0.11 0.k1 0.09 0.02 0.00
Organic 2.32 2.36 2.55 1.64 0.73 0.70
Total 6.11 L.88 L hhy 3.00 1.05 0.78
aAlZL data are on a dry basis,
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of the experiment the furnace was lowered. Stirring was continued, and
the contents of the autoclave were allowed to cool to room temperature
overnight. The overhead gases were slowly vented through two caustic
scrubbers, and the system was purged with inert gas. The reaction
Products were removed and weighed. A summary of the operating conditions
used in all of the autoclave screening experiments is given in Table 5.

The liquid product from each run was filtered hot (60-100°C) under
nitrogen (80-120 psig), using a jacketed (brass) pressure filter. In
some cases, due to the high viscosity of the liquid or the gelatinous con-
sistency of the residue, it was not possible to filter the product. 1In
these situations, centrifugation (40 min at 2500 rpm) was used to accom-
plish solids separation, but this was not as effective for ash removal as
was filtration.

The filter cake (residue), consisting of unreacted coal and mineral
matter, was washed several times with acetone. It was then dried over-
night in a vacuum oven at 105°C. The resulting dry residue, a freely flow-
ing powder, was ashed at 775°C. The extent of conversion to liquid products,
on a dry, ash-free (daf) basis, was then calculated by means of a forced
ash balance.®

The viscosity of the filtered liquid product was measured at 60°¢C
with a Brookfield viscometer that was equipped with a small sample adapter.
The estimated precision, based on replicate measurements on certified
standards, was 15%.

The sulfur content of the filtered liquid product was obtained with
a Leco automatic sulfur analyzer, using a combustion iodometric procedure.
Replicate analyses were carried out on samples whose sulfur contents had
been independently determined by the standard Eschka method (ASTM D271-70).
The Leco results were within ¥0.05% (absolute) of the Eschka data.

RESULTS AND DISCUSSION

The data from the autoclave screening experiments are shown in Table
6. All of the liquid products were filterable except for the one obtained
from the Kentucky Elkhorn coal, in which case centrifugation was required
for solids separation. The viscosities of the liquid products varied by
more than an order of magnitude. The observed increases in viscosity
appeared to correlate well with the marked decreases in the mineral content
of the feed coals (Table 6). Since the coals had similar maceral composi-
tions (Table 3) and all autoclave runs were carried out under closely con-
trolled conditions, it may be concluded that the variations in product
viscosity were the result of a mineral matter effect. Thus, changes in
mineral composition had a substantial effect on the quality (e.g., pump-
ability) of the resulting liquid product.

*Ancillary experiments have shown that the product viscosity was strongly
dependent upon the preasphaltene (pyridine soluble-benzene insoluble)
content,9 which, in turn, was related to the mineral content of the feed
coals.
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Conditions Used in the Autoclave Screening Experiments

Table 5

Coal charge

Solvent (creosote oil) charge

Coal particle size

Initial (cold) pressure

Heatup time

Temperature (nominal)

Reaction time (nominal)

Mixing speed

50.0 g (daf basis)
115.0 g

through 100 mesh
1000 psig H2

~ 60 min

k30°c

30 min

500 rpm
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It may be assumed that the sulfur in the liquid product was primar-
ily organic sulfur, since the inorganic forms (pyritic and sulfate) were
concentrated in the insoluble residues. From the data shown in Table 6,
it can be seen that the liquids with the lowest sulfur contents were
obtained from the coals that had the lowest organic sulfur contents. The
fractional decrease in organic sulfur, however, was highest for the
Kentucky No. 11, West Virginia and Illinois No. 6 coals. Thus, the coals

~with the highest mineral contents appeared to be the most reactive ones
with respect to organic sulfur removal. This observation is in agreement
with the work reported by Tarrer, et al., where it was shown that certain
coal minerals catalyzed the hydrodesulfurization of creosote 0il.® OQur
data (Table 6) would suggest that pyrite could have been active in this
respect, but other work has shown that pyrite may not be active for
desulfurization.®’!® Further experimental work will be required to estab-
lish these ideas in a more quantitative manner.

The percent conversion to liquid products were, with the exception
of the Kentucky Elkhorn coal, fairly high (Table 6). Since coal dissolu-
tion is very rapid under the conditions of temperature, pressure and
residence time used in this study,a and since high-vitrinite coals are
reactive in liquefaction processes,2 it is not surprising that the conver-
sions were high. The somewhat greater conversion for the Kentucky No. 11
coals could have been a result of the increased mineral content, but it is
not clear that the observed differences were statistically significant.
The extremely low reactivity of the Elkhorn coal, however, was probably
due to the considerably lower vitrinite content.

The autoclave screening study has provided data that show a good
correlation between mineral composition of the feed coal and product
quality (sulfur content and viscosity). In order to pursue these concepts
in greater detail, several experiments have been initiated with coals
(I1linois No. 6 and Kentucky No. 11) in which the mineral content has been
purposefully altered. This was accomplished by: (1) adding pure mineral
constituents to the feed coal; and (2) removing mineral matter by both
chemical (acid extraction) and physical (froth flotation) techniques.
Preliminary data have confirmed several of the tentative conclusions
reached in the autoclave screening study. These results will be documented
when complete.

SUMMARY

Several high-volatile bituminous coals were hydroliquified, in a
one-liter autoclave, at a temperature of 430°C, initial (cold) Hy pressure
of 1000 psig and residence time of 30 min. All experiments were carried
out in creosote oil as the solvent, at a solvent:coal ratio of 2.3:1.

The feed coals ranged in mineral content from 21% to 5%, and in sulfur
content from over 6% to under 1%. The coals had similar maceral distribu-
tions, and most were vitrinite-rich (>85%). Conversions, calculated

by an ash balance on the acetone-washed residues, varied from 62 to 947%.

The liquid products were assessed in terms of sulfur content and (Brookfield)

viscosity. The sulfur contents ranged from 0.43 to 0.69%; the viscosities
(at 60°C) varied from 75 to 761 cps. A good correlation was found between
the mineral content of the feed coal and the extent of organic sulfur
removal and product viscosity. The highest conversions were found for the
coals having the highest mineral contents.

192

A.)

.- /- - \-“ . _._

L 3 !Ill, llll !II! !II|/ !Ill .II! llll !Ill ]II! !Ill



L.‘

B BN B BN OB BF BN BN BN BN

- e e 4
-,- ’

ACKNOWLEDGMENTS

The authors gratefully acknowledge the valuable assistance of Paul
M. Baca and George T. Noles in all phases of the experimental and
analytical work. We also thank Authur W. Lynch for his assistance with
the product workups and analyses, Frank Aragon and Jake Young for their
help with the autoclave experiments, Gerald T. Gay for the mineral matter
analyses and Prof. Alan Davis. (Pennsylvania. State University) for the
maceral (petrographic) analyses. Finally, we would like to express our
gratitude to Herb Appell, Gene Illig and Margaret Mima, of the Pittsburgh
Energy Research Center, for their patience, help and guidance throughout
this program.

REFERENCES

1. P. H. Given, D. C. Cronauer, W. Spackman, H. L. Lovell, A. Davis and
B. Biswas, Fuel 54, 34 (1975).

2. A. Davis, "The Petrographic Composition of Coals: Its Importance in
Liquefaction Processes,” Preprints of the 1976 Coal Chemistry Work-
shop, Stanford Research Institute, p. 14, Aug. 26-27, 1976.

3. D. K. Mukherjee and P. B. Chowdhury, Fuel 55, 4 (1976).

4, C. H. Wright and D. E. Severson, Preprints, Div. of Fuel Chemistry,
Amer. Chem. Soc., 16 (2), 68 (1972).

5. A. R. Tarrer, J. A. Guin, W. S. Pitts, J. P. Henley, J. W. Prather and
G. A. Styles, ibid., 21 (5), 59 (1976).

6. F. W. Frazer and C. B. Belcher, Fuel 52, 41 (1973).

7. C. P. Rao and H. J. Gluskoter, "Occurrence and Distribution of Minerals
in Illinois Coals," Illinois State Geological Survey, Circular 476
(1973).

8. R. C. Neavel, Fuel 55, 237 (1976).

9. M. G. Thomas and B. Granoff, to be published.

10. W. S. Pitts, A. R. Tarrer, J. A. Guin, and J. W. Prather, Preprints,
Div. of Fuel Chemistry, Amer. Chem. Soc., 22 (2), 214 (1977).

193



