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ABSTRACT

Coal hydrogenation employing a hydrogen donor solvent
(tetrahydronaphthalene) was studied in a 300 cc batch
reactor at 380°C and 2000 psige. The catalytic effect of
coal-derived pyrite in the presence and absence of added
gas phase hydrogen sulfide was investigated at residence
times of ten and sixty minutese.

Pyrite was found to be an effective coal hydrogenation
catalyst. The addition of hydrogen sulfide, when pyrite
was present, had no effect at the ten minute residence time
but had a significant effect at the sixty minute residence
time by increasing the conversion. Hydrogen sulfide appear-
ed to be responsible for maintaining a catalytically active
form of pyrite (metal sulfide). A minimum amount of hydrogen
sulfide was necessary to maintain the active catalytic form
which, if exceeded, had no effect on céal conversion.

Hydrogen sulfide was also shown to be an effective
catalytic agent for coal liquefaction reactions. Homogeneous
and heterogeneous catalytic mechanisms have been proposed to

explain the catalytic effect of hydrogen sulfidee.
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INTRODUCTION

Conversion of coal to liquid products occurs by the
addition of hydrogen to the coal structure. At high
temperatures (greater than 350°C) and high pressures
(greater than 1000 psi), the coal fragments forming free
radicalse. In the presence of a hydrogen donor solvent,
hydrogen is abstracted from the donor solvent stabilizing
the free radical and adding hydrogen to the coal. The
donor solvent, now in an hydrogen-poor state, must be
replenished in order to maintain hydrogen transfer
activity.

Hydrogen transfer reactions can be catalyzed. The
ability of a hydrogenation catalyst to aid in converting
coal to liquid products has led some investigators to look
at the catalytic effect of coal mineral matter. The
inherent mineral matter in coal is potentially an abundant
and inexpensive source of catalysts for coal liquefaction
and hydrodesulfurization reactions. If minerals which are
inherent in "as mined" coal do act as hydrogenation
catalysts at liquefaction conditions, coal liquefaction
processing schemes may be able to be optimized by addition
or removal of certain coal mineral matter constituents. It
is also important to discover whether or not cocal mineral

matter is beneficial catalytically since the cost of mining
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and transporting coals with a high mineral matter content
is expensive. Coals with a high mineral matter content
also increase abrasive wear on machinery, involve higher
material throughputs, poison added hydroprocessing
catalysts, and pose ash filtration and disposal problems.

Hydrogenation catalysts have been, traditionally,
metals., Due to the high sulfur levels encountered in coal
liquefaction processes, the active catalyst is usually not
the metal but the metal sulfide.

The objective of this study was to determine the
catalytic effect of coal-derived pyrite in the presence and
absence of added gas phase hydrogen sulfide. The ability of
hydrogen sulfide to maintain a catalytically active form of
pyrite (metal sulfide) was investigated in this study, as
was the catalytic effect of hydrogen sulfide acting in the

absence of pyrite.
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Historical Background

Three fundamental developments were necessary to make
direct hydrogenation of coal a commercial reality (Donath
and Hoering, 1977):

1) In 1910, ammonia synthesis introduced high
pressure and high temperature to the chemical
industry.

2) In 1913, F. Bergius éhowed that coal could
be liquefied by adding hydrogen at high
pressure and high temperature.

3) In 1923, M. Pier found selective hydrogenation
hydrocracking catalysts that were resistant to
sulfur,.

In 1920's, the I. Ge. Farben Company developed the
two-stage Bergius processe. The first stage (liquid-phase)
hydrogenated a coal/oil slurry to a middle oil (approximately
52500 end point) in the presence of a disposable catalyst.
The middle 0il was then hydrogenated over a fixed bed
catalyst in the second stage (vapor-phase) to produce
gasolines

Liquid phase hydrogenation of lignites was performed
at 475-4850C and 3500-4300 psi. The hydrogenation catalyst
was iron oxide. Iron oxide commonly referred to as red

mud, luxmasse, or bayermasse was mixed into the coal slurry
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in amounts of 2 to 5% based on the coal and discarded
after one pass through the reactor.

Liquid phase hydrogenation of bituminous coals was
conducted in a similar manner but with pressures in the
range of 5000-10000 psie. Depending on the pressure either
NH401-promoted tin oxalate or iron oxide was used as
catalyste Table 1 shows typical yields of products produced
in liquid-phase Berguis hydrogenation (Berkowitz, 1979).

The first commercial plant using the two-stage Bergius
process was built in 1927 at the Leuna works in Central
Germany. Throughput was 100,000 metric tons per year
producing 2500 barrels per day of gasoline (Lowry, 1945).

The Pott-Broche process yielded an ash-free extract by
mild hydrogenation of coal. The process was commercially
exploited in a 125 ton per day plant at Welheim, Germany,
between 1938 and 1944 (Berkowitz, 1979). The Pott-Broche
process was not important with respect to catalysis but
laid the foundation for the development of the Solvent
Refined Coal (SRC) processe

The SRC I process was designed to produce a substanti-
ally sulfur and mineral matter free boiler fuel from coal
by mild hydrogenation. The SRC II process grew out of
SRC I technology but producedlliquid products not solid

fuelse The SRC II process uses a portion of the product
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Table 1

Liquid-phase hydrogenation of coal?

Ligniteb Bituminous coal®

Feedstock

Raw coal 100.0 100.0

Slurrying oil S5te 4 132.5
Products

Middle oils o 21.5 5264

(bep. less than 325°C)

Heavy distillate oils 33.6 66.7

Heavy centrifuge oils L2.9 9646

Heavy coker oils 10.9 12.8

Hydrocarbon gasses 10.5 205

a ;3 all quantities in tons
b with 52% moisture; hydrogenated at 30 MPa

c with 8.5% moisture; hydrogenated at 70 MPa
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slurry for slurrying fresh coale. Mineral matter in the
product slurry is thus recycled. The use of this recycle
stream increases conversion of coal to lower molecular
weight products. Vacuum bottoms (typically about 30%
mineral matter) are gasified with oxygen to produce
hydrogen.,

Farly studies of the SRC II process indicated that
coal mineral matter displayed significant catalytic activity
towards the dissolution of coal (VWright and Severson,
1972)e This, coupled with the German experience of iron
addition provides the general background for the studies

described in this thesise.
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LITERATURE SURVEY

Conversion of coal to liguid products (benzene
solubles) occurs either by addition of hydrogen to the coal
structure, or by carbon rejection. Pyrolysis of coal
results in the rupture of chemical bonds and the formation
of highly reactive free radicals. According to Neavel
(1975), in the absence of a hydrogen donor species, these
free radicals combine with surrounding molecules to form
high molecular weight substances which are not benzene
soluble. Alternatively, in the presence of a hydrogen
donating vehicle, hydrogen is abstracted from the vehicle
and stabilizes these primary free radicals. The products
obtained are then relatively low in molecular weight and
benzene soluble,

Guin et al. (1978) have suggested that the rate
limiting step in the liQuefaction of coal is the transfer
of hydrogen to an appropriate donor solvent (re-hydrogena-
tion), Experimental evidence in support of this hypothesis
is presented in table 2 where prehydrogenated creosote oil
was shown to increase conversion significantly over that of
untreated solvent. This trend was found to occur both in
nitrogen and hydrogen atmospheres while conversion was
greater in a hydrogen atmosphere,

Ruether (1977) examined the effect of catalyst
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concentration on coal liquefaction, measured as a function
of organic benzene solubles, on a Bruceton mine coal in
hydrogen and nitrogen atmospheres. The catalyst used was
silica promoted cobalt-molybdenum on alumina support. In
a nitrogen atmosphere the catalyst did not aid in the
conversion of the coal whereas conversion was increased
with the use of catalyst in a hydrogen atmosphere. In
addition, molecular hydrogen consumption in the absence of
catalyst was undetectable, while molecular hydrogen con-
sumption in the presence of catalyst was significant. He
concluded that two types of reactions were occurring. The
first class of reaction involved molecular hydrogen and was
heterogeneously catalyzed.s The second class of reaction
involved the conversion of coal to asphaltenes and was
uncatalyzed. '

A rough reaction scheme for the hydrogenation of coal
was presented by Gates (1979) and is shown in figure 1.
Free radical fragments from coal formed by pyrolysis
abstract hydrogen from a hydrogen donor species represented
in this scheme by tetraline. The hydrogen donor, now in a
hydrogen~-poor state is rapidly transported to the catalyst
surfaces The active form of the catalyst is a metal sulfide.
The hydrogen donor solvent is replenished on the catalyst

surface with dissociatively adsorbed hydrogen. The donor

solvent, now in a hydrogen-rich state, shuttles back to
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the coal.

Guin et ale (1978) studied the transfer of hydrogen
from naphtalene to tetralin using coal minerals as
catalystss Pyrite, reduced pyrite, and SRC residue were
found to catalyze hydrogen transfer as shown in table 3.

A Co-Mo-Al catalyst was the most effective catalyst follow-
ed by pyritee

Since certain components of coal mineral matter have
been found to catalyze hydrogen transfer reactions, their
possible use as catalysts in coal liquefaction reactions is
worth consideration.

The term ''mineral matter'" refers to all forms of
inorganic material associated with coal. The major con-
stituents of coal mineral matter are given in table L.

Experience shows that over 95% of the mineral matter
found in coal is comprised of clay minerals, carbonates,
sulfides, and silica (Berkowitz, 1979). The remainder of
the mineral matter is generally accounted for by oxides of
Ky, Na, Ti, and by chlorides, sulfates, and phosphates.

Evidence that coal minerals catalyze coal liquefaction
reactions has been demonstrated by Mukherjee and Chowdhury
(1976)e They fractionated a North Assam coal by gravity
separation and chemical de-ashinge. The parent coal,

gravity fractions, and the chemically de-ashed sample were
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Table 3

Catalytic hydrogenation of naphthalene
by coal minerals (Guin, 1978).

Reaction

Tetralin to
dodecane
peak height
ratio by gas

Initial time, chromatography
Catalyst atmosphere min (X104
None 14.7 psig air 30 0.0
None 1200 psig Hy 60 0.0
Co-NMo-Al (5%) 1200 psigHe 30 109.0
Pyrite (500) 1200 psig Ha 60 19.0
Reduced pyrite 1200 psigHy 60 4.0
(5000) .
SRC residue {50%) 1200  psig H. G0 4.0

a Original sample, 10 wt % naphthalene in dodecane; temper-

ature, 410 °C.

12
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Table 4

Types of Minerals Found in Coal
(Hegarty, 1978)
I. Aluminosilicates

A common type of clay which is an acid
alumino silicate

Muscovite: Alumino type silica substance
Illite: ((OH)qKa (51gA1,)A1,050)

Montmorillinite

IIl. Sulphides

Pyrite: A cubic structure of FeS2 in which iron atoms
are octahedrally surrounded by five sulfur atoms

Pyrrhotite: A reduced form of pyrite with stoichiometry
of FeS

III. Carbonates
Anserite: A mixture of CaMg(C05)2 and CaFe(C03)2
Calcite: A crystalline form of CaCO3

Dolomite: A double salt with equal molar quantities of
CoCO5 and MgCO3

Siderite: A crystalline form of FeCO3

IVe Quartz: A crystalline form of SiO2
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hydrogenated in the absence of any catglyst or pasting

oil. Conversion was based on coal converted to benzene
soluble products. Conversion increased from 22.5% to
approximately 84% with increasing mineral matter content as
shovn in figure 2. Maximum conversion was attained at

57«5 grams of mineral matter per 100 grams of organic
matter. Further increases in mineral matter content only
had a diluent effect. Conversion also increased in the
presence of either iron, titanium, or kaolinite (see figure
3)e Pyrite and pyrite in the presence of organic sulfur
was shown to be catalytically active as shown in figure L.
There was no clear relationship between conversion and
organic sulfur in the absence of pyrite. The results
suggested that organic sulfur is responsible for a cat-
alytically active form of iron sulfide. There was also
evidence presented that indicated adding elemental sulfur
to a fraction rich in non-pyrite iron could increase con-
version levelss For this reason, they considered the

total iron present to be a catalytic agent.

Yright and Severson (1972), using the middle fraction
of raw anthracene oil as solvent, washed coal insolubles
from a bituminous coal in a continuous flow dissolver tube
at 425°C and 1000 psig of hydrogen. They found theat

anthracene reacted with hydrogen in an amount proportional
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to the concentration of coal minerals.s They conjectured
that FeS was the active catalyst, since it was the most
abundant form of iron under their reaction conditions and
the catalytic effects of iron had been well documented in
the literature (Rapoport, 1955; Weller, 1956; Kawa et al.,
1960; Kawa and Hiteshue, 1963).

Tarrer et al. (1976) studied the effects of coal
minerals and the hydrogenation and hydrodesulfurization of
creosote oile A batch autoclave reactor with total pressure
as a rough indicator of reaction rate was usede Their results
are presented in figure 5 . The upper and lower curves show
extremes with no catalyst and a commercial Co-Mo-Al catalyst
respectively. Pyrite and SRC residue were found to catalyze
hydrogenation of creosote o0il better than other coal
mineralse. It was interesting to note that -80+150 mesh
pyrite exhibited lower catalytic activity than -325 mesh
pyrite indicating that not only the coal mineral but its
physical state is of importance (e.ge. mass transfer effects
may limit the effectiveness of certain coal minerals as
catalysts). Hydrodesulfurization activity was in general
agreement with the catalytic activity sequence witnessed
by the total pressure data with two exceptions. Pyrite,
which was a very good hydrogenation catalyst, was a very

poor catalyst for hydrodesulfurization (see figure 6 ).
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Iron which showed little hydrogenation activity was an
excellent catalyst for sulfur removal. Iron appears to
react with any HZS produced to form sulfides. The poor
hydrodesulfurization activity of pyrite appears to be
related to its reaction with hydrogen to form Has and its
reduction to Fe7s8 during hydrogenation.

The work of Guin et al. (1978) supports the work of
Tarrer et al. (1976). Iron was found to be a scavanger of
HoS and certain coal minerals, particularly iron compounds,
were found to have hydrogenation activity.

Guin et al. (1980) studied benzothiophene hydrogen-
olysis using pyrite as a catalyste This system was consid-
ered to be representative of a coal mineral/coal liquids
component reaction. Benzothiophene in dodecane was re-
acted in a tubing bomb reactor at coal liquifaction con-
ditionse Conversion of benzothiophene to ethylbenzene was
measured by gas chromatography. Pyrite was found to be
most effective in catalyzing hydrogenation of the thiophenic
ringe.

Granoff and Thomas (1977) worked towards the establishment
of a predictive correiation between mineral matter content
and liquid product composition. Creosote o0il was the
solvent vehicle employed. Several high rank bitumunous

coals with mineral matter contents varying from 5% to 21%
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were examineds The coals had similar petrographic char-
acteristics and most were vitrinite rich (greater than
85%). Coals with the highest mineral contents experienced
the highest conversions and were the most active with
respect to organic sulfur removal. Granoff and Traeger
(1978) prepared samples with varying mineral contents by
gravity separation. The study was conducted in a one liter
batch autoclave at a pressure of 1000 psig hydrogen, a re-
action temperature of 405°C, and a residence time of 30
minutes, Figure 7 shows that increasing mineral matter
content increases conversion of coal to benzene solubles.
Preasphaltene content decreased significantly with increase-
ing mineral matter content while asphaltenes were virtually
unaffecteds Conversion to pentane soluble o0il increased
linearly with mineral matter content.

Lee et al. (1977) did a comparative study of the rates
of hydrogenation and hydrodesulfurization of coal/oil
slurries under different reaction conditions and in the
presence of different coal minerals. Iron was discovered to
be a more effective hydrodesulfurization catalyst than either
pyrite or reduced pyrite.

Guin et al. (1979) reacted demineralized coals in the
presence of added minerals in a tubing bomb reactor with

either tetralin or light recycle oil as solvent. The
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effect of coal minerals on the replenishment of the
hydrogen donor solvent was examined. Coals containing
mineral matter were more effective in solvent rehydro-
genation than their demineralized counterparts. Reduced
pyrite, in particular, showed significant catalytic
activity for both hydrogenation and dehydrogenation of the
solvent, the ultimate direction of reaction depending on
the initial hydrogen partial pressure.

Hegarty (1978) studied the effects of mineral matter
addition to a high volatile A bituminous coale. The
composition of the added mineral matter was 16.18% quartz,
36425% pyrite, 3.0»% gypsum, 2L4e28% kaolin, and 20.23%
illite. Reaction was carried out in a one liter batch
reactor at 400°C using a solvent mixture of tetralin,
l-methylnapthalene, and napthalene. Mineral matter was
found to increase the rate of solvent dehydrogenation re-
actions and increased the overall conversion of coal both
in the presence and absence of hydrogene.

Garg and Givens (1982) measured the hydrogenation of
a SRC II solvent using a pyrite catalyst in the presence
and absence of coal. Hydrogen content of the product oil
remained constant in the presence of pyrite whereas the
0il fraction lost hydrogen in the absence of pyrite.

Addition of pyrite to Elkhorn no. 3 coal increased overall
coal conversion and the yields of hydrocarbon gases, carbon
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monoxide, carbon dioxide, hydrogen sulfide, and ammonia.
0il yield increased from 27 to 41%, asphaltenes decreased
from 15 to 11%, and preasphaltenes decreased from 30 to
2L%e. Similar results were obtained with a Kentucky no. 9
coale.

Under coal liquefaction conditions in the presence of
hydrogen, pyrite reacts to form pyrrhotite (Fel—x, where
X 1s between ) and 0.125) and hydrogen sulfide. Bicket
et al. (1980) have measured the rate of decomposition of
pyrite to hydrogen sulfide in hydrogen and nitrogen atmos-
pheres.s The rate of decomposition under nitrogen atmosphere
was an order of magnitude lower than with hydrogen gas using
a SRC II heavy distillate as solvent.

Richardson (1971) has studied the thermo-magnetic
properties of coal char. The char was generated from a
coal liquid after liquefaction in the presence of hydrogen
and a donor solvent at MOOOC. The coal contained approx-
imately 14% pyrite. The results of this investigation
showed that the iron present in the char was a mixture of
Fe7s8 and FeS, with the exact composition depending on the
process conditionse.

Eaton (1981) conducted a disposable additive screening
study in a 300 cc batch autoclave reactor at 38OOC in a

tetralin solvent. A low ash, low sulfur Colorado coal was
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used in order to decrease any catalytic effects due to
inherent mineral matter. Residence times of 10 and 60
minutes were examined. The effects of pyrite, pyrrhotite,
a pyrite/ pyrrhotite mixture, technical grade FeS, and
molybdenum ore on conversion are shown in figure 8 for
both residence times. Overall conversion, o0il, and
preasphaltene yields increased with residence time. The
effect of residence time on asphaltene yields was not as

pronounceds, Of the additives tested, FeS, and the

2
FeSZ/Fe.9S mixture showed a significant increase in the
overall conversion at a residence time of 60 minutes and
only Fe82 had a substantial effect on conversion at 10
minutes. The effect of the additives on product distri-
bution is shown in figures 9 through 11. Pyrite gave the
most pronounced effects. Pyrrhotite appeared not to be
the active iron sulfide responsible for increasing conver-
sion. When dibenzothiophene was present with pyrrhotite
(Fe.958)’ an increase in conversion over that of Fe.95s
alone was witnesseds The results indicated that a
synergistic effect exists between the total sulfur content
of the reaction mixture and the catalytic activity of iron
sulfide additives.

In order to attain a greater understanding of the role
of pyrite in coal liquefaction, Montano and Granoff (1979)

carried out a series of batch autoclave experiments with
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several coals (Illinois no. 6, Kentucky no. 9/14, -and
Wlest Virginia) at 42500. The solvent used was a SRC II
heavy distillate. They discovered a rectilineér correla-
tion between the extent of coal conversion to either
benzene of tetrahydrofuran (THF) solubles and the atomic
percent iron in the liquefaction residues (see figure 12).
The highestvconversion to liquid products was associated
with a pyrrhotite having a lower atomic percent iron. Uhen
the West Virginia coal was doped with five weight percent
pyrite (based on coal), the conversion to benzene and THF
solubles increaseds The resulting liquefaction residue
contained a pyrrhotite with a lower atomic percent iron
than the residue from VWest Virginia coal without added
pyrites A rectilinear correlation between sulfur content
of the feed coal and the extent of conversion was also
observeds They speculated that the sulfur of the feed
coal significantly effected the composition of the
pyrrhotite found in the ligquefaction residues and thus

the conversion,.

A systematic study of the transformation of pyrite
during coal liquefaction was made by Montano et al. (1981).
Mossbauer measurements were takeﬁ in a reactor designed
specifically for in-situ measurementse. SRC II heavy

distillate was the solvent useds. Factors controlling the
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stoichiometry of the pyrrhotite produced from the decom-

position of Fe52 were temperature and the H, and HpS

2
partial pressures. The atomic percent iron decreased as

the HES partial pressure increased, A relatively éood
correlation between the total sulfur content of Illinois

no., 6, Kentucky no. 9/14 and West Virginia coals and the
pyrrhotite stoichiometry in the liguefaction residues was
found (figure 13). As the total sulfur content of the

coal increased the atomic percent iron decreased.

In another study, Montano et al. (1981a) showed that
the decomposition of coal and mineral pyrite in a hydrogen
atmosphere is dependent on particle size. Smaller particle
sizes increased the transformation of pyrite to pyrrhotite.
This was an expected result as smaller particle sizes result
in greater external surface areas and shorter diffusional
paths.

Moroni and Fischer (1980) summarized the results of
research into the catalytic effects of pyrite as follows:

1) pyrites and pyrrhotites are active and

effective catalysts for the hydroliquefaction
of coal

2) pyrite or pyrrhotite addition improves coal

conversion as well as product selectivity

(i.ee a 5 wt % pyrite addition increases
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data with r=0.8 (Montano et al.,
1981).
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coal conversion to benzene solubles equivalent

to a 25°C operating temperature increase)

pyrites from various coals may provide different
levels of catalytic activity based on morphological
differences of the pyrites and/or related to
differences in the inherent surface areas of the
pyrites

pyrites from minerel deposits show in general

lower catalytic activity than coal-extracted

pyrites



T-2620 36

EXPERIMENTAL

The objective of this study was to determine the
effect of pyrite as a coal hydrogenation catalyst both in
the presence and absence of added hydrogen sulfide. This
section describes the experimental design and operating

conditions used to accomplish this objective.

Experimental Design
In order to determine the catalytic effects of pyrite

and hydrogen sulfide, all confounding factors had to be
minimized. Operating conditions were thus fixed so as to
enable ready evaluation of any catalytic effect.

Initially, base runs (i.e. absense of added pyrite
and/or hydrogen'sulfide) were made at each of the residence
times studied until the non-catalytic results were
reproduced. Base runs were also performed after runs using
pyrite. These latter runs gave an indication of any memory
effect due to the presence of pyrite in a previous run.

In order to more accurately define the residence time
and to eliminate any confounding effects due to heat up,
coal slurried with solvent was injected into a preheated
reactor with high pressure hydrogen. Pyrite, when present,
was injected in the same manner.

Guin et al. (1976) have shown that minimal coal
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dissolution occurs below 35000 and that thermal
destruction of solvent molecules occurs above 42500.
A temperature of 38000 was chosen for this study as a
compromise temperature where the rate of reaction was
sufficiently high so as to permit substantial thermal
coal conversion, but not so high as to mask catalytic
effects due to added HZS and/or pyrite.

The hydrogen transfer vehicle used in this study was
tetralin (1,2,3,4-tetrahydronaphthalene). Tetralin in
excess of that required for the complete conversion of
coal was useds This eliminated any donor solvent
starvation which might have occurred which in turn effects
the rate of hydrogenation. To start a run, tetralin in
the reactor was preheated to 41000. Upon coal slurry
injection, the desired reaction temperature of 38000
was realized immediately. To accomplish the above criteria,
180 grams of tetralin was used per 20 grams of coal, with
140 grams of tetralin preheated in the reactor and the
remaining 20 g coal/40 g tetralin slurry injected into the
preheated tetralin.

A coal/pyrite ratio of 10:1 (weight ratio) was
employede This ratio insured that there would be adequate
amounts of pyrite while eliminating any diluent effects

due to mass transfer limitations.
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Reaction pressure was set at 2000 psig in order to
minimize coke and gas production. Injection of coal slurry
with 1700-1900 psig of hydrogen assured an initial reaction
pressure of approximately 2000 psig. Hydrogen sulfide
initial partial pressure was based on ideal gas law
calculations (see appendix for calculations). HZS
initial partial pressures of 2, 5, and 10% were used,
based on an initial starting pressure of LOO psig before
heat up'(total "cold" pressure). Hydrogen sulfide was
supplied from a gas mixture of 10% H25/9O% H, as
certified by the gas supplier (Matheson).

Residence times of 10 and 60 minutes were examined.
Residence times less than 10 minutes were not considered
due to problems in obtaining reproducible results.

Shalabi (1977) has shown that overall conversion is not
significantly changed after 60 minutes.

A summary of the operating conditions is given in

table 5 &
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Table 5

FIXED OPERATING CONDITIONS

Mixed Operating Variables

Explanation

Temperature = 38000

1.
2e
3

Minimal coal dissolution
below 35000.

Solvent thermal destruction
above 425°C.

Allows minimal but necessary
thermal effects on the rate
of hydrogenation.

Pressure = 2000 psig

Minimize coke formation and
gas production.

Solvent (Tetralin) =
180 grams

1.

S

In excess of theoretical
amount required for complete
conversion of coal.

Insures adequate mixing.
Insures minimal temperature
drop after slurry injection.

Coal = 20 grams

Allows multiple analyses on
one product sample.

Slurry = 2:1 solvent
to coal.ratio

Allows slurry to be easily
injected.

10:1 coal to additive
ratio

Insures adequate amounts of
additive without causing
mass transfer limitations.
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EXPERIMENTAL APPARATUS

The batch autoclave system used in this study is
shown in figure 14. The system has the following special
features:

1) allows rapid heat up of solvent

2) ability to inject coal and coal/additive slurry

3) rapid quenching of reaction mixture

4) isothermal operation

5) high pressure operation

The reactor was a 300 cc magnedrive batch autoclave
reactor supplied by Autoclave Engineers. A variable speed
stirrer operated at 1500 rpm extended into the 316 stainless
steél reactor. The stirring assembly consisted of a 1-%"
diameter impeller and baffle. The reactor also contained a
thermowell and cooling coils.

The heat source was a jacket-type heater supplied by
Autoclave Engineers. The heater was placed on a lab jack
and could be raised and lowered from the reactor using a
hand crank. A type J (iron constantan) thermocouple was
used to monitor the reactor temperature. A Leeds and
Northrup Electromax III temperature controller maintained
isothermal operation. The temperature profile was recorded
on a Honeywell Electronik III chart recorder.

The gas delivery system was designed so that the
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reactor could be pressure tested with helium. It was
also designed to allow the injection of a coal slurry into
the reactor with high pressure hydrogen and thus pressurize
the reactor.s The injection vessel could be evacuated prior
to injection with hydrogen or purged with helium. A gas
sample could be taken upon completion of reaction and the
remaining gas vented to the atmosphere after passing
’through a knock-out pot. Hydrogen sulfide (in hydrogen)
could be admitted directly into the reactor by a separate
gas feed system.

The gas delivery system consisted of a helium cylinder,
a hydrogen cylinder and a 10% H,8 in hydrogen cylinder with
associliated pressure regulators, pressure gauges, a rupture
disk, and valves. The helium and hydrogen pressure regulators
were connected directly to the cylinders and were rated at
5000 psige The pressure regulator system for the HES
cylinder was a metering valve used in conjunction with a
pressure gauge. The reactor pressure was monitored
externally with a Viatran, model 122E, transducer and a
Viatran, mode1‘11o9, digital pressure gauge. An Ashcroft
Maxisafe pressure gauge was positioned between the reactor
and valve 1 to aid the operator in the determination of the
time at which injectionzoccurred. The rupture disk was

designed to fail at 5400 psig at 650°F., A1l valves and
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tubing were 316 stainless steel.

Rapid heating of the coal slurry was accomplished by
injecting the slurry into the reactor containing preheated
solvent. The reaction was quenched rapidly by lowering
the heater from the reactor and cooling with a high speed
forced convection fan. A typical time/temperature profile

is shown in figure 15.

Materials

This section describes the physical properties and
feedstock preparation of the coal, pyrite, and tetralin
used in this study. Special properties of the feedstock
material which made their choice as a feedstock desirable

are also discussed.

Coal

Coal used for this study was originally obtained from
the Energy Mine near Yampa, Colorado. The coal is a high
volatile C bituminous coal from the Wadge seam. The
proximate, ultimate, ash and sulfur analysis of this coal
are given in table 6 and were performed by the Colorado
School of Mines Research Institute (CSMRI).

The low ash content of the Energy Mine coal as well
as its low sulfur and pyritic sulfur contents made this

coal particularly desirable for this study. The low ash



Ll

T-2620

8TTIoxd eanjeasdwdl/ouTL °*Gl 8andTi

(sejnuTw) BwWTy

00T ’

¢ Q8 Lo Wi g 0
1001
1002
4oon

t
193e9y .foov.
13MO [ 1d0lur
p—————UMOp [ 00D - ULI3dLad {—dn jeoy —

NNIVIIINIL

()



- 2520

Table 6

Proximate, Ultimate, and Ash Analysis

45

As Received (%)

Dryv Basis (%)
Proximate Analysis
Moisture 5.82 ---
Ash 5.64 5.99
Volatile 36.9 39.
Fixed Carbon 51.6 54.8
99.96 99.99
Ultimate Analysis
Carbon 69.0 73.3
Hydrogen 5.34 4.98
Nitrogen 1.66 1.76
Sulfur 0.53 0.56
Oxvgen 17.83 13.41
Ash 5.64 5.99
100,00 100,00

Ash Analysis

Si0, 47.1

Al1,0; 32.6

Fe203 3.30
Ti0, 1.05
P,0s 1.74
Ca0 6.48
MgO 1.48
Na:20 0.14
K,0 0.47
SO; 4.64
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value (especially iron pyrite) effectively eliminated any
catalytic effect inherent in the mineral matter of the
coals In addition, this study involved the addition of
sulfur in the form of gas phase hydrogen'sulfide. The
inherently low sulfur content of this coal effectively
eliminated any effects due to the presence of sulfur that

was not added as pyrite or H,S.

2

Fluroescent x~ray spectrography was performed on this
coal by Fluo-X-Spec Analytical Laboratory. This analysis
was intended to give an approximate concentration of
elements with atomic number 22 and higher. The technique
employed gives results that are qualitative/semi-quantita-
tive, and are shown for t@is coal in table 7. These values
should be considered to be very rough estimates. The
technique does give a good indication of those elements
present in the coeal.

Coors Spectro-Chemical Laboratory determined the
surface area of the coal. It was found to be 10.9 m2/g
by the BET gas adsorption method.

A sample of the Energy Mine coal was low temperature
ashed (LTA) by Martin Marieta. The LTA sample was sub-
jected to x-ray diffraction analysis by CSMRI in order
to identify the minerals present. The LTA analysis is

presented in Appendix E. Kaolinite and quartz were

identifieds The remainder of the material was amorphous
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Tellurium

Bromine

Iodine.

Tungsten

Table 7
X=ray flourescence data
SAMPLE: Coal
Copper 0.007 Iron le1 Lanthanum =
Silver Cobalt Cerium
Gold Nickel Praseodymium
Zinc 0.015 Cesium Neodymium
Cadmiuvm = Rubidium Samarium
Mercury Barium 0.014 Europium
Gallium Strontium _ 0-022 Gadolinium
Indium. Titanium  0-097 Terbium
Thallium Zirconium Dysprosium
Germapium Hafpium Holmium
Tin Thorium Erbium
Lead 0.006 Vanadium Thulium
Arsenic 0.002 Columbium Yeerbium 000
Antimony Tantalam . Lutetiom =~
Bismuth Chromium Yttrium 0.002
Selenium Molybdenum

Uranium

0.006

Manganese

The values above are estimated elemental concentrations in:

__XXXX per cent

parts per million

grams per liter

No check was made for elements with atomic numbers less than 22.
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and of unknown composition. Further properties of a coal.
typical to this location (Energy Mine near Yampa, Colorado),»ﬂ
as tabulated by Penn State, are shown in Appendix B.

The coal was orginally wet ground, filtered with a
Buchner funnel, and air drieds It was then screened to
~200 mesh on a Sweeco screen, The coal was passed through

a riffler to ensure a uniform mixture. The cozl was stored

under vacuum in a desiccator prior to use.

Pyrite

A high pyrite coal supplied by the Pittsburgh and
Midway Coal Mining Co. was obtained from the Colonial Mine
near Madisonville, Kentucky. The coal was ground and
pyrite was separated from the coal on a shaker table.
Pyrite was ultimately ground to -200 mesh. The pyrite was
analyzed for purity using x~ray diffraction and Mossbauer
spectroscopy (see Appendix C)e. These results indicate
that between 1 and 20% of the coal derived pyrite may be
marcarsites The Coors Spectro-Chemical Laboratory determin-
ed the surface area of the pyrite to be 1.9 m%/g by the BET

gas adsorption method.

Tetralin
Tetralin was obtained from Union Carbide Corporation.

Purity was approximately 98%.
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ANALYTICAL PROCEDURES

This section describes the liquid product and gas
analysis that were performed. Results from the liquid
product analysis were used directly in the calculation of
product yieldse The gas analysis aided the interpretation

of possible reaction mechanisms.

Gas Analysis

Product gas samples were analyzed using a model 111H
Carle Refinery Gas Analyzer in conjunction with a model
3390A Hewlett-packard integrator. Calibration of the gas
chromatograph involved determination of average response
factors for pure components relative to methane and an
average retention time for each component. Table 8§ summar-
izes the gases investigated and the calibration results.

The gas chromatograph system is shown in figure 16,
To analyze a gas sample, a sample cylinder containing the
gas to be analyzed was attached to the evacuated gas
chromatograph systems The gas sample was admitted to the
chromatograph through a metering valve until a pressure of
4O inches of mercury was reached. The start buttons on the
chromatograph and preprogrammed integrator were pushed
simultaneously. When the gas chromatograph cycle was

complete, the integrator produced a printout of the
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Table 8

Gas Chromatograph Calibration Results

Gas
Hydrogen
Butane
Butene
Iso-FPropane
Hydrogen Sulfide
Propane
Carbon Dioxide
Ethene
Ethane

Methane

Carbon Monoxide

Average
Retention Time

87.67

Average Relative
Resvonse Factor

9.0241
0.5669
0. 6047
04507
0.8085
0.5160
0.7931
0.7203
0.6764
1. 0000
048807
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Figure 17 Gas chromatograph
integrator printout.
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calculated peak areas and gas compositions. A sample

printout is presented in figure 17.

Liquid Analysis

one hundred percent of the liquid products were
analyzed using a selective solvent fractionation (SSF)
scheme to determine the amounts of oil, asphaltene,
preasphaltene, and the overall conversion. The SSF
analysis separates the products according to their solubil-
ity characteristics through successive extractions with
three different solvents: pentane, toluene, and tetra-
hydrofuran (THF). An outline of the SSF scheme is pre-
sented in figure 18.

Liquid product from the reactor was placed in a Waring
blender. The liquid product was then blended and pipeted
into eight centrifuge tubes such that eight equal and
representative liquid product samples were obtainedes The
weight of each of the eight samples was determined and
150 milliliters (ml.) of pentane were added to each sample.
The samples were then sonicated for 5 minutes and centrifuged
for 10 minutes to extract the pentane soluble oilse. The
liquid was decanted and the process repeated twice more
with 100 ml. of pentane. After completion of the pentane
washes the samples were dried at room temperature and

weighed.
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After the pentane washes, the samples were washed
with toluene to extract the toluene soluble asphaltenes,
The samples were first washed with 200 ml. of toluene,
sonicated, and then centrifuged as for pentane. The
process was repeated three more times with 150 ml. toluene.
The toluene insolubles were then dried in an oven set at
100°C and the samples then weighed.

The toluene washes were followed by a set of
tetrahydrofuran (THF) washes to extract the THF soluble
preasphaltenes.s The samples were washed three times with
150 ml, THF, sonicated, and centrifuged. The samples were
dried at 100°C and then weighed.

Seven of the eight THF-insolubles were ashed in a
muffle furnace at ?5000 for a minimum of two hours. The
eighth sample was retained for possible future analysis
relating to elemental analysis, sulfur determination, and
Mossbauer analysise.

A RotoVap was used to strip the solvents from the
pentane, toluene, and THF soluble fractions. After removal
of the pentane from the pentane solubles, the remaining
liquid oils were collected into a sample viai and saved.

The toluene solubles were stripped of all but a small
amount of toluene. This liquid was then poured into a set

of four centrifuge tubes which were then filled with pentane.
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The centrifuge tubes were centrifuged for 5 minutes and the
liquid decanted. The solid obtained which contained the
asphaltenes was allowed to air dry. The asphaltenes were
then collected into a sample vial and stored.

The THF solubles were handled in a similar manner to
the toluene sclubles. The THF solubles were defined to be

preasphaltenes,
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DATA ANALYSIS

The development of the methods used to calculate
product yields are discussed in this section. Mass and
ash balance calculation methods are also presented. A
statistical analysis was not performed as this is an

exploratory study geared towards identifying general trends.

Mass and Ash Balances

In this study a 100% product work-up was done. It
was necessary to account for all material entering and
leaving the system to ensure representative samples.

Figure 19 is a representation of the streams accounted for
in the mass and ash balances.

The amount of material charged to the beaker in figure
was known. After the slurry was charged to the injection
vessel, the weight of the material remaining in the beaker
was determined. This material was then washed with acetone
and dried at 100°C. This procedure removed any tetralin
from the uncharged slurry. In this manner the quantity of
coal and tetralin charged to the injection vessel could
be determined. The same procedure was applied to the
injection vessel to determine the amounts of coal and
tetralin injected into the reactor. When pyrite was present

it was necessary to determine the ash content of the
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uncharged slurry in addition to thé above procedure. Since
the ash content of the coal and pyrite were known, a system
of two equations and two unknowns were arrived at which
could be solved for the amounts of coal and pyrite which
were charged to both the injection vessel and the reactor
(see Appendix D for calculation procedure).

After the reaction was completed, the reactor contents
were placed in a blender. The purpose of the blender was
to adequately mix the products before taking samples. The
material remaining in the reactor was washed with acetone
to determine the amount of solids present. The weight of
the reactor wash sample was used in the determination of
the ash balance and the calculation of an ash segregation
correction factor which is discussed later.

The results of the ash and mass balances are shown in
table 9 . The mass balances ranged from a low of 92% to a
high of 97%. The ash balances ranged from a low of 85% to
a high of 100%. This range of values and the reason they
are less than 100% is primarly due to the inability to

recover all of the solids from the reactor.

Calculation of Product VYields
Two methods of calculation were used. One of these
methods (ATE) used coal-derived ash as a non-reactive tie

element to calculate the amounts of unreacted coal,
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Table 9

Mass and Ash Balances

Mass Ash
Run # Residence Time Additive Balance(%) Balance(%)
R2 10 none 94.80 92.69
R? 10 none 96.61 96483
R8 10 none 96.86 92.97
R10 10 none 96417 99.63
R19 10 none 95.71 95.45
Rl 60 none 96443 89.46
R6 60 none 96.69 89.81
R9 60 none 95.60 87«42
R15 60 none 95.05 9557
R26 60 none 96,37 101.28
R28 60 none 96.51 99. 11
R16 10 pyrite 92.23 91691
RY2 10 pyrite 96.09 89.63
RL3 10 pyrite 9%4. 39 91.59
RYO 10 2% H,8 96.65 95.40
R30 10 5% H2S 96.61 91420
R29 10 10% HZS 95.70 97.05
R36 10 pyrite/2% HES 96. 40 91.51
R32 10 pyrite/5% HpS 96448 92489
R27 10 pyrite/10% Hs8 95.89 85.13
R4 60 pyrite 9341 8799
R11 60 2% H58 92.65 94455
R31 60 5% H,S 95.26 8949
RY 1 60 10% H,S8 94469 88412
R38 60 pyrite/2% H,8 91.58 87416
R34 60 pyrite/5% H,S 92,90 90.93

R25 60 pyrite/10% Hy8  93.49 91.87
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preasphaltenes, asphaltenes, and oil in the products. This
method was very sensitive to variations in the ash content
of the product samples or even small variations in the ash
value of the parent coal. For these reasons and because of
the difficulty in obtaining representative samples, an
alternate method, the constant weight ratio (CWR) method,
was considered to give more reliable results. Only results
from the CWR calculations are presented in the main body of
this thesis while the ATE results have been included in the
Appendix. This section describes both calculation methods.
‘For each run eight equal representative product samples
were generateds The sample weights and the weights of the
pentane insolubles (PI), toluene insolubles (TI), and
tetrahydrofuran insolubles (THFI) were determined for each
individual sample. The weights for each of these fractions
were summed over all samples to give grand totals in each
category. 1In the following discussion, PI, TI, and THFI
will refer to the weights represented by the grand totals.

Ash Tie Element Method (ATE)

The following assumptions were made in calculations
using the ATE method:

1) uniform and representative samples

2) coal-derived ash remained unchanged

3) ash was not carried over with SSF solubles
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The calculation of base runs involved the following

definitions:

ASH (% ash in THFI)/100

PASH

(% parent coal ash)/100

Using the above definitions it is possible to develop the

following equations:

WTs ASH = ASH * THFI

WTl, ASH PASH

WT. MAF COAL = 1 - PASH

% UNREACTED _ (1-ASH) * THFI , (WL. ASH y * 100
COAL (%UC) = ~WT. ASH WT. MAF COAL
% PREASPHALTENES _ (TI = THFI) , (WI, ASH y * 100
(% PASP) = "WT. ASH WT. MAF COAL
% ASPHALTENES _ (PI - TI), (WT, ASH Y * 100
(% ASP) = “WT. ASE =~ ‘WT. MAF COAL

y a
% QL and GAS _ 100 - % UG - % PASP - % ASP

% CONVERSION = 100 - % UC

In the above expressions MAF coal refers to moisture and
ash-free coal.
In the presence of hydrogen sulfide the above

calculations were not effectede If pyrite was present
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though, modifications were necessary. The weight of ash
(WT. ASH) in the above expressions was generated from
unreacted coal in the THF-insolubles. When pyrite was
present the total amount of ash (ASHT) included not only
coal-derived ash (ASHC) but also ash generated from the
added pyrite. It was thus necessary to determine the
amount of coal-derived ashe. The following expressions
enabled this quantity to be calculated:

WT, ADD ASH _ WT., CAT , HOFC

WT. COAL ASH ~ WT. COAL PASH
IN REACTOR

1+ WL, ADD ASH
WT. COAL ASH

The term WT. CAT represented the weight of catalyst in the
reactor at completion of the run. Pyrite in the course

of the run reacted according to the reaction:

FeS2 + 2H2-° FeS + ZHZS

The initial weight of pyrite charged to the reactor was

thus different from the weight of catalyst at completion of
the run due to chemical reaction of pyrite. The composition
of the catalyst upon completion of the run was determined

by Mossbauer Spectroscopy (see figure 20). The weight of

catalyst was able to be calculated from the iron/sulfur
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Figure 20, Mossbauer analysis of run 1l4.
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compositional information determined by the Mossbauer
analysis.

HOFC is the highest oxide correction factor. The
catalyst represented by WI.e CAT was assumed to form its
highest oxide, FeEOB’ upon ashing. HOFC was the value
which took into account the weight change exhibited by the
catalyst in forming the highest oxide (i.e. the theoretical
percent ash of the catalyst)e.

The amount of organic material in the THF-insolubles
was calculated by subtracting the total weight of ash from
the total weight of THF-insolubles. This number was then
corrected for the weight change exhibited by the catalyst

upon ashinge The resulting relation was:
THFI ORGANICS (THFIO) = THFI (1-ASH)-(WT. CAT)*(1-HOFC)

The following revised expressions were used in the

calculation of runs in which pyrite was added:

_ THFIO , ,WT, ASH
% UC = ASH, * (YT MAF coar) * 100

. _ (7T - THFT) , (WT. ASH

% PASP = “yen * Oy MAr coar) * 100

C

. _ (PI - TI) WD, ASH ___\ ,
% ASP = ASTH, * (T MAr GOAT)

100
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% OAG = 100 = % UC - % PASP - % ASP

% CONVERSION = 100 - % UC

Constant Weight Ratio Method (CWR)

The following assumptions were made when using the
CWR calculation procedufe:

1) uniform and representative samples

2) constant percent of coal + coal products in the

reactor

The CWR method was based on the ratio of the weight
of coal fed to the réactor to the weight of total material
(coal + pyrite + tetralin) fed to the reactor. This ratio
was assumed to be constant throughout the experimental
run and in the product samples. The following expressions
were used to calculate the various product yields for a-
system in which pyrite was present:

cs = (&R.coal injected into reactor
- ‘gm (coal + pyrite + tetralin in reactor)

) * gm product
sample

CATS = (8B pyrite injected into reactor

gm (coal + pyrite + tetralin in reactor)) * gm product

sample

CS + CATS - PT
CS * (1 - PASH

_ PI - TI
% ASP = T5% (1 - PASD © 190

% OIL = 100
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(T - THFI)
* (1 - PASH)

% PASP = &= 100

% UC = 100 - % ASP - 9% PASP
% CONVERSION = 100 - % UC

The term CS represented the grams of coal present in the
product samples while the term CATS represented the grams
of pyrite present in the product samples., The reaction of
pyrite and the accompanying weight change were not considered
here. Little error is introduced though as the weight
change was not significant.

Modification of the above equations for the calculation
of base runs and HES additive runs is accomplished by

eliminating the CATS term.

Ash Segregation Correction Factor

Additional modifications to both calculation methods
were necessary to account for solids separation in the runs
with added pyrite. Solids settled out and adhered to the'
reactor wallse The reactor wash samples thus had a
disproportionately high percentage of ash compared to the
product samples., A correction factor was used to account
for the ash segregation between the reactor wash sample
and the product samples.

The ash segregation correction factor for the ATE
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method was calculated as follows:

% of total THFI
0 = organics in product =
samples

THFI * (1 - ASH)
(THFI * (1 - ASH) + RW * (1 - RW AsH))

A - % of total ash _ THFI * ASH
in product samples -~ THFI * ASH + RW * (RW ASH)

f' = O/A = ash segregation correction factor for ATE method

RW represented the weight of the reactor wash sample and
RW ASH is the % ash of RW divided by 100.

The "“f'" correction factor was incorporated into the
ATE calculations by multiplying it by the ASHC terms In
this way the ash generated from the unreacted coal in the
THF-insolubles could be corrected for ash segregation which
occurred upon transfering the product samples from the
reactor.

The correction factor for the CWR method was arrived

at as follows:

M = % of total mass = gm product sample
in product samples total mass charged to
reactor
A = % of total ash = THFI * ASH

in product samples  THFI * ASH + RW * (RW ASH)

f' mass = A/M = ash segregation correction factor
for CWR method
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The "' mass" correction factor was incorporated
into the CWR calculations by multiplying it by the CATS
term. This allowed the assumed amount of pyrite in the
pentane insolubles to be corrected for the occurrence of

ash segregation.
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DISCUSSION OF RESULTS

A discussion of the results obtained in this study is
presented in this section. Experimental data that have been
excluded are also discussed followed by a discussion of the
source of errorse Yields of products are presented and
general trends are identified. Reaction mechanisms that may

account for the observed results are proposed.

Ixcluded Data

Data from certain experimental runs were excluded for

various reasons as shown in table 10.

Processing Errors

Fluctuations in reaction temperature were the greatest
source of error. Shalabi (1977) has documented the strong
effects of temperature on coal conversion. Upon slurry
injection, the reaction temperature was approximately 2500
lower than the desired reaction temperature. Recovery to
within 500 of the desired reaction temperature was almost
immediate. The temperature oscillated about the set point
with an amplitude of %5°C and a period of 6% minutes. The
oscillation was due to the lag in the control system with
respect to the surface temperature of the heater and the
temperature sensed by the thermocouple in the thermowell of

the reactor.
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Table 10

Excluded Experimental Runs

Run Residence

No. Time Additive Reason for Fxcluding Data

R1 10 none Product slurry contaminated
with acetone.

R3 60 none Overall conversion was 20%
below comparible runs.

R5 10 none Pentane washes were not
performed.

rR12 10 2% H,S Mass recovery was less than

e 85%s

r21 60 10% I8

R13 60 pyrite THF was used in place of
toluene

R18 60 none Material could not be injected
due to a plug in a line.

R2L4 60 10% HZS/pyrite

R39 10 none

R20 10 pyrite Temperature controller not
properly calibratedoresulting
in a temperature 25°C low

R3% 10 none LEvidence of a memory effect

R35 10 none

R37 10 none
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Pressure variations were another source of error,
The desired reaction pressure was 2000 psige. Due to the
variations in the amount of slurry injected and the tem-
perature oscillations, pressure deviations were as great
as ten percent. The effect of these pressure variations
on coal conversion was assumed to be minimal since the
base runs (no additive) experienced similar pressure
variations and gave reproducible resultse.

Tarrer et ale (1976) discovered that catalyst from
previous runs effected the conversion of coal in subsequent
runse To avoid this memory effect, base runs were made

after runs using pyrite as a catalyst.

hffect of Residence Time

An increase in residence time from 10 to 60 minutes
increased the conversion from 31.64% to 64.81% for the base
runs (no additives). Conversion also increased with increas-
ing residence time for the additive runs. An increase in

conversion with time of 19.3%6% occurred with 2% H.S,

2

26.21% with 5% HBS’ 29.63% with 10% H,S, 16.71% with pyrite,

2

30496% with the pyrite/2% H.S mixture, 27.53% with the
’

2
pyrite/5% H,8 mixture, and 27403% with the pyrite/10% HS
mixture. Table 11 lists the total conversions (to THF-

solubles) and the results are shown graphically in figure

27
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0il, asphaltene, and preasphaltene yields also
increased as the residence time was increased as shown
in tables 12, 13, and 14, Figures 22, 23, and 24 re-
present the product yields graphicallye.

The above results are consistent with the results

obtained by Eaton (1981), Shalabi (1977), and Hegarty (1978).

Lffect of Additives

Hydrogen sulfide, in the absence of any added pyrite,
increased the overall conversion at both 10 and 60 minute
residence times. The magnitude of the increase was about
the same at both residence times for all hydrogen sulfide
concentrations except for the 60 minute residence time
involving 2% HZS addition, where a much smaller increase
was observed (see figure 21).

0il yields were not greatly effected by the presence of
HZS' A slight increase in 0il yields was observed at a
residence time of 60 minutes and HES concentration of 5
and 10 percent (see figure 22).

Asphaltene yiélds increased by a constant amount for
the range of HES concentrations employed at a residence
time of 10 minutes. A smaller increase was noted for the
60 minute residence time except for the 2% st concentra-
tion, where no increase was observed (see figure 23).

A significant increase in the preasphaltene fraction
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Base Run

29 HES

Q»/

/0 I{ES
10% HES
FeS2
FeS2/2% H
Fesz/B% H

FeSE/1O% H2

Table 11

N *
Overall Conversion

(%, maf basis)

*Measured as THF-solubles

(L

Residence Time (min,)

10

31464
48.27
52.87
49.6L4
51.21
52498
55475
50,05

60

64.81
67+63
79.08
79427
67.92
83.94
83%.28
77.08
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Base Run

o/

2% HZS

5% HZS

10% HZS

FeS2
FeSZ/a% HES
Fe52/5% H,8
Fe82/10% HZS

Table 12

0il Yields
(%, maf basis)

Residence Time (min,)

_10_
16450
14.03
1773
14037
22,01
18455
20453
20456

60

2549
25.04
2995
2943
25.82
32436
524 31
32465

76
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FeSz/E% H2

FeSz/ % HZS

S

F682/1O% HZS

Table 13
L
Residence Time (min,)
10 L0
8407 17.22
1294 17.57
12.61 20.67
13.72 20.82
11449 19.15
12,06 19.65
1322 22453
12.63 21e24

78
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Base Run
2% H
5% I,
10% H

[€2]

Pt

[¢p]

28

es

2
FeSZ/Z% HZS
F852/5% HZS

Fe52/1o% H,

=

S

Table 14

PREASPHALTENE YIELDS
(%, maf basis)

Residence Time (min,)

10
7.07
21.30.
22453
2155
17.71
22436
22.01
16.87

60
22. 11

25.02
28447
29.01
22.96
31493
28« il
23419

80
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was seen at the 10 minute residence time. The magnitude of
the increase was the same for all HES concentrations. A
smaller increase was observed at the 60 minute residence
time and appeared to increase as the HZS concentration
increased (see figure 24). Due to errors in the system,
the trend observed with st concentrations may not be
significant,.

The addition of pyrite to coal significantly increases
the overall conversion at a 10 minute residence time. A
smaller increase in conversion is observed at a 60 minute
residence time (see figure 21), 0il yields are increased
by adding pyrite for a 10 minute residence time, however
there was no increase in oil yields indicated at a 60
minute residence time (see figure 22). Slight increases
in asphaltene yields were observed at both residence times
(see figure 23). There was a significant increase in
preasphaltene yields in the presence of pyrite at 10
minutes and little or no effect on the preasphaltene frac-
tion at 60 minutes (see figure 24).

In the presence of st and pyrite there were no dis-
cernable effects different from that of pyrite alone at a
10 minute residence time. 1Increasing the residence time
to 60 minutes significantly increased the oil yields and

thus the conversion (see figures 21 and 22). Asphaltene
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yields were not greatly effected over that of pyrite alone.
A slight increase at Has concentrations of 5 and 10 percent
was observed (see figure 23). Preasphaltene yields increas-
ed for HZS concentrations of 2 and 5 percent.s An increase
in preasphaltene yields was not observed at a 10% H,S con-
centration. The preasphaltene fraction declined with in-
creasing HBS concentration in the presence of pyrite,
whereas it appeared to increase in the absence of pyrite
(see figure 24).

Mossbauer spectrocopy was used to monitor the conver-
sion of pyrite to pyrrhotite and to establish the stoichio-
metry of the pyrrhotite that waé formed during reaction.
The application of 57Fe Mossbauer spectroscopy to determine
pyritic and total iron concentrations in coal has been
explored by Williamson et al. (1981). Due to the com-
plexity of the Mossbauer spectra that were obtained. The
accuracy of the numbers obtained were in question. How-
ever, the general trends that were found were accurate.

Pyrrhotite was made from pyrite in run 17. Mossbauer
analysis showed the pyrrhotite to be 97% Fe.gos and 3%
FesS, (see Appendix C)e. This pyrrhotite was used to deter-
mine a f-value by cooling the sample to liquid nitrogen

temperatures and comparing the spectra at room temperature

and liquid nitrogen temperature. The f-value for
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pyrrhotite was found to be 0.32. A f-value of 0.53 was
used for pyritee.

The foliowing trends were observed with Mossbauer
spectroscopy as shown in table 15,

1) The pyrrhotite fraction decreased with

increasing HES content.

2) The pyrrhotite fraction was always larger
for 60 minute versus 10 minute residence
time.

'3) Stoichiometry of the pyrrhotite (FeXS)
varied with HZS content. As the HES
content increased, % decreased.

It was also apparent from observing the Mossbauer
spectra that the non-magnetic phase was not pure pyrite as
has been assumed in the calculations. The purity is
uncertain. The non-magnetic phase may be amorphous Fe283.

Hydrogen sulfide was shown to effect coal conversion

as was pyrite. Pyrite in the presence of H,S was an

2
effective catalyst at a residence time of 60 minutes but
HZS had no contributory effect at a 10 minute residence
time in this system.

As shown by Mossbauer spectroscopy the stoichiometry
of the pyrrhotite is a function of the HZS content., It

may be that pyrite is able to be maintained in its active
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sulfide catalytic form at a residence time of 10 minutes
and therefore, addition of st i1s unnecessarye. Increasing
the residence time to 60 minutes, as shown by Mossbauer
analysis, increased the pyrrhotite fraction. The
pyrrhotite fraction decreased with increasing HZS content.
Therefore,vthe presence of Has was instrumental in main-
taining an active sulfide form. A minimum amount of Has
was necessary to maintein the catalyst in its most active
forme In the case of the pyrite runs with'HZS addition at
a 10 minute residence time, this minimum amount-was nmet
and exceeded for the entire range of HES concentrations
tested.

There are several possible mechanisms by which HZS may
catalyze hydrogen transfer reactionse The first of these
is5 by maintenance of an active sulfide catalyst and has
been discussed in relation to pyrite which is a known
hydrogenation catalyst for coal liquefaction. Hydrogen
sulfide may also react with non-pyritic iron to form an
active sulfide catalyst. The Energy Mine coal used in this
study had an approximate total iron content of Os13%.
Approximately two-thirds of the total iron was non-pyritic
iron and one-third pyrite iron. See Appendix D for the
calculation of these values which are based on the ash

analysis and sulfur analysis,.
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Rebick (1981) studied the homogeneous catalytic par-
ticipation by H,S in a quartz flow reactor at 500°C.
Pyrolysis of n-héxadecane was conducted in the presence of
0-0.6 atm. HES' Hydrogen sulfide had three main effects on
the pyrolysis as compared with a nitrogen atmosphere:

1) Selectivity to methane, ethane, and

ethylene was decreased.
2) Butane and higher paraffins appeared
in the reaction products,
2) HZS increased the overall rate of
hexadecane disappearance.
Sulfur compnounds were not able to be detected in the liquid
products suggesting that noncatalytic participation of Has
was unlikelye.

The effect of st on the pyrolysis of n-hexadecane

was explained by the following mechanism:

initiation
C16H34 - Ri + Rj. 1+ J=16)

propagation
C16H33. - alpha-olefin + R;* (decomposition)
Ry* - R' » (n greater than 6)

Rn- + H, S = RnH + HSe (12)

2
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R' * + H,S - R/ H + HSe (1v)

HSe *'0,16H3Lp - Hy8 + C16H33' (2)
termination
HS* + R; - products (3

where Rn- is a primary radical and R'n- is a secondary
radicale. Reactions 1 and 2, in effect, catalyze the
hydrogen transfer reaction. According to the proposed
mechanism, if the hydrogen transfer step is rate limiting,
the introduction of HZS should increase the cracking rate.
This was the case as shown in figure 25, There was a half-
order dependence on HZS concentration and a first order
dependence on n-hexadecane. The non-linearity of the
relation in figure 25 was consistent with the view that
uncatalyzed and catalyzed mechanisms are not additive but
the latter replaces the former as the st concentration
increases.

Drawing a parallel between n-hexadecane pyrolysis and
coal pyrolysis indicates that homogeneous catalysis by
hydrogen sulfide is indeed possible and can produce signi-
ficant changes in product selectivity and rate of reaction.
Free radicals formed by pyrolysis of coal could interact

with_Has in the following manner:
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25, Half-order dependence of H,S
rate of decomposition of n-hexadecane
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R] - R2 - R1- + Roe

R1‘+HZS—R1-H+HS'

HS* + Ry - Ry = Ry - Ry*

HS* + R1‘ - R1SH

where R1 - Ry, 1s a coal macromolecule. A similar reactor
sequence could be written for free radical RZ" This
mechanism predicts that the sulfur content of coal lique-
faction products could increase. A small, perhaps in-
significant, increase in the sulfur content of the oil,
asphaltene, and preaspheltene fractions was observed. A
factor of two or three increase in sulfur content was
observed in the THF-insoluble (insoluble organic matter

plus mineral matter) fraction,
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CONCLUSIONS

The conclusion of this study are as follows:

1) Pyrite was an effective coal hydrogenation
catalyst.

2) Hydrogen sulfide enhanced the overall
conversion in the presence of pyrite at a
60 minute residence time but not for 10
minutes.

3) Hydrogen sulfide catalyzes coal conversion.

L4) Hydrogen sulfide may catalyze hydrogen
transfer reactions by homogeneous and/or

heterogeneous mechanisms.
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1)

2)

3)
L)

5)

RECOMMENDATIONS

Continue the disposable additive screening study with
the procedure developed by Eaton (1981). Possible
additives to be studied are pyrite with tin added and
pyrrhotitese.

Study the effect of impregnating pyrite instead of
mechanically mixing pyrite with the coale. Possible
methods of impregnation are ball milling of a coal/pyrite
mixture, solvent deposition, perhaps with water or
another solvent, and vapor-phase deposition of pyrite.
The idea behind impregnating with pyrite is to increase
the surface area of the pyrite.

Text promising additives using a continuous flow reactor.
Investigate the kinetics of marcarsite versus pyrite
catalysis as the pyrite used in this study may have as
much as 20% marcarsite.

Follow up on the possibility of using HZS as a homogen-

eous catalyst.
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RUN_NUMBER: R2

CCNDITIONS:
Residence Time ¢ 10 min. Additive: none
Coal Injected ! 19.38 gnm

Injection Pressure: 1650 psig
Maximum Pressure : 2015 psig

PRODUCT ANATYSTS

Total ieight of Samples (gm) : 183.67
Total Weight of Pentane Insolubles (gm): 154 16
Total Weight of Toluene Insolubles (gm): 13,99
Total Weight of THF Insolubles (gm) . 13415
Average % ASH in THF Insolubles : 6473
% ASH in Parent Coal : 5e 141
CALCULATED YTELDS

Method

Product ATE SR

% Oil 7.08 15.89
% Asphaltene 764 6496
% Preasphaltene S5eli2 4493
% Conversion 20. 14 27.79

GAS ANATLYSTS

Initial Gas: Product Gas:
Component Mole % Component Mole %
CO2 « 680
CH,, « 145

co o 547
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RUN_NUMBER: R4

CCNDITIONS:
Residence Time : 60 mine. Additive: none
Coal Injected : 19.22 gnm

Injection Pressure: 1850 psig
Maximum Pressure : 1950 psig

PRODUCT ANALYSTS

Total Veight of Samples (gm) : 185, 2L
Total Weight of Pentane Insolubles (gm): 13462
Total VWeight of Toluene Insolubles (gm): 10,89

Total Weight of THF Insolubles (gm) : 7e17
Average % ASH in THF Insolubles : 1246
% ASH in Parent Coal : 538
CALCULATED YIELDS
Method
Product ATE CWR
% Oil 18495 26482
% Asphaltene 17439 15.81
% Preasphaltene 23%469 21.54
% Conversion 60.03 6lLe17
GAS ANALYSTS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H, 100.0 Hy 97.783
o, 923
CH4 « 599
co 616
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RUN _NUMBER: R6

CCEDITIONS:
Residence Time : 60 min. Additive: none
Coal Injected : 18.86 gm

Injection Pressure: 1640 psig
Maximum Pressure : 2094 psig

PRODUCT ANATLYSIS

Total -¥Weight of Samples (gm) s 183.89
Total Weight of Pentane Insolubles (gm): 13470
Total Veight of Toluene Insolubles (gm): 10.81

Total Weight of THF Insolubles (gm) : 718
Average % ASH in THF Insolubles : - 1213
% ASH in Parent Coal : 5e 40
CALCULATED YIFLDS
Method
Product ATE CWR
% Oil 15.92 2Le 28
% Asphaltene 18494 17418
% Preasphaltene 23.79 21.57
% Conversion 58465 63,03
GAS ANALYSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H2 1000 H2 97.602
co, 14002
CH4 675
co 646
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RUN NUMBER: RY

CONDITIONS:

Residence Time _
Coal Injected :
Injection Pressure:

10 min, Additive:
17.07 gm
1575 psig

Maximum Pressure : 1868 psig

PRODUCT ANALYSIS

Total Weight of Samples (gm)

Total Weight of Pentane Insolubles (gm):
Total Weight of Toluene Insolubles (gm):
Total Weight of THF Insolubles (gm) :
Average % ASH in THF Insolubles :
% ASH in Parent Coal :

181450
13436
12,07
10.75

74540
Sel5

CALCULATED YIFLDS
‘ Method
Product

0il
Asphaltene
Preasphaltene
Conversion

ATE
10437
9.20
.42
28499

%
%
%
%

GAS ANALYSIS
Initial Gas:

Product Gas:

none

CUR
1762
8450
8470
34.81

Component: Mole % Component Mole %
H2 100.0 H2 98,729
co, «659

CHL+ « 163

Cco « 406
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RUN HUMBER: RS

CCHDITIONS:
Residence Time : 10 min, Additive: none
Coal Injected : 18.94 gm '

Injection Pressure: 1629 psig
Maximum Pressure : 2000 psig

PRODUCT ANALYSTS

Total Weight of Samples (gm) : 187463
Total Weight of Pentane Insolubles (gm): 15,23
Totel Weight of Toluene Insolubles (gm): 13.67
Total Weight of THF Insolubles (gm) : 12.28

Average % ASH in THF Insolubles : 7¢31
% ASH in Parent Coal : 5e 48
CALCULATED YTITFLDS
Method
Product ATE CWR
% 0il 7¢53 16.98
% Asphaltene 10.07 9.10
% Preasphaltene 8497 811
% Conversion 26456 34619
GAS ANATLVSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H, 10040 Hy 98. 562
COZ 779
CHq . 182

co 455
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RUN_NUMBER: R9

CONDITIONS:
Residence Time + 60 min. Additive: none
Coal Injected : 2014 gm

Injection Pressure: 1645 psig
Maximum Pressure : 2189 psig

PRODUCT ANALYSIS

Total Weight of Samples (gm) : 188.07

Total Veight of Pentane Insolubles (gm): 14,08

Total Weight of Toluene Insolubles (gm): 11.16

Total Weight of THF Insolubles (gm) : 722
Average % ASH in THF Insolubles : 12.52

% ASH in Parent Coal : 5¢39
CALCULATED YIELDS

Method
Product ATE C¥R

% 0il , 17411 272k
% Asphaltene 18« 4Lt 16433
% Preasphaltene 2L 70 21.88
% Conversion 60.25 65 1Ly

GAS ANALYSIS: Not Available
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RUN NUMBER: R10

CONDITIONS:

Residence Time

Coal Injected :
Injection Pressure:
Meximum Pressure :

PRODUCT ANALYSTIS

10 min.
18+67 gm
1910 psig
2100 psig

Total Weight of Samples (gm)
Total Weight of Pentane Insolubles (gm):
Total Weight of Toluene Insolubles (gm):

Total Weight of THF Insolubles (gm)
Average % ASH in THF Insolubles

% ASH in Parent Coal

CALCULATED YIFLDS

Product
% 0il
% Asphaltene
% Preasphaltene
% Conversion

GAS ANALYSIS: Not

Available

Additive: non

-
-

.
-

.o

ATE

11.16
9¢55
8. 10
28.82

188456
14496
13645
12617

7455
5450

Method

e

16e 42
9.02
7.65

332409
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RUN NUMBER: R11

CCNDITICNS:
Residence Time : 60 min. Additive: 2% HZS
Coal Injected : 18.87 gm

Injection Pressure: 1653 psig
Maximum Pressure : 1840 psig

PRODUCT ANALYSTS

Total Weight of Samples (gm) : 17704
Total Weight of Pentane Insolubles (gm): 132410
Total Weight of Toluene Insolubles (gnm): 10425
Total Weight of THF Insolubles (gm) : 6e21
Average % ASH in THF Insolubles : 14,72
% ASH in Parent Coal : 5¢53
CALCULATED YIFLDS
Method
Product ATE CWR
% Oil 22435 25.0L4
% Asphaltene 18.16 17457
% Preasphaltene 25.86 25.02
% Conversion 66437 6763
GAS ANALYSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H, H, 964503
CBHg e 161
H28 HES «281
002 CO2 16497
C2H6 C2H6 « 105
CHq CHQ «839
CC Co 674
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RUN NUMBER: R1L4

CCHDITICONS:
Residence Time : 60 min, Additive: pyrite
Coal Injected P 19.33 gm Pyrite Injected: 1.66 gm

Injection Pressure: 1700 psig
Maximum Pressure : 1940 psig

PRODUCT ANATLYSTS

Total VWeight of Samples (gm) : 189,17
Total Weight of Pentane Insolubles (gm): 15,01
Total Weight of Toluene Insolubles (gm): 11.79
Total Weight of THF Insolubles (gm) : 7493
Average % ASH in THF Insolubles : 21,03
% ASH in Parent Coal : 5¢53
CALCULATED YIELDS
Method
Product ATE CUR
% Oil 7456 25,61
% Asphaltene 22473 19. 20
% Preasphaltene 272U 23,02
% Conversion 57454 67.82
GAS ANALYSIS '
Initial Gas: Product Gas:
Component Mole % Component Mole %
B, 10040 H, 984517
HZS <046
co,, <678
CH4 o374

co « 328
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RUN NUMBLR: R15

CCNDITIONS:
Residence Time « 60 mine Additive: none
Coal Injected : 19,97 gm

Injection Pressure: 1650 psig
Maximum Pressure : 1850 psig

PRODUCT ANALYSTS

Total Weight of Samples (gm) : 188.22
Total Weight of Pentane Insolubles (gm): 14 30
Total Weight of Toluene Insolubles (gnm): 11.28
Total Weight of THF Insolubles (gm) : 7479
Average % ASH in THF Insolubles : 12465
% ASH in Parent Coal : Seli1
CALCULATED YIELDS
Method
Product ATE CUR
% 0il 22493 256253
% Asphaltene 1748 17.00
% Preasphaltene 20420 19.64
% Conversion 6061 61.86
GAS ANALYSTS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H, 1000 H, 98.856
co, « 571
CHy, « 279

Co « 250
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RUN NUMBER: RI16€

CONDITIONS:

Residence Time :
Coal Injected :
Injection Pressure:
Maximum Pressure :

PRODUCT ANALYSTS

10 mine
17.96 gnm
1700 psig
1850 psig

Total Weight of Samples (gm)

Total Weight of Pentane Insolubles (gm)
Total Weight of Toluene Insolubles (gm):
Total Weight of THF Insolubles (gm) :
Average % ASH in THF Insolubles

% ASH in Parent Coal

CALCULATED YIFLDS

Product
% 01l
% Asphaltene
% Preasphaltene
% Conversion

GAS ANALYSTS
Initial Gas:

Component
Hp

Mole o‘o

10060

Additive:

LX)

107

pyrite
Pyrite Injected:

1¢51 gm

181.74
13470
12621

10,35

: 12.00
H 50 53

Method

ATE
Y
12483
16,02
24418

Product Gas:
Component
Hp
Has
002
CHLIL
Cco

QEB

25.84
9.64L

12,03

L7451

Mole %

99.434

«032
336
<066
« 121
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RUN _NUMBER: RI19
CONDITIONS:
Residence Time : 10 min. Additive: none
Coal Injected : 18.72 gnm
Injection Pressure: 1700 psig
Maximum Pressure : 1875 psig
PRODUCT ANALYSIS
Total Veight of Samples (gm) . 188.05
Total Weight of Pentane Insolubles (gm): 15.06
Total Weight of Toluene Insolubles (gm): 10. 50
Total Weight of THF Insolubles (gm) : 9.75
Average % ASH in THF Insolubles : 6.98
% ASH in Parent Coal : 5e22
CALCULATED YIELDS
Method

Preduct ATE
% Oil 8.31
% Asphaltene 7430
% Preasphaltene yyn
% Conversion 22.06

GAS ANALYSIS

Initial Gas: Product Gas:

ClR
15.61

6.76

5.96
28433

Component Mole % Component Mole %
H2 100.0 H2 99.50
co, « 329
.0
CH, Ll

CcO

. 121
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RUN_INUMBIER: R25

CCOIIDITIONS:
Residence Time : 60 min. Additive: pyrite/10% H5S
Coal Injected : 18.90 gm Pyrite Injected: 1.58 gm

Injection Pressure: 1900 psig
Maximum Pressure : 2170 psig

PRODUCT ANALYSTS
Total Weight of Samples (gm) 183.78
Total Weight of Pentane Insolubles (gm): 13440

Total Weight of Toluene Insolubles (gm): 9.93
Total Weight of THF Insolubles (gm) : 6o 1L
Average % ASH in THF Insolubles : 26.82
% ASH in Parent Coal : 5.357
CALCULATED YINLDS
Method
Product ATE CWR
% 0il 17.06 32440
% Asphaltene 2L 49 21.31
% Preasphaltene 26474 23427
% Conversion 68.29 7698
GAS ANALYSTS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H2 95.948 H2 92.118
H,5S LeOLL H,S 34554
CO2 2e 204
C2H6 « 182
CHA 1,342

cO « 546
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RUN NUMBLR: R26

CCHDITIONS:
Residence Time : 60 min, Additive: none
Coal Injected : 19.63 gnm

Injection Pressure: 1900 psig
Maximum Pressure : 2250 psig

PRODUCT ANATLYSTS

Total eight of Sémples (gm) : 191,06
Total Weight of Pentane Insolubles (gm): 132.98
Total Weight of Toluene Insolubles (gm): 10.86
Total Weight of THF Insolubles (gm) : 6e 140
Average % ASH in THF Insolubles : 15,00
% ASH in Parent Coal s S5e¢ 14
CALCULATED YTELDS
Method
Product ATE CVR
% 0il 26458 26682
% Asphaltene 1760 1755
% Preasphaltene 2513 2505
% Conversion 69431 69. 42
GAS AINALVYSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H2 10040 H2 96,127
CO2 1840
CZH6 « 150
CHl1L 1022
co o737
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RUN NUMBER: R27

111

COIIDITIONS:
Residence Time : 10 min,. Additive: pyrite/10% H,S
Coal Injected : 18.76 gm Pyrite Injected: 1.69 gm
Injection Pressure: 1900 psig
Maximum Pressure : 2150 psig
PRODUCT ANALYSIS
Total Weight of Samples (gm) : 190478
Total Weight of Pentane Insolubles (gm): 15.86
Total Veight of Toluene Insolubles (gnm): 13,74
Total Weight of THF Insolubles (gm) : 10.92
Average % ASH in THF Insolubles : 14469
% ASH in Parent Coal : 5.80
CALCULATED YITFLDS
R Method
Product ATE CvR
% 0il -9, 30 20419
% Asphaltene 16425 12,73
% Preasphaltene 21.62 16,93
% Conversion 28458 49.85
GAS AITATYSTS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H2 96.621 H2 95. 114
HES 36 374 HES 2.895‘
CO2 1. 176
CHA e 541
Co « 410
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RUN_NUMBIR: R28

CCHDITICNS:
Residence Time : 60 min,. Additive: none
Coal Injected : 19.62 gnm

Injection Pressure: 1900 psig
Maximum Pressure : 2070 psig

PRODUCT ANATYSTS

Total Weight of Samples (gm) : 189.97
Total Weight of Pentane Insolubles (gm): 14.73
Total Weight of Toluene Insolubles (gm): 11.29
Total Weight of THF Insolubles (gm) : 7.23
Average % ASH in THF Insolubles : e 14
% ASH in Parent Coal : 5.52
CALCULATED YIFLDS
Method
Product ATE CWR
% 0il 21.70 22457
% Asphaltene 19.65 1945
% Preasphaltene 23419 2295
% Conversion 64454 64.97
GAS ANALYSIS
Initial Gas: Product Gas:
Component Mole % ' Component Mole %
H2 100.0 HZ 96.706
002 1.576
C2H6 . 107
CHA «839
cO .692
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RUN NUMBER: R29

CCNDITIONS:
Residence Time : 10 min. Additive: 10% H,S
Coal Injected : 19.51 gm

Injection Pressure: 1900 psig
Maximum Pressure : 2150 psig

PRODUCT ANALYSTS

Total eight of Samples (gm) s 187.72
Total Weight of Pentane Insolubles (gm): 15.90
Total Weight of Toluene Insolubles (gm): 13.52
Total Weight of THF Insolubles (gm) : 9.78
Average % ASH in THF Insolubles : 10.06
% ASH in Parent Coal K 5.67
CALCULATED YIFLDS
Method
Product ATE - CUR
% 0il 8+92 14437
% Asphaltene 14453 13.72
% Preasphaltene 22.84 21455
% Conversion L6429 L9.6L
GAS ANALVSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H2 96.790 H2 95.068
H28 3204 st 24803
CO2 14286
CHq o 342
CoO o 4l

113



T-2620

RUN NUMBER: R30

COIDITIONS:

Residence Time : 10 min.
Coal Injected P 19.33 gnm
Injection Pressure: 1900 psig
Maximum Pressure : 2250 psig

PRODUCT ANALYSIS
Total Weight of Samples (gm)

Total Weight of Pentane Insolubles (gm):
Total Weight of Toluene Insolubles (gm):
Total Weight of THF Insolubles (gm)
Average % ASH in THF Insolubles

% ASH in Parent Coal

CALCULATED YIFLDS
Product

% 0il

% Asphaltene

% Preasphaltene

% Conversion

GAS ANATYSIS

Initial Gas:
Component Mole %
H 98.324
H,8 1,672

Additive: 5% Has

189.92

15. 36

13.16

9.25

9.89

: 547

Method
8e48 1773
13.94 1261
24489 22453
47431 52487

Product Gas:

H2 96. 125
Has 1,786
002 14291
CHL+ 333
co « 400
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RUN INUMBER: R31

COIDITIONS:
Residence Time : 60 min. Additive: 5% H,S
Coal Injected : 19.38 gm
Injection Pressure: 1900 psig
Maximum Pressure : 2260 psig
PRODUCT ANATLYSIS
Total Veight of Samples (gm) : 186425
Total Weight of Pentane Insolubles (gm): 13,05
Total Weight of Toluene Insolubles (gm): 9.50
Total Weight of THF Insolubles (gm) : Le61
Average % ASH in THF Insolubles : 19.22
% ASH in Parent Coal : 5.59
CALCULATED YIFLDS
Method
Product ATE CWR
% 0il 18.79 29495
% Asphaltene 23,70 20,67
% Preasphaltene 32465 284 47
% Conversion 75 14 79.08
GAS ANALYSIS
- Initial Gas: Product Gas:
Component Mole % Component Mole %
H, 97.691 H, 944987
H,S 24304 HoS 1.108
€O, 14900
C2H6 163
CHQ 14190
CcO «583
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RUN NUMBER: R32
CONDITIONS:

116

Residence Time : 10 min,. Additive: pyrite/5% H,58

Coal Injected : 18.49 gm Pyrite Injected:
Injection Pressure: 1900 psig
Maximum Pressure : 2240 psig

PRODUCT ANATLYSTS

162 gm

Total Weight of Samples (gm) : 190. 16
Total Weight of Pentane Insolubles’(gm): 15.65
Total Weight of Toluene Insolubles (gm): 1344
Total Weight of THF Insolubles (gm) : 9.76
Average % ASH in THF Insolubles : 16427
% ASH in Parent Coal : 5.02
CALCULATED YIFLDS
Method
Product ATE CUR
% 0il 38 20430
% Asphaltene 15.66 13.27
% Preasphaltene 26.07 22.09
% Conversion 42410 55466
GAS AMNATLYSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H, 974597 H, 96.615
H,5 24398 H,S «955
CO2 10382
CHI+ 439
co « 539
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RUN_NUMBER: R3L

CONDITIONS:
Residence Time : 60 min, Additive: pyrite/5% HoS
Coal Injected : 18477 Pyrite Injected: 1.61 gm
Injection Pressure: 1900 psig
Maximum Pressure : 2345 psig
PRODUCT ANATLYSTS
Total Weight of Samples (gm) . 18L.2k
Total Weight of Pentane Insolubles (gm): 13439
Total Weight of Toluene Insolubles (gm): 9473
Total Weight of THF Insolubles (gm) : S5e11
Average % ASH in THF Insolubles : 31455
% ASH in Parent Coal : 5¢37
CALCULATED YITFLDS
Method
Product ATE CUR
% 0il 10447 32.08
% Asphaltene 27.82 22.60
% Preasphaltene 35412 28453
% Conversion 73e 441 83.21
GAS ANATLYSIS
Initial Gas: ‘Product Gas:
Component Mole % Component Mole %
H, 97.L425 H, 94.938
H25 2¢571 HES 781
CO2 1,909
CoHg . 178
CH4 1. 407

co «725
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RUN _NUMBER: R36

CONDITIONS:

Residence Time : 10 min.
Coal Injected : 18.26 gm
Injection Pressure: 1800 psig
Maximum Pressure : 2210 psig

PRODUCT ANALYSIS
Total Weight of Samples (gm)

Total Weight of Pentane Insolubles (gm)
Total Veight of Toluene Insolubles (gm)
Total Weight of THF Insolubles (gm)

Average % ASH in THF Insolubles
% ASH in Parent Coal

CALCULATFED YIFLDS

Product
% O0il
% Asphaltene
% Preasphaltene
% Conversion

GAS ANALVSTS
Initial Gas:
Component Mole %
- 98,985
S 1.014

118

Additive: pyrite/2% H5S
Pyrite Injected: 1.60 gnm

: 190.90

. 15077

: 1379

. 10012

. 5040

Method
_2.83 18-29
144 37 12410
38418 52482

Product Gas:
Component Mole %

H, 96,987
H,S5 <854
CO, 14293
CHq e 352

COo « 1498
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RUN NUMBER: R38

CONDITIONS:
Residence Time
Coal Injected

Injection Pressure

Maximum Pressure

PRODUCT ANATYSTS

‘60 mine.
18.79 gm
1800 psig
2190 psig

Total Weight of Samples (gm)

Total Weight of Pentane Insolubles (gm)
Total Weight of Toluene Insolubles (gnm):
Total Weight of THF Insolubles (gm)
Average % ASH in THF Insolubles

% ASH in Parent Coal

CALCULATED YIFLDS

Product
% 0il
% Asphaltene
% Preasphaltene
% Conversion

GAS ANALYSIS
Initial Gas:
Component

Hy
HES

Mole %
99.219
«780

Additive:
Pyrite Injected:

: 181632

: 1323

: 10.08

. #-96

: 31-36

: Se 40

Method

ATE

8401
2Le82
4O« 3L
73417

Product Gas:

119

pyrite/2% H,S

1060 gn

32414
19.71
32403

83487

Component Mole %

H, Ilpe 5k
HS « 490
CO, 2,516
C2H6 222
cH, 14526
cO «720
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RUN NUMBER: RA4O
Residence Time : 10 min. Additive: 2% H5S
Coal Injected : 19.39 gm
Injection Pressure: 1800 psig
Maximum Pressure : 2200 psig
PRODUCT ANALYSIS
Total Veight of Samples (gm) : 189.92
Total Weight of Pentane Insolubles (gm): 16,01
Total Weight of Toluene Insolubles (gm): 1375
Total Weight of THF Insolubles (gm) : 10.03
Average % ASH in THF Insolubles : 9.97
% ASH in Parent Coal ; : 5¢40
CALCULATED YTIRLDS
Method
Product ATE CWR
% 0il 14427 14403
% Asphaltene 12.91 1294
% Preasphaltene 2125 21430
% Conversion 48e43 L8.27
GAS ANALVSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
Hy 98.933 Hy 97.075
H,5 1.065 H58 «519
co, 1.385
CH L « 386
co « 575
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RUN NUMBER: RL41

COMDITIONS:
Residence Time
Coal Injected :
Injection Pressure:
Maximum Pressure

PRODUCT ANAT.YSTS

60 min,
19.41 gm
1800 psig
2250 psig

Total %eight of Samples (gm)

Total Weight of Pentane Insolubles (gm):
Total Weight of Toluene Insolubles (gm):
Total Weight of THF Insolubles (gm) :
Average % ASH in THF Insolubles
% ASH in Parent Coal

CALCULATED YIFLDS

Product
% 0il
% Asphaltene
% Preasphaltene
% Conversion

GAS ANATLYSIS

Initial Gas:
Component Mole %
H2 934795
HZS 6e 187

Additive: 10% H,S
: 185,17
13,04
9e48
e 52
: 20443
: 50 LI-Ll'
Method
ATE CiR
25,12 29443
22,00 20.82
30,65 29,01
7777 79427
Product Gas:
Component  Mole %
H2 03,761
Has 1.879
co, 2. 147
C Hg . 186
CH,, Te 478
(10) « 489

121
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RUN NUMBIR: R42

CONDITIONS:
Residence Time ¢ 10 min, Additive: pyrite
Coal Injected : 19.19 gm Pyrite Injected: 1.58 gm

Injection Pressure: 1800 psig
Maximum Pressure : 2270 psig

PRODUCT ANATYSTS

Total Weight of Samples (gm) : 189. 50
Total Weight of Pentane Insolubles (gm): 16.01
Total Weight of Toluene Insolubles (gm): 13690
Total Weight of THF Insolubles (gm) : 9.99
Average % ASH in THF Insolubles : 16611
% ASH in Parent Coal : 5 40
CALCULATED YIEFLDS
Method
Product ATE CYR
% 0Oil -.51 20427
% Asphaltene 1he75 12.38
% Preasphaltene 27429 2295
% Conversion 41651 55460
GAS ANALYSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H, 100.0 H, 97.386
H,S «215
co, 1. 388
CH4 o 403

co 572
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RUN _NUMBER: Ry,3

CONDITIONS:
Residence Time ¢ 10 mine. Additive: pyrite
Coal Injected : 18.68 gm Pyrite Injected: 1.67 gm

Injection Pressure: 1800 psig
Maximum Pressure : 2185 psig

PRODUCT ANATYSTS

Total iWeight of Samples (gm) : 189.31
Total Weight of Pentane Insolubles (gm): 1594
Total Veight of Toluene Insolubles (gm): 13485
Total Weight of THF Insolubles (gm) : 10480

Average % ASH in THF Insolubles : 15,27
% ASH in Parent Coal : 5e 24
CALCULATED YIELDS
Method
Product ATE CWR
% O0il 1.98 194 39
% Asphaltene 14469 12451
% Preasphaltene 21e43 18426
% Conversion 38410 50. 16
GAS ANALYSIS
Initial Gas: Product Gas:
Component Mole % Component Mole %
H2 10060 H2v 974548
H28 « 259
002 Te 349
CH e 314

L
co « 478
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APPENDIX B

PENIN STATE COAL DATA BANK INFORMATION
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ArRA XA XA RAARARL
*%* PFENN STATE COAL DATA BASF ** ** pSOC-233  #*

** PAGF. 1 *
AkkkAA kAR RAREAE

dkkkkkdhkkrdkkkkikd

* *
* SAMPLF HISTORY *
* *
kEAkXAXIIA AR AX AT RAR
_ PFNN STATE NUMBFR PSOC~233
COLLFCTFD BY PFNNSYLVANTA STATF. UNTVFRSITY
COLLECTTON DATF. 9/25/71
COLLFCTOR'S NUMBFR 233
RFEPORTFD RANK
SAMPLF. TYPF. CHANNFL WHOLF. SFAM
OTHFR SAMPLF. TNFORMATION BRIGHT COAL
SAMPLE. RESFRVE
SFAM NAMF WADGF.
ALTFRNATE. SFAM NAMF.
TOTAL SFAM THICKNFSS 8 FT. 7 IN.

THICKNFSS OF SFAM SAMPLFD
PORTION RFCOVFRFD IN CORF
DIAMFTFR OF CORF.

FhkEkAdAAAA kA Ak kA AR
* *

* SAMPLF. LOCATION *
* *

kxkxkdkrXARA Ak ddAddk

COUNTRY U.S.A.

STATF. COLORADO

COUNTY ROUTT

TOANSHT P

NFARFST TOWN FNFRGY

COAL PROVINCE ROCKY MOUNTAIN
COAL RFGION GRFFN RIVFR

COAL FIFLD

MAP REFFRENCE: LATITUDF 40D 29M 00S

LONGTTUDE 186D 56M £8S
QUADRANGF.LE
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e L 2]
** PENN STATF. COAL DATA BASF ** ** pSOC~233 **

** PAGE 2 *x
EkAAREARRE XA KK

SFAM NAMF . WADGE COUNTRY U.S.A.
APPARFNT RANK HIGH VOLATILFE C BITUMINOUS (HVCB) STATE. COLORADO

khkkkkdhkkdrkrdkhkkddkhkkdk ik
* *
* GFOLOGIC INFORMATION *
* *

ThkkEXERRRXXAAXER XXX AXX AR

SYSTFM (AGF) UPPFR CRETACFOUS
SFRIFS

GROUP MFSA VFRDF
FORMATION WILLTAMS FORK

OVFRBURDFN LITHOLOGY
FLOOR LITHOLOGY

khkkdErhkkkkAA A kA kd AR dddddk
* *
* SFAM STRATA INFORMATION *
* *

kkkkkkkkkkdhhkrkkkdkrddhkrhddr

THICKNFSS LITHOTYPE

AxkkrdkrkArrkkddkdd i

* *
* MINF INFORMATTON *
* *

kkkkkkkkkkkrkkkkkhkk

MINF. NAMF : FNFRGY

MINING MFTHOD STRIP

MINF. RESFRVFS

MINF. PRODUCTION 769 THOUSAND TONS/YFAR

MINF. LTIFFE FXPFCTANCY
OVFRBURDFN THICKNFSS
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kkkkkkkdrkdkkid
** PENN STATE COAL DATA BASF ** ** PSPC-233 **
** PAGE 3 ¥+
dkkkkhkkkkkkhkkk
SFAM NAMF WADGF. COUNTRY U.S.A.
APPARFNT RANK HJGH VOLATILFE C BITUMINOUS (HVCB) STATE  COLORADO
kkkkkkkkkrkkrrkhkxikkk
* *

* CHFMICAL DATA 1 *
* *

AkkkXAr kA ERAAERR LXK
PROXTMATE. ANALYSJS AS RFC'D DRY DAF DMMF DMMF DVMMF
(PARR) (PARR~G) (DIR MM)

% MOTSTURF. 7.54

t ASH , 8.40  9.09

% VOLATILE MATTFR  35.6]1 38.51 42.36 41.88 41.46
% FIXFD CARBON 48.45 52.40 57.64 58.20 58.54
CALORIFIC VALUF. DRY AS RFC'D  FQUTL.

— MOTST. MOIST.

(GROSS  BTU/LB) —-

MM~FREE,, DTRECT

MM~CONTATNING 12372 11439

MM~FRFE (PARR) 13733 12591

MM~FRFF. (MOD.P) 13790 12617

BFST MM FRFF 12617

NFT CV, DMMF BTU/LB 13276

ASH-FRFF, 13609

MOTT-SPOONFR DIFFERENCE = 21.

ASSOCTATFD ANALYSFS DRY MMF

% FQUILIBRTUM MOISTURE
% TOTAL SULFUR 8.51

*hkkkkkkkkkkdrhkkrkktk
* *

* RANK CALCULATIONS *
* *

ARAXAARAREARRAERARA*X

APPARFNT RANK (AS RFC'D MOJST) HIGH VOLATILF C BITUMINOUS (HVCB)
ASTM RANK (FQUTL. MOIST.)
RFFLFCTANCF. RANK CATFGORY HIGH VOLATILF. B BITUMINOUS (HVBV)
TNTFRNATTONAL RANK

AS RFC'D MQIST.

FQUIL. MOIST.
RFPORTED RANK



FrAFRER Ak E KKk k&
** PSOC~233 #**

** PAGF 4 *%
ARAREARKERKAAR

COUNTRY U.S.A.

T-2620
** PFNN STATF COAL DATA BASF **
SFAM NAMF WADGF.
APPARFNT RANK HIGH VOLATILFE C BITUMINOUS (HVCB) STATF.
Ak kAkkkrhkhkkdkdhdr
.ok *
* CHFMICAL DATA 2 *
* *
AkAkAkkkXkkdkd A ki hik
_ ULTTMATE. ANALYSIS  AS RFC'D DRY DAF DMMF (PARR)
(18.16 *MM)
% ASH 8.40 9.09
% CARBON 65.03 70.33 77.36 78.23
% HYDROGFN 4.60* 4.98 5.48 5.54
% NITROGEN 1.61 1.74 1,91 1.94
% SULFUR g.47 8.51 8.56
% CHLORINF. 0.01 0.0l 0.02 0.02
% OXYGEN (DIFF) 12.33* 13.34 14.67 14.28
SULFUR FORMS § PYRITIC % SULFATIC % ORGANIC % TOTAL
DRY 9.08 0.01 0.42 8.51
DAF 0.09 8.0l 0.46 8.56
OPTICAL
FLFMFNTAL ANALYSTS DRY DMMF (MOD.P)  DMMF (DIR.)
(10.328M)  ( $MM)
& CARBON 70.20 78.28
% HYDROGFN 4.86 5.42
% NITROGEN 1.74 1.94
% ORGANIC SULFUR 0.42 8.47
% OXYGEN (DIFF) 12.46 13.88
% CHLORJNF. 0.0l 0.02
% MINFRAL MATTFR 10.32 ‘
(INCLUDFS @.15 % FFS2)
ATOM RATIOS (DMMF) PARR  MOD.PAR  DIRFCT -
ATOMIC H/C 0.850 0.832
ATUMIC 0/C 8.137 0.148
MJSC. CHFMICAL DATA DRY OF DMMF COAL  OF DMMF OXYGFN
% O AS COOH
$ O AS OH 4.90 5.46 39.32
% S AS SO4,TN ASH :
% CARBONATE AS CO2
% CHLORINF. 2.83

INFRA~RFD ANALYSIS

(*)~EXCLUDES MOISTURF.

COLORADO

128
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Fhkhkkkhkkkkkkkkkd
* PENN STATF COAL DATA BASF * ** PSOC-233 #*
' ** PAGF 5 **
Ekkkkkkkkkkkkkk
SFAM NAMF WADGF, COUNTRY U.S.A.
APPARENT RANK HIGH VOLATILFE C BITUMINOUS (HVCB) STATE  COLORADO
kkkrkkAkkkhkkkkkddidk
* *

* CHFMICAL DATA 3 *
* *

Akkrkrdkhkrhkxdhidddx

% MOTSTURF IN COAL = 9.00 AT 550 DFGREFS C
% HIGH TFMPERATURE ASH = 9.67

TRACF. FLFMFNT PPM PPM MAJOR FLFMFNT OXJDF % FLEMFNT %
ANALYSTS HTA TOTAL COAL ANALYSJTS OF HTA  OF TOTAL
DRY COAL
AG < 1 2 8702 51.78 2.34
B AL203 24.50 1.25
BA 4400 425 TIO02 0.78 0.04
BF. 5 (5 FF203 2.63 0.18
BT < 20 2 MGD 1.20 0.07
CFE < 100 10 CAQ 4.55 0.31
CcO < 20 2 NA20 8.97 2.07
CR 44 4 K20 8.72 2.06
Ccu 139 13 P205 1.40 0.06
GA 34 3 S83 4.60 p.18
GF. < 25 2
LA 70 7
LT
MN 77 7 :
MO VOLATILES PPM TOTAL COAL
NT < 25 2
NB < 20 2 AS
PB 80 8 BR
RB CD
sC 12 1 CL
SN 79 7 F
SR 3300 319 HG
TH 5B
u SFE.

54
36

149
218

N3 <
o Z é

A

w
VD WY

[ S
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SFAM NAMFE

% LOW TFMPFRATURFE ASH (MCL) = 11.43

QUARTZ

PYRITFE

CALCITE

GYPSWM

KAOLINITF

MONT + TLL + MILC
MONT + ILL

MONT + MLC

ILLITE + MLC
MONTMORILLONITE.
JLLITE

MIXFD LAYFR CLAYS
FELDSPAR

MINOR FF. SULFATFS

** PENN STATFE. COAL DATA BASF #*

WADGF.
APPARFNT RANK HIGH VOLATILFE C BITUMINOUS (HVCB)

$ OF LTA

—

w
QUL aUVeRWU

W

Akkhhkkkkkkkdkkk

** pSOC-233 #**
** PAGE 6 *x
Frk kAR REARAFAEN

COUNTRY U.S.A.

khkkkkhkhkdhkhkkrkkrkhkkdkii
* *
* MINFRALOGICAL DATA *
* *
*hkkkkkkAAhkkdhkkkkkkdd ik

TOTAL MINFRAL MATTFR

% MM-PARR 10.10
$ MM-MODIFIFD PARR 10,32
¥ MM-KMC

% MM-DIRECT

% MM-BFST AVATLABLFE 10.32
VOL % MM~-PARR 5.14

MINFRAL COMPOSITION

STATE

COLORADO

(ALL DATA DFTFRMINFD ON 65X108@
MFSH SIZF FRACTION)

KAOLTINITE
JLLITFE
MUSCOVITE
CHLORITFE

MONTMORTLLONITE

MIXFD CLAYS
CALCITE
ARAGONITE
DOLOMITE
ANKFRITE
SIDFRITE
QUARTZ
GYPSUM
PYRITE
JAROSTTFE
HFMATITE
RUTILFE
THFNARDITE
PLAGTOCLASE

¢ OF LTA

130

$ LO4 TFMPFRATURF ASH (O'GORMAN) =
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** PFNN STATF COAL DATA BASF **

SFAM NAMF WADGF.

APPARFNT RANK HIGH VOLATILF C BITUMINOUS (HVCB)

" MACFRAL COMPOSITION

kkkkkhkkhkkkkkkkkktkkhx
* *
* PETROGRAPHIC DATA *
* *
kxkkrkkkkA kb kdhkkkddkkd

J A

kXA EAXIIIARR

** pSOC~233 **

** PAGE 7 **
AkAREARRRERAER

COUNTRY U.S.A.

STATE

COLORADO

= o
e s o

SN W
« o e .
QoI UNIoON

(SR SRS
e o e e s e
(SSRGS RS IS ey

MFAN MAX STAND.DFEV.

DRY DMMF

VOLUMF. % VOLUMF %
VITRINITE (CALC.) 84.2 88.8
INFRTINITE 6.2 6.5
LIPTINITE 4.5 4.7
MINFRAL MATTER 5.1
VITRINOTIDS
VITRINITE 72.4 76.3
PSFUDOVITRINITE 11.9 12.5
FUSINITF 3.4 3.6
SEMI-FUSTNITF. 1.5 1.6
MACRINTTF 2.7 8.7
MICRINITF. 2.6 0.6
SCLFROTINITE 2.0 0.0
SPORINITE 2.5 2.6
CUTTINITE 8.0 0.0
FXTNJTFE (ANAL)
RFESINITE 2.9 2.1
FXUDATINITE 2.9 0.0
FLUORINJITF. 0.0 0.0
BITUMINITE 0.0 0.9
ALGINITF. 0.0 0.0
LIPTODETRINITE 0.0 0.0
MINFRAL MATTER (ANAL)
INFRTINITE
LIPTINITE
RFFLECTANCFE. DATA (%,IN OTL) HIGH LOW RANGF.
VITRINITF 0.76 0.47 0.29
PSFUDOVITRINITE 0.72 8.54 2.18
VITRINOIDS 0.09
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SFAM NAMF

** PFNN STATE COAL DATA BASFE *#*

WADGF.

APPARFNT RANK HIGH VOLATILE C BITUMINOUS (HVCB)

L T T s T
* *
* PETROGRAPHIC DATA *

* CONTINUED *
* *

RAXRRXRRRRRRERXRRRRRRRX

dkkkrAkkdkkkrdd

*% PSOC-233 **
** PAGF 8  **
khkkkkkkkkkkkkidk
COUNTRY U.S.A.
STATE  COLORADO

% VITRINOID VOLUMF. $ VITRINOID VOLUME
RFFLFECTANCE HALF-TYPE  PFRCFNT RFEFLECTANCE ~ V~-TYPF PFRCFNT
0.40~A.44 VHT 0.425 1.29
0.45-0.49 VHT 0.475 1.29 0.50-0.59 v4 2.58
8.50-0.54 VHT @.525 14.20
0.55-0.59 VHT 8.575 14.20 0.50-0.59 V5 28.40
0.60-0.64 VHT 0.625 30.62
9.65-0.69 VHT 8.675 30.62 0.60~0.69 V6 61.24
0.70~-8.74 VHT 8.725 3.88
8.75~8.79 VHT 08.775 3.88 0.70-0.79 v7 7.76

132
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AARRRARRARRR AR
** PFNN STATF. COAL DATA BASF *#* ** PSOC~-233 **

** PAGF. 9 *x
RARRERERRARRR AR

SFAM NAMFE WADGF. COUNTRY U.S.A.
APPARFNT RANK HIGH VOLATILF C BITUMINOUS (HVCB) STATE COLORADO

RERARRRARARARARARARARAR
* *
* PHYSICAL PROPFRTIES *
* *

AXXARXRARRARRRXARRAAARR

HARDGROVE. GRINDABILITY 40.7
VICKFR'S MICROHARDNF.SS 31.3
FRFF. SWELLING TNDFX
GRAY KING COAL TYPF

SURFACF. ARFA
(DETFRMINFD WITH NITROGFN)
SURFACF. ARFA
{DETERMINED WITH CARBON)
DIOXIDF.

DENSTTY

(DETFRMINFD WITH HELTUM)
DFNSITY

(DETFERMINFD WITH MFRCURY)
DFNSITY (DETERMINFD WITH WATFR)

SPFCTFIC GRAVITY
MITCROPORF. VOLUME
MACROPORF. VOLUMF.
TOTAL FORF VOLUMF
PORF. SIZF. DISTRIBUTION

GIFSELFR PLASTICITY DATA

MAXTMUM FLUIDITY

MAXTMUM FLUIDITY TFMPFRATURE
INTTIAL SOFTFNING TFMPFRATURF
SOLTDIFICATION TFMPFRATURF
FLUID TFMPFRATURF RANGF
PLASTOMFTFR TYPE

ASH FUSTON ANALYSIS (DFGRFFS F) RFDUCING OXTIDTZING

INITTAL DFFORMATION TFMPFRATURE
SOFTENING TFMPFRATURF
HFMISPHFRF TFMPFRATURE

FLUID TFMPERATURE
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AEXXARRRAXRIRAR
** DENN STATF. COAL DATA BASF ** *% PSOC~-233 **
** PAGF 19 **
AERRARXIR AR AR
SFAM NAMF WADGF. COUNTRY U.S.A.
APPARFNT RANK HIGH VOLATILF C BITUMINOUS (HVCB) STATE  COLORADO
ARXXERAXXETRARRAAL ,
* *

* ANALYSIS LOG *
* *

AARXRRAAREREAARR
- ANALYSIS DATA PFRFORMFD BY

A.R. MOIST 4/ 4/72 COMMFRCTAL TESTING & FENGINEERING
FQUTL. MOIST.

PROXTMATE 4/ 4/72 COMMFRCTAL TFSTING & FNGINFFRING
ULTTIMATE 4/ 4/72 COMMFRCTAL TESTING & FNGINEFRING
SULFUR FORMS 4/ 4/72 COMMFRCTAL TFESTING & FNGINFFERING
FSI
PLASTOMFTER
DIRFCT MM
GRAY~KING

ARAARRERXAARRARRRRRAR

* *

* PFRFORMANCF. DATA *

* *

XARAXXARA XA TR ART XXX

PRFPARATION DATA  YJELD ASH SULFUR VITRINITE  LTPTINITE JNFRTINJTE
(HUMINITE)

1.35 FLOAT
1.35 X 1.45
1.45 X 1.55
1.55 X 1.65
1.65 X SINK

GASTIFICATION DATA (MAX REACTIVITY OF 1000 DFGRFFS C, 48 X 180 MFSH COAL CHARS)
TFMPFRATURFE. (DFGRFFS C) PRFSSURF. (ATM) RFACTIVITY

ATR
€02
H

CARBONTZATTON DATA

TOTAL RFACTJVE MACFRAL MATFRJAL (USS)
TOTAL RFACTIVF. MACFRAL MATFRIAL (BFTH)
TOTAL INFRT MATFRTAL

EFFCTIVE INFRT MATFRIAL

BALANCF. TNDFX

STRENGTH INDFX

PRFDICTED STABTLITY

PRFEDICTED MICUM 40

MFASURFD STABILITY

MFASURFD MICUM 40
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APPENDIX C

MOSSBAUER ANALYSIS
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Figure 26« Mossbauer Spectroscopy Analysis
of Coal-Derived Pyrite.
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RELATIVE TRANSMISSION
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Figure 27. Mossbauer Spectra
of Runs 14, 16, and 17
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RELATIVE TRANSMISSION
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Figure 28, Comparison of THF-Insolubles
and Ash.
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1OMIN RUNS R42 OHZS

1000 ,ﬂ““"“]
19% Fes, g,hﬁfjﬁ& *fﬁﬁ% * sﬂ#ﬁﬁﬁ‘¥

81% Fe.9oos

0.929
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2 7h% Fe goyS % Y
5 0927 ¥ -
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r 0923 ¥ .
R27 10H2S
1000 . __ S I
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Figure 29, Effect of HZS Concentration
on FeXS Stoichiometry at a 10 Minute
Residence Time
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RELATIVE TRANSMISSION
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Figure 30, Effect of H,S Concentration
on FeXS Stoichiometry
at a 60 Minute Residence Time
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APPENDIX D

CALCULATIONS
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Slurry Calculations
(in presence of pyrite)

slurry = tetralin + coal + pyrite

known information:

XB = grams uncharged slurry from besaker

AXB = grams coal + pyrite (acetone wash of XB)
AXB ASH = % AXB ASH

X1 = grams uncharged slurry from injection vessel
AXI = grams coal + pyrite (acetone wash of XI)
AXT ASH = 9% AYI ASH

PASH = % parent coal ash

ADD ASH = % pyrite ash

now for besker:

total grams ash (AXB ASH) * AXB

(AXB ASH) * (coal + pyrite)

or since the ash is generated from coal and pyrite,

total grams ash = (PASH) * coal + (ADD ASH) * pyrite

This reduces to two equations and two unknowns which can be

solved for the amount of coal and pyrite not charged to the

injection vessel., Thus,
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AXB * (AXB ASH - ADD ASH)
(PASH - ADD ASH)

coal lost =

pyrite lost = AXB - coal lost

tetralin lost = XB - AXB

now for injection vessel:

by a similar development,

N _ AXI * (AXI ASH - ADD ASH)
coal lost (PASH - ADD ASH)

pyrite lost = AXI - coal lost

tetralin lost = XI - AX
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CALCULATION OF HBS INITIAL PERCENTAGES

H,S gas bottle: 10.19% H,S in H

2 2
total initial pressure = 40O psig
H,S5 initial partial pressures used: 80, 200, 4OO psig

Therefore, assuming ideal gasses:

®)

LOO psig H.S 0 '+ 10,19

10. 19% H,S

2 1,00
@ 200 psig H.S 200 % 10,19 = 5.095% H.S
sig H, 500 19 = 5.095% H,
A 80

@ 80 psig H,58 oo * 1019 = 2.038% H,S8
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IRON IN COAL

Coal ash contains 3.30% FeZO5
% coal ash = 5.64%

Paslis: 1 g coal
thus:
(«0330) * (,0564) = 00186 g FeZO3

(00186 g FeZOE) * (55,85 g Fe) * (2 mole Fe) * (mole Fe.0z)
(mole Fe) (mole FeZOB) (159.70 g FéEOB)

= «00130 g Fe or .13%% Fe

Pyritic Sulfur = .05%
thus,

(.0005 g pyritic sulfur) * (mole S) * (mole Fe) * (55,85 g Fe)
(32,06 g Fe) (2 mole S) (mole Fe)

«0004L4 g pyrite iron
«000L4L4/ 00130 = 33.5% pyrite

i

result:
total iron o 13%
pyritic iron 3345%

non-pyritic iron 66.5%
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APPENDIX &

LOW TEMPERATURE
ASH ANALYSIS
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LTA Analysis

Coal Ash
Est. Amount
Mineral (or Material) Composition Wt 72)
Kaolinite A1251205(0H)4 20-30
Quartz 8102 10-15
Unidentified
(Crystalline) ? <5

Amorphous ? Remainder



