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ABSTRACT

The objective of this research program was to evaluate the
effectiveness of selected nondonor solvents (i.e., solvents that are
not generally considered to have hydrogen available for hydrogenolysis
reactions) for the solubilization of coals. Principal criteria for
selection of candidate solvents were that the compound should be
representative of a major chemical class, should be present in reason-
able concentration in coal liquid products, and should have the
potential to participate in hydrogen redistribution reactions.
Naphthalene, phenanthrene, pyrene, carbazole, phenanthridine,
quinoline, l-naphthol, and diphenyl ether were evaluated to determine
their effect on coal liquefaction yields and were compared with phenol
and two high—quality process solvents, Wilsonville SRC-I recycle
solvent and Lummus ITSL heavy oil solvent.

At 427°C (800°F) and a solvent/coal ratio of 1.5, none of the
selected nondonor compounds was highly effective in pure form except
l-naphthol. The relative effectiveness of the compounds, as determined
in tubing-bomb tests conducted at 427°C for 10 min, was as follows:
l-naphthol, 78%; quinoline, 50%; naphthalene, 39%; phenanthridine,

37%; phenanthrene, 36%; carbazole, 36%; pyrene, 33%; and diphenyl ether,
32%. Comparable values for phenol, Wilsonville SRC-I recycle solvent,
Lummus ITSL heavy oil solvent, and coal heated alone were 36, 61, 82,
and 247%, respectively.

When tested at 427°C (800°F) and 10 min in the presence of a
supplemental source of hydrogen (i.e., in a 30% nondonor — 70%
Wilsonville SRC-I recycle solvent mixture), conversion was, in most
cases, significantly greater than that predicted from the weighted
average of the two compoments. An incremental increase (above the
weighted average) in conversion of greater than 18% was observed for
pyrene, phenanthridine, and carbazole. The comparable incremental
increase for naphthalene and phenanthrene was greater than 107%.
Incremental increases for l-naphthol, quinoline, diphenyl ether, and
phenol were 3 to 8%. When the 30% Lummus ITSL heavy oil solvent —
70% Wilsonville SRC-I recycle solvent mixture was tested, the incre-
mental increase in conversion above the weighted average was 77%. As
in the case of the pure nondonor experiments, coal conversion was
highest with l-naphthol.

The high conversion efficacy of l-naphthol may be attributed to
its condensation to binaphthol and the consequent availability of
hydrogen. The effectiveness of both the nitrogen heterocycles and
the polycyclic aromatic hydrocarbon (PAH) compounds may be due to
their polycyeclic aromatic nature (i.e., possible hydrogen shuttling or
transfer agents) and their physical solvent properties. The relative
effectiveness for coal conversion of the Lummus ITSL heavy oil solvent
as compared with the Wilsonville SRC-I process solvent may be attributed
to the much higher concentration of 3-, 4-, and 5-ring PAH and hydro-
aromatic constituents in Lummus solvent.



More than 100 constituents were identified by gas chromatography/
mass spectrometry (GC/MS) and quantified by GC in both the Wilsonville
SRC-1I process solvent and the Lummus ITSL heavy oil solvent., The
major GC constituents in the Lummus solvent are PAHs, whereas the
major GC constituents in the Wilsonville solvent are naphthalenes,
tetralins, alkanes, phenols, and nitrogen heterocycles. An estimated
99% of the Wilsonville solvent and 46% of the Lummus solvent were
volatile enough to pass through the gas chromatograph for analysis.,
Approximately the same amount of donor hydrogen was available in the
GC constituents of each solvent.

The chemistry of coal liquefaction and the development of recycle,
hydrogen donor, and nondonor solvents are reviewed. The experimental
methodology for tubing-bomb tests is outlined, and experimental
problem areac are discussed. '



A great part of the literature of solvent
extraction resembles alchemy more than
science, perhaps as a result of the complex
nature of the problem.

M. W. Kiebler
The Actions of Solvents on Coal, 1945

1. INTRODUCTION

Preparation of liquid fuels from coal may provide an alternative
to liquid fuels derived from petroleum. This is particularly attractive
to those countries with significant coal reserves and may become even
more attractive as petroleum reserves decrease in size and become more
expensive., In the last seven decades, coal liquefaction has been studied
and commercially utilized on a relatively .small écale. The magnitude
of research, development, and industrial efforts in this area appears
to have been directly dependent on the economy and availability of
other sources of energy. Nevertheless, a considerable literature has
been accumulated and, especiélly within-the last decade, significant
progress has been made toward a more fundamental understanding of the
chemical and physical processes involved in coal liquefaction.

The overall objective of our research program was to explore
new reactions of coal with a view toward formulation and initial
experimental laboratory evaluation of new process concepts to convert
coal to liquid fuels. Research for the previous two years was related
to our observation that solubilization of coals in the nondonor solvent,

phenol, in the absence of hydrogen gas is accompanied by extensive



redistribution of the native hydrogen in coal to give a hydrogen-enriched
soluble portion and a hydrogen-depleted char.l The generic chemical
phenomenon of hydrogen redistribution need not be limited to phenol
and, in fact, phenols may not necessarily be the optimum media for
maximizing it. We report here results of a broader study to explore
the behavior of other nondonor solvents which might function similarly.
The studies were aimed at consideration of both the underlying chemistry
and the process implications of the hydrogen redistribution phenomenon.
Three principal criteria for selection of nondonor solvents for
these studies were:
1. presence of the constituent in coal liquefaction products
in order to permit process development using recycle streams,
2. potential for the constituent to participate in hydrogen
redistribution reactions, and
3. <¢hoice of constituent representative of a major chemical
class (e.g., polycyclic arumalle hydrocarbou, ulirogeus
containing heterocyclic, or oxygen—contalning constituent).
Based on these considerations, naphthalene, phenanthrene, pyrene,
quinoline, carbazole, phenanthridine, l-naphthol, and diphenyl ether
were selected for evaluation of their effect on coal liquefaction
yields. Results from use of the nondonor solvents were compared with
yields obtained with phenol and two high-quality process solvents,
Wilsonville SRC-1 recycle solvent and Lummus ITSL heavy oil process

solvent.



2. CONCLUSIONS

Donor species in coal conversion solvents have béen shown to be
important to the mechanism of producing pyridine-soluble products
directly from coal. The conversion mechanism is believed to depend
almost entirely on transfer of hydrogen from liquid ofganic species
to coal; the liquid species are then rehydrogenated by molecular
hydrogen to again become hydrogen donors. While non-hydrogen donors
may not directly participate in this mechanisﬁ, the current work shows
that they do play an important support role and may indeed be crucial
as regards their hydrogen-shuttling and dissolution capabilities.
This is seen in the form of a synergistic effect that occurs when some
nondonor molecules are added to donor solvents. Additionally, a
hydrogen availability difference was shown to exist between process-—
derived, hydrogen—-donor liquids. These conclusions are supported
by the specific citations of important findings from this work given
below.

1. Efficient liquefaction with all nondonor compounds evaluated
in this study except l-naphthol requires a supplemental
source of hydrogen (e.g., Hy or a donor solvent).

2, Using micro-reactors, the relative effectiveness of selected
pure nondonor solvents for converting Kentucky No. 9 coal
(Fies mine) to pyridine-soluble producté at 427°C (800°F),
10-min reaction time and 1.5 solvent/coal ratio was:
l-naphthol, quinoline, naphthalene, phenanthridine,
phenanthrene, phenol, carbazole, pyrene, and diphenyl etheg.

The range of conversions varied from 78 to 32%.



3.

Without supplemental hydrogen, among the pure nondonor
compounds studied, only l-naphthol (78% conversion) was as
effective at converting coal to pyridine-soluble material
as two high—quality process solvents, Wilsonville SRC-I
(61%) and Lummus ITSL heavy oil solvent (82%).

Pure l-naphthol appears to be highly effective for
solubilizing coal; pure quinoline was moderately to highly

effective; pure naphthalene, phenanthrene, pyrene,

phenanthridine, carbazole, phenol, and diphenyl ether

were only moderately effective.

The high conversion efficacy of l-naphthol may be partially
attributable to its condensation to binaphthol and the
resulting availability of hydrogen, i.e., it may act as

a limited hydrogen donor.

When tested at 427°C (800°F) and 10 min in the presence of

a supplemental source of hydrogen (i.e., in a 30% nondonor —
70% Wilsonville SRC-I process solvent mixture), in most cases
conversion was significantly greater than that predicted
from the weighted average of the two components, An
incremental increase (above the weighted average) in con-
version of greater than 187 was observed for pyrene,
phenanthridine, and carbazole. The comparable incremental
increase for naphthalene and phenanthrene was greater than
10%. Incremental increases for l-naphthol, quinoline,
diphenyl ether, and phenol was 3 to 8%. When the 30%

Lummus ITSL heavy o0il solvent and 70% Wilsonville SRC-I



recycle solvent mixture was tested, the incremental increase
in conversion above the weighted average was 7%. As in the
case of the pure nondonor experiments, coal conversion was
highest with the l-naphthol-containing mixture.

The results from the current study indicate that, at least for
quinoline, carbazole, and phenanthridine, the basicity of the
nitrogen—containing compounds may not be the significant factor
in their coal conversion mechanisms. For the pure compounds,
the most basic example, quinoline, is the most effective,
giving a conversion of 50% at 427°C and 10 min, whereas
phenanthridine and carbazole gave 367 conversion. When mixed
with supplemental hydrogen (i.e., Wilsonville solvent) then
both phenanthridine (72% conversion) and carbazole (72%
conversion) were significantly more effective than quinoline
(66% conversion). Because their effectiveness increased sig-
nificantly in the presence of a supplemental hydrogen source,
thelr effectiveness with suplemental hydrogen may be related
to thelr hydrogen shuttling or transfer properties.

Over 100 constituents were identified by GC/MS and quantified

by GC in both the Wilsonville SRC-I process solvent and the

Lummus ITSL heavy oil solvent. The concentration of each of

the selected nondonor solvents in this study were quite low
and/or not detected, except for pyrene (6.8 wt%), phenanthrenc
(4.4 wt%), carbazole (1.4 wt%), and naphthalene (1.2 wt%) in
the Lummus solvent; and except for diphenyl ether (3.3 wt%),
phenanthrene (2.0 wt%), naphthalene (1.7 wt7%), and quinoline

(1.0 wt%) in the Wilsonville solvent.,



10.

11.

The major GC constituents in the Lummus ITSL solvent are PAHs,

. whereas the major GC constituents in the Wilsonville solvent

are naphthalenes, tetralins, alkanes, and phenols. An
estimated 99% of the Wilsonville solvent and 467 of the Lummus
solvent were volatile enough to pass through the gas chromato-
graph and were analyzed. Approximately the same amount of
donor hydrogen was available in the GC constituents of each
solvent (i.e., 0.48 wt% in the Lummus solvent and 0.45 wtZ

in the Wilsonville solvent). Thus, assuming the same relative
concentration of available hydrogen in the nonvolatile portion
of the Lummus solvent, the two solvents were approximately
equivalent in quantity of hydrogen.

The relative higher effectiveness for coal conversion of the
Lummus ITSL heavy oil solvent as compared with the Wilsonville
SRC-I process solvent may be attributable to the higher con-
centrations of 4~ and 5-ring PAH and hydroaromatic constituents
in the Lummus solvent, i.e., the availability of the hydrogen
in the Lummus solvent appears greater.

The limited data base from this set of experiments tends to
support the conclusion that increasing the councentration of
pyrene, carbazole, phenanthridine, phenanthrene, naphthalene,
quinoline, and l-naphthol in the Wilsonville SRC-I solvent
would improve coal liquefaction capability of that solvent.
The experimental results also indicate that increasing the
concentration of higher‘moleculér weight PAH and hydroaromatic
compounds would improve the coal conversion efficacy of the

Wilsonville solvent.



12. Some mesophase coke formation was observed in tubing-bomb tests
with Lummus ITSL heavy oil solvent at 460°C (860°F) and 10 min,
indicating the beginning of retrograde reactions.

13. Presoaking coal in methanol for several weeks prior to micro-
reactor tests of the methanol-soaked coal in Wilsonvillé
solvent at 427°C (800°F) and 10 min, increased the coal conver-

sion from 61 to 75%.

3. RECOMMENDATIONS

The experimental results in this research program indicate that
at 427°C (800°F) l-naphthol is highly effective for converting coal
to a liquid product and that with supplemental hydrogen, most of the
nondonor compounds evaluated synergistically increase coal conversion
to liquid products. Since essentially only one reaction temperature-
time regimen was used in the experimental results reported here,
further research is necessary to determine for selected best-candidate
solvents the optimum reaction temperature and time, as well as the
optimum nondonor solvent and supplemental hydrogen concentrations.
Further study using different coals, including dried and undried
samples, in addition to better definition of optimum temperature-time
regimens and reactant concentrations is required in order to recommend
coal liquefaction process improvements. When used with supplemental
hydrogen, widely different chemical types were effective solvents,
thus it is apparent that different chemical processes are occurring
during coal liquefaction with such solvents. Developing a fundamental

understanding of these chemical reactions and mechanisms is important.



10

Further experimentation using deuterium and radiotracer labeled model
compounds may facilitate this understanding. Solvent loss (both
incorporation and degradation) is important from process and economic
viewpoints. Consequently, incorporation and degradation studies with
labeled model compounds are also recommended. To more clearly under-
stand the role of the process solvent in improving the yields obtained
with the nondonor compounds in this study, a series of experiments
with varying sets of nondonor and donor compounds should be conducted
(e.g., ternary or quaternary mixtures of compounds). Tn addition tn
micro-reactor determination of gross coal conversion yields, further
characterization of the reaction products is necessary to arrive at a
more fundamental understanding of the chemical processes. For example,
in addition to the traditional parameters such as oils, asphaltenes,
and preasphaltenes, the products should be molecularly characterized.
To better understand the role of nitrogen-containing heterocycles in
the coal conversion process, a series nf tests shanld be made with
labeled compounds of widely varying basicity to determine relative

conversion effects and possible reaction mechanisms.

4. BACKGROUND AND HISTORICAL CONSIDERATIONS

The history, chemistry, and process develnpments in coal lique-
faction have been detailed in several comprehensive reviews.2-17
The reviews by Whitehurst et al.l2 and Pullenl’ summarize most recent
significant research,

Coal liquefaction involves the complex interaction of a series

of physical processes and chemical reactions including (1) physicél
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breakdown of the coal particles;18 (2) solubilization and solvation

of the particles and molecular constituent:s;m'23 (3) thermaliy and
chemically induced bond rupture of the coal structure;18‘35 (4) intra-
coa} reactions, i.e., fluxing, autostabilization, and recombination or
regressive reactions (refs. 18,26,34,36); (5) coal-solvent reactions,
i.e., hydrogen shuttling or transfer reactions, solvent-induced bond
ruptures, and sélvent degradation, modification, or incorporation
reactions (refs. 20, 24-26, 36-42); and (6) thermal degradation of

solvent constituents.43'45
4.1 Coal Structure and Solvent Interaction

Substantial evidence indicates that the three~dimensional struc-
ture of coal, regardless of rank, consists of aromatic and polycyclic
aromatic rings which are connected with each other by ether, methylene,
and some ethylene, propylene, acyl, and tertiary carbon cross-links
(refs. 21, 30, 37, 46-51). There appears to be a greater content of
aliphatic side chains and carbonyl groups in low-rank coals as com-
pared with high-rank coals.>?2 Many units of relatively low molecular
weight are known to be dispersed within the three-dimensional
structure. Van Krevelen concluded that coalification is a progressive
polycondensation (increasing three-dimensional cross-linkage) and -
that the potential solubility of coal decreases with increasing
coallification; fur exawple, lignite is almost entirely soluble in
caustic solutions, whereas coal does not dissolve completely in any
solvent, 23 -

Because of the structure of coal, three major types of reactions

are expected to be important in the conversion of coal into liquid
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and gaseous products: alkyl bond fission, hydrogenolysis of oxygen
and sulfur groups, and aromatic ring hydrogenation. Each type of
reaction consumes hydrogen.54 In addition, other factors may be
significant such as acid-base interactions, hydrogen bonding, dipole-
dipole interactions, and localized charge interactions.??

Solvent extraction has been extensively used for studying the
composition of coal. Historically, the primary aim of the solvent
extraction studies was to isolate the materials from which coal
derives its coking properties, and essentially all organic solvents
were tried in this effort.” Efforts have been made to correlate the
effectiveness of solvents with their chemical and physical properties.

Van Krevelen?3 analyzed (on a theoretical basis) the change of free
energy when a fundamentally soluble macromolecular substance is mixed
with a solvent.26-60 From this analysis, he postulated that maximum
swelling of the insoluble coal network structure and dissolution of
the soluble "monomers” dispersed in the network are achieved by solvents
having similar or higher soiubility parameters than the coal (see also

refs. 61, 62). The solubility parameter 6§ is defined by the following

relationship:

where AUVap is the molar heat of vaporization (or molar cohesion energy)
and Vy is the molar volume. Thus, the solubility parameter deals
primarily with the cohesive energy of the solvent (which relates
primarily to dispersive forces). Substances such as pyridine and

ethylenediamine have § values similar to high-rank coals and are
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therefore suitable solvents at low temperatures. Van Krevelen
cautions that electronic and hydrogen bonding which are highly sig-
nificant in coal dissolution are only roughly considered in § values.
He concluded that factors of this type may explain why coal disso-
lution in phenanthrene and higher molecular weight polycyclic aromatics
requires higher temperatures than does dissolution in pyridine, although
their § values are similar.”3

As early as 1940, Kiebler found that for constant temperature
extraction of a Pittsburgh seam coal in a variety of solvents, the
effectiveness of a given solvent was directly proportional to the
internal pressure of solvent; i.e., the square of the solubility
parameter (62).63 Howard observed that the correlations were only
moderately successful and that maximum solubility occurs when the
solubility parameter of the solute and solvent are identical. That is,
in a series of solvents a maximum will be encountered in the solubility-
solubility parameter relation on one side of which a decrease in the
solubility parameter results in a decrease in solubility and on the
other side of which an increase in solubility parameter results also
in a decrease in solubility.64 This observation has been experimentally
supported.65'67 These studies indicated a relationship between the
effectiveness of a solvent for dissolving coal and the solubility
parameter at moderate temper;tures but did not evaluate this effect at
temperatures used in coal liquefaction processes nor consider compli-
cating effects of solvent polarity.68 Blanks and Prausnitz®9 proposed

that the solubility parameter of polar compounds should involve two
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parts — a polar part, t, and a nonpolar part, A — related to the

solubility parameter by the relationship
62 = 12422 ,

Angelovich and coworkers®8 concluded that for groups of solvents of
similar polarity and hydrogen bonding tendencies, maximum coal solubility
should occur when the nonpolar parts of the solvent and solute (coal)
solubility parameters are equal, They present experimental evidence
obtained at liquefaction temperatures (and hydrogenation conditions)
in support of their analysis indicating that optimum values for X of
about 9.5 produced maximum liquefaction yiélds. They suggest that the
nonpolar part of the solvent's solubility parameter should be a useful
tool for screening solvents,7O but that other factors such as thermal
stability at reaction.temperatures, lewis basicity (electron pair donor)
and hydrogen donor capacity must also be considered. 68

In consideration of ettects such as hydrogen bonding and dipole-
dipole interactions in addition to dispersive forces, Hansen separated
the solubility parameter in to three components: hydrogen bonding
properties (8), disperson forces (83), and dipole-dipole interactions
(6p). He quantitatively described a solvent's ability to dissolve
a solute using a three-dimensional plot of these parameters.71
According to Whitehurst et al.,12’72 the plot was simplified to a
two—dimensional, three-coordinate plot of the three parameters
represented as fractions fy, f4, and fp respectively. This treatment
permits the prediction of liquid-liquid miscibility, polymer solubility,
adsorption on surfaces, and solubility of inorganic and organic compounds

(including lignin).12»72
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The effectiveness of electron donors (e.g., basic nitrogen com-
pounds) as coal solvents was observed by Dryden6 and is currently
receiving increased attention.23 1In a series of extraction experi-
ments with several pyridine bases, Halleux and Tschamler’3 obtained
evidence supporting Dryden's hypothesis that the interaction between
some specific solvents and coal involves the availability of a free
electron—-pair in the solvent molecules.

In consideration of the effectiveness of Lewis bases (electron
donors) as solvents, Marzec and coworkers have developed a coal
extraction model to account for such effects.’% They postulate that
coal consists of a matrix of macromolecules with extractable molecular
substances filling the pores and bonded to the matrix by electron
donor and acceptor centers. According to Gutmann, solute-solvent
(or ion~solvent) interactions are the result of nucleophilic attack
of a solvent functioning as electron-pair donor at an area of low

electron density of a substrate, i.e.,
§oF
aﬁd/or by the electrophilic attack of a solvent functioning as an elec-
tron-pair acceptor at the area of high electron density. Both donor
or acceptor attack shifts the negative charge from A to B:

- &t
6—-)§
Donor » A - B + Acceptor.

The electron shift in either or both of these .ways may lead to heterolysis
(ionization) of the covalent bond A - B, if the products (ions) are
sufficiently stabilized by solvation.’> Using the concept of electron

. donor numbers (DN) and electron acceptor numbers (AN) described by
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Gutmann’> as quantitative measures of electron‘donor and acceptor
properties, Marzec and coworkers observed coal éxtract yields increase
with increasing DN of the solvent and correlate with positive wvalues
for the difference DN--AN,74 The observafion of higher coal extract

yields with solvents of higher DN corroborates Dryden's observation

concerning solvents with unshared elecron pairs.6
4,2 Coal Liquefaction Considerations

In addition to simple dissolution, high yields in coal liquefac-
tion must involve a depolymerization of the coal structure (the insoluble
network) via degradative homolysis (thermal cleavage) of the cross-
linkages. In most direct liquefaction processes currently under study,
the initial reactions involve thermal decomposition of the coal in an
appropriate solvent that is usually generated by the process itself
(for economic reasons). 'The liquetaction is usually conducted under
hydrogen pressure. The solvent has several functions: (1) a slurry
vehicle for transport of the coal to the liquefaction reactor, (2) a
medium for heat transfer to the coal particles, (3) a vehicle to
promote hydrogenation and hydrogen transfer reactions, and (4) a
medium to disperse reaction products. The chemical composition of
the solvent can significantly affect the extent of coal conversion
and the nature of the products.36

In direct liquefaction the principal objective is to stabilize
the molecular fragments génerated by thermal degradation of coal with
hydrogen in order to maximize useable product. This requires that

hydrogen be available in a form suitable to satisfy the demand. The -
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demand for hydrogen in liquefaction reactions is apparently largely
determined by the structure of the coal and the reaction temperature.
Hydrogen demand may be met by transfer from a solvent donor, formation
of solvent-solvent and solvent-coal adducts, dehydrogenation of éhe
coal itself, and molecular hydrogen.36 An effective route for hydro-
gen transfer is by way of the liquefaction solvent. The ideal hydrogen
carrier structure is generally considered to be a partially hydro-
genated PAH that can alternate between this form and the fully
aromatic form through successive reversible dehydrogenation and
rehydrogenation., The key reactions between the hydroaromatic solvents
and the coal during the liquefaction appear to be principally free
radical in nature.’® The free radicals may also be stabilized by
other competitive reactions with solvent or coal constituents.’’

Coal liquefaction is a heterogeneous process. The solvent rapidly
diffuses into the coal, dissolving in the coal "gel,” and thus the
initial reaction takes place within the coal particles.20 According
to Larson and coworkers, Neavel has postulated that the initial chemi-
cal reactions occurring in both coking and direct liquefaction are
identical.’8 This argument is supported by Mochida and coworkers.49

When heated to 300-500°C, coal materials undergo thermal conden-
sation and decomposition reactions to an extent dependent upon the
coal rank., Free radicals are formed through thermal homolysis of
bonds and (1) may combine with each other or larger molecular weight
material (preasphaltenes) or (2) may be stabilized by hydrogen
transfer from the solvent or by addition reaction of the solvent

itself to form oils or asphaltenes. The properties of solvent that
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influenced these reactions may be dissolution ability, viscosity, and
radical quenching reactivity.49
Mochida and coworkers postulate two possible functions for the

solvent in solvolytic liquefaction of coal at temperatures below 400°C
near the softening point of coal: (1) providing a high fluidity to
the system and (2) providing unit reactions for liquefaction. They
correlated liquefaction yields with the softening point of coal and
concluded that softening point is a better index of liquefaction
reactivity than carbon content., They conclude that coal liquefaction
solvent should have the following properties to give high liquefaction
yields:49

1. high boiling point,

2. stability against decomposition and carbonization,

3. high dissolution ability for the coal fragments to maintain a
low viscosity in the system, and

4, reactivity for solvolytic reactions.
4,3 Donor Solvents and Hydrogen Transfer

The first commercial coal liquefaction process was developed by
Pott and Broch, who used a mixture of’tetralin, naphthalene, and phenol
in a 2:2:1 weight ratio as a solvent for bituminous coal.l9 Early
investigators undefstood the effectiveness of hydroaromatics and the
importance of hydrogen donor solvents and hydrogen transfer in the

coal liquefaction process.

4,3.1 Tetralin
For many years tetralin has been accepted as the paradigm of

hydrogen donor solvents and, consequently, has been much used in
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experimentation. However, a wide diversity of solvents may function
as hydrogen donors, and the rate of thermal decomposition of the coal
may be a major factor in determining the extent of hydrogen transfer
once a sufficiently reactive donor is used.20 Most investigators
have concluded that coal depolymerizes by thermal decomposition into
free radicals that are stabilized by capture of a hydrogen atom
from a donor molecule. If other means of stabilization are not
present, aromatic fragments will polymerize into large "molecules”
that are nonvolatile and insoluble.26 Wiser observed, in hydrocarbon
thermal cracking studies, that thermal decomposition reactions become
appreciable at 350°C and concluded that. thermal ruﬁture of bonds in
the coal structure would become extensive above that temperature.
He observed that the greater portion of the stabilization process
(in dissolution studies at 350-450°C using tetralin and Utah
bituminous coal in a 10:1 weight ratio) was apparéntly accomplished
by the hydrogen atoms from tetralin, and that the rate controlling
process was the hydrogen transfer. Wiser postulated that interactions
between solvents such as tetralin and coal may significantly reduce
activation energies associated with bond rupture.26

Benjamin and coworkers studied the pyrolysis of tetralin using
isotope labelling (nmr) and GC/MS techniques to study the pyrolysis
products. When tetralin was heated at 400°C for 1 h, only a trace of
it was converted to naphthalene and l-methylindane. After 18 h at
400°C, only 1% decomposition occurred. However, at 500°C extensive
decomposition was observed with only 25% of the tetralin remaining

after 1 h. Naphthalene was the major product and only small amounts
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of l-methylindané, indane, ethylbenzene, and toluene were férmed.
Benzene, o-xylene, methylethylbenzene, butylbenzene, 2-methylindane,
and 1- and 2-methylnaphthalene were present, representing about 1-37%
each. Traces of propylbenzene, two C3-benzenes, 1- and 2-ethyl-
naphthalene, 1- and 2-ethylindane, three binaphthyls, and chrysene
were detected. After l.h pyrolysis at 500°C, the gas fraction
coﬁtained 35% hydrogen, 457 methane, 31% ethane, and 13% propane.
Traces of propane and butane were detected.3! Hooper and coworkers
independently came to approximately the'same results for tetralin
pyrolysis (350-450°C). They concluded that hydrogen produced from
the cracking tetralin could be a significant source of hydrogen for
hydrogenation reactions in addition to the source usually alluded to
in the literature, i.e., the reaction of tetralin with free radicals
tormed by the thermal dissociation of coal, %3
From tubing-bomb experiments at 427°C with tetralin and coal

[Illinois No. 6 (Monterey) bituminous or Kaiparowitz subbituminous]
at a 2:1 solvent/coal ratio, Franz and Camaioni concluded that
Athe l-methylindane observed in reactions of coal and tetralin is a
product of the reverse 1l,2-aryl migration of 2-tetralyl radical, an
endothermic reaction with an activation energy of 22 kcal/mol. Thus,
the presence of l-methylindane in coal reactions indicates that coal-
derived ra&icals are sufficiently noﬁselective to produce 1- and
2-tetralyl radicals.34 According to Heredy and coworkers, both 1-
and 2~tetralyl radicals were intermediates in the oxidation of tetralin
to naphthalene.40 The rate of scrambling of isotopic labels is

enhanced by constituents in the coal (e.g., Fet3) which convert
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radicals (that undergo relatively inefficient bimolecular inter-
conversion) to carbonium ions, which undergo very rapid unimolecular
rearrangements. According to Franz and Camaioni, Bokrath observed
that the addition of pyrite enhances the rate of isomerization of
tetralin to l—methylindane.34

About 55% of the Kaiparowitz subbituminous coal dissolved at
427°C within 10 min using a 2:1 weight ratio of tetralin to coal.
Because it was unlikely that the solvation process (in tetralin) would
select aliphatic structures over aromatic structures, Franz concluded
that during the first 10 min, introduction of deuteriuﬁ occurs much
more rapidly at aliphatic sites.39 This is in agreement with Benjamin
et al. who observed very rapid hyd;ogen exchange with methyl groups
(e.g., l—methylnaphthalene).42 This conclusion 1is a1s§ supported by
Wilson, and coworkers, who studied the liquefaction of an Australian
bituminous coal (Liddell) in tetralin and hydrogen at 400°C and 425°C.
After 2 h, tetralin conversion to naphthalene was about 10% at 400°C
and 16-20% at 425°C. Ihéy concluded the major role of hydrogen at
400-425°C and >6.9 MPa hydrogen pressure was not hydrogenation of
aromatic rings, but that most of the hydrogen was consumed by alkyl

bond fission and hydrogenolysis reactions. 2%

4.3.2 Hydrogen transfer

Curran and coworkers20 evaluated the kinetics of coal conversion
and hydrogen transfer to coal by assuming two simultaneous first-order
reactions in which two types of bonds were broken, one relatively strong

and the other relatively weak. They observed that approximately one-third
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of the total conversion occurs rapidly and with no significant hydro-
gen transfer and also that the low activation energy (30 kcal/mol)
for the high initial coal conversion rate was well below that of most
chemical bond strengths. Thus, they concluded that the initial
reactions did not involve rupture of cévalent bonds but involved the
breaking of hydrogen bonds. The activatiﬁn energy (45 kcal/mol) of
the later, slow conversion rate was somewhat low for normal covalent
bonds. Therefore, they concluded that a highly resonating structure
stabilized the free radicals produced by bond rﬁpture,zo (i.e.,
achievement of homolysis rates of C-C, C-0, or C-S bonds commensurate
with those of coal decomposition at about 400°C appears to require
aromatic resonance stabilization of the radicals produced33). The
reaction rate, in the later stages of the reaction, was independent
of the donor hydrogen concentration. This fact and the observation
that hydrogen was consumed in the actual conversion process tend
to support the free radical hypothesis for the conversion process.18
Franz39 corroborated these conclusions in coal liquefaction/
tetralin experiments at 427°C. Using nmr techniques, he determined
that hydrogen transfer during the reaction is very rapid duriag the
first 15 min but levels off and becomes slow after 30 min. Presumably,
the first phase involved low energy processes (conversion of coal to
preasphaltenes) and the second phase involved slower bond-breaking
processes (forming asphaltenes). However, hydrogen uptake per
incremental increase in product yield was much lower in the initial
5 min of reaction time. This is consistent with autogenous hydrogen

transfer from coal donor molecules to radicals39 and the observation
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that vitrinite is superior to tetralin for certain hydrogen transfer
reactions.29,42

Experiments were conducted by ﬁeredy and coworkers to explore the
roles of gas-phase and donor-solvent hydrogen on coal liquefaction.
In experiments with tetralin, deuterium labeled tetralin, hydrogen
gas, and deuterium labeled hydrogen gas, it was concluded that the
l-tetralyl radical had a significant role in the transfer of deuterium
from the gas phase into the coal. They also concluded from the large
amount of deuterium incorporated that there was apparently a direct
route for incorporation of deuterium into tﬁe coal without the par-
ticipation of tetralin, although the extent of isotopic exchange
between the coal and the solvent 1is greater than it is between the
hydrogen gas and the solvent. They observed a significant amount of

gas—-phase hydrogen exchange with naphthalene.40
4.4 Thermal and Chemical Splitting of Bonds

That thermai and chemical splitting of bonds (both intracoal and
solvent-coal reactions) must be considered an important factor in coal
liquefaction is concluded from several model compound studies. For
example, vitrinite was found to be a better catalyst and hydrogen
transfer agent than tetralin for the thermolysis of 1,1,2-triphenylethane
and 1,1,2—triphenylethylene.27 The cleavage of alkyl-oxygen bonds may
also occur under coal liquefaction conditions as indicated by Kolling27
and his coworkers in their sﬁudies of the action of.1,2,3,4—tetra~

hydroquinoline on model compounds at temperatures up to 390°C.

Kessler and coworkers observed that reduction of coal vitrain using



24

lithium—ethylenediamine increased its solubility in pyridine by
(1) splitting ether linkages in the coal, (2) partially eliminating
organic sulfur from the coal structure, (3) formation of lower
molecular weight aromatic hydrocarbons, and (4) formation of hydro-
aromatic compounds.79

The high content of oxygen in subbituminous coal suggests that
oxygen—containing functional groups are important in coal liquefaction
and may function as "solvent oxidants.”22 For example, phenols are
effective in reducing benzophenone but at much slower rates than
those ftor hydroaromatic compounds.38 1t the oxygen atom 1is located a
or 8 to an aromatic ring, thermolysis could generate anion radicals
that would be reasonably stable and also function as hydrogen sinks
in the presence of donor molecules such as octahydfophenanthrene.22
Ruberto and coworkers, who detected free radicals in solid coal and in
the coal liquids, state that the lifetime of the free radicals is
very long, frequently surviving all hydrogen transfer reactionms.
Quinones abstract hydrogen from donor solvents (e.g., l,4-dihydro-
benzene, dihydronaphthalenes, and tetralins) in a two-stage ionic
process. Although the presence of quinone structures in coal was not
established by Ruberto et al., they concluded, based on e.s.r. obser-
vétions and the common occurrence of phenols in coaliliquefaction
products, that the intermediacy of aryl-oxyl radicals is plausible and
stated that this conclusion is substantiated by (1) studies of
Sternberg and Donne showing the ease of generating free radical carbon
and oxy-anions by electron transfer from potassium metal80 and

(2) studies by Russell and coworkers indicating that many aiiphatic
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and aromatic oxy-anion radicals are stabilized in reducing eaviron-
ments as their semidione'intermediates.81 Therefore, Ruberto and
coworkers concluded that one of the‘most important steps in coél
liquefaction is the quenching of radical anions by hydrogen or small
alkyl fragments before recombination can occur. 22

Using nmr techniques, Franz determined in coal liquefaction/
tetralin experiments at 427°C that reactions leading to the removal
of oxygen—containing functional groups are essentially complete within
10 min. Presumably the remaining compounds were relatively stable
phenols, aromatic ethers, and dibenzofuran structures. Fraﬁz observed
significant isotopic scrambling between phenol and 1,1-d9p-tetralin
for 1 h and 2 h at 427°C and that the presence of coal significantly
enhanced deuterium incorporation in the phenol. He concluded that
the introduction of deuterium into phenolic aromatic systems competes
with the very rapid conversion of labile aliphatic oxygenated struc-
tures in coal to deuterated aliphatic structure. The overall hydrogen
transfer process is stoichiometric and irreversible’with respect to
naphthglene, indicating that reduced coal constituents have low
potential as a source of hydrogen. The hydrogen transfer process
occurs initially and rapidly at aliphatic sites but is soomn incor-
porated in aromatic structures. The gradual production of aromatic
structure (phenolic or aryl ether) during the reaction was confirmed

through nmr results.39
4,5 Coal Reactivity

Coal is a highly reactive material. For example, coal (Illinois

No. 6 vitrain) is a better hydrogen donor, for several receptors, than
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tetralin.27532,38 Coal is apparently a good alkylating agent and also
akylates readily. As reported by Larson and Kuemmerle, Kroeger
concluded that alkylation of coal increases its aromaticity via
condensation of alkylaromatics with loss of hydrogen.37 Coal is
dehydrogenated readily by quinone. The reaction rate compares
favorably with that achieved with 1,4-dihydronaphthalene, one of the
more reactive hydroaromatics. Peover observed that the addition of
quinone to the- coal occurs simulténeously with dehydrogenation and
concluded that adducts occur with anthracene and perylene structures, 23
Evidence of the reactive nature of coal is supplied by Gorbaty,
who observed that drying subbituminous coal had a marked effect on its
physicai structure, resulting in decreased mass transport through the
coal pérticles and, consequently, less conversion.82 Other inves-
tigators have reported that oxidation reduces the amount of coal
conversion to liquid products.?2s 72 For example, Neaval observed
that oxidation of coal (oxygen concentration increased 3 wt% by
heating at 177°C in air) dropped conversion from 62% to 35% (30-min
reaction in tetralin at 400°C) and concluded that oxidation of coal
is deleterious to liquefaction yields.18 One effect of drying is
probably pyrite oxidation.83 To what extent pyrite oxidation way
be related to reduction of coal conversion yields is unknown. How-
ever, recent evidence indiéates that hydrogen sulfide may react as a
hydrogen donor in the coal liquefaction process.84 In coal, sulfur
can exist as pyrite (FeSp), other metallic sulfides (e.g., ZnS, PbS,
FeS), sulfates [e.g., FeSO4,, Fep(S04)3, or CaSO4], organic sulfur
(mainly thiols, sulfides, disulfides, and substituted thiophenes) and

elemental sulfur.83,85 The reactivity and possible involvement of
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these sulfur-containing compounds in liquefaction processes is receiving
increased attention, as discussed below.

Further evidence of the reactivity of coal is the chemical
comminution of the coal that occurs when it is exposed to certain
chemicals (e.g., ammonia, methanol, acetic acid, and trifluoroacetic
acid). Apparently these chemicals interact with inorganic minerals
along the mineral matter boundaries.86

Because of this reactivity and possible variations in reactivity,
it is well known that the liquefaction behavior of coals varies widely,
depending upon the chemical and petrographic characteristics., With
coals of higher carbon content, depolymerization is less effective and
gives products of higher molecular weight presumably because of the
presence of larger polycyclic aromatic units, i.e., a more graphite-like
structure.37>87 Abdel-Baset and coworkers observed that conversion
tends to increase with increasing sulfur content of the coal, except
for some western coals. Using regression analysis; they developed a
correlation relating conversion to sulfur content, total reaétive
macerals, and carbon content, but they cautioned that this does not
imply a causal effect. The high partial correlation coefficient for
sulfur may be attributable to pyrite as a catalyst; it may occur
because some organic sulfur compounds may be readily removed,
generating free radicals that promote further hydrogenation; or, the
sulfur content may be an index of the extent of certain processes that
occurred during the coal formation that promoted production of par-
ticularly labile organic constituents,88 Empirical support for this

regression analysis has been provided in a subsequent report.89
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Whitehurst and coworkers reported that pyrites and other catalysts
catalyze hydrogen transfer, dehydrogenation, and solvent

isomerization.36’72:77
4.6 Recycle Solvents

For economic reasons, coal liquefactionvprocess solvents are
generally developed as an integral part of the coal conversion process
through recycle of selected ffactions. Extensive effort has been
expended on measuring solvent parameters and correlating the
parameters with liquefaction yields and product quality.44’90
It has been general;y concluded that solvent quality parameters must
be adjusted for effiéient liquefaction of different coals. A syste-—
matic study of SRC recycle solvents was conducted by Curtis and
coworkers. Based on coal conversion efficacy (in tubing-bomb experi-
ments) they determined optimum solvent ranges for a series of
parameters including hydrogen content, atomic C/H ratio, aromatic
hydrogen, and aliphatic hydrogen. They concluded that there are solvent
factors in addition to those studied which affect conversion efficacy.90
Excessive hydrogenation of an initially aromatic solvent 1s possible
and may be detrimental to coal liquefaction. That is, the relative
amounts of aromatic and aliphatic proton types must be finely adjusted
to provide sufficient hydrogen for hydrogen transfer as well as
maintaining sufficient aromaticity for solvating action.90 The high
solvent quality of the heavy fraction [+427°C (+800°F)] produced in
the direct liquefaction of coal has recently received attention. The

large molecules present in this heavy solvent undergo very well the
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principal reactions involved in coal liquefaction:23:36,91‘93

1. Large polycyclic aromatic compounds readily cycle between a
hydroaromatic state and an aromatic state, transferring
hydrogen to reactive species.

2. The large molecules are good physical solvents.

3. The large solvent molecules may contain several heteroatoms,
especially nitrogen.

4, 'The large aromatic rings make the heteroatom electrons more

available for hydrogen bond formation.
4,7 Solvent Degradation and Modification

Because of the high process temperatures and complex chemical
environment, process solvents are subject to degradative and modifying
reactions (e.g., transalkylation and isomerization).”> In addition,
the concentrations of reactive constituents in solvents may decrease
during the liquefaction process due to their incorporation into
insoluble residues. Studies with individual model compounds such as
tetralin indicate that a number of side reactions occur that alter
the carbon skeleton and therefore deter regenerating the original com-
pound by rehydrogenation. Products from reactions of coal and tetralin
are methylindanes after ring contraction (and indane after demethylation),
butylbenzene after ring cleavage, and methylnaphthalenes after
alkylation.32’44

Poutsma and coworkers quantified the reactions of coal and tetralin
at 454°C under 13.9 MPa hydrogen pressure with an approximate 40-min

residence time using simulated SRC-I conditions. They determined that
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under these experimental conditions, approximately half of the intro-
duced l4C-labelled tetralin was consumed with 15% of the tetralin
entering into reactions more complex than hydrogen donation to form
naphthalene. Approximately one-third of this diverted tetralin was
converted to methylindanes, indane, and methylnaphthalenes, whereas
about two-thirds was grafted to much larger molecules. Presumably
the incorporation of tetralin in larger molecules involves reactions
of tetralyl radicals, and the grafting reactions are not limited to
specific functional groups in the coal but occur indiscriminantly.
These reactions may occur for other hydroaromatics and are thus
an obvious source of loss of solvent quality and quantity., Similar
experiments should be conducted with naphthalene, phenanthrene, and
pyrene to further explore the generality of such reactions.’®

Solvent loss has often been associated with using basic nitrogen
compounds as solvents even at comparatively low temperatures (i.e., at
the solvent boiling point).zj’ga Amines during extraction of coals
apparently are incorporated into or retained by both the solubles and
the residues from the extractions. Such retained amines are
exchangeable in the case of pyridine and ethlenediamine but are not

exchangeable in the case of tetrahydroquinoline.94
4.8 Liquefaction Products

The liquid products resulting from direct liquefaction of coal
are complex mixtures, Some investigators have operationally defined
three broad classes of compounds that make up coal-derived liquids:

(1) oils (i.e., pentane- or hexane-soluble fraction), (2) asphaltenes



31

(i.e., fraction soluble in benzene or toluene but insoluble in hexane
or pentane), and (3) preasphaltenes (i.e., soluble in pyridine or
tetrahydrofuran but insoluble in benzene or toluene).

A major goal of coal liquefaction research is to maximize the
production of oils. In coal-derived products, oils consist not only
of alkanes or aliphatic hydrocarbons but also of 1- and 2-ring
aromatic constituents, The latter may predominate in some products.95
Asphaltenes are presumed to be key intermediates in the conversionhof
coal to liquids.96'100 Consequently, they may be the principal product

and must be upgraded by hydrogenation.96_98 Sternberg and coworkers

report that asphaltenes consist of hydrogen-bonded complexes that can

be separated into acid and base components. The oxygen in the acidic
component is present as phenolic hydroxyl and the nitrogen as acidic
nitrogen, as in pyrrole. The oxygen in the basic compdnent is present
as ring or ether oxygen and the nitrogen as ring nitrogen, as in
pyridine. Complex formation occurs by hydrogen bonding between acidic
phenol and basic nitrogen groups. The acid components contain essen-
tially all the exchangeable protons, whereas the basic components
contain essentially none. The hydrogen-bonded structure of asphaltenes
is consistent with their solubility characteriséics. In moderately
polar solvents such as benzene, the asphaltenes are soluble because

the acidic and basic components are separately sglvated. Upon replace-
ment of benzene by nonpolar solvents such as pentane, hydrogen bonding
between the acidic and basic components takes place and the asphaltenes

precipitate as a large insoluble complex.99 Several investigators
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have studied the hydrogen bonding of model compounds (e.g.,
o-phenylphenol and pyridine or quinolinelOO"IOA), providing evidence
that the acid and base components of asphaltene are essentially
hydrogen donor and the basic components are essentially hydrogen
acceptor.100

Coal-derived liquids may be hydrogenated for purposes of recycling
or as preparation for fuels and chemical feedstocks.!05 Ouchi and co-
workers studied the catalyzed hydrogenation of preasphaltenes and
concluded that at temperatures <400°C the conversion of preasphaltené
to asphaltene plus oil is a reaction involving depolymerization of
the preasphaltene structure by spli;ting of ether linkages and the
partial saturation of the aromatic rings with hydrogen, thus increasing
their solubility in benzene. They also conclude that splitting of
carbon-carbon bonds occurs spontaneously at >400°C (ref. 50,51). Kanda
and coworkers concluded that at <400°C, hydrogenation of asphaltenes
in the presence of catalysts involved the saturation of the aromatic
rings with hydrogen to form naphthenic rings without changing the

degree of polymerization.lo6

5.  NONDONOR SOLVENTS

Several investigators observed that initial coal liquefaction
reactions are rapid and that hydrogen consumption per unit yield is
much lower in this initial phase than inlthe later reaction phases
(refs. 10, 20, 39). This fact iﬁhicates facile hydrogen transfer

reactions are occurring with little external hydrogen input. Further-

more, coal is a good hydrogen donor.27538 From these facts it can be
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concluded that coal contains both hydrogen donor and hydrogen acceptor
molecular constituents or moieties bonded to or within the three-
dimensional structure. Thus coal liquefaction reactions can occur by
internal hydrogen rearrangement (i.e., intra-coal hydrogeﬁ transfer
and shuttling).

This observation is substantiated by the ability of certain non-
donor solvents (i.e., solvents that are not, or are not known to be,
hydrogen donors) to extract coal significantly. A brief summary of
successful solvents for such extractive disintegration includes
polycyclic aromatics, such as naphthalene, phenanthrene, and pyrene;
nitrogen-containing heterocycles such as pyridine and quinoline; and
phenols such as phenol itself and naphthols (Table 1). 1In contrast,
some superficially Véry similar structures such as anthracene,

dibenzofuran, and o-phenylphenol were relatively ineffective.
5.1 Phenols

The amount of hydrogen in coals associated with phenolic "hydroxyls
is in the range of 2-8% of the total hydrogen.25 The hydroxyl groups
appear to be paired with another heteroatom and most are hydrogen bonded
in the three~dimensional coal structure.lll Phenols are commonly found
in coal liquefaétion products.llz’113 Several phenols have been’
evaluated as nondonor solvents (Table 1).

Favorable effects of phenols on donor-solvent liquefaction were
recognized by Pott and Brocke who used phenol, naphthalene, and
tetralin as the solvent in an early commercial coal liquefaction

process.1’19 Orchin and Storch speculate that the effectiveness of



Table 1. loal conversiom yields obtained with nondonor solvents (selected values)

Conversion Tenperature Time Solvent to

Nondonor Solvent (%) (°c) (min) Coal coal ratio Reference

Phenols
‘Phenol 328 482 15 Bruceton 10 1
Phenol 102 460 15 Bruceton 1.5 1
Phenol 514 455 10 Wyodak 10 1
Phenol 78 427 5 Wyodak 5 1
Cresol 19-2322 400 30 Bruceton 4 19
1-Naphthol 8C 288 ;— Pittsburgn - 1
2-phenylphenol 15 275 - Pittsburgn - 1
2-phenylphenol 2cb 400 30 Bruceton 4 19
4-Cyclohexylphencl®»d S5& 287 - Pittsburgn - 1
2-CyclohexylphenclC>d  gzb 400 30 Bruceton 4 19
TetrahydronaphthclC,d gsb 400 30 Bruceton 4 19
Diphenylether 40a 460 15 Wyodak 10 78
Diphenylether 5.2 482 15 Bruceton 10 78

14



Table 1. (continued)

) Conversion - Temperature Time Solvent to
Nondonor Solvent (%) (°c) (min) Coal coal ratio Reference
Diphenylether/ , B4 Eutectic -— Dutch Creek - 107
Diphenyl '
Diphenylether/ 20 '~ Eutectic - Montana - 107
Diphenyl
N-Containing Compounds
Ethylenediamine 22 20 - Bituminous . - 74
Ethylenediamine 35-40 117 - <85% C - 108
Ethylenediamine 1-5 117 - >85% C - 108
Pyridine 12 20 - Bituminous - 74
Pyridine 30 427 60 Bituminous 4 72
Quinoline 17 : 150 - Bituminous - 2

Aliphatic Hydrocarbon

Dodecane 20b 400 : 12 Bituminous 2 18

GE



Table 1. (continued)

Conversion Temperature Time Solvent to
Nondonor Solvent (%) (°c) (min) Coal coal ratio Reference

Polycyclic Aromatic Hydrocarbons

Biphenyl 19b 400 30 Bruceton 4 19
Naphthalene 22b 400 30 Bruceton 4 19
Naphthalene | 468 460 15 Wyodak 10 78
Naphthalene 518 482 51 Bruceton 10 78
Naphthalene 25P 40C 5 Bituminous 2 18
Naphthalene 14€ 400 60 Aanesley 4 109
Naphthalene/ 52 406 3 - 4 72
biphenyl
2-Methylnaphthalene 50 404 3 - 4 72
2-Methylnaphthalene 28f 400 60 ‘B2lle Ayr 3 36
Tetralin® 49P 400 30 Bruceton 4 19
Phenanthrene 90 340 360 Ireland 15 110

Phenanthrene 90-95 340 - B-uceton - 1

9¢



Table 1. (continued)
Conversion Temperature Time Solvent to
Nondonor Solvent (%) (°C) (min) Coal coal ratio Reference
Phenanthrene 85 340 360 Bruceton 15 110
Phenanthrene 55¢ 400 60 Annesley 4 109
Phenanthrene 15€ 400 60 Garw 3 109
Phenanthrene 80¢ 400 60 Bersham 3 109
Pyrene 70f - - - 3 36
Pyrene 95f 400 60 Belle Ayr 3 36
Pyrene 35t 400 60 Mongerey 3 77
Pyrene 33f 400 60 Belle Ayr 3 77
Pyrene 83 400 60 Annesley 4 109
Pyrene 79¢ 370 60 Miike 1 49
Pyrene 20€ 390 60 Kentucky 14 1 49

LE



Table l. (continued)
Conversion Temperature Time Solvent to
Nondonor Solvent (%) (°C) (min) Coal coal ratio Reference
Fluoranthene 85€ 390 60 Miike 1 49
Mixed SyntheticC:8& 50 404 3 - 4 72

4Extracted with pyridine.
bExtracted with benzene.

CDonor solvent.

dinitial reaction mixture contzined 0.05 mcl Hy, 40 g coal, and

€Extracted with quinoline.
fExtracted with THF.

8Mixture:

2% 4-methylpyridine: 17% 4-crescl; 38% tetralin; 43%

160 g solvent.

2-nmethylnaphthalene.

8¢
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the hydroxyl group is probably related ;o its hydrogen bonding
properties and that one of the forces holding together the reactive,
unsaturated fragments of the coal structure is the associativé force
resulting from ﬁydrogen bonding.19 More recently, several investiga-
tors have attributed the phenol effect (i.e., impro?ement in coal
conversion yields) to accelerated scission of ether linkages.51’114
Further studies by Orchin and Storch revealed rather specific
structural effects on the.ability of pheno;s to extract coal [e.g.,
the effectiveness of l-naphthol (Table 1)].1

Recent information by Poutsma and Dyerll> indicates the effec-
tiveness of l-naphthol may be related to dimerization 6f l-naphthol
‘and formation of hydrogen that may be available for reduction of dther
organic species (i.e., l-naphthol may be a limited donor solvent).
Poutsma and Dyer observed that after 5 min at 400°C, the major
thermolysis products ofAl—naphthol (2.9% conversion) were: dinaphtho-
furan (33%), binaphthol (27%), l-tetralone (24%), 5,6,7,8-tetrahydro-
l-naphthol (4%), naphthalene (0.8%), tetralin (0.5%), l-tetralol
(1.2%), bis(l-naphthyl)ether (1.3%), 1,1'-binaphthalene—4,4'-diol
(3.8%), and naphthylnaphthols (2ﬁ9%). They concluded that binaphthols
were the dominant precursors of the dinaphthofurans. Thé equivalent
of hydrogen made available by this conversion of two moiecules of
naphthol to a binaphthol is not released as molecular hydrogenAbut is
transferred somehow tn a third malecule of naphthol to effect
reduction. Addition of benzophenone accelerated condensation to the
furans and eliminated the reduction of naphthol in favor of almost

exclusive formation of diphenylmethane. This has considerable
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implication for coal conversion processes, as will be discussed
" later,ll2

Experimental data from Oak Ridge National 1aboratory1a78:116
identified the importance of internal hydrogen redistribution in
addition to simple solubilization., In this experimentation using
phenol as a nondonor solvent, a hydrogen-enriched soluble portion
along with a hydrogen-depleted char was produced in the absence of
hydrogen gas. However, significant loss of phenolics occurred during
coal liquefaction. This loss may be related to the formation of
dibenzofurans and alkyldibenzofurans that are detected in many solvent-

refined coal liquids.38’115
5.2 Polycyclic Aromatic Hydrocarbons

Several polycyclic aromatic hydrocarbons have been evaluated as
nondonor solvents (Table 1). Thelr solvent action mechanism may be
purely physical and/or through chemical interactions (e.g., hydrogen
shuttling). Furthermore, they may participate as intermediates in the
transmission of hydrogen from the gas phase to coal by formation of
active hydrogen donors,18,36,110 Hydrogen exchange has been
demonstrated between naphthalene, phenanthrene, pyrene, and
coal,26-34,36-42 For example, after 10 h at 400°C, 21.9% of the
deuterium in the o and B positions of naphthalene-dg was exchanged
with the hydrogen in coal. The a position was the most active
position for exchange.117 Ruberto and coworkers concluded that
phenanthrene functioned as an intermediate hydrogen transfer agent.

They concluded that hydrophenanthrenes are good coal solvents because
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they are both donors and transfer agents and because they have the
same structural features as completely depolymerized coal. When hydro-
genating Big Horn subbituminous coal at 313°C, they achieved 72—-89%
conversion with phenanthrene to coal ratios ranging from 2 to 1 to
5 to 1 (ref. 22). Kamiya and coworkers observed that 3-ring aromatic
hydrocarbons are more effective solvents than 2-ring aromatic hydro-
carbons for brown coals.l18

Coal conversions up to 90% have been reported with pyrene as a
nondonor solvent.3® Mochida et al. report that fluoranthene is
somewhat more effective than pyrene.49 According to Derbyshire and
Whitehurst, the benefits of adding higher molecular weight PAHs (in
the form of high boiling reaction products) to the solvent recycle
stream are higher coal conversion, more effective hydrogen gas
utilization, higher liquid yields, improved product selectivity, and
reduced reaction severity.92’93 They also postulate that in coal
dissolution in pyrene, hydrogen transfer to the-dissolving coal is
eqhanced through the formation in situ of hydropyrenes which are
active hydrogen donors,36,92,93

The quality of polycyclic aromatic hydrocarbon solvents may be
altered during processing in current coal liquefaction processes. For
example, both hydrogenation and alkylation of pyrene occurs during
coal conversion irrespective of the atmosphere, although alkylation
decreases in the presence of hydrogen gas and with increasing carbon
content (coalification) of the coal,36 During coal liquefaction with
phenanthrene at 350°C, a small amount of phenanthrene is chemically
bonded to the coal as a side reaction.!l0 Neavel observed that con-

tinued reaction in nondonor solvents such as pyrene decreased the
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liquefaction yield (benzene solubles), probably because of the for-
mation of high molecular weight substances. From his data he
concluded that prolonged reaction time in a hydrogen-deficient
system is likely to be deleterious to overall yields.18

Several 1nvest1gators20»36»39 observed that there appears to be
two regimes of reactivity in coal liquefaction. The first regime
consists of the liquefaction of easily dissolved coal components.
This occurs rapidly and requires little hydrogen consumption. The
second regime involves the cleavage of a larger number of stronger
chemical bonds, procegdsyat a slower rate, and requires considerably
more hydrogen. Derbyshire and Whitehurst conclude that conversion
obtained with a nondonor solvent in an inert atmosphere (e.g., argon)
represents conversion in the first regime and that higher conversions

require the introduction of hydrogen gas.36
5.3 Nitrogen-Containing Compounds

Dryden hypothesized that nucleophilic attack by basic nitrogen
solvents 1is important in dissolving coal molecules. He speculated
that the unpaired electrons of nitrogen or oxygen in some solvents
form complexes with coal molecules.® It is well known that pyridine,
alkylated pyridines, and quinoline are effective solvents for coal
(refs. 23,73,108). Burcﬁill'and coworkers extensively analyzed the
nitrogen—containing compounds in a coal extract (in a recycle solvent)
and in a light-ends distillation product. Of the total nitrogen
(4050 mg/L) in the coal extract, 84% was basic and 16% neutral.

Eighty-six basic nitrogen-containing compounds were identified by



43

GC/MS in the coal extract. The basic compounds werevprincipally
alkyl-substituted quinolines, tetrahydroquinolines, benzoquinolines,
diphenylamines, carbazoles, and azafluoranthenes or pyrehes. A
similar fraction (total nitrogen, 1200 mg/L) of the basic nitrogen-
containing compounds was present in the light-ends distillate. The
basic compounds were principally alkyl-substituted pyridines,
anilines, and tetrahydroquinolines.119 There has been much recent
interest in tetrahydroqﬂinoline as a coal liquefaction solvent.?23
Tetrahydroquinoline is known to be a better hydrogen donor than

tetralin;lzo

Atherton and Kulik state that the effectiveness of basic nitrogen

solvents may be attributable to Lwo properties: (1) catalysis of
tautomerization processes and subsequent cleaving of ether linkages
and (2) carbonyl reduction. As an example of the efficacy of
nitrogen—-containing compounds, they cited an experimental run using
4-hydroxydiphenyl ether, tetrahydroquinoline, and tetralin (5/10/85,
wt%) at 400°C (750°F) and 15-min reaction time in which the ether
was completely decomposed to phenol. The decomposition rate was
200 times that measured in tetralin solutions. Atherton and Kulik
also conclude that the improved solvent efficacy when heavy material
(+427°C) is recycled may be attributable to nitrogen-—containing
heterocycles and amines,23

One investigator has observed that there is good correlation
between the solvent power of ethylene diamine for coals and the
phenolic hydroxyl content of the coal. This tends to corroborate
the observation that hydrogen bonding between solvent and coal

molecules may be an important factor in coal dissolution.24
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5.4 Preparation or Isolation of Nondonor Solvents

Ideally, optimum concentrations\of nondonor compounds in the
recycle process solvent would be achieved by recycle of the appropriate
boiling point cuts containing the desired constituents, Each of the
nondonors studied in this research have been identified in coal
liquefaction products and, theoretically, the concentrations of the
nondonors could be increased in liquetaction solvents by suitable
recycle. However, in most cases their concentrations are very low.
Increasing the concentrations of the desired nondonor in the process
solvent to optimum process concentrations may require addition of the
constituent, This addition may necessitate obtaining the constituent
from a separate industrial source or developing a specific process
component for preparation and isolation of the desired nondonor.

Most of the nondonors selected for evaluation have been prepared
commercially from coal tar distillation, or similar processes. In
processing coke-oven tar, tﬁe common commercial objective is to
concentrate naphthalene in the naphthalene oil (primary fraction.
distilling in the range 200-250°C) and anthracene in the anthracene
0il (primary fraction distilling in the range 300-350°C). Naphthalene
and crude anthracene (12-25% anthracene, 20-35% phenanthrene, and
7-15% carbazole) are separated from the respective oils on cooling
or further processing.121 Historically, solvents such as depleted
anthracene o0il have been used to start up coal liquefaction processes.
The composition of this anthracene—poor o0il is quite complex (for
example, see ref. 44). Careful control and a high degree of

fractionation in coal tar distillation can produce highly concentrated
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fractions of naphthalene, fluorene and acenaphthene, anthracene and
phenanthrene, and carbazole, such as the Rutgerswerke Castrop-Rauxel
plant that in 1969 produced almost all the worldwide supply of the
pure PAH compounds (except naphthalene).lZl

Phenolic constituents are separated from coal tar distillate
fractions (particularly those boiling at <250°C) by extraction with 10%
aqueous sodium hydroxide and recovered by neutralization of the extract
and subsequent distillation. Because phenol is one of the most widely
used chemicals, the amount of phenol separated from coal tar is not
adequate; consequently, most of the phenol used by industry is synthe-
sized from benzene (petrochemical product). Most of the cresols and
xylenols used in industry are derived from coal tar. Although present
in coal tar, l-naphthol iS~commercially_éroduced by hydrolyzing
l-chloronaphthalene or l-bromonaphthalene with sodium hydroxide
(methanol solution) at 300°C or by fusion of l-naphthalenesulfonic
acid with sodium hydroxide.121

Diphenyl ether is present in some coal liquefaction products, but
it is obtained commercially as a byproduct in the production of phenol
by reacting aqueous sodium hydroxide with chlorobenzene at 375-400°C
(ref. 122).

Pyridine bases are recovered from coal tar distillate fractions
(150-200°C) by first washing the distillate with 10% aqueous sodium
hydroxide to remove phenolics, then extracting the pyridine bases with
25-35% sulfuric acid. The pyridine bases are recovered from the
pyridine sulfate extract by neutralization and subsequent distillation.3
Quinoline is isolated from the coal tar distillate (boiling in the

range 235-240°C) by extraction with dilute sulfuric acid, neutralization,
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and subsequent steam distillation and fractional distillation.3!123
Carbazole is found in the crude anthracene fraction of coal tar and
has been separated by fusion of the anthracene fraction with potash,
separation of the alkali melt, and subsequent hydrolysis of the melt
to produce carbazole.3 Phenanthridine has not been considered of
commercial significance; therefore, large-scale production processes
have not been developed for it.

Naphthalene is the most abundant constituent in coke-oven taf,
of which it comprises an average 9%. It is obtained in a variety of
ways from naphthalene oil (bp 200-250°C), usually involving crystalli-
zation and subsequent separation and purification of the crystals.

In coal tar distillation, phenanthrene is isolated wifh the anthracene
fraction (anthracene oil, bp 300-350°C). Ameng the constituents
usually associated with coal tar phenanthrene are anthracene,
carbazole, diphenyl ether, and fluorene. Fractional distillation
will ¢oncentrate the phenanthrene, from which anthracene can be
substantially removed by extraction with pyridine bases, reaction
with maleic anhydride, or selective hydrogenation. Carbazole is
removed by hydrogenation, caustic fusion, or formation of carbazole
sulfate. Fluorene and diphenyl ether have been removed by reaction
with metallic sodium. Pyrene is found in coal tar fractions boiling
above 360°C and can be separated by vacuum fractional distillation of
the crude material, Further treatment by recrystallization of the

picrates permits separation of fluoranthene and pyrene picrates.3’121’124’125
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6. METHODS AND MATERIALS

The common physical properties of these nondonor compounds are

given in Table 2. Detailed properties are presented in several

references. 26,127 A1] chemicals were of high quality and were used
as obtained from the supplier. The coal and process solvents were

selected to be representative of their generic type.
6.1 Chemicals

Carbazole (mp 244-246°C), diphenyl ether (mp 26-28°C), phenanthrene
(mp 98-100°C), and quinoline (98%) were obtained from Matheson Coleman
and Bell Manufacturing Chemists, Norwood, Ohio. Napﬁthalene
(fluorescence: excitation, 285 nm; emissioq, 300 nm), and l-naphthol
(mp 94-95°C) were obtained from Fisher Scientific Co., Fairlawn,
New Jersey. Phenanthridine (98%, mp 105-107°C) and pyrene (99.97%
pure as deﬁermined by GC analysis) was obtained from Aldrich Chemical
Co., Inc., Milwaukee, Wisconsin. Phenol (fp 40.5°C) was obtained from
Mallinckrodt, Inc., Paris, Kentucky. Pyridine (bp 115-116°C) was

obtained from Burdick and Jackson Laboratbries, Muskegan, Michigan.
6.2 Kentucky No. 9 Coal

The Kentucky No. 9 coal (from the Fies Mine) used throughout
this research program was a reﬁ;esentative sample taken from a
55-gal drum of coal (sealed in the plastic bag liner within the drum) -
prepared by the Empire Coke Co., Tuscaloosa, Alabama, for use at tﬁe
Wilsonville SRC pilot plant. The coal is ground in a closed system

while being dried with hot air (80°C). During the grinding and



Table 2. Selected physical properties of the nondonor solvents
used in tubing-bomb experiments 2,P
Melting Boiling Critical Critical

Molecular point point temperature pressure

weight (°C) (°0) (°0) (atm)
Phenol 94,114 40.9 181.8 419.2 60.5
Naphthalene 128.174 80.3 218.0 475 39.2
Quinoline 129.163 -14.9 237.1 527 57
Diphenylether  170.21 27.0-28.0  258.1-259.D
1-Naphthol 144,174 35.8-96.0 288.0
Phenanthrene 178.234 99.2 338.4 609.4 31.3
Phenanthridine 179.22 106 349
Carbazole 167.21 245 354.8
Pyrene 202.256 150.6 393 621.7 25,7

4Nondonor solvents are ranked according to boiling point.
bpata from refs. 126, 127.

8y
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drying operation the moisture content decreases from 7-8% to 37. After
grinding, the'coal is lqaded into bins previously filled and sparged
with nitrogen. The sealed bins (3500 1lb) are shipped to Wilsonville
for use in the coal conversion plant.128

Analytical data for the coal used for this research program are
presented in Table 3. Samples for laboratory use were stored under

nitrogen atmosphere in sealed plastic bags within 5-gal tin containers.

Table 3. Analytical data for Kentucky No. 9 (Fies) coal
used in ORNL experimental program

Wt7
Sieve passing Chemical Concentration
analysis? through parameter )
200 95.2 Volatile matter 37.2
50 100 Moisture 3.0b
Ash 8.9¢
Carbon 74,2¢
Hydrogen 5.6¢
Nitrogen 1.3¢
Sulfur 2.7¢
Oxygen (by difference) 7.3¢

4Ref. 129.
bMqisture content of coal as received from the supplier.

COn a dry coal basis.
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6.3 Lummus ITSL Solvent

The Lummus integrated two-stage liquefaction (ITSL) solvent used
in this research was a representative sample taken from a 55-gal drum
of 3LCF7-92 heavy o0il product. The 3LCF7-92HO sample was obtained from
the heavy o0il product stream of the LC-Fining PDU Run 7-92 (ref. 130).
To obtain a representative sample, the viscous oil was heated at 70°C
for 48 h, rotated thoroughly, and sampled. Samples for laboratory
use were stored under nitrogen atmosphere in l-gal tin containers.

Analytical data for the ITSL solvent are given in Table 4.

Table 4. Analytical daté for Lummus ITSL solvent
(3LCF7-92H0) used in ORNL experimental program

Concentration

Chemical parameter i (%

ffarhon 88

Hydrogen 8.1
Sulfur 0.5
Nitrogen 0.8
Ash 1.4
Oxygen (by difference) 1.2

6.4 Wilsonville Solvent

The Wilsonville solvent used in this experimental program was

representative of the typical SRC-I process solvent currently in use.
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Solvent 131A was the designation used for process solvent taken from
vessel 131A during the period 1978 to 1982. It consisted of the 230-450°C
(450-850°F) boiling fraction taken from trays 3 and 8 of the distillation
column and stored in vessel 131A. Four 55-gal drums of solvent 131A

were collected on August 5, 1981, and designated Sample Number (SN)-71754.
These drums were shibped to ORNL for use in the ORNL Coal Liquids Flow
System (CLFS) and for basic research studies. Representative samples

of the Wilsonville solvent SN-71754 for laboratory use were stored

under nitrogen atmosphere in l-gal tin containers. The solvent was

mixed thoroughly by stirring prior to taking aliquots for tubing-bomb
experiments, and the remaining solvent was resealed under nitrogen

atmosphere for storage.
6.5 Tubing-Bomb Test Apparatus

The 19.5-mL SS316 tubing bombs or microautoclaves (High Pressure
Equipment, Erie, Pennsylvania) are schematically shown in Fig. 1.
The bombs are rated to greater than 10,000 psig. Essentially leak-
free operation was obtained by tightening the large (l.5-in. diam)
end caps to 95 to 100 ft-1b torque. During routine oéeration the-end
plugs were not removed from the caps. Two 0.64-cm diam SS balls were
added with the coal slurry to assist mixing. To prevent sand bath
sand from getting into the pipe threads during operation and perhaps
ultimately into gravimeteric measurements, the bottom weep hole (in
the bomb as supplied by manufacturer) was welded closed and the top
weep hole was covered with 200-mesh screen by tack welding around

the edges.
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The fluidized-bed sandbath (TECAM™ Fluidized Bath SBL-2D, Techne
Limited, Cambridge, England) for heating tubing bombs (Fig. 2) con-
tains approximately 19 L aluminum oxide sand (120 mesh) (Techne Inc.,
Princeton, New Jersey) that is fluidized with 1.5 scfm air and heated
with 4000-W heating elements. Fluidization at 1.5 scfm flowrate
ensured a uniform temperature in the top 14 in. of the reactor
sandbath., The air-driven motor (Model No. 8AM-NRV-5B, Gast
Manufacturing Corp., Benton Harbor, Michigan) and eccentric cam shaft
for oscillating the tubing bombs up and down was capable of variation
from 180 to 600 cpm. The magnitude of the tubing-bomb oscillation
was 3.8 cm. The temperature'of the sandbath and autoclave were
measured using chromel-alumel thermocouples and recorded on a 10-mv
strip chart recorder (Linear Instruments Corp., Model 261). The
temperature readings were calibrated against a potentiometer by

comparison with a cold junction (0°C).
6.6 Experimental Procedures

6.6.1 Coal liquefaction experiments

6.6.1.1 Tubing-bomb test procedure. Tubing-bomb or microauto-

clave experiments have been a ba;ic tool for laboratory study of

coal liquefaction research conducted at elevated temperatures and
pressures. Historically, problems of experimental variability and
reproducibility have heen encountered. Although intralaboratory

data is often acceptable, comparisons between laboratories have been
particularly poor. Therefore, rigid adherence to a standard operating
procedure and great attention to experimental details are necessary

to ensure statistically satisfactory data.
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Tubing-bomb tests were used to determine the coal 1iqueféction
efficacy of the nondonor solvents selected for evaluation in this
research program. All tubing bomb tests were made using 12.5 g coal
slurry composed of 5.0 g Kentucky No. 9 (Fies) coal and 7.5 g of a
nondonor solvent or solvent mixture (composed of 30 wt% nondonor
solvent and 70 wt% coal process solvent). Prior to weighing, the
coal samples were dried in an inert atmosphere for 1 h at 100°C and
' 28-in. vacuum and placed in a dessicator (silica gel dessicant) for
15 min, then weighed immediately upoﬁ removal from the dessicator.
Using these drying conditions, the coal sample lost 3.17% weight
(presumably moisture). The tubing bombs were sparged with nitrogen,
filled with the weighed amount of coal-solvent slurry, sparged again
with a slow flow of nitrogen to remove the air from the bomb, and
sealed immediately to 95 to 100 ft-1b torque,

Tubing-bomb tests were customarily run in duplicate. The sandbath
was equilibrated to a temperature ~22°C (40°F) higher than the desired
reaction temperature [e.g., 450°C (840°F) for a 427°C (800°F) tubing-
bomb test], the two tubing bombs were attached by thumb screws to the
eccentric cam of the horizontal agitator shaft, and the agitator air
motor was started and adjusted to 180 cpm. The heat input to the sandbath
was adjusted by the operator to achieve the desired temperature within
4-6 min. Reaction time was considered to start when the temperature
reached 5.5°C (10°F) of the final temperature. After the desired
reaction time (standardized at 10 min for this experimental program),
the agitator was stopped, and the bombs were immediately removed from
the sandbath and quenched with a spray of cold water and air. The

temperature quenching was stopped when the temperature of the bombs
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dropped to 90°C (200°F) (accomplished within 2 min). After air
cooling overnight, the bomb contents were removed by physical means
(e.g.,Qspatula, hand drill and pyridine washing). The contents

were placed in tared Soxhlet extraction thimbles and extracted at
115°C under nitrogen atmosphere until the pyridine extract was
colorless. The hot pyridine solution from each extraction was sub-
sequently filtered by nitrogen pressure through two tared Whatman

No. 42 filter papers. The purpose of this filtration was to determine
the presence of pyridine insolubles that may have passed through the
Soxhlet extraction thimble, i.e., in the size range of 0.5 to 25 um.
The Soxhlet thimbles and filter papers were dried overnight at 110°C
under 28-in. vacuum, placed in a dessicator for 15 min, then weighed
to determine the pyridine insolubles. The percent conversion was
calculated by (1) dividing the weight of the residue by the weight of
the dried coal (corrected for ash content) initially placed in the
tubing bomb and subtracting from one and (2) multiplying the remainder
by 100 [i.e., (1 - Wp/Wp,¢)100].

6.6.1.2 Developmental problems. During the initial experimen-

tation, several tubing-bomb tests were made, principally with a
Wilsonville 131-A (8N/1/54) SRC-I process solvent, in order to
develop experimental procedures. Careful attention to experimen-

tal details and standard operating procedures as developed during this
initial experimental phase resulted in acceptable experimental
reproducibility in tubing-bomb test runs during the subsequent com-
parative evaluation of nondomor and process solvents. In this first
experimental phase, several problems were encountered that.were solved

by modification of equipment and procedure. Tubing-bomb leaks during
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high-temperature operation were eliminated by remachining the conical
seating surfaces of the bomb nipples and standardizing the torque

(95 to 100 ft-1b) used to seat the l.5-in. bomb caps on the nipples.
With careful attention to seating torque and visual examination of
seating surfaces for possible scratches, leak-free operation was
achieved through a series of over 50 runs. To prevent sand (aluminum
oxide) in the sand bath from getting into the bomb pipe threads and,
consequently, possibly into the test reaction mixture, the weep hole
in the bottom end cap was sealed (spot welded), and the weep hole in
the top cap was covered by 200-mesh screen. To ensure accurate tem-
perature measurement, the temperature recorder was standardized
against a null point potentiometer using a cold junction (0°C) prior
to and during eéch run. To reduce experimental variability due to
exposure of samples to air, all coal and solvent samples were stored
and processed under nitrogen atmosphere. It was concluded that some
low conversion yields in the early stages of experimentation were due
to polymerization of pyridine solubles during extraction of the
reaction residues without an inert atmosphere. Thereafter, all
extractions and filtrations were accomplished under inert nitrogen

atmosphere,

6.6.2 Gas chromatography

High-resolution gas chromatography of the coal process solvents
was accomplished using a Hewlett Packard 5880A Series Gas Chromatog;aph
equipped with a 12-m glass capillary OV-101 column and a flame
ionization detector. Generally, a l-uL aliquot of a 15% process

solvent—85% acetone solution was injected onto the column using the



58

split mode with the following operational parameters: 1injector
temperature, 300°C; initial column temperature, 40°C; temperature
program rate, 5°C/min; final temperature, 270°C; final time, 25 min;
flame ionization detector temperature, 300°C; helium flow rate through
column, 1.2 mL/min. Peak number and areas of peaks relative to the

total flame ionization signal were determined by computer.

6.6.3 Gas chromatography/ma§§‘spectrometry

Mass spectra of gas chromatographic constituents in the process
solvents were obtained on a quadrupole mass spectrometer (Hewlett
Packard 5995A GC/MS System) using an ionization energy of 70 eV. Gas
chromatographic separation conditions were essentially identical with
those used for the high-resolution gas chromatography (see Sect. 6.6.2)
to facilitate comparison. The GC/MS system is a fully computerized
system with the capability of scanning from 50 to 400 amu at a rate of
690 amu/s. For identification, mass spectra were manually compared

with the EPA/NIH mass spectral data base.131

7. RESULTS

The major objectives of the new liquefaction techdiques research
program were: (1) to perform comparative liquefaction studies on each
of the eight selected nondonor solvents, and (2) to compare the non-
donor solvents with well characterized process solvents and phenol.
The experimental results for the comparative tubing-bomb liquefaction
studies and characterization of two process solvents are presented

here.
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7.1 'Comparative Liquefaction Studies

The comparative liquefaction studies using tubing-bomb tests were
accomplished essentially in fhree phases: an initial ranking of non-
donor solvents, an evaluation of nondonor solvent efficacy in 30%
nondonor—70% process solvent mixtures, and a more accurate evaluation
of the coal liquefaction efficacy of the most promising nondonor
solvents. 1In addition, several "scouting” tubing-bomb tests were made
to preliminarily exaﬁine other factors (e.g., replacement of moisture
in coal by methanol and adsorption of quinoline from aqueous solutions).
The standard experimental procedure is given in detail in Sect. 6.

Table 5 presents the tubing-bomb experimental conditions and test

results.
7.2 Characterization of Process Solvents

Two widely different process solvents were used in the comparative
tubing-bomb tests, namely the Wilsonville SRC-I process solvent
(V-131-A SN71754, sampled on 8/5/81) and the Lummus integrated two-stage
liquefaction process (TTSI.) salvent (3LCF7-92HO0). bne—microliter
aliquots of acetone solutions (0.15 mL solvent, 1.0 mL acetone) of
thg solvents were subjected to high-resolution GC and GC/MS. ‘(Experi—
mental methodology was presented in Sect. 6.) Gas chromatographable
constituents in the Wilsonville solvent (V-131—A) and the Lummus
solvent (ITSL) as detected by flame ionization are shown in Figs. 3
and 4 respectively. An estimated 997 of the Wilsonville solvent
(SN71754) and 467% of the Lummus ITSL solvent were volatile enough to

pass through the gas chromatograph and were analyzed (see Appéndix A).



Table 5. Experimenial conditions and results for tu>ing-bomb russ
[Al  eoxperiments made with Kenfucky No., 9 (Fies) coal with a solvent/coal ratio of i,5:1,]
Eoml 1al Average ‘Heat=-up Reaction Cooling Pyridine Sciubllity ($) Pyridine Solubility (%)
Run Date Process Nondonor Reactlon Reaction Time Time Time (Soxhlel Extrection) (Soxhlet + Flltration) Filtration

Run (1982) Solvent Solveat Temp. (°C) Temp. (°C)@ tmin) (mln) (min) Bomb 1 3onb 2 Average Bomb | Bomb 2 Average Difficulty®
18 3/9 V-131-A - 427 421 8 10 2 46.0 52.0 50.0 44.0 51.0 47.5 E
19 4/23 17519 - 427 420 5.5 10 2.5 73.0 7€.9 75.0 29.2  24.0 26.6 E
20 4/29 —-— Pyrene 427 421 6 10 345 39.5 L] 30.0 E
21 5/5 - Diphenylether 427 4z5 7 10 2 32.1 [} 31.9 E
22 5/10 -—- Quinolina 427 4278 5.5 10 2 42.2 e 38,1 E
23 5/12 - Naphthalane 427 420 1.5 10 2 37.4 e 37.4 E
24 5/20 — 1-Naphthol 427 423 6 10 2 55.6 e 55.5 E
25 5/24 -—— Phenanth-ene 427 426 6.5 10 2 41,0 e 38.4 E
26 5/ 26 — Carbazole 427 425 6 10 2 37.0 e 34.5 E
27 6/1 - Phenanthridine 421 424 8 10 3.5 37.0 -] 35.2 E
28 6/3 -— Phenol, 427 423 7 10 2 36.0 [:] 35.6 E
29 /9 f f 427 430 6.5 10 2 24,1 e
30 6/9 -— 1-Naphthol 427 427 6 10 2 42,8 49,1 46.0
31 6/10 —— Quinoline 427 430 6.5 10 2 35.3 33.€ 34,5
32 6/11 -—— Phenanthrene 427 430 5.5 10 2 35.8 36.1 36.0
33 6/18 ITSL - 460 459 6.5 10 2.5 30.4 3i.2 30.8
34 6/21 -— 1-Naphthol 460 459 5.8 10 2 26.5 35.0 29.8
35 €/22 -— Phenanthrens 460 462 6 10 2 30.4 39.8 30.6
36 €/30 —— Phenol 460 457 7 10 1.5 35.0 34.0 34,5
379 1/6 ITSL - 460 457 7.5 10 3 61,1 62,7 61.9 36.7 38.8 37.8 €

09
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Table 5. (Continued)
Nominal Average Heat-up Reaction Coollng Pyridine Solubility (§) ?Pyridine Solubillty (%)
Run Date Process Nondanor Reaction Reaction Time Time Time (Soxhlet Extraction) (Soxhlet + Filtration) Filtration

Run (1982) Solvent Solvent Temp. (°C) Temp. (°C)2 {min) {mIn) (min) Bomb | Bomb 2 Average 3omb 1 Bomb 2 Average leflcuH’yc

389 10/28 \’-D;EA" Methanol ! 427 430 5¢5 10 3 77.3 77.6 77.5 73.0 vD
100

399 8/17 ITSL - 427 427 6.5 10 2.5 88.2 88.7 88.5 82.8 80.1 81.5 E

408 8/31 \’-I;I-A, 1=Naphthol,30% 427 427 5.5 10 3 75.5 77.6 76.6 72.6 vO
70

419 9/7 V=131-A, Quinoline,30% 427 430 6.5 10 2 65.5 67.0 66.3 65,0 66.7 65.9 D
70%

429 9/10 \'-I;l-A, Phenanthrens,30§ 427 431 7 10 3 64.9 67.7 66.3 64,7 67.5 66.1 E
70!

- 439 9/14 V=131=A, Pyrene,30% 427 427 6.5 10 3 73.6 73.6 73.6 731 72,8 73.0 o]

70%

449 9/15 \'-13;-)\. Naphthalene, 30% 427 431 6.5 10 2.5 64.9 65.3 65.1 64.8 65.1 65,0 €
705

459 9/20 Vv=131-A, Carbazole,3)§ 427 427 6 10 2 70.6 72.6 71.6 70.6 72,5 71.6 ]
70%

469 9/22 \'-l};-A, Phenanthridine, 427 427 6 10 3 71.6 72.3 72.0 70.8 71,7 713 D
70

479 9/23 V-131-A, Phenol,30% 427 427 6 10 1.5 58.8 59.6 59.2 58.8 59.6 59.2 E
708

489 9/24 \V~131-A, Diphenylethsr, 427 430 6 10 2 53.3 57.0 55.2 53.1 56.9 55.0 E
70% 30%

499 9/27 V=131-A - 427 428 6.5 10 2.5 60,3 61.5 60.9 60.1 61,2 60.7 E

509 9/28 V-131-A, ITSL, 308 427 429 6 10 3 73.8 73.8 73.8 72,8 73.2 73.0 E

19



Table 5. (Zontinued)

Nominal Average Heat-up Reactlion Coolling Pyrldine Solubl ity ($) Pyridine Solubllity (%)

Run Date Process Nondonor Reaction Reactlon Time Time Time (Soxhleti Extraction) (Soxhlet + Fliltration) Filtration
Run (1982) Solvent So | vent Tenp. (°C) Temp. (°C)2 (min) (min) (mln)b Bomb 1 Eomb 2 Average Bomb 1 Bomb 2 Average Difflculty®
519 1¢/1 1-Naphthol 427 425 5 10 2 77.3 79.2 78.3 77.1  78.4 77.8 E
529 1¢/5 Pyrene 427 . 423 5.5 10 2 49.5 41,2 45.4 34.5 31.7 33.1 vD
539 1¢/26 Phenanthr idine 427 424 5 10 2 40,2 36.4 38.3 38.6  35.3 37.0 ]
549 10/29 V- :3(1);»\, Quinol ine/Weter 427 424 5 10 2 64.0d  62.6" 63.8) 62.6% E
559 11710 1-Naphthol 427 424 1.5 10 1.5 80.6 B82.3 81.5 76,3  80.1 78,2 vo
569 V1/15 Carbazole 427 429 5.5 10 1 38.0 33.6 35.8 37.7  33.6 35.7 3
579 11/19 Naphthalene 427 424 1.5 10 1 37.9 39.4 38.7 37.9 39.4 38.7 E
589 1/18/83 Phenantiwrene 427 427 3.8 10 1.5 38,0 37.2  37.6 36.5 36.3 36.4 E
599 1/21/83 Quinoline 427 428 5.5 10 1.5 53.6 5140 52,3 50,2 50.6 50.4 E

29

aRaacﬂpn temperature averaged over react on time.

bTime required to cocl reactor to “00°C (Z00°F).

CRelative ¢itticulty in flltering 1he pyr dine sclution through two Whatman No. 42 #liters after Soxhlet extraction: E, easy; D, difficult; YD, very dlfficult,
dITSL, Lummus Integrated Two-Skage LIquefaction Solvent (3LCF7-92H0).

©Second bomb saved fcr chemical anzlysis.

fNo solvent was used with the zoal in the tublng=bomb test.

9Soxhlet extraction and filtration made usder inert atmosphere.

hV-l}I-A, ¥Wilsonville SRC~! process solvent (V-I131-A, SN71754),

icoal soaked in methanol prior to 1ubing-tomb test,

Jcoal soaked in aquecus solutisn of quinoline pricr to tubing-bomb test.

kCoal soaked In water (only) p-lor to tubing-bonb test,
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Fig. 3. Gas chrcmatogram of Wilsonville SRC-1 process solvent (SN71754)., Only
selected major components are labelled in this figure; Table 6 provides a complete
list of identified compounds.
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Over 100 constituents were identified in each solvent by comparison of
mass spectra with spectra in the EPA/NIH Mass Spectral Data Base. 131
The identified constituents and approximate relative conceatration

of the gas chromatographable constituents are given in Table 6.

The relative volatility of the two process solvents was determined by
simple vacuum distillation and weighing the residue after distillation

(Table 7).

8. DISCUSSION

The observation that nondonor solvent constituents facilitate
conversion of coal to liquid products in high yield without molecular
hydrogen addition and at short contact times could open the possi-
bility for potential new liquefaction concepts that might be more
economic than existing ones because of more efficient use of the
hydrogen inherent in coal. However, a small but significant amount
of solvent is generally incorporated into the product, indicating the
need for makeup solvent in any process using this concept. Thus, such
nondonor solvents should ideally be produced in the liquefaction process
and be present in reasonable concentrations in process streams of the
coal liquefaction processes per se. The nondonors should also have
the potential to act as hydrogen redistribution agents and possess
process characteristics relatively easy to manage in present plant
systems. Although various mechanisms for hydrogen shuttling between
various parts of the coél structure have been suggested, none has
been firmly demonstrated. In fact, more than one chemical pathway

may well contribute. A catalog of mechanistic possibilities provides
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Table 6. Quantitative comparison of gas chromatographic peaks for
constituents in two coal conversion process solvents

Area percentb

Constituent? Lummus ITSL Wilsonville 131A

Methylcyclohéxane 0.182

Toluene 0.061 0.016¢
Ethylcyclohexane 0.110

Xylene 0. 100 0.058¢
Xylene 0.047

Irimethylhexene 0.027 0.013¢
Propyicyclohexane 0.062 0.035¢
Octahydroindane 0.033

2,4-Nonadiene 9.073

m-Menthane 0.042 0.006¢
Ethylmethylbenzene 0.034 0.003¢
2-Methyl-4,5-nonadiene 0.034

Indane Nn,N78

Phenol N.061
Dimethylpyridine 0.048
Ethylpyridi;e 0.003
Decahydronaphthalene 0.355
Methylisopropylbenzene 0.116
1-Methyl-4-(1-isopropyl)-benzene 0.186
1-Ethyl-2,4~dimethylbenze 0.178
Methyleth&lpyridine 0.019
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Table 6.
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(continued)

Constituent?@

Area percentb

Lummus ITSL

Wilsonville 131A

2-Methylphenol
Decahydronaphthalene
Ethyltrimethylbenzene
4-Methylphenol
4-Methylindan
Ethyldimethylbenzene
2-Methylindan
Tetralin

Ethylphenol
Ethylphenol
Naphthalened
Dimethylindan
Dimethylindan
Ethylphenol
2-Methyltetralin
Methyltetralin
C12H26—Hydrocarbon
Ethylindan
Ethyltrimethylbenzene
Dimethylindan
Ethylphenol

Dimethyltetralin

Methyltetfalin

0.302

0.354

0.238
0.409

0.617

1.165
0.096

0.096

0.158
0.190
0.056
0.080

0.066

0.055

0.141

0.438

0.863

0.544

2.044

0.313

0.243

1.698

0.777

4.471

0.396

0.185

0.163

0.329

0.988

0.077

2.843
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Table 6. (continued)

Area percentb

Constituent? Lummus ITSL Wilsonville 131A
Methyltetralin 0.341
Ethyltetralin 1.625
1-Methylnaphthalene 0.767 8.852
. Methyltetrahydroquinoline 0.822
2-Methylnaphthalene 0.317 5.731
Bicyclohexyl 0.125
C13H28—Hydrocarbon 0.390
2-C-Tetralin 0.123 0.128
Quinolined 1.023
2-C Tetralin 0.037
1,1'-Methylene~-biscyclohexane U.037
Diethylbenzene 1.004
Ethyltetralin 0.224
Methyliquinoline 0.0604
2-C Tetralin 0.149 0.160
Trimethyltetralin 2,725
Biphenyl 0.305
Methylindole 0.181
Decahydrofluorene trace
Diphenylether 3.297
Dimethyltetralin 2,520
Dimethylnaphthalene 0.188 3.588

Dimethylnaphthalene 0.210 1.583
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(continued)

Area percentb

Constituent?d Lunmus ITSL Wilsonville 131A
Dimethylnaphthalene 0.206 “1.154
Cy4H3p-Hydrocarbon 0.173 1.532
Dimethylnaphthalene 0.972
Dimethylethyltetralin 0.166
3-C Tetralin 0.723
3-C Tetralin 0.396
Dihydrotrimethylnaphthalene 0.224
Acenaphthene 0.808 0.640
Tetradecahydrophenanthrene 0.231
Pyroindole 0.272
Dihydronaphthopyran 0.256
[1,1'-Biphenyl]-2-ol 0.256
5-C Benzene 0,256
Hydrocarbon 1.343
Tetradecahydroanthracene 0.350
Dibenzofuran 0.572 0.147
Cyclohexylethylbenzene 0.172
Tetramethyltetralin 0.172
Trimethylnaphthalene 1.340
Trimethylnaphthalene 0.812
C15H32—Hydrocarbon 0.195 1.369
Trimethyldihydronaphthalene 0.109
Trimethylnaphthalene 0.093
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Table 6. (continued)

Area percentb

Constituent?d Lummus ITSL Wilsonville 131A
Butylnaphthalene 0.233
Trimethylnaphthalene 0.240
Trimethylnaphthalene 0.265
C4-Tetralin 0.781
Fluorene 0.973 1.071
Propenylﬁaphthalene 0.609 0.713
Octahydrophenanthrene 0.190
C16H34(Branched-Chain Hydrocarbon) 1.062
Methylbiphenyl 0.190
Octahydrophenanthrene 0.151
Methylbiphenyl 0.151
Mcthylfluorens 0.710
Butylnaphthalene 1.367 1.218
Ethylbiphenyl 0.620
Dimethyl-biphenyl 0.342
4-Methyldibenzofuran 0.086
Ci16H34-Hydrocarbon 0.271 1.625
Ethylbiphenyl 0.189 0.716
Methylisopropylnaphthalene 0.611
Dimethyl-biphenyl 0.211
9,10-Dihydrophenanthrene 0.646 0,138
Dihydrophenanthrene 0.192
Hydrocarbon (Cj7 Branched Chain) 0.192



Table 6.
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(continued)

Constituent?

Area percentb

Lummus ITSL

Wilsonville 131A

Octahydrophenanthrene
9H-9-Methylfluorene
Dimethyl-biphenyl
Hexadecahydrofluoranthene
Octahydrophenanthrene
2-Methoxy-9H-fluorene
Ethylbiphenyl
Dimethyl-biphenyl
Ethenonaphthalene
Hexylthiocyclohexane
Phenanthridined
C17H3g—Hydrocarbon
Butylnaphthalene
Cs—Naphthalene
Phenanthrened
Decahydropyrené
Hexahydropyrene
Cy7H34-Hydrocarbon

Phenanthrenol

Benzoquinoline or acridine

0.560
0.227
0.342
0.171
1.570

1.387

0.501
0.501

0.501

4.429

0.465

0.465

1,2-Dimethyl-4-(phenylmethyl)benzene

C18H38—hydrocarboﬁ

Carbazoél.e"l

1.453

0.281
0.141
0.937

0.662

0.278
0.739
0.736
0.448

1.986

0.201

0.144

0.080

0.096

0.345

0.217
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Table 6. (continued)

Area percentb

Constituent?d@ Lummus ITSL Wilsonville 131A

C1y (Branched-Chain Hydrocarbon) 0.340

Decahydro-4—-a-phenyl-trans- 0.545
naphthalene
Hexahydropyrene 0.749
Dimethyl(phenylmethyl)benzene 0.265
Methylphenanthrene 0.518 0.425
Methylphenanthrene 0.508
Dihydro-l-methyl-3-phenylindane 0.179
Methylcarbazole 0.077
Octadecahydrochrysene 0.610
Hexadecaliydrupyrene 0.610
Tetrahydrofluoranthene 0.396
Phenylnaphthalene 0.548
C19H4p—Hydrocarbon 0.467
Hexahydropyrene 0.781
Methylcarbazole 0.090
Phenylnaphthalene n.077
Ethylphenanthrene 0.090
CjgH3g—Hydrocarbon ' 0.118
Methylbenzophenanthrene 1.159
Dimethylphenanthrene 0.147
Dimethylphenanthrene 0.090

Hexamethyl-biphenyl .0.048



Table 6.
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(continued) .

Area percentb

Constituent?d Lummus ITSL Wilsonville 131A
Methoxyphenanthrene 0.048
Dihydropyrene 1.314
CooHyo~Hydrocarbon 0.387
Fluoranthene 3.285 0.170
Pyrened 6.787 0.224
Co1H44~Hydrocarbon 0.227
Trimethylphenanthrene 0.054
Methylpyrene 1.689 0.083
Methylpyrene 2,227
Phenylmethylnaphthalene 0.070
CooH4p—Hydrocarbon 0.237
Phenylmethylnaphthalene 0.026
Butylphenanthrene 0.227
Terphenyl (probable) 0.130
C93H4g-Hydrocarbon 0.614 0.198
Benzofluoranthene 0.552
Ethyldihydropyrene 1.225
Ethyldihydropyrene 0.720
Co4Hgp-Hydrocarbon 1.095 0.128
Chrysene 1.455
4~-Ring PAH 0.950
CosHgy-Hydrocarbon 0.106
Tetrahydrobinaphthalene 1,482
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Table 6. (continued)

Area percentb

Constituent?d Lummus ITSL Wilsonville 131A
Binaphthalaene 04947
Dimethylbenzanthracene 0.160
CyeHg,4-Hydrocarbon 0.096
Perylene 0.746
Cp7Hsg-Hydrocarbon 10.090
Benzo[a]pyrene 2.384
Benzofluoranthene 1.297
CogHsg—Hydrocarbon 0.064
3,6-Dimethoxy-9,10-dimethyl- 0.245

phenanthrene
CygHg5g-Hydrocarbon 0.245 0.052
Dibenzacridine 0.132 :
‘Hydrocarbon 0.132
Benzo[ghi]perylene 0.308
C31Hg4~Hydrocarbon 0.154
Indenopyrene ) 0,592

Total fraction of FID 67.3% 86.6%

signal identifiedb

4Most probable structure from MS data.

bge peak area expressed as percent of total flame ionization
detector (FID) signal for GC run; therefore, area percent
approximates weight percent.

Cldentified by GC retention time only.

dNondonor solvent selected for evaluation in this research
program,
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Volatility of solvents

Wilsonville Lummus

SN 71754 ITSL

(%) (%)

0.02 mm/200°C/1 h 99 46
0.02 mm/200°C/6 h - 65
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a useful method for choosing candidate solvents, in addition to the
historical input described above. Our thinking includes three major
possibilities:
1. Free-radical pathways where the solvent R-H cycles between
R-H and R*; phenol may function in this manner.
2. Free-radical pathways where the solvent R' cycles between

R' and R'H*; polycyclic aromatics might function by such a

pathway.

3. Non-radical pathways where the solvent R" cycles between

R" and R"Hjp.

Based on the criteria that nondonor solvents should have the
potential to act as hydrogen redistribution agents and also be present
in reasomnable concentrations in coal liquefaction process streaﬁs, the
ftollowing eight nondonor Ssolvents represeullug three chemical types
(i.e., polycylic aromatic hydrocarbons, nitrogen-heterocyclic compounds,
and oxygen-containing compounds) were selected for evaluation in coal
liquefaction studies: mnaphthalene, phenanthrene, pyrene, quinoline,
carbazole, phenathridine, naphthol, and diphenyl ether. Because of
the number of solvents to be tested and the consequent large number
of experiments required to determine the effects of reaction time,
temperature, and solvent/coal ratio for each, the pragmatic decision
was made to evaluate the solvents at only one temperature, 427°C
(800°F), for a reaction period of 10 min at a solvent/coal ratio
of 1.5:1. For comparative purposes, several tests were also made

at 460°C (860°F). Details of the test protocol are given in Sect. 6.
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The comparative tubing-bomb test experimentation was conducted
chronologically in three phases:

1. Procedure development. An initial ranking of the relative

effectiveness of the nondonor solvents with one coal of
process interest (Kentucky No. 9, Fies) was accomplished
during the development of experimental procedures.

2. Nondonor with supplemental hydrogen. The effectiveness

of the nondonors was evaluated in combination with a
conventional process solvent (Wilsonville V-131-A),

3. Pure nondonor. The relative effectiveness of the pure

nondonors was evaluated for coal liquefaction,

For purposes of logical presentation in this report, the experi-
mental results and conclusions of the three phases will be discussed
in reverse order. Results of two special experiments with quinoline
and methanol are presented in Appendixes B and C.

8.1 Relative Effectiveness of Pure Nondonor
Solvents and Process Solvents

After development of experimental methodology that yielded meaning-
ful and reproducible data, the nondonor solvents were evaluated. The
relative effectiveness of the pure nondonor solvents for converting
Kentucky No. 9 coal (Fies mine) to pyridine-soluble products at 427°C
(800°F), 10-miﬁ reaction time, and 1.5 solvent/coal ratio was:
l-naphthol, quinoline, naphthalene, phenanthridine, phenanthrene,
phenol, carbazole, pyrene, and diphenyl ether (Table 8). The range
of conversion varied from 787% to 32%. Only l-naphthol (78% conversion)

was as effective as the two high-quality process solvents — Wilsonville
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Table 8. Relative effectiveness of pure nondonor and process
solvents without supplemental hydrogen (all values—except

those designated-an average of two runs?)

Pyridine solubility
as determined by

Soxhlet Pyridine
extraction insolubles:

Soxhlet and ' 0.5-25 um

extraction® filtrationd particles
SolventDP (% maf) (% maf) (%)
Lunmus ITSL (run 39) 88 82 6
1-Naphthol (runs 51 and 55) 80¢ 78¢€ 2
Wilsonville V-131-A (run 49) 61 61 0
Quinoline (run 59) 52 50 2
Naphthalene (run 57) 39 39 0
Phenanthridine (rum 53) 38 37 1
Phenanthrene (run 58) 38 36 2
Phenol'(run 28) 36E 36f 0
Carbazole (run 56) 36 36 0
Pyrene (run 52) 45 33 12
Diphenyl ether (run 21) 32f 32f 0
Coal only (run 29) 24% - -—

4Test conditions: 19.5 mL tubing bombs; 5.0 g Kentucky No. 9
(Fies) coal (dried at 110°C and 28 in. vacuum for 1 h); /.5 g solvent}
10-min reaction time; 427°C (8U0°F); mixing atr 180 ecpm (1.5=in. stroke)
using two 0.64-cm diameter SS balls.

bsee Table 4 for run details.

CPyridine solubility by Soxhlet extraction under Nj.

dPyridine solubility by Soxhlet extraction under Ny followed by
filtration through Whatman No. 42 filter paper under Nj.

€Average of four runs.

fSingle run value,
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SRC-I (61%) and Lummus ITSL heavy oil solvent (82%). For comparison,
the thermal conversion of coal without a solvent was 247%. In this
test series the determination of pyridine solubility was made in an
inert atmosphere, thus the experimental results should represent an
accurate assessment of the relative efficacy of the nondonor and
process solvents. For the pyrene experiment, note the large amount of
pyridine-insoluble particulates in the 0.5- to 25-pm range (Table 8).
Note too the relatively large amount of insoluble particles (0.5 to
25 ym) in the Lummus ITSL experiment which may also be a consequence
of the high concentration of pyrene and other 4- and 5-ring PAH
compounds in the Lummus solvent (see Sect. 8.3). It is important to
determine the nature of the 0.2- to 25-ym pyridine insolubles. Does
this size range of insolubles represent carbonized material which
cannot be further converted to liquid products, or does it represent
useable material that can be recycled? If this fraction represents
material useable on recycle or further processing, then pyrene would
be almost as effective as quinoline (i.e., moderately to highly
effeclive).

In the above effectiveness ranking (Table 8), there appear to
be three major groupings: highly effective (e.g., l-naphthol),
moderately to highly effective (e.g., quinoline), and moderately
effective (e.g., naphthalene, phenthridine, phenanthrene, phenol,
carbazole, pyrena, and diphenyl ether). 'The effectiveness of
l-naphthol is not surprising because Orchin and Storch®:19 found that
both 2-ring solvents with a hydroxyl group attached to the aromatic

ring and hydroaromatic rings were particularly effective in conversion
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of coal at about 380°C (720°F). They determined that with higher-ranked
bituminous coal, 1- and 2-naphthols were effective solvents; but with
subbituminous coals, 2-naphthol was less effective than phenanthrene,
but l-naphthol extracted about 83% of the coal. Orchin and Storch
also determined that the solvent effectiveness of aromatic solvents
for bituminous coal correlated well with the boiling point. Based on
these tubing-bomb test results, the Wilsonville SRC-I solvent was
moderately to highly effective, and the Lummus ITSL heavy o0il solvent
was highly effective.
8.2 Relative Effectiveness of Nondonor Solvents
and a Process Solvent with Supplemental Hydrogen

The behavior of the set of nondonor solvents was evaluated at 427°C
(800°F) and 10 min in the presence of a supplemental source of hydrogen,
i.e., a coal conversion process solvent. Each was in turn mixed in a
30:70 wt% ratio with the Wilsonville SRC-I process solvent (V-131-A,
SN71754). The solvents are ranked in Table 9 according to their
relative conversion efficacy. The comparable conversion obtained with
the 30 wtZ Lummus ITSL and 70% Wilsonville V-131-A solvent 1is also
given. Note that the determination of pyridine solubility was made in
an inert atmosphere, thus the experimental results should represent an
accurate assessment of the relative effectiveness at 427°C of the
nondonors in the presence of supplemental hydrogen. Using the process
solvent as a supplemental source of hydrogen apparently minimized
the formation of pyridine-insoluble particulates in the range
0.5 to 25 ym for both pyrene and Lummus ITSL (compare particulate

insolubles in Table 9 with those in Table 8). This decrease in
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Table 9. Liquefaction performance of mixtures of nondonor solvents
and a process solvent with Wilsonville process solvent (solvents

ranked according to conversion efficacy?)

Pyridine solubility
as determined by

Soxhlet Pyridine
extraction insolubles:

Soxhlet and 0.5-25 um

extraction®sd filtrationd>® particles
Solventb (% maf) (% maf) (%)
1-Naphthol (run 40) 77 73 4
Lummus ITSL solvent (run 50) ' 74 73 "1
Pyrene (run 43) 74 73 1
Carbazole (run 45) 72 72 0
Phenanthridine (run 46) 72 72 0
Quinoline (run 41) 66 66 0
Phenanthrene (run 42) 66 66 0
Naphthalene (run 44) 65 65 0
Wilsonville (run 49)f 61 61 0
Phenol (run 47) , 59 59 0
Diphenyl ether (run 48) 55 55 0

4Test conditions: 5.0 g Kentucky No. 9 (Fies) coal (dried at
110°C and 28-in. vacuum for 1 h); 7.5 g of a 30:70 mixture of nondonor
solvent and Wilsonville solvent; 19.5 mL tubing bomb; 427°C (800°F);
10 min; shaken at 3 strokes/s (3.8-cm stroke) with 2 SS balls.

bsee Table 4 for run details.,

CPyridine solubility by Soxhlet extraction under Nj.

dAverage of two runs.

€pyridine solubility by Soxhlet extraction under Nj followed by
filtration through Whatman No. 42 filter paper under Nj.

fwilsonville V-131-A solvent (SN71754) alone; 7.5 g total.



82

0.5- to 25-ym pyridine insolubles may be attributable to lower con-
centrations of 4- and 5-ring PAH constituents in tests with 70%

Wilsonville process solvent.

8.2.1 Comparison with Wilsonville SRC-1 process solvent

An incremental increase in conversion of greater than 107 was
observed for l-naphthol, pyrene, carbazole, and phenanthridine when
compared with the Wilsonville solvent alone. As in the case of pure
nondonor experiments, coal conversion was highest with the naphthol.
The relative efficacy of the PAHs in the presence of a supplemental
source of hydrogen correlates with the boiling point of the aromatic
hydrocarbon in agreement with conclusions of Orchin et al.19 under
these reaction conditions, the nitrogen-heterocycles, carbazole and
phenthridine are more effective than quinoline in the presence of the
process solvent. These results indicate that factors in addition to
the basicity of the nitrogen-containing compound are important in
determining the efficacy of a solvent., Note that the Lummus ITSL
heavy o0il solvent in 30% mixture with the Wilsonville SRC-I process
solvent improved the conversion of the Wilsonville solvent by greater
than 10%Z. The concentrations of 3-, 4-, and 5-ring PAH and hydroaro-
matic components and, also, molecular weight components is signifi-
process solvent (éee Sect. 8.3). The improvement in conversion
efficacy of the Wilsonville solvent is probably due to these added
components; therefore, increasing the concentrations of 4- and 5-ring
and higher molecular weight PAH and hydroaromatic components would

improve the conversion efficacy of the Wilsonville solvent. This
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observation corroborates the observations of several other investi-
gators that addition of high boiling and nondistillable components
can improve coal conversion.92,93

A comparison of the conversion efficacies of the nondonor solvents
(as ranked in Table 8) with that achieved in the 30:70 mixtures withvthe
Wilsonville SRC-I process solvent shows large increases in conversion
for all tﬁe nondonors except l-naphthol. These data indicate that
the presence of a supplemental hydrogen source in the form of the‘
hydrogenated compounds present in the Wilsonviile solvent (see
Sect. 8.3) greatly improved the liquefaction effectiveness of the
nondonors. We conclude that at 427°C (800°F), 10 min reaction, an&
a solvent/coal ratio of 1.5, only l-naphthol (of the set of nondonors
studied) gave coal liquefaction yields comparable to that achieved by
the two process solvents that were used in this study. We also con—v
clude that efficient liquefaction with the nondonor solvents evaluated
in this study requires a supplemental source of hydrogen (e.g., Hy or

a donor solvent).

8.2.2 Comparison with weighted average of two'comppnents

In the presence of supplemental hydrogen (i.e., in a 30% nondonor—
70% Wilsonville SRC-I solvent mixture) all nondonor solvents increased
the effectiveness of Wilsonville solvent. This increase was greater
than that predicted by the weighted average of the components for all
nondonor solvents but especially for pyrene, carbazole, gnd phénthri—
dine (Table 10). An incremental increase (above the weighted average)
in conversion of greater than 18% was observed for pyrene, phenén—

thridine, and carbazole. The comparable incremental increase for
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Table 10, Relative effectiveness of nondonor/process (Wilsonville SRC-1)
solvent mixtures compared with calculated weighted average
effectiveness (comparison values glven for phenol and
Lummus [TSL heavy oll in 30:70 mixture with the
Wilsonville solvent; all values — except those
deslignated — an average of two runs®)

Calculatedd Experimental coal converslion
Coal coal conversion of nondonor-process solvent
converslon of nondonor- mixtureCs»®
of nondonorPs€ process solvent [ncrease Increase
pyridine mixture, pyridine Pyridine over over pure
solubllity solubliity solubt ity weighted nondonor
Solvent (% maf) (% maf) (% maf) average (%
(%)
Lummus |TSL 82 67 73 +7 -9
1=Naphthal 78t A6 73 +R -5
Quinoline 50 58 66 +8 +16
Naphthalene 39 54 65 +1 +26
Phenanthridine 37 54 72 +18 +35
Phenanthrene 36 54 66 +12 +30
Pheno! 369 54 59 +5 +23
Carbazole 36 54 72 +18 +36
Pyrene 33 53 73 +20 +40
Diphenyl ether 329 52 55 +3 +23
Willsonvlille 61 - - - -
(SN71754)
Coai oniy 248 - - - -

3Test conditions:

19.5 mL tubing bombs; 5.0 g Kentucky No. 9 (Fles) coal

(dried at 110°C and 28 in,vacuum for 1 h); 7.5 g solvent; 10-min reaction time;
427°C (800°F); mixing at 180 cpm (1,5-1n, stroke) using two 0.64-cm diameter S$S

balls,

bsolvent was 1002 nondonor, process solvent, or coal (see Table 8).

CPyridine solubliity was determined by Soxhlet extraction and flltration

dcalculated welghted average of the mixture (30% nondonor — 70% Wilsonviilie

solvent) using conversion values given in column 1; for example, the calculated
welighted average for coal converslion of the 30% 1-naphthol — 70% Wilsonville
process solvent mixture Is 0.30 x 78% + 0.70 x 61% = 66.1%.

€solvent was 30% nondonor (or Lummus ITSL) and 70% Wilsonville (SN71754),
fAverage of four runs,

9single value.
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naphthalene and phenanthrene was greater than 10%. Incremental
increases for l-naphthol, quinoline, diphenyl ether, and phenol were
3—8%. When the 307 Lummus ITSL heavy oil solvent and 70% Wilson-
ville SRC-I recycle solvent mixture was tested, the incremental
increases in conversion above the weighted average was 7%. As in the
case of the pure nondonor experiments, coal conversion was highest
with l-naphthol. This information tends to support the conclusion
that increasing the concentration of pyrene, carbazole, phenanthri-
dine, phenanthrene, naphthalene, quinoline, and l-naphthol in the
Wilsonville SRC-I solvent would improve coal liquefaction capability
of that solvent, However, additional experimentation is necessary
to determine optimum concentrations and liquefaction temperatures
for each solvent, and also to determine solvent loss during lique-
faction as well as the nature of the liquefaction product. It is
significant that when Lummus ITSL solvent was added to the Wilsonville
solvent, it increased coal conversion effectiveness of the Wilsonville
solvent; and, on a molecular level, it depleted the Wilsonville solvent
in quinoline, naphthalenes, and tetralins, but significantly enriched
the Wilsoﬁville solvent in carbazole, phenanthrene, pyrene, énd multi-
ring PAH and hydroaromatic constituents. A more fundamental under-
standing of the éonstituents responsible for improvement in coal
conversion and the molecular reaction mechanisms involved would
greatly facilitate development of more advanced coal liquefaction
processes.

Our data corroborates the observation of Derbyshire et al.77

that the presence of available hydrogen can increase coal conversion
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in solveﬁts thatthave low donor capacity, and that the combination
of a PAH (pyrene) and available.hydrogen behaves synergistically with
respect to coal conversion. Derbyshire et al. state that the relative
effectiveness of pyrene is related to the formation of dihydropyrene
during liquefaction. . |
The efficacy of l-naphthol may be partially attrisutable to
its condensation to binapﬁthol and the resulting availability of
hydrogen.115 Poutsﬁa and Dyer estimated from aata developed at 400°C
that under the experimental conditions of the tubing-bomb experiments
(i.e., 427°C and 10-min reaction) that approximately 5% of neat
l-naphthol would be converted to dinaphthofuran, binaphthol, and
tetralone. Minor products would be tetrahydronaphthol, naphthalene,
tetfalin, and tetralol. With increasing reaction time, more dinaphtho-
furan product would be anticipated. 1In the presence of ¢oal some of
these compounds would be expected to be intermediates and would
probably not be observed among the products because of the high
density of free radicals occurring during the coal liquefaction
'process. In the thermolysis of l-naphthol, the equivalent of hydrogen-
made available by conversion of two molecules of naphthol to.a ‘
binaphthol is not released as molecular hydrogen but is somehow
transferred t§ a third molecule of naphthol to effect\its reduction
to tetralone and to a lesser extent to tetrahydronaphthol. ‘lhey
postulate that the free‘radical and enolization reactions are rapid
enough fo serve as models for possible reactions of phenolic groups

in coal liquefaction at 400-450°C. To the extent that naphthols are

converted to arenes and the phenolic oxygen to water, the proposed
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reactions are beneficial for coal liquefaction. However, to‘the
extent they form furans of larger molecular size which contain oxygen
and are even more difficult to reméve in later hydro treating, the
reactions are undesirable.

Poutsma and Dyer determined that addition of benzophenone acce-
lerated the condensation of the naphthol thermolysis and also eliminated
the reduction portion in fayor of almost exclusive formation of diphenyl-
methane. Thus thermolysis of naphthol in the presence of coal might
be expecfed to decouple condensation from hydrogen transfer to another
naphthol molecule and permit transfer to a coal hydrogen acceptor.

To the extent that better hydrogen acceptors than naphthol exist in
the coal, leaving naphthol playing only a hydrogen-donor rolé, then
undesirable furans might be expected as major reaction products of
naphthol-coal reactions. The major question in the utility of
naphthol for improvement‘of coal liquefaction yields is whether good
hydrogen donors present in the coal can reverse this scenario and
maximize the dehydroxylation process, i.e., maximize the formation
of arenes. Thus it is critically important to study the products from
l-naphthol and coal liquefaction reactions to determine the products
and therefore the utility of increasing naphthol concentration as a
method for improving yields.115

Because the effectiveness of l-naphthol was essentially the same
with and without supplemental hydrogen (73%/78% couversion), we
conclude that it solubilizes coal by a.different mechanism than the
other nondonor compounds studied. Our results correlate with the

observations .of Poutsma and Dyer that l-naphthol dimerizes to a
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binaphthol, making hydrogen available for reduction of other materials
(i.e., l-naphthol functions as a weak hydrogen donor in coal lique-
faction). However, the results do not rule out the poésibility that

it also functions as a hydrogen transfer or shuttling agent, although
this mechanism must be of lesser importance because liquefaction ylelds
were approximately the same with and without supplemental hydrogen.

The relative order of basicity and ionization constants (pK,) of
the three nitrogen-containing heterocycles in aqueous solution are:
quinoline (pK, 4.94 at 20°C), phenanthridine (pK, 4.52 at 20°C),
carbazole (pK, estimated at -3.0 at 20°C).132 The ionization constant
for carbazole was estimated from that of pyrrole (pK; —-0.27 at 25°C)
and also iﬁdole (pKy -2.4 at 20°C).132 Annelation of a benzene ring
to pyrrole (i.e., formation of indéle) decreased the basicity (pKz
from -0.27 to -2.4). Therefore annelation of another benzene ring
to the indole should further decrease the basicity. Thus carbazole
is a very weak base compared to either phenanthridine or quinoline;
(in fact, it is essentially acidic).

The results from the current study indicate that at least for
these three nitrogen-containing components, basicity may not be the
significant factor in their coal conversion mechanisms. For the pure
compounds, the most basic example, quinoline, 1s the most effective —
giving conversion of 50% at 427°C and 10 min; whereas, phenanthridine
and carbazole each gave 36% conversion. However, when mixed with
supplemental hydrogen (i.e., Wilsonville solvent), both phenanthridine
and carbazole (72% conversion each) were significantly more effective

than quinoline (66% conversion), Since carbazole is a much weaker
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base than either quinoline or phenanthridine, it is concluded that
basicity of the nitrogen-heterocycles under these test conditions

was not the most important factor in their dissolution properties.
Because their effectiveness increased significanﬁly in the presence
of a supplemental hydrogen source, their effectiveness may be related
to their hydrogen shuttling or transfer properties. If their effec-
tiveness were related simply to aromaticity or their solubility
parameters, then they should have been equally effective either as
pure compounds or in the presence of supplemental hydrogen. The
comparable effectiveness of carbazole and phenanthridine is hard to

understand and might be dependent upon the coal used.
8.3 Characterization of Coal Conversion Process Solvents

A detailed quantitative analysis was madg of the Wilsonville
SRC-1 process solvent (V-131-A, SN71754) and the Lummus ITSL heavy
oil solvent (Table 6). Over 100 gas chromatographable constituents
were identified in each solvent. The concentrations of the nondonor
solvents evaluated in this study.are tabulated for each of the process
solvents in Table 11, Note that the concentrations of each of the
selected nondonor solvents in this study are quite low or not detected
except for pyrene and phenanth;ene in the Lummus ITSL heavy oil
solvent and for diphenyl ether, phenanthrene, and naphthalene in
the Wilsonville SRC-I solvent. A more detailed summary is given in
Table 12. This quantitative comparison indicates that the major GC
constituents in the Lummus ITSL solvent are polycyclic aromatic

hydrocarbons, whereas the major GC constituents in the Wilsonville
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Table 11. Concentrations of selected nondonor components in
two coal liquefaction process solvents and comparative
liquefaction yields

Wilsonville
Lummus L'I'SL - SN/1/754

(%) (%)

Liquefaction? 82 61
Concentration of nondonors?

1-Naphthol NDC ND

Quinoline ND 1.0

Pyrene ' 6.8 0.2

Phenanthrene 4.4 2.0

Naphthalene ' 1.2 ' 1.7

Carbazole 1.4 ND

Phenanthridine ND 0.3

Diphenyl ether ND 3:3

Phenol ND 0.1

4Solvent/Kentucky No. 9 coal ratio of 1.5; 427°C (800°F); 10 min;
3 strokes/s shaking; 19.5 mL tubing bomb; 12.5 g total charge.

onncentration of compound in solvent as determined by high-
resolution gas chromatography using flame ionization detection (FID).
The concentration is given as percentage of total FID signal.

CND = not detected.



91

Table 12, Summary of coal !|lquefaction solvent
constituents identifled by GC/MS

Lummus |TSL Wiisonville V=-131-A
Constituents Area Constituents Area
identlfled percent? Identifled percent?
Alkanes 10 3.01 22 10.95
Alkenes 3 0.13 2 0.21
Phenols 1 0] 9 7.05
Pyridines 0 0 3 0,07
N-Heterocycles 4 2,03 9 5.01
O-Heterocycles 2 0.66 2 0.40
Ethers 2 1,63 2 3.34
Allcyclics 6 0.56 2 0.04
_S-Compounds 1 0.50 0 0
Aromatic
1-ring 12 2.17 7 1.66
2-ring 25 10.28 33 38.84
2-ring hydrogenated 16 3.41 14 14,19
3-ring 6 6.40 10 3.47
3-r ing hydrogenated 4 3.01 3 0.60
4-ring 9 18.66 3 0.48
4-ring hydrogenated 12 8.99 0 0.28
S-ring 4 4,94 0 0
f-ring 2 0.90 0 0
119 67,28 121 86.59

AArea percent of total FID signal during GC run; area percent approximates
welght percent for FID detection,
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solvent are naphthalenes, tetralins, alkanes (straight-chain hydro-
carbons), and phenols. A calculation was made for the. identified GC
constituents of the hydrogen available in each solvent for donating
to liquefaction reactions (Table 13). These estimates are minimum
values to the extent that certain components in the solvents were not
detected by GC. This calculation indicates approximately the same
amount of donor hydrogen available in the GC constituents of each
solvent — about 0.48 wtZ in the Lummus ITSL solvent and about 0.45
wtZ% in the Wilsonville solvent. However, the concentration of the
donatable hydrogen in the heavy multi-ring compounds in the Lummus
solvent is interesting. It is estimated that 997 of the Wilsonville
solvent (SN71754) but only 467 of the Lummus ITSL solvent were volatile
enough to pass through the gas chromatograph and be analyzed (see
Appendix A). Therefore, it is of interest to know the molecular
composition of the nonvolatile, unchromatographed constituents in the
Lummus solvent and the nature and amount of the hydrogen-donor
constituents therein.

Comparative conversion yields with Kentucky No. 9 coal under SCT
conditions were 82% for Lummus ITSL solvent and 61% for Wilsonville
solvent, Thus, it appears that hydrogen donors in the Lummus solvent
are relatively more effective than those in the Wilsonville solvent.
That is, the larger molecular weight PAHs in their reduced forms
appear to be more effective hydrogen donors than the smaller ones.
However, other chemical factors, e.g., hydrogen tranéfer and
solubilization (effectiveness as solvent), are probably involved.

This is substantiated by the observation that l-naphthol, pyrene,
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Table 13. Comparison of GC-detectable available hydrogen

In two coal liquefaction process solvents?
Lummus 1TSL Wilsonville Yy=131-A
Donor type percen‘l’b percent”

Tetralin 0.019 (4.0%)¢ 0.062 (13,7%)¢
Alkyl~substituted tetralins 0.071 (14.9%)¢ 0.301 (66.4%)¢
Decal in 0.022 (4.6%)¢ ND
Tetrahydroquinol Ine ND 0.052 (11.58)¢
Alkyl=substituted tetrahydro

quinol ines ND 0,022 (4,9%)¢
Hydro 3-rIng compoundsd 0.181 (38.0%)¢ 0.016 (3.5%)°C
Hydro 4-ring compounds® ‘ 0.184 (38.6%)¢ ND
Total avallable hydrogen 0.477 0.453

9Available hydrogen is defined as that hydrogen In reduced forms of
compounds that would be avallable for reduction of other constituents, e.g.,
4 hydrogen atoms per molecule of tetralin, 2 hydrogen atoms per molecule of
dihydropyrene,

bparcent of total flame lonization signal for GC run., For example, in
the case of tetralin: (4/132) x area percent tetralin = percent avallable
hydrogen,.

Cpistribution of hydrogen, l.e., percent of total avallable hydrogen.
dror example, dihydrophenanthrene,

SFor example, dihydropyrene,
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carbazole, and phenthridine each in 307 mixture with Wilsonvillg
solvent gave 72-737 conversion (Table 9), which was comparable
with that obtained with the 30% Lummus ITSIL—70% Wilsonville mixture
(i.e., 73%Z conversion). The effectiveness of these four constituents,
representing three different chemical families, underscores the complex
nature of the coal liquefaction process. As previously discussed, the
effectiveness of each may possibly be attributed to a different
chemical mechanism. These findings suggest that the preseunce of such
nondonor solvents contributes significantly to the liquefaction process.
8.4 Procedure Development and Initial Studies
with Selected Nondonor Solvents

In the initial tubing-bomb experiments, the relative effectiveness
of the selected nondonor solvents for converting coal to liquid (as
determined by pyridine solubility wvia Soxhlet extraction without
inett gas atmosphere) at 42/°C (800°§) and 10-min reaction was:
l-naphthol, 56%; quinoline, 42%;.phenanthtene, 417%; pyrene, 407%;
naphthalene, 37%; carbazole, 377%; phenanthridine, 37%; and diphenyl
ether, 32% (runs 20-27, Table 5). For comparison, using the same
reaction conditions, the conversion of phenol was 36%; coal only,
24%; Wilsonville V-131-A (SN71754), 50%; and Lummus ITSL heavy oil
solvent, 75% (runs 18, 19, 28, and 29; Table 5). As will be discussed
later, some or all of these conversion values may be low due to possible
variation in mixing speed (and consequent reaction mass transfer
limitations); and also, the values for pyrene and the Lummus solvent
may be low due to determination of pyridine solubilities without a

protective, inert (Nj) atmosphere.
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8.4.1 Constant miiing speed

The three most promising candidates were retested with the
following average results: l-naphthol, 46%; quinoline, 347%;
phenanthrene, 36% (runs 30-32, Table 5). The decrease in conversion
is not fully understood, although most of the reaction conditions and

parameters compare relatively well with the previous runs; however,

“the decrease may have been attributable to less mixing (and consequent

mass transfer limitations of reactions) due to variation in air supply
to the mixing motor. In later experimentation, particular attention
was given to monitoring and maintaining a constant air supply to the

motor.

8.4.2 Pyridine extraction under inert atmosphere

In order to assist in undg;standing the significance of the pyri-
dine solubility test procedure: the pyridine solutions from runs 18
through 27 were filtered at 100°C through Whatman No. 42 filter paper
(0.5-ym pore‘size). The estimated pore size of the Soxhlet extraction
thimbles is about 25 um (ref. 133). Table 14 presents the data
comparing conversion values as determined by weight of ﬁyridine-
insoluble residues in only the Soxhlet extraction thimbles with con-
version values as determined by the total weight of pyridine
insolubles in the thimbles and on the Whatman No. 42 filters. In most
cases the residual material, apparently passing thréugh fhe extraction
thimble but trapped by the filter paper, amounted to only a few per-
cent (except for pyrene and Lummus ITSL). This material may represent

(1) insoluble material that passed through the extraction thimble

(i.e., about 0.5-25 um), (2) mﬁfeflal resulting from retrograde
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Table 14, Comparison of coal conversion (pyridine solubliity)
as determined by Soxhlet extraction and bz Soxhlet extraction
followed by filtration

Pyridine solubility as determined by Pyridine

Soxhlet exfracflgn Insolubles:
Soxh let extraction and flltration 0.5725 ym
Run Solvent (% maf) (% maf) particles
N
18 Wilsonville V-131-A 50 48° 2
19 Lummus TSI 75 26 49
20 Pyrene 40 30¢ 10
21 Phenyl ether 32 32¢ 0
22 Quinoline 42 38¢ 4
23 Naphthalene 37 37°¢ 0
24 1-Nophthol ' 56 ' 56° 0
25 Phenanthrene 41 38¢ 3
26 Carbazole 37 34¢ 3
27 Phenanthridine 37 35¢ 2
t-1  Lummus® . 97 94 3
3All liquefaction runs were made with Kentucky No. 9 (Fies) coal (dried 1 h

at 110°C and 28 in, vacuum); 1,5:1 solvent/coal ratio; 427°C (800°F); 10-min
reaction.

bywhatman No. 42 filter paper at 100°C.

CPyridine solutions were stored at room temperature In the dark but with-

out an Inert gas atmosphere. They were filtered 4 to 8 weeks after the Soxhlet
extraction,

only.

dNot a I iquefaction experiment, pyridine extraction of Lummus |ITSL solvent
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reactions occurring in the pyridine solvent in the several wéeks time
between Soxhlet extraction and filtration, or (3) oxidation products
or polymer formation due to oxidation (protective nitrogen blankets
were not used during Soxhlet extraction nor for the storage of the
resulting pyridine solution for several weeks). To evaluate this
phenomenon, subsequent Soxhlet extractions were made under inert
atmosphere and the hot (~110°C) pyridine solutions were filtered
under inert atmosphere immediately after extraction. This change
made a difference in the yield, as will be explained 1later.

It was of interest to know whether the low conversion results
previously attained with Lummus ITSL solvent at 427°C (800°F) (run 19,
‘Table 5) might also.be attributed to pyridine extraction under con-
ditions favorable to oxidation and polymerization (i.e., without an
inert atmosphere); therefore, the 427°C (800°F) run was repeated
(run 39, Table 5). Coal liquefaction of 88% (pyridine solubility as
determined by Soxhlet extraction under an inert.atmosphere) and 827
(Soxhlet extraction followed by filtration under nitrogen atmosphere)
were obtained. Thus the large amount of pyridine insolubles in the
U.5- to 2b-ym range and low total conversion (26%) determined for
run 19 is probably attributable to oxidation and polymerization reac-—
tions occurring during extraction and storage without an inert atmosphere.
These results also tend to confirm that with the Lummus ITSL heavy oil
solvent, coal liquefaction yields are high (greater than 807% in 10 nin)
at 427°C (800°F); that retrograde reactions may begin at 460°C (860°F);
and that the liquefaction products, at least with Kentucky No. 9 (Fies)

coal, are very reactive and subject to oxidation and polymerization in
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the presence of air. These conclusions must be considered tentative

because a limited number of experiments were conducted.

8.4.3 Coke formation

Selected nondonor solvents were tested at 460°C (860°F) (previously
determined to be the optimum temperature for conversion of Wyodak coal
using phenol as the solvent)l with the following average results:
l-naphthol, 30%; phenanthrene, 30%; phenol, 34%; comparable value for
Lummus ITSL, 30% (runs 33-36, Table 5). The lower conversion yields
fér the 460°C (860°F) runs [except for phenol, the value of which was
within experimental error of that'for the 427°C (800°F) run] may
indicate beginning of coke formation. The insoluble residue from the
pyridine extraction of the Lummus ITSLvliquefaction test was found to
contain about 60% coke (mesophase) and some unreacted coal.l34

Because of the apparent coke formation during the 460°C
(860°F) Lummus ITSL run (run 33, Table 5), we decided to (1) repeat
the 460°C (860°F) Lummus ITSL/coal run.and (2) determine the py?idine '
solubility of the Lummus ITSL heavy oil solvent. The ITSL solvent was
subjected to. pyridine extraction and a total of about 67 insolubles
were determined (run L-1, Table 9). The 4§0°C (860°F) tubing-bomb
experiment with Lummus ITSL heavy oil solvent and Kentucky No. 9 coal
was repeated (run 37, Table 5), and the Soxhlet extraction and fil-
tration was conducted under a nitrogen cover. The results were
dramatically different — 627 after Soxhlet extraction as compared
with 31% for the previous 460°C (860°F) run (run 33, Table 5) in which

the Soxhlet extraction had not been conducted in an inert atmosphere.
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However, considerable particulate matter (abou£ 0.5~ to 25-um diam)
was filtered from the hot pyridine extract of run 37, reducing the net
conversion to 38% and indicating either retrograde reactions‘(coke
formation) or production of colloid or semi-colloid with the Lummus
solvent. Microscopic examination of the pyridine insolubles that
passed through Soxhlet extraction thimbles, but were retained by
‘Whatman No. 42 filters, revealed numerous small spheres of 3- to 5—um
diam; several spheres indicated the beginning of mesophase coke
formation. Similar examination of the pyridine insolubles from the
Lummus ITSL solvent itself revealed some particles — indicating possible
mesophase coke formation. Although this phenomenon needs further
study, it may indicate that the presence of higher molecular weight
constituents (e.g., 4— and 5-ring PAHs) may contribute to the for-
mation of higher molecular weight products, i.e., retrograde reactions
resulting ultimately in coke formation. Despite the apparent coke
formation, using an inert (Nj) atmosphere during the determination of
pyridine solubility obviously increased the liquefaction yield. This
indicates that oxidation or polymerization to pyridine insolubles
occurs during pyridine extraction or storage without a protective

inert atmosphere.
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Appendix A: Relative Volatility of Two Process Solvents

—

This estimate is based upon vacuum distillation of the solvents
at 0.02 mm and 200°C for 1 h. A plot of these polnts using the Cox
\method135 indicated 200°C at 0.02 mm pressure was approximately
equivalent to volatilization of C3gHy,; (detectable using the GC
methodology used for analysis of the two solvents). A vapor pressure-
temperature plot (log p versus log t) was made for a number of compounds
according to the method of Cox. Data for chrysene, pyrene, phenanthrene,
napthalene, napthol, phenol, quinoline, and carbazole indicated vapor
pressure—temperature curves essentially parallel to those for alipha-
tic hydrocarbons; this result inspires confidence in the application
of the Cox method to aromatic compounds and coal process solvents.
After 6 h at 200°C and 0.02 mm pressure, 65% of the Lummus ITSL

solvent had volatilized or sublimed.
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Appendix B: Special Experiment — Effect of Quinoline Adsorption
from Water Solution on Coal Conversion

Recent information23 indicates that liquefaction yields may be
higher using undried coal as compared with conventionally used dried
coal., Also, adsorption of basic nitrogen compounds on the coal
before coal slurry drying treatment prior to coal liquefaction may
dramatically improve liquefaction yields and products. Theoretically,
the improved liquefaction may result from replacement of hydrogen-bonded
water by the basic nitrogen-containing compounds during the drying
process, such that the basic nitrogen compounds are available for
liquefaction reactions when reaction temperalures are acﬁieved.

Consequently, an experiment was conducted in which the Kentucky
No. 9 (Fies) coal, as received from the supplier (partially air dried,
i.e., containing about 3.1% moisture), was soaked in an aqueous
solution of quinoline. Five grams of coal rapidly (in 1es; thaﬂ 1 h)
adsorbed 89.5%Z of the quinoline from 25 mL solution containing an
initial l-mg/mL concentration; total quinoline adsorbed was 4.5 mg
.per gram of coal. The liquefaction yield at 427°C and 10-min reaction
using 7.5 g Wilsonville solvent and 5 g quinoline—-adsorbed coal was
63.8%, whereas thét with coal soaked in water only was 62.67% (run 54,
Table 5). The yields are very similar to the 60.7% achieved with
Wilsonville solvent and dried coal using the same test conditions
(run 49, Table 5). However, the experiment is inconclusive because
very little quinoline was adsorbed on the coal (less than 0.1% of the
weight of the coal) and because the coal had been partially dried by
the supplier (losing about 5—6% moisture). For definitive conclu~-
sions, further experimentation is required using undried coal and

higher quinoline concentrations.
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Appendix C: Special Experiment — Effect of Methanol Pretreatment
on Coal Conversion
Because of the apparent importance of bound water in coal structure

and the possible improvements in liquefaction yields if the bound
.water were replaced by hydrogen-containing solvents prior to lique-
faction, an experiment was conducted in which the partially dried coal
(as. received from the supplier) was soaked in methanol before the lique-
faction experiments took place. After soaking in methanol for several
weeks, the coal approximately doubled in weight (i.e., 5 g coal increased
in weight to approximately 10 g due to absorbed/adsorbed methanol). An
average liquefaction yield of 75% was obtained in tubing-bomb tests‘at
427°C (800°F) and 10-min reaction time using 10 g methanol-soaked
coal and 7.5 g Wilsonville (SN71754) process solvent (run 38, Table 5)
compared with 617 with non—soaked coal (run 49, Table 5). The reac-
tion yield is comparable to the 827 yield achieved with the Lummus
ITSL heavy o0il solvent (run 39, Table 5). This high conversion
indicates that further experimentation is warranted to explore this

phenomenon.



lo.

107

10. REFERENCES

J. W. Larson, T. L. Sams, and B. R. Rodgers, "Internal Rearrange-
ments of Hydrogen During Heating of Coals with Phenol,” Fuel 60:
335-341 (1981).

M. W. Kiebler, "The Action of Solvents 6n Coal,” pp. 677-760 in

Chemistry of Coal Utilization, Volume 1, H., H. Lowry, Ed.,

John Wiley & Sons, Inc., New York, 1945.

E. 0. Rhodes, "The Chemical Nature of Coal Tar,” pp. 1287-1370

in Chemistry of Coal Utilization, Volume 2, H. H. Lowry, Ed.

John Wiley & Sons, Inc., New York, 1945.
H. H. Storch, "Hydrogenation of Coal and Tar,” pp. 1750-1798 in

Chemistry of Coal Utilization, Volume 2, H. H. Lowry, Ed.,

John Wiley & Sons, Inc., New York, 1945,
D. W. Van Krevelen, Coal, Elsevier Publishing Co., New York, 1961.
I. G. C., Dryden, "Chemical Constitution and Reactions of Coal,"

pp. 232-295 in Chemistry of Coal Utilization, Supplementary

Volume, H. H. Lowry, Ed., John Wiley & Sons, Inc., New York, 1963,

E. E. Donath, "lydrogenation of Cuul uud Tar," pp. 1041=1080 in

Chemistry of Coal Utilization, Supplementary‘Volume, H. H. Lowry,

Ed., John Wiley & Sons, Inc., New York, 1963.

P. H. Given, Coal Science, Advances in Chemistry Series 55,

American Chemical Society, Washington, DC, 1966.

J. W. Larson, Organic Chemistry of Coal, ACS Symposium Series,

American Chemical Society, Washington, DC, 1978.

P. Nowacki, Coal Liquefaction Processes, Noyes Data Corporation,

Park Ridge, New Jersey, 1979.



11.

12.

13.

14,

15.

lb.

17.

18.

19.

20.

108

E. S. Lee, "Coal Liquefaction,” pp. 428-545 in Coal Conversion

Technology, C. Y. Wen and E. S. Lee, Eds., Addison-Wesley

Publishing Company, Reading, Massachusetts, 1979.

D. D. Whitehurst, T. O. Mitchell, and M, Farcasiu, Coal Lique-

faction, Academic Press, New York, 1980.

I. Wender, L. A. Heredy, M. B. Neuworth, and I. G. C. Dryden,
"Chemical Reactions and the Constitution of Coal,” pp. 425-522 in

Chemistry of Coal Utilization, Second Supplementary Volume,

M. A. Elliott, Ed., John Wiley & Soms, Inc., New York, 1981.

E. Gorin, "Fundamentals of Coal Liquefaction,” pp. 1845-1918 in

Chemistry of Coal Utilization, Second Supplementary Volume,

M. A. Elljiott, Ed., John Wiley & Sons, Inc., New York, 1981,
S. B. Alpert and R. H. Wolk, "Liquefaction Processes,” pp. 1919-

1990 in Chemistry of Coal Utilization, Second Supplementary

Volume, M. A, Elliott, Ed., John Wiley & Sons, Inc., New York, 1981.

B. L. Crynes, "Processing Coal Liquefaction Products,” pp. 1991~

2070 in Chemistry of Coal Utilization, Second Supplementary Volume,

M. A. Elliott, Ed., John Wiley & Sons, Inc., New York, 1981.

J. R. Pullen, Solvent Extraction of Coal, Report Number ICTIS/TR 16,

IEA Coal Research, London, November 1981.

R. C. Neavel, "Liquefaction of Coal in Hydrogen-Donor and Non-
Donor Vehicles,” Fuel 55: 237-242 (1976).

M. Orchin and H. H. Storch,"Solvation and Hydrogenation of Coal,"

Ind. Eng. Chem. 40: 1385-1389 (1948).

G. P. Curran, R. T. Struck, and E. Gorin, "Mechanism of the
Hydrogen-Transfer Process to Coal and Coal Extract,” Ind. Eng.

Chem., Process Des. Develop. 6(2): 166-173 (1967).




21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

109

R. G. Ruberto, D. C. Cronauer, D. M, Jewell,.and K. S. Seshadri,
"Structural Aspects of Subbituminous Coal Deduced from Solvation
Studies./l. Anthracene-0il Solvents,” Fuel 56: 17-24, (1977).
R. G. Ruberto, D. C. Cronauer, D. M. Jewell, and K. S. Seshadri,
"Structural Aspects of Subbituminous Coal Deduced from Solvation
Studies./2. Hydrophenanthrenme Solvents," Fuel 56: 25-32 (1977).
L. F. Atherton and C. J. Kulik, "Advanced Coal Liquefaction,;
presented at the 1982 AIChE ﬁeeting, Los Angeles, California.

S. M. Rybicka, "The Solvent Extraction of a Low Rank Vitrain,"”
Fuel 38: 45-54 (1959).

M. E. Peover, "The Dehydrogenation of Coals wtih p-Benzoquinone,”

°

J. Chem. Soc. 1960: 5020-5026.

W. H. Wiser, "A Kinetic Comparison of Coal Pyrolysis and Coal
Dissolution,” Fuel 47: 475-486 (1968).

C. J. Collins, V. F. Raaen, B. M. Benjamin, and G. W. Kabalka,
"Carbon-carbon Cleavage During Asphaltene Formation,"” Fuel 56:
107 (1977).

C. J. Collins, B, M. Benjamin, V. F. Raaen, E. H. Maupin, and
W. H. Roark, "Isotopic Stuldies of Thermally Induced Reactions
of Coal and Coal-Like Structures,” pp. 165-170 in Organic

Chemistry of Coal, J. W, Larson, Ed., ACS Symposium Series No. 71,

American Chemical Society, Washington, DC, 1978.

B. M. Benjamin, V. F. Raaen, P. H. Maupin, L. L, Brown, and

C. J. Collins, "Thermal Cleavage of Chemical Bounds in Selected
Coal-Related Structures,” Fuel 57: 269-272 (1978).

B. M. Benjamin, "Pyrolysis of 1,2-Diphenylethane in the Presence

of Tetralin,” Fuel 57: 378 (1978).



31.

32.

33.

34.

35.

36.

37.

38.

110

B. M. Benjamin, E. W, Hagaman, V., F., Raaen, and C. J. Collins,
"Pyrolysis of Tetralin,” Fuel 57: 386-390 (1979).

C. J. Collins, V. F. Raaen, B. M. Benjamin, P. H. Maupin, and

W. H. Roark, "Coal Chemistry: Reactions of Tetralin with Coal
and with Some Carbon-14 Containing Model Compounds,” J. Amer.
Chem. Soc. 101: 5009-5014 (1979).

M. L. Poutsma, "Free-Radical Model for Coal Conversions. Effect
of Conversion Level and Concentration on Thermolysis of Bibenzyl,"
Fuel 59: 335-338 (1980).

J. A. Franz and D. M. Camaioni, "Radical Pathways of Coal
Dissolution in Donor Media During Reactions of Cbals and

Specifically Deuterated Tetralin,” Am. Chem. Soc. Div. Fuel Chem.

26(1): 105-113 (1981).
S. E. Stein, "A Fundamental Chemical Kinetics Approach to Coal

Conversion,” pp. 97-129 in New Approaches in Coal Chemistry,

B. b. Biaustéin, B. U. Bockrath, and b. Freidman, Eds., ALS
Symposium Series 169, American Chemical Society, Washington, DC,
1981,

F. J. Derbyshire and D, D. Whitehurst, "Study of Coal Conversion
in Polycondensed Aromatic Compounds,” Fuel 60: 655-662 (1981).
J. W. Larson and E. W. Kuermmerle, "Alkylation and Depolymeriza-
tion Reactions of Coal: A Selective Review with Supplementary
Experiments,” Fuel 55: 162-169 (1976).

V. F. Raaen and W. H. Roark, "Dehydrogenation Reactions of

Benzophenone,” Fuel 57: 650-651 (1978).



39.

40.

41.

42.

43,

44,

45.

46.

111

J. A, Franz, "13C, 2H, 1§ N.M.R. and GPC Study of Structural
Evolution of a Subbituminous Coal During Treatment with Tetralin
at 427°C,"” Fuel 58: 405-412 (1979).

L. A. Heredy, R. P. Skowronski, J. J. Ratto, and I. B. Goldberg,
"An Isotopic Investigation of the Chemistry of Coal Hydrolique-

faction,” Am. Chem. Soc. Div. Fuel Chem. 26(1): 114-122 (1981),

M. G. Thomas, "The Effects of Solvent Composition and Concen-
tration on Early Liquefaction Reactions,"” SAND-81-2000C,
CONF-810999.

B. M. Benjamin, E. C. Douglas, and S. Mesmer, "Hydrogen Transfer

Properties of Some Coal Process Recycle Solvents,” Am. Chem. Soc.

Div. Fuel Chem. 27(3-4): 1-5 (1982).

R. J. Hooper, H. A, J. Battaerd, and D. G. Evans, "Thermal
Dissociation of Tetralin Between 300 and 450°C," Fuel 58: 132-138
(1979).

F. P. Burke, R. A. Winschel, and T. C. Pochapsky, "Development

of a Correlation between Slurry 011 Composition and Process
Performance,” DOE/ET/14503-1, U.S. Department of Energy, 1980.

D. C. Ctronauer, D, M, Jewell, R. V. Modi, and K. S. Seshadri,
"Isomerization and Adduction of Hydroaromatic Systems at Con-

ditions of Coal Liquefaction,” pp. 371-392 in Coal Liquefaction

Fundamentals, D. D. Whitehurst, Ed., ACS Symposium Series 139,

American Chemical Society, Washington, DC, 1980.
K. Ouchi and J. D. Brooks, "The Isolation of Certain Compounds

from Depolymerized Brown Coal,” Fuel 46: 367-377 (1967).



47.

48.

49.

50.

51.

53.

54,

55.

112

K. Imuta and K. Ouchi, "Some Compounds Separated from Depolymerized
Brown Coal," Fuel 52: 174-180 (1973).

L. M. Lucht and N. A. Peppas, "Cross-Linked Structures of Coals:
Models and Preliminary Experimental Data,” pp. 43-59 in New

Approaches in Coal Chemistry, B. D, Blaustein, B. C. Bockrath,

and S. Friedman, Eds., ACS Symposium Series 169, American Chemical
Society, Washington, DC, 1981.

I. Mochida, A. Takarabe, and K. Takeshita, "Solvolytic Lique-
faction of Coals with a Series of Solvents,” Fuel 58: 17-23 (1979).
K. Ouchi, T. Chicada, and H. Itoh, "Pressure and Temperature
Effect on the Mean Chemical Structure of Coal Hydrogenolysis
Product,” Fuel 58: 37-42 (1979).

K. Ouchi, T. Katoh, and H. Itoh, "Reaction Mechanism for the
Hydrogenolysis of Coal-lerived Preasphaltene,” Fuel 60: 689=693
(1981),

W. A. KirkLy, J. R. A. Lakey, and R. J. Sarjant, "A Etudy of Coal
Extracts by Infra-Red Spectroscopy,” Fuel 33: 480-496 (1954).

D. W. Van Krevelen, "Chemical Structure and Properties of Coal.
XXVIII-Coal Constitution and Solvent Extraction,” Fuel 44:

229-249 (1965).

M. A. Wilson, R. J. Pugmire, A, M. Vassallo, D. M, Grant,

P. J. Collin, and K. W. Zilm, "Changes in Aromaticity During

Coal Liquefaction,” Ind. Eng. Chem. Prod. Res. Dev. 21: 477-483

(1982).
L. B. Ebert, J. C. Scanlon, D. R. Mills, and L. Matty, "The

Interrelationship of Graphite Intercalation Compounds, Ions of



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

113

Aromatic Hydrocarbons, and Coal Conversion, II,” pp. 73-86 in

New Approaches to Coal Chemistry, B. D. Balustein, B. C. Bockrath,

and S. Friedman, Eds., ACS Symposium Series 169, American Chemical
Society, Washington, DC, 1981.

P. J. Flory, "Thermodynamics of High Polymer Solutions,” J. Chem.
Phys. 10: 51-61 (1942).

P. J. Flory, "Fundamental Principles of Condensation Polymeriza-
tion," Chem. Rev. 39: 137-197 (1946).

M. L. Huggins, "Theory of Solutions of High Polymers,” J. Amer.
Chem. Soc. 64: 1712-1719 (1942).

M. L. Huggins, "Thermodynamic Properties of Solutions of Long-

Chain Compounds," Annals New York Acad. Sci. 43: 1-32 (1942).

M. L. Huggins, "Properties of Rubber Solutions and Gels,” Ind.
Eng. Chem. 35(2): 216-220 (1943).

V. L. Weinberg and T. F. Yen, "Solubility Parameters in Coal and
Coal Liquefaction Products,” Fuel 59: 287-289 (1980).

H. P. Hombach, "General Aspects of Coal Solubility,"” Fuel 59:
465-470 (1980).

M. W. Kiebler, "Extraction of a Bituminous Coal,” Ind. Eng. Chem.

32(10): 1389-1394 (1940).
H. C. Howard, "Pyrolytic Reactions of Coal,"” pp. 340-394 in

Chemistry of Coal Utilization, Supplementary Volume, H. H. Lowry,

Ed., John Wiley & Sons, Inc., New York, 1963.

Y. Sanada and H. Honda, "Swelling Equilibrium of Coal by Pyridine
at 25°C," Fuel 45: 295-300 (1966).

Y. Sanada and H. Honda, "Equlibrium Swelling of Coal by Various

Solvents,” Fuel 45: 451-456 (1966).



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

114

N. Y. Kirov, J. M. 0'Shea, and G. D. Sergeant, "The Determination
of Solubility Parameters for Coal,” Fuel 46: 415-424 (1967).
J. M. Angelovich, G. R. Pastor, and H. F. Silver, "Solvents

Used in the Conversion of Coal,” Ind. Eng. Chem. Process Des.

Dev., 9(1): 106-109 (1970).
R. F. Blanks and J. M. Prausnitz, "Thermodynamics of Polymer

Solubility in Polar and Nonpolar Systems,” Ind. Eng. Chem.

Fundam. 3(1): 1-8 (1964).
R. ¥, Weinter and J. M. Prausnitz, "Screen Extraction Solvents

This Way," Hydrocarbon Process. 44(9): 237-242 (1965).

C. M. Hansen, "The Unlversality of the Solubility Parameter,”

Ind. Eng. Chem. Prod. Res. Dev. 8(1): 2-13 (1969).

D. D. Whitehurst, M. Farcasiu, T. O. Mitchell, and J. J. Dickert, Jr.,

The Nature and Origin of Asphaltenes in Processed Coals, EPRI AF4480,

Electric Power Research Institute (1977).

A. Halleux and H. Tschamler, "Extraction Experiments on Coal with
Various Pyridine Bases,” Fuel 38: 291-294 (1959).

A. Marzec, M. Juzwa, K. Bettlej, and M. Sobkowiak, "Bituminous
Coal Extractions in Terms of Electron-Donor and -Acceptor

Interactions in the Solvent/Coal System,” Fuel Proc. Technol.

2: 35-44 (1979).

V. Gutmann, "Empirical Parameters for Donor and Acceptor Properties

of Solvents,” Electrochimica Acta. 21: 661-670 (1976).

M. L. Poutsma, E. L. Youngblood, G. E. Oswald, and H. D. Cochran,
"Carbon-14 Tracer Study of the Fate of Tetralin Under Simulated

SRC-I Coal Liquefaction Conditions,"” Fuel 61: 314-320 (1982).



77.

78.

79.

80.

81.

82.

B3.

84.

85,

115

F. J. Derbyshire, P. Varghese, and D. D. Whitehurst, "Interactions
Between Solvent Components, Molecular Hydrogen and Mineral Matter

During Coal Liquefaction,” Am. Chem. Soc. Div. Fuel Chem. 26(1):

84-93 (1981).

J. W. Larson, T. L. Sams, and B. R. Rodgers, "Effect of Chloroform-
Solubles in Coal Conversion in Non-Hydrogen-Donating Solvents,”
Fuel 59: 666-667 (1980).

T. Kessler, R. Raymond, and A. G..Sharkey, Jr., "Composition of
Pyridine Extracts from Reduced and Untreated Coals as Determined

by High-Resolution Mass Spectrometry,” Fuel 48: 179-186 (1969).

H. W. Sternberg and C. L. D. Donne, "Solubilization of Coals by
Reductive Alkylation,” Fuel 53: 172-175 (1974).

G. A, Russel, D. F. Lawson, and L. A. Ochrymowycz, "Semidiones-XVII.
Formation of Semidione Radical Anions from Ketones and Reducing

Agents With and Without Involvement of Solvent,” Tetrahedron 26:
4697-4704 (1970).

M. L, Gorbaty, "Effect of Drying on the Adsorptive Properties of
Subbituminous Coal," Fuel 57: 796-797 (1978).

L. M. Westgate and 'I'. ¥. Anderson, "Extraction of various Forms

of Sulfur from Coal and Shale for Stable Sulfur Isotope Analysis,”
Anal, Chem. 54: 2136-2139 (1982).

E. A, Sondreal; W. G. Wilson, and V. I. Stenberg, "Mechanisms
Leading to Process Improvements in Lignite Liquefaction Using CO
and HyS," Fuel 61: 925-938 (1982).

L. Lompa-Krzymien, "Complete Removal of Sulfur from Coal Using

Solutions Containing Cupric Ions,” Fuel 61: 871-873 (1982).



86.

87.

88.

89.

90.

91.

92.

93'

116

A. P. Hagen, R. L. Bynum, V. P. Kapila, and T. S. Miller,
"Reactions of Small Covalent Molecules with Coal: Trifluoroacetic
Acid,” Fuel 61: 840-842 (1982).

K. Ouchi, K. Imuta, and Y. Yamashita, "Catalytic Depolymerizétion
of Coals II - Depolymerization of Various Coals in Phenol, using
p-Toluene Sulphonic Acid as a Catalyst,” Fuel 44: 205-209 (1965).
M. B. Abdel-Baset, R. F. Yarzab, and P. H. Given, "Dependence of
Coal Liquefaction Behavior on Coal Characteristics./3. Statistical
Correlations of Conversion in Coal-Tetralin Interactions,” Fuel
57: 89-94 (1978).

R. F. Yarzab, P. H. Given, W. Spackmaﬁ, and A. Davis, "Dependence
of Coal Liquefaction Behavior on Coal Characteristics./4. Cluster
Analyses for Characteristics of 104 Coals,” Fuel 59: 81-92 (1980).
C. W. Curtis, J. A, Guin, J. Jeug, aud A. R, Tarrer, "Coal
Solvolysis with a Series of Coal-Derived Liquids,” Fuel 60:
677=684 (1981).

J. R. Longanbach, "Heavy.Recycle Solvent Studies in Two-Stage
Liquefaction,"” Batelle Second Technical Progress Report, G-8389

(1982),

F. J. Derbyshire, G. A, Odoerfer, DP. Varghese, and D. D. Whitehurst,

"Coal Dissolution in High Boiling Process Solvents,” Fuel 61:
899-905 (1982).

F. J. Derbyshire, P. Varghese, and D. D. Whitehurst, "Synergistic
Effects Between Light and Heavy Solvent Components During Coal

Liquefaction,”™ Fuel 61: 859-864 (1982).



94.

95.

96.

97.

98.

99.

100.

101.

102.

117

C. J. Collins, E. W. Hagaman, R. M. Joneé, and V. F. Raaen,
"Retention of Pyridine—14C and other l4C-labeled Amines by
Illinois No. 6 Coal,” Fuel 60: 359-360 (1981).

R. M. Wham, L. S. Dickerson, and B. R. Rodgers, Stability of

Short—-Contact-Time Coal Liquefaction Products, ORNL/TM-8651 (1983).

M. Pelipetz, E. M, Kuhn, S, Friedman, and H., H. Storch, "Effect

of Catalysis on the Hydrogenolysis of Coal," Ind. Eng. Chem.

40: 1259-1264 (1948).
S. Weller, M. G. Pelipetz, and S. Friedman, "Kinetics of Coal

Hydrogenation,” Ind. Eng. Chem. 43: 1572-1575 (1951).

S. Weller, M. G. Pelipetz, and S. Friedman, "Conversion of

Anthraxylon,” Ind. Eng. Chem. 43: 1575-1579 (1951).

H. W. Sternberg, R. Raymond, and F..K. Schweighardt, "Acid-Base
Structure of Coal-Derived Asphaltenes,” Science 188: 49-51 (1975).
A. G, Dietz, C. Blaha, and N. C, Li, "Enthalpies of Hydrogen
Bonding of Quinoline with o-Phenylphenol and of Hydrogen-Bounding
Reactions Involving the Acid and Base Components of a Coal-Derived

Asphaltene,” J. Chem. Thermodyns. 9: 783-787 (1977). "

E. M. Arnett, W. G. Bentrude, J. J. Burke, and P. McC. Duggleby,
"Solvent Effects in Organic Chemistry./V. Molecules, Ions,

and Transition States iun Aqueous Ethanol,” J. Amer. Chem. Soc.

87: 1541-1553 (1965).

E. M. Arnett, L. Joris, E., Mitchell, T. S. S. R, Murty,

T. M. Gorrie, and P. V. T. Schleyer, "Studies of Hydrogen-Bonded
Complex Formation./III. Thermodynamics of Complexing by

Infrared Spectroscopy and Calorimetry,” J. Amer. Chem. Soc. 92:

2365-2377 (1970).



103.

104.

105.

106.

107.

108.

109.

118

F. K. Schweighardt, R. A, Friedel, and H. L. Retcofsky, "Hydrogen-

Bonding Studies of Pyridine and o-Phenylphenol with Coal

Asphaltenes by Multi-Nuclei Magnetic Resonance,” Appl. Spectrosc.

30(3): 291-295 (1976).

S. R. Taylor, L. G. Galya, B, J. Brown, and N. C. Li, "Hydrogen
Bonding Study of Quinoline and Coal-Derived Asphaltene Com-—
ponents with o-Phenylphenol by Proton Magnetic Resonance,”

Spectrosc. Lett. 9(11); 7330-7341 (1976).

P. S. Virk, A. Korosi, and H. N. Woebcke, "Pyrolysis of Unsub-

stituted Mono-, Di-, and Tricycloalkanes,” pp. 67-76 in Thermal

Hydrocarbon Chemistry, A. G. Oblad, H. G. Davis, and R. T. Eddinger,

Eds., Advances in Chemistry Series 183, American Chemical Society,
Washington, DC, 1979.

N. Kanda, H. Itoh, S. Yokoyama, and K. Ouchi, "Mechanism of
Hydrogenation of Coal-Derived Asphaltene,” Fuel 57: 676-680 (1977).
K. R. Brower, "Evidence for the Involvement of Quinone Rings in
Reactions of Some Coals with Tetralin,” Fuel 56: 245-248 (1977).

I. G. C. Dryden, "Extraction of Bright Coals by Anhydrous

Ethylene Diamine,” Nature 162 (4129): 959-960 (1948).

J. W. (Clarke, G. M. Kimber, T. D. Rantell, and D. E. Shipley,
"Reactivity of British Coals in Solvent Extraction,” pp. 111-129

in Coal Liquefaction Fundamentals, D. D. Whitehurst, Ed., ACS

Symposium Series 139, American Chemical Society, Washington,

DC, 1980.

v



119

110. L. A. Heredy and P. Fugassi, "Phenanthrene Extraction of

Bituminous Coal,” pp. 448-459 in Coal Science, P. H. Given, Ed.,

- Advances in Chemistry Series 55, American Chemical Society,
Washington, DC, 1966.

111. J. W. Larsen, P, A, Nadar, M, Mohammadi, and P. A. Montano,
"Spatial Distribution of Oxygen in Coals. Development of a
Tin Labeling Reaction and Mossbauer Studies,” Fuel 61: 889-893
(1982).

112. C. M. White and N. C. Li, "Determination of Phenols in a Coal
Liquefaction Product by Gas Chromatography and Combined Gas
Chromatography/Mass Spectrometry,” Anal. Chem. 54: 1570-1572
(1982).

113, T. Hara, L. Jones, N. C. Li, and K. C. Tewari, "Ageing of SRC
Liquids,” Fuel 60: 1143-1148 (1981).

114, Y. Kamiya, H. Sato, and T. Yao, "Effect of Phenolic Compounds on
Liquefaction of Coal in the Presence of Hydrogen—Doﬁor Solvent,”
Fuel 57: 681-685 (1978).

115, M. L. Poutsma and C. W. Dyer, "Thermolysis of Model Compounds
for Coal./2. Condensation and Hydrogen Transfer During Thermolysis

of Naphthols,” J. Org. Chem. 47: 3367-3377 (1982).

116. J.. W. Larson and T. L. Sams, "Facile Internal Hydrogen Rearrange-
ment in Coals,” Fuel 60: 272~273 (1981).

117. J. J. Ratto and I. B. Goldberg, "Intefaction of Naphthalene with
Bituminous Coal: An EPR and NMR Study,"” pp. 174-190 in New

Approaches in Coal Chemistry, B. D. Blaustein, B. C. Bockrath,

and S. Friedman, Eds., ACS Symposium Series 169, American

Chemical Society, Washington, DC, 198l.



118.

119.

120.

121.

122,

123.

124,

125,

126.

127.

120

Y. Kamiya, S. Nagae, T. Yao, H. Hirai, and A. Fukushima,
"Effects of Solvents and Iron-Compounds on the Liquefaction of
Brown Coal,” Fuel 61: 906-911 (1982).

P. Burchill, A. A. Herod, and E. Pritchard, "Estimation of Basic
Nitrogen Compounds in Some Coal Liquefaction Products,”

J. Chromatogr. 246: 271-295 (1982).

B. M. Benjamin, Oak Ridge National Laboratory, unpublished data.

D. McNeil, "Tar and Pitch,” pp. 653-682 in Kirk-Othmer Encyclopedia

of Chemical Technology, 2d ed., Vol. 19, John Wiley and Sons, Inc.,

New York, 1969.
J. E. Cantrill, "Phenolic Ethers,” pp. 165-175 in Kirk-Othmer

Encyclopedia of Chemical Technology, 2d ed., Vol. 15, John Wiley

and Sons, Inc;, New York, 1969.
M. Kulka, "Quinoline and Isoquinoline,” pp. 865-886 in Kirk-

Othmer Encyclopedia of Chemical Technology, 2d ed., Vol. 16,

John Wiley and Sons, Inc., New York, 1969.
G. Thiessen, "Naphthalene," pp. 670-690 in Kirk-Uthmet

Encyclopedia of Chemical Technology, 2d ed., Vol. 13, John

Wiley and Sons, Inc., New York, 1969.

E. A, Coulson, "A Note on the Preparation and Chemistry of Pyrene,”

Chem. Ind., pp. 699-702 (1941).

The Coal Tar Data Book, 2d ed., The Coal 'lar Research Assovclalbiun,

- Gomersal, Leeds, 1965,

H. C. Anderson and W. R. K. Wu, Properties of Compounds in

Coal-Carbonization Products, Bulletin 606, Bureau of Mines,

U.S. Government Printing Office, Washington, DC, 1963,

vy



128.

129.

130.

131.

132,

133.

134,

135.

121//;22,

J. Guy, Empire Coke Co., Tuscaloosa, Ala., personal communication,
December 1982,

J. Guy, Empire Coke Co., Tuscaloosa, Ala., letter Oct. 21, 1980,
to L. Youngblood, Oak Ridge National Laboratory.

J. M. Chen, Lummus Co., New Brunswick, NJ, letter Feb. 1, 1982,

to R. M. Wham, Oak Ridge National Laboratory.

S. R. Heller and G. W. A. Milne, EPA/NIH Mass Spectral Data Base,

Vol. 1-3, U.S. Department of Commerce {(1978).

A. Albert, "Ionization Constants,” pp. 1-108 in Physical Methods

in Heterocyclic Chemistry, A. R. Katritzky, Ed., Academic Press,

New York, 1963.

C. DeWoody, Ace Glass Inc., Vineland, NJ, personal communication
to D. A, McWhirter, Oak Ridge National Laboratory, November 1982.
L. Harris, Oak Ridge National Laboratory, July 1982, personal
communication.

A. X. Schmidt and H. L. List, Material and Energy Balances,

Prentice-Hall, Inc., Englewood Cliffs, NJ, 1962, p. 42.



6

7-11.
12.
13.
14.

15-19.
20.
21.

22-26.
27.
28.

29-33.

B.
H.
E.

J.
Je
R.
K.
L.
D.
T.
A.
M.

123

INTERNAL DISTRIBUTION

Benjamin

Cochran, Jr.

Douglas
Hightower
Huffstetler

Johnson, 4500N, 202

Jolley
Lin
McNeese
McWhirter
Oakes
~Olsen
Poutsma

34.

35-39.

40.
41.
42.
43.
44,
45.

46-47.

48.

49-50.

51.
52.

EXTERNAL DISTRIBUTION

ORNL/TM-8662
Dist. Category — UC-90d

L. W. Rickert

B. R. Rodgers

C. D. Scott

S. P. N. Singh

M. G. Stewart

R. M. Wham

S. K. Whatley

A. M. Squires (Consultant)
Central Research Library
Document Reference Section
Lab Records

Lab Records - RC

ORNL Patent Office

Battelle Columbus Laboratory, 505 King Ave., Columbus, OH 43201

53. J. W. Droege

54.

J.

H. Oxley

DOE-Oak Ridge Operations

55.

Office of Assistant
Manager for Energy
Research and Development

DOE-Environment, Washington, DC 20545

58.
59.

DOE-Fossil Energy, Washington, DC 20545

62.
63.
64.
65.

N.
P.

P.
J.
A,
S.

F. Barr
Cho

H. Buhl
P. Carr
G. Dietz
Freedman

56.
57.

60.
61.

66.
67.
68.
69.

J. W. Cooke
J. E. Nichols

A. P, Duhamel
M, Schulman

R. M. Hamilton
W. S. Jomes

D. Luntz

J. L. Powell



124

DOE Pittsburgh Energy Technology Center, P.0. Box 10940, Pittsburgh,
PA 15236

70. S. Akhtar 75-77. T. C. Ruppel
71. B. D. Blaustein 78. R. R, Schehl
72. A. W. Deurbrouck 79. A. G. Sharkey
73. J. D, Hickerson 80. J. W. Wiggins

74, R. E, Hucko

Electric Power Research Institute, P.O. Box 10412, 3412 Hillview Avenue,

Palo Alto, CA 94303

81. S. B. Albert 83. K. E. Yeager
82. C. J. Kulick

Exxon Research and Engineering Company, P.O. Box 101, Florham Park,
NJ 07932

84, H. Shaw 85. G. Sorell

ICRC, P.0O. Box 2752, Allentown, PA 18001

86. K. L. Baumert 87. A. F. Yen

Risco National Laboratory, Postbox 49, DK-4000, Roskilde, Denmark

88. N. E. Busch 89, TLihrarian
Teunnessee Valley Authority, 1020 Chestnut St., Tower 2, Chattanooga,
TN 37401

90. W. M. Bivens 92. C. M, Huang

91. J. R. Byrd 93. M. J. Mayfield
University of Kentucky, Institute for Mining and Materials Research,

Bradley Hall, Lexington, KY 40506

94, 0. H. Hahn 95. T. Wiley

U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

96. D. B. Henschel 97. C. B. Sedman

v



125

Westinghouse Electric Corp., 1310 Beulah Rd., Pittsburgh, PA 15235

100.

101.

©102.

103,

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.

98. D. H. Archer 99, D. L. Keairns

M. K. Armstrong-Russell, Chevron Res, Co., P.0. Box 1627,
Richmond, CA 94802

L. D. Attaway, Leland D. Attaway & Assoc., 1005 A Street,
Suite 405, San Rafael, CA 94901

D. W. Bailey, Arco Coal Co., 5900 Cherry Ave., Long Beach,

CA 90805

0. C. Baldonado, The EC Corp., 575 O.,R, Turnpike, Suite 200,
Oak Ridge, TN 37830

Bartlesville Energy Tech. Cen. Library, DOE, P.0. Box 1398,
Bartlesville, OK 74005

R. Bradford, Spectra Research System, 555 Sparkman Dr.,

Suite 406, Huntsville, AL 35805

H. I. Bernhardt, Bevier Eng. Lib., 126 BEH, University of
Pittsurgh, Pittsburgh, PA 15126

W. R. Boyle, ORAU/MERT, 2714-FE-07B, Oak Ridge, TN 37830

W. H. Calkins, E. I. DuPont de Nemours & Co., CR&D Dept. E.,
Wilmington, DE 19898

G. M. Calvo, Junta De Energia Nuclear, Avda Complutense, Ciudad
Universitaria S/N, Madrid-3, Spain

S. K. Chakrabartty, Alberta Research Council, Fuel Sciences
Div., 11315-87th Ave., Edmonton, Alberta, Canada T6G 2C2

H. Cheung, Linde Div., UCC, P.O. Box 44, East Park Drive and
Woodward, Tonawanda, NY 14150

M. W. Clark, C. E. Lummus Co., 1515 Broad St., Bloomfield,

NJ 07003

J. G. Cleland, Research Triangle Institute, P.O. Box 12194,
Triangle Park, NC 27709

Richard C. Corey, Mitre, Metrek Division, 1820 Dolley Madison
Boulevard, McLean, VA 22101

John O. Cowles, TRW, Energy Systems, 8301 Greensboro Drive,
McLean, VA 22102

R. B. Craig, HDR, 804 Anacapa St., Santa Barbara, CA 93101

B. L. Crynes, School of Chem. Eng., 423 anlneerlng North,
Stillwater, OK 74078

E. D'Anna, Grand Forks Energy Tech. Cent., Box 8213, University
Station, Grand Forks, ND 58202

DOE Morgantown Energy Tech. Center Llibrary, P.O. Box 880,
Morgantown, WV 26505

K. Durai-Swamy, Occidental Research Corporation, P.0O. Box 19601,
Irvine, CA 92713

R. M, Eccles, Hydrocarbon Res. Inc., P.0O. Box 6047, Lawrenceville,

NJ 08648

H. L. Falkenberry, Energy Res. Dev. Corp., 4561 LaSalle Ave.,
Alexandria, VA 22304

P. Farber, Argonne National Laboratory, 9700 S. Cass Ave.,
Bldg. 362-C245, Argonne, IL 66439



124,

125,

126.

127.

128.

129.

130.
1321.

132,

133.

134.
135.

136.

137.
138.

139.
140.
141.
142.

143.
144,

145.

146.

147.

148.

149.

150.
151.

152.

126

Glinter Fauth, Bergbau-Forschung GMBH, Postfach 130140, 4300
Essen 13, Federal Republic of Germany

R. H, Fisher, Mobil 0il Corp., Mining & Coal Div., P.O0. Box 17772,
Denver, CO 80217

A, Flowers, Gas Res. Inst., 8600 W. Bryn Mawr Ave., Chicago,

IL 60631 _

T. A. Flynn, Jr., Stone & Webster Engineering Corp., P.0. Box
2703, New York, NY 10116

David H. France, Texas Eastern Transmission Corp., P.0. Box 2521,
Houston, TX 77252

K. Fuhrmann, Veba Oel, P.O. Box 45, D-4660 Gelsenkirchen—-Buer,
Federal Republic of Germany

M. Gertel, U.S. Acc. Off., 441 G Street NW, Washingtom, DC 20545
0. F. Ghaly, Bechtel Corp., P.O. Box 3965, San Francisco, CA
4lly

M. L. Gorbaty, Exxon Research and Engineering Co., P.0O. Box 45,
Linden, NJ 07036

Marvin I. Greene, Manager, Energy Project, Chem Systems, Inc.,
One Evans Street, Fairfield, NJ 07006

R. H. Greene, TEC, P.0O. Box 2296, Knoxville, TN 37922

W. C. Hagel, Climax Molybdenum, 1600 Huron Parkway, Ann Arbor,
MI 48106

T. D. Haley, CSX Mineral Dev. Co., P.0O. Box 2088, Levington,

KY 40594

B. R. Hao, 9017 Fort Craig Dr., Burke, VA 22015

J. R. Hardcastle, Energy Research Digest, P.0O. Box 17162,
Washington, DC 20041

J. A. Harris, 1101 Koppers Bldg., Pittsburgh, PA 1521Y

K. E. Hastings, Cities Svc. Co., P.O. Box 3908, Tulsa, OK 74102
F. Herbaty, DOE-CH, 9800 S. Caes Ave., Argonns, IL 60439

Herman Research Laboratory Library, State Electricity Commission
of Victoria, Howard Street, Richmond, Victoria, 3121, Australia
R. L. Hirsch, Arco 0il & Gas Co., Box 2819, Dallas, 'IX 75221
Illinois State Geol. Survey Library, 615 E. Peabody, Champaign,
IL 61820

Institute of Earth Resources, Att, Librarian, CSIRO, P.O. Box 136,
North Ryde, NSW, Australia 2113 ‘
Kurt J. Irgolic, Center for Energy and Mineral Resources, Texas
A&M University, Collegée Statlon, TX 77843

A. D. Jensen, Babcock & Wilcox, P.O. Box 835, Alliance, OH

44601

A, J. Karalis, United Engineering, 30 South 17th Street,

P.O. Box 8223, Philadelphia, PA 19101

J. B. Keller, Stearns—-Roger, 4500 Cherry Creek Dr., P.O. Box 5888,
Denver, CO 80217

G. Kirsch, Faculte Des Sciences, 5700 Metz, France

Laramie Energy Technology Center, USDOE, Box 3395, University
Station, Laramie, WY 82071

J. Laznow, USR-Berger, 348 W. Hospitality Lane, Suite 300,

San Bernardino, CA 92415



&

153.

154.

155.
156.

157.

158.
159.

160. .

161,
162.

163.
164.
165.
166.
167.
168.
169.

170.
171.

172.

173- )

174.

175.

176.
177.

178.

179.

180.

127

Lockheed Oak Ridge Engineering Center, Suite 103, Jackson Plaza
Tower, 800 Oak Ridge Turnpike, Oak Ridge, TN 37830

R. Lowder, Ruston Gas Turbines, 3 Adam St., S. Portland, ME
04106

P. A. Lowe, NUS Corp., 910 Cloppers Rd., Gaithersburg, MD 20878
R. C. Mason, Process Div. of Wm. Bros. Eng. Co., Res. Sciences
Cen., 6600 S. Yale Ave., Tulsa, OK 74177

L. A, McCoy, E.I. DuPont Co., 3140 Centre Rd. Bldg., Wilmington,
DE 19898

C. T, Miller, CTM, P.O. Box 369, Olney, MD 20832

G. A, Mills, Univ. of Delaware, Colburn Lab., Rm. 208, Newark,
DE 19711

W. N. Mitchell, Exxon Res. & Eng. Co., P.0. Box 4255, Baytown,
TX 77522

T. Modrak, Bahcock & Wilcox, 1562 Beeson St., Alliance, OH 44601
S. S. Nadgauda, Gibbs & Hill, Inc., 11 Penn. Plaza, New York,
NY 10001

D. G. Nichols, Conoco Coal Dev. Co., Res. Div.,, Library, PA
15129

Oak Ridge Associated Univ. Library, MERT Div., Oak Ridge,

TN 37830

Thomas E. O'Hare, Department of Energy and Environment, Brookhaven
National Laboratory, Upton, Long Island, NY 11973

E. R. Parker, U. C. Berkeley, Dept. Mat. Sci. & Min. Eng.,
Berkeley, CA 94720

A. H. Perugi, GE Company, 530 Franklin St., Schenectady,

NY 12345

R. L. Phen, Jet Propulsion Laboratory, 4800 Oak Grove Drive,
Pasadena, CA 91103

J. L. Phillips, Boeing Computer Svcs. Co., 565 Andover Park
West, M/A 9C-01, Tukwila, WA 98188

W. S. Rickman, Gen, Atomic, P.0. Box 85608, San Diego, CA 92138
D. P. Rimmer, City Svc. Co., 34-ADA TC, Box 3908, Tulsa, OK
74102

C. D. Rose, Cvoal Tech. Cons., P.O. Box 6133, Birmingham, AL
35259

M. Saddy, Senior Eng., Centro de Technologia, Promon-CTP,

Praia do Flamwengo, 154-9, Rio de Janeiro, RJ Brazil 22210

T. Sakabe, New Energy Dev. Org., Sunshine 60, 29F, 1-1, 3-Chomne.,
Higashi-TIkebukuro, Toshima-Ku, Tokyo, 170 Japan

R. D. Saltsman, Bituminous Coal Res., 350 Hochberg Rd., Monroe-
ville, PA 15146 ‘

W. A. Samuel, Fluor Corp., 2801 Kelvin Ave., Irvine, CA 92714
J. G. Savins, Mobil Research & Development Laboratory,

P.0. Box 345100, Farmers Branch, TX 75234 '

S. Schneider, Materials Bldg., A-257, National Bureau of
Standards, Washington, DC 20234

W. C. Schreiner, M. W. Kellogg Co., 16200 Parkrow, Industrial
Park Ten, Houston, TX 77084

J. E. Scott, British Gas Corp., Westfield Dev. Cen., Cardenden,
Fife, Scotland KY5 OHP



181.

182.
183.

184.
185.
186.

187.
188.

189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.

204.
205.

206 .

207-464.

128

D. R. Sears, DOE Grand Forks Tech. Cen., P.0O. Box 8213, Univ.
Sta., Grand Forks, ND 58202

R. P. Shang, GE, R&D, P.O. Box 43, Schenectady, NY 12301

J. H. Shinn, Chevron, Res. Co., 576 Standard Ave., Richmond,
CA 94802

J. K. Shou, Amoco Research Center, P.0. Box 400, MS H-6,
Naperville, IL 60566

W. R. Siegart, Texaco Inc., 2000 Westchester Ave,, White Plains,
NY 10650

J. Stone, Pyros Inc., 656 Quince Orchard Rd., Gaithersburg, MD
20878

_C. W, Streed, Mobil R&D, Billingsport Rd., Paulsboro, NJ 08066

W. L. Terrell, Stearns—-Roger Eng. Corp., P.0. Box 5888, Denver,
CO 80217

C. M. Thompson, Union Carbide, Box 24901, Indianapolis, .IN
46224 .

J. A. Todd, Department of Materials Science, University of
Southern California, University Park, Los Angeles, CA 90007

M. Vande Voorde, Com. of European Com., Petten Est,, Postbus 2,
1755 ZG Petten, 'lhe Netherlands

R. E. Vener, 11 Dellcastle Ct., Gaithersburg, MD 20879

C. G. Venier, Ames Laboratory, Ames, IA 50011

D. S. Walia, United Coal Co., P.0O. Box 1280, Bristol, VA 24201
J. H. Weber, Laramie Energy Tech. Cent., Box 3395, Laramie,

WY 82071

S. C. Weiner, Air Products & Chemicals, P.0O. Box 538,
Allentown, PA 18105

I. Wender, Univ. of Pittsburgh, 1249 Benedum Hall, Pittsburgh,
PA 15261

J. E. Werner, Bethlehem Steel Corp., Bethlehem, PA 18016

P. R. Westmoreland, Bldg. 31-211, MIT, Cambridge, MA 02139

B. 0. Wheeley, Koppers Co., Inc., Koppers Bldg., Pittsburgh,
PA 15219

D. D. Whitehurst, Mobil Res. Dev. Corp., P.0. Box 1025,
Princeton, NJ 08540

H. F. Wing, Kerr-McGee Corp., P.O. Box 25861, Oklahoma City,
OK 73125

F. D. Wittmer, Lummus Company, 3000 S. Post Oak Blvd., Houston,
TX 77056

F. J. Wobber, 14 Goshen Ct., Gaithersburgh, MD 20879

R. A. Wolfe, United Coal Companies, P,O. Box 1280, Bristol,

VA 24201 '

R. T. Yang, State Univ. of New York, Chem. Eng. Dept., Amherst,
NY 14260

Distribution as shown in TID-4500 under UC-90d, Coal Conversion
and Utilization — Liquefaction Category





