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ABSTRACT

Low severity co-processing of Kentucky 9 bituminous and
Wyodak subbituminous coals with Cold Lake atmospheric
petroleum residuum was studied in a 300 cm3 batch reactor at
344°C reaction temperature for 30 minutes reaction time.
Feed gas consisted of either pure hydrogen or a mixture of
carbon monoxide and water. Heterocyclic or aliphatic model
nitrogen compounds were added to the petroleum residuum to
promote coal dissolution and distillate liquid yield. The
model nitrogen compounds studied were 1,2,3,4-tetrahydro-
quinoline, dipropylamine, diphenylamine, piperidine, 4-
piperidinopyridine, 5,6-benzoquinoline and 7,8-benzoquino-
line. Dipropylamine was found to be the best reaction
promoter resulting in the highest coal conversion levels and
least nitrogen incorporation into the insoluble organic
matter and mineral matter (IOM & MM) in most instances.
Incorporation of the model nitrogen compounds was found to
occur primarily into the THF insolubles, rather than the
455°C+ residuum products. At a fixed set of reaction
conditions, the relative nitrogen incorporation of different
model compounds was monitored by direct measurement of
nitrogen content in the THF insoluble product. Finally, the
product quality of THF insoluble and 455°C+ residual

products after low severity co-processing was essentially
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unchanged from the feed coal and petroleum o0il quality.
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INTRODUCTION

Coal lLiquefaction Process Development

The development of coal 1liquefaction technologies
originated in Germany during the early part of this century.
The initial concept developed was the Bergius Process, which
was a direct liquefaction process designed to hydrogenate
the <coal directly to distillate products at the severe
conditions of 450 - 500°C under a hydrogen gas atmosphere of
25 - 70 MPa (l1). The Fischer-Tropsch indirect liquefaction
process followed din 1925 (2). It was based on 1liquid
hydrocarbon synthesis from gasified coal products.

Commercial scale plants were developed in Germany
during this time to use indigenous coal supplies to meet
liquid fuels demand. Production capacity quickly grew and
reached a peak during World War II when there were 27
synthetic fuels plants based on direct and indirect
liquefaction producing 5 million metric tons/year of liquid
fuels (2). Twelve of these plants were based on the Bergius
process of direct liquefaction, and accounted for about 4
million metric tons/year of liquid fuels (1,2,3). Following
World War II, production of liquid fuels from coal was
phased out as cheap petroleum sources became available and
the economics of coal liquefaction deteriorated (2). The

bulk of the German technology was transferred to the United
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States after the war where subsequent developments built
upon the original Bergius process. The Bergius technology is
not economically competitive in today's markets due to its
operating conditions, therefore most of the developments
since that time have been directed towards designing
processes to operate at milder conditions, thereby improving
the economics (1,2).

A number of processes have been developed to <convert
coal to liquids more efficiently, ©but only five have been
considered for commercial development in the United States::

1. SRC-I and SRC-II (Solvent Refined Coal)

2. EDS (Exxon Donor Solvent Process)

3. H-Coal

4, Dow Coal Liquefaction Process

5. Close Coupled Two Stage Liquefaction (2).

A1l but the SRC-I process can produce substantial yields of
distillate. The SRC-I process produces a clean, low sulfur
solid fuel which melts at 177°C (2). All of these processes
are similar in that the coal is thermally dissolved in the
presence of hydrogen gas and a recycled solvent to produce a
spectrum of gaseous, liquid, and solid products,
Modifications to this basic process occur in:

1. the EDS process, where the recycle solvent is

hydrogenated prior to re-mixing with the coal,
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2. the H-Coal process, which incorporates a supported
Co-Mo on alumina catalyst within an ebullated bed reactor,
and

3. the close coupled two stage process which involves
a thermal reactor stage followed by a catalytic reaction
stage and a recovery system for the hydrotreated solvent (4)

Coal 1liquefaction processes can be categorized into
three generations of development. The first generation
processes involved the liquefaction of coal in the presence
of hydrogen and a coal-derived recycled solvent. The second
generation processes, as the H-Coal process, use a
supported catalyst in the reactor in order to enhance
product quality, vyields and coal conversion (2,5). Third
generation processes generally utilize a 2-stage reactor
sequence to further improve quality and product yields. 1In
the close-coupled two stage process the first stage 1is
operated at less severe conditions than those used in direct
liquefaction, and is basically designed to dissolve the
coal. The second stage uses more severe operating conditions
and a catalyst to promote hydrocracking reactions, resulting
in higher quality products, as in the close coupled two
stage process (4,6).

The next generation of liquefaction processes can be

considered coal and petroleum oil co-processing. This type
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of process is based on using a non-coal derived solvent such
as atmospheric and vacuum tower petroleum residues,
fluidized <catalytic cracker petroleum o0il, heavy petroleum
crudes, tar sand bitumen, or shale o0il in place of the coal
derived solvent (5-15). The coal is liquefied simultaneously
as the solvent is upgraded in a synergistic-type reaction.
Heavy «crudes are a favored feedstock, since conventional
refinery processes can only partially convert these feeds to
distillate products (12). The advantage of this process is
that a relatively hydrogen rich, 1low grade solvent can be
used with a «coal, and processed in a once-through flow
scheme. This is far more economical than a conventional
liquefaction ©process which requires a recycled solvent

stream for best performance (5,6,9).

Reaction Gas Atmosphere

The objective of the coal liquefaction process is to
hydrogenate or stabilize the coal free radicals generated
during the coal dissolution step, before they can
repolymerize and form\char (2). Hydrogenation of the primary
coal derived materials increases the overall hydrogen to
carbon ratio of the products resulting in properties of

decreased viscosity and boiling point. The hydrogen feed gas

can be provided either as a 100% hydrogen gas atmosphere, or
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through a synthesis gas atmosphere which is comprised of a
mixture of hydrogen/carbon monoxide/water or carbon
monoxide/water. Both of these gas mixtures take advantage of
the water-gas shift reaction to form the necessary hydrogen

for reaction:

c0O + HOQO ——> H + CO

2 2 2
Since this reaction is mildly exothermic, the maximum
conversion 1is attained at the 1lowest temperatures. A

temperature of 325 to 350°C is necessary for an adequate
rate to be achieved. Pressure has no effect on the
equilibrium (16), but will 1likely affect the reaction
kinetics.

Moschopedis and Ozum (10) showed that with <certain
coals a CO/steam atmosphere resulted in significantly higher
overall coal conversion compared to a hydrogen atmosphere.
However the product quality was better with a hydrogen
atmosphere. It was also found that under low severity
reaction conditions hydrogen consumption was less with a
synthesis gas compared to hydrogen gas (8). The choice of
reaction gas also affects product yield distribution.
Synthesis gas tends to produce more middle distillate and
less naphtha under high severity reaction conditions

compared to hydrogen feed gas. However the trend reverses at



T-3447 6

low severity conditions (8).

Reaction Severity

The possibility of 1liquefying coal at 1low severity
reaction conditions (i.e. < 350°C) as opposed to high
severity conditions (approximately 440°C) has been
investigated since about 1921. At that time Fischer and
Schader reported production of an ether-soluble material
from coal at 350°C, wusing carbon monoxide and water as a
reducing agent (17).

Not only are the milder conditions conducive to optimal
hydrogen production from the water-gas shift reaction, as
described previously, but the major advantages in coal
liquefaction are:

1. Reduced hydrogen or CO consumption and light gas

make,

2. better distillate and residuum product quality since
coke and char formation is suppressed to a 1large
extent,

3. production of a less refractory residuum which is
more susceptible to second stage hydrogenation
reactions as hydrocracking,

4, significant energy savings, hence improved process

economics, and
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5. lower grade materials requirements which again

improves the project economics (17).

Solvents

Coal <conversion <can be envisioned to occur 1in three
stages: solubilization of the coal, defunctionalization of
the coal, and hydrogen transfer and rehydrogenation of the
solvent. In each of these stages, the nature of the solvent
can affect the rates of reaction and distribution of the
products (2). The solvent governs product selectivity by
controlling the path taken by generated intermediates of
coal dissolution. The availability of hydrogen donors in the
solvent will determine the preferred path (2).

There are 4 major properties desired in a solvent:

1. Hydrogen donor capacity of the solvent and the
ability to supply hydrogen to the free radicals generated
during coal dissolution. The principal sources of hydrogen
appear to be partially hydrogenated aromatic hydrocarbons
such as tetralin.

2. The ability to dissolve coal. To be effective in
dissolution, the solvent must contain polar functionality
as do pyridines, phenols, quinolines and their derivatives.

3. Hydrogen transfer capability. This encompasses the

ability of the solvent to shuttle hydrogen from one location
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within the coal structure to another to cap <coal-derived
free radicals as they are formed. Compounds which exhibit
this ability are naphthalene and its alkyl derivatives,
hydrocarbons and their alkyl derivatives, and heterocyclic
nitrogen compounds such as quinoline.

4. Chemical structures associated with char formation.
With the formation of char, hydrogen will be liberated to
react with the hydrogen deficient species (2).

Initial work done to determine the composition of <coal
derived solvents found the major species present to be:

70% hydrocarbons and condensed aromatics

8% heterocyclic compounds such as ethers

10% monophenols

127 polyphenols and model nitrogen compounds (2).
The solvents analysed were derived from several coals
including Wyodak-Anderson, West Kentucky 9 & 14, and
Illinois No. 6 coals. The composition of specific solvents
will 1likely vary from coal to coal but remain close to this
analysis.

In subsequent research the solvent properties of
specific pure components, or mixtures of the pure components
were analysed to identify necessary properties for coal
dissolution (2). To that end, the bulk of the research seems

to have focused on compounds such as tetralin, 1,2,3,4-
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tetrahydroquinoline, pyridine and their derivatives (18-
24). In particular it was realized that the model nitrogen
heterocyclic solvents had the strongest influence on coal
dissolution (17-21,23-30), typically resulting in near
complete conversion of bituminous coals at approximately
420°C. Most recent work has also focused on nitrogen
compounds such as amines for solvents (31,32). The most
important observation when using.amines as solvents is that
it 1is possible to achieve complete dissolution of low rank
coals at temperatures near 275°C (31). However the advantage
of high <coal dissolution is offset by the fact that the
solvent Dbecomes irreversibly incorporated in the various
products and cannot be recovered (18,19,24-26,30,33).

As indicated above a large number of studies have
demonstrated the effects of using model nitrogen compounds,
but the majority have done so at high severity conditions.
Distillate yields from these experiments were much lower
than expected, and there was significant nitrogen compound
incorporation into the non-distillable residue (17). The
apparent void in data that exists is the effect of wusing
model nitrogen compounds at low severity conditions. This is

precisely the aim of this thesis study.
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Project Objective

Preliminary work at the Colorado School of Mines (CSM)
showed that the degree of nitrogen compound incorporation in
coal 1liquefaction ©products may be reduced at low severity
reaction conditions. This observation may be explained by
the results of Collins et al. (26,33), who showed that
physical entrapment of the solvent, as opposed to chemical
adduction, may be the 1likely mode of incorporatibn at
temperatures less than about 400°C. Physical entrapment of
the nitrogen compound would allow removal in subsequent
solvent extraction processes.

Further results from CSM also indicated that the
catalytic effectiveness of the nitrogen compounds increases
with decreasing reaction temperature, especially when a
CO/H 0O or CO/H O/H atmosphere is used to supply hydrogen
throigh the wates—gai shift reaction (28).

The research objective of this project was to
investigate the effect of several model nitrogen compounds
on coal conversion, product yield and feed gas consumption
for the co-processing of coal and petroleum heavy oil. Co-
processing was carried out at both low severity and high
severity reaction conditions. Both Wyodak subbituminous and
Kentucky 9 bituminous coals were investigated in this study.

The model nitrogen compounds used consisted of heterocyclic
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compounds which are naturally indigenous to <coal derived

liquids, and two aliphatic amines.
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MODEL NITROGEN SOLVENTS

Basis of Model Nitrogen Compounds' Reactivity

The exact mechanism by which model nitrogen compounds
react with coal is unknown, yet it seems certain that the
basis for reactivity lies in the substituent nitrogen atom's
free pair of electrons (43). The presence of the lone pair
of electrons means that such compounds <can .act as a
nucleophile and thus act as a Lewis base. The basicity of a
compound is a measure of the availability of the free
electrons for reaction. This is generally recorded as a pK
value of the base, or the pK value of the conjugate acig
(34-36). Table 1 1lists seeral representative nitrogen
compounds and their respective basicities as measured in
aqueous solution The factors which influence availability of
the electrons include electrostatic effects, inductive and
resonance effects, hydrogen bonding, conformational
differences and steric factors (37).

The electrostatic and inductive effects depend on the
intrinsic tendency of a substituent to attract electrons to
itself, and withdraw them from other locations within the
molecule. Most elements 1likely to be substituted for
hydrogen in an organic molecule are more electronegative

than hydrogen, so most exert electron withdrawing effects.

This effect may lead to an increase in the basic nature of
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Table I: Basicity Ranking of Model Nitrogen Compounds in
' Aqueous Solution

NITROGEN COMPOUND REFERENCE pKb
piperidine 39 2.88
dipropylamine 39 3.00
diethylamine 38 3.00
diisobutylamine 39 3.09
triethylamine 38 3.25
dimethylamine 38 3.27
ethylamine 38 3.29
n-butylamine 38 3.32
tri-n-propylamine 38 3.35
n-propylamine 38 3.39
isopropylamine 38 3.40
sec-butylamine 38 3.40
tributylamine 39 4,07
benzylamine 39 4.65
ammonia 38 4,74
4-aminopyridine 39 4,89
morpholine 39 5.67
4-piperidinopyridine 37 8.04
acridine 39 8.42
4-aminophenol 39 8.50
isoquinoline 39 8.58
pyridine 39 8.75
1,2,3,4-tetrahydroquinoline 40 8.97
8-hydroxyquinoline 39 8.98
quinoline 39 9.19
7,8-benzoquinoline 39 9.20
aniline 39 9.40
5,6-benzoquinoline 37 10.05

diphenylamine 38 13.23
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the molecule.

The resonance effect refers to electron delocalization.
It arises from Y-bond electron resonance and affects the
nitrogen free electron availability, especially in
heteroaromatic systems. This effect is prominent in
heterocyclic nitrogen compounds in which the free electrons
of the nitrogen atom also participate in the Y-electron
resonance. When participating in f-bonding, they are
occupied and not as free to react with electrophilic

compounds.

The conformational differences and steric effects
contribute where the structural orientation or size of
either the molecule containing the nitrogen or the

electrophilic molecule that is reacting with the nitrogen
compound, affect the electron availability for reaction. If
the free =electron availability is reduced, the base 1is
weaker than expected.

Hydrogen bonding with the nitrogen atom also reduces
the ©basic character of the compound because this bonding
occupies the free electrons reducing their ability to react.

3
Nitrogen Atom sp Orbital Configuration

When the nitrogen atom is singly bonded to other

constituents, as in aliphatic amines, ammonia or saturated
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heterocyclic compounds, the nitrogen atom transforms from
its standard electronic structure, with 'ls', '2s', and '2p'

electron orbitals, to a higher energy hybridized state
3

consisting of 'ls' and 'sp ' electron orbitals. The free

pair of electrons on the nitrogen atom resides in the higher

3
energy sp orbital, as shown in Figure 1. In this

configuration, the electron orbitals have less 's' orbital
character, which imparts a higher energy to the free
electrons. These electrons are then not as closely held to
the nucleus as in the standard orbital configu;ation, and as
such are more accessible for bonding with an electrophile.

These electrons also do not participate in any %-bonding.

. 109°

(D

sp* (tetrahedral)

3
Figure 1: sp Electron Orbital Configuration (41)
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2
Nitrogen Atom sp Orbital Configuration

In unsaturated heterocyclic nitrogen compounds, such as
pyridine, (with 1 aromatic ring) or quinoline (with 2
aromatic rings), and variations thereof, the cyclic

structure requires a hybridized structure consisting of

2
'ls', 'sp ' and '2p' electron orbitals for nitrogen, as
shown in Figure 2. 1In this state the free pair of electrons
2 2
resides in one of the sp orbitals. The sp orbitals have
3

's' orbital character than an sp orbital, and as such

more
have a lower energy and are more stable. Thus the electrons
in these orbitals are less available for reaction with
electrophiles. Also the electrons in the sp2 orbital
resonate with the Y-electron double bond of the nitrogen
atom. This reduces the electrons availability even further.

For this reason these heterocyclic compounds are typically

not as basic as aliphatic amines.

20°

-

sp® (plane triangular)

2
Figure 2: sp ©Electron Orbital Configuration (41)
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Steric Effects of Nitrogen Free Electron Interactions

The other factor which 1is as important as the
electronic effect is the molecular structural effect on any
interaction, also known as the steric effect. Aliphatic
amines, though more basic than most heterocyclic nitrogen
compounds, may be inferior in electrophilic addition
reactions in some cases because the nitrogen lone electron
pair is more hindered compared to the heterocycle. In the
heterocyclic compounds, the substituents bonded on either
side of the nitrogen atom are constrained back and away from
the nitrogen, thereby presenting the nitrogen and free
electrons for Dbetter reaction. In this state the outside
angle Dbetween these adjacent substituents is approximately
240 degrees and approach by an electrophile is rendered
easier than in an aliphatic amine. In the aliphatic amine,
rotation of the C-N and C-C bonds reduces the angle between
the alkyl substituents bonded to the nitrogen, which
physically hinders approach. This structural effect on
reactivity is 'known as steric hindrance. In general,
heterocyclic nitrogen compounds are likely to have less
steric effect than aliphatic amines.

Larsen and Lee (42) wused pyridines and anilines
substituted in a way which minimized electronic effects on

their Dbasicity, so that steric effects involved in the
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reaction with coal could be clearly studied. The believed
reaction mechanism 1is through the interaction of the
unshared electron pair of the nitrogen with the coal. Alkyl
substituents were altered so as to affect the spatial
requirements of +the base molecule without altering the
electron availability. The effect of chain branching was
found to be much greater for bituminous coals than in lower
rank coals, indicating a much more open structure in the
latter.

Halleux and Tschamler (27) studied coal dissolution
similarly with alkyl derivatives of pyridine. The overall
conclusion was that coal extraction yield depended on both
the solvent basicity and the steric effect of interaction
between the solvent and the coal. The results indicated that
as the alkyl substituents were situated <closer to the
heterocyclic nitrogen, i.e. in the 2 or 6 position as
opposed to the 3 or 5 position in the aromatic ring, coal
conversion dropped. The occurrence was attributed to a
steric effect which physically hindered the nitrogen

substituent in acid-base interactions.

Model Nitrogen Compound Reactivity With Coal

The previous discussion was meant to introduce the

reader to some of the more obvious reasons behind the
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reactivity of model nitrogen compounds. The possible
importance of model nitrogen compounds in the dissolution of
coal was first realized and investigated around 1957
(27,43). It was hypothesized that the unpaired electrons
present on the bonded nitrogen atom of the solvent complexed
with the «coal molecules resulting in coal swelling,
dissolution, and ultimate incorporation of the solvent into
the dissolving coal. The mechanism of reaction is thought to
be a function of direct and/or indirect involvement of the
nitrogen compound (24,43). In direct involvement, the
nitrogen compound acts as a hydrogen transfer agent to
shuttle hydrogen from the gaseous atmosphere to the
liquid/solid reactants. The indirect mechanism occurs
through reaction of the nitrogen compound with oxygen
functionalities in the coal, resulting in the cleavage of
covalent bonds. The hypothesis of indirect involvement of
the nitrogen solvent was substantiated by Atherton et al.
(43), who noted that during coal dissolution, much of the
coal's oxygen, which is originally present in the form of
phenols and ethers, 1is liberated in the form of water,
indicating the breaking of covalent C-0 bonds. Some of the
more probable reaction mechanisms between coal and nitrogen
compounds are those in which the nitrogen compound acts as:

1. a Lewis acid/base complexing agent,
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2. a basic tautomerization catalyst, or

3. a hydrogen atom donor.

The Lewis acid-base complexing reaction shown in Figure
3, refers to a reaction in which the nitrogen solvent base
hydrogen bonds with a Lewis acid, such as a phenol
group, which is itself bonded to the coal. However, evidence
exists that this process alone is not sufficient to produce

products highly soluble in hexane and benzene (43).

3

COAL— QO ~-+--N— COAL + @j — - + N— COAL
] .
.

e
»

COAL—OH’

Figure 3: Lewis Acid/Base Reaction of Nitrogen Compound (43)

The tautomerization effect, as shown in Figure 4, is
characterized by proton migration within the molecule (37).
In this <case the nitrogen compound aids in the isomeric
transformation of phenolic groups (C-0-) to ketonic groups
(C=0), which have a lower overall bond energy. The ketone
groups are then more easily attacked and broken down through
reduction reactions. Evidence indicates that this mechanism

does occur to a large extent (43).
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The hydrogen donor reaction mechanism, in which a
hydrogen atom is transfered to the coal is the most widely
accepted mechanism considered necessary in a good
liquefaction solvent. The conventional mechanism is
hydrogen transfer to a thermally generated coal radical as
shown in Figure 5, followed by rehydrogenation of the

nitrogen compound by the reaction gas atmosphere.

"o +eg O

the

[+]
m—ot Il
@ +
N
I
H

Figure 4: Tautomerization Reaction Mechanism of Nitrogen
Compound (43)

coALs + @\/j -  COAL—py 4
N N
|
H

Figure 5: Hydrogen Donor Reaction Mechanism of Nitrogen
Compound (43)
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Depending on the model nitrogen compound used, the
effect of the nitrogen compounds appears to involve several
factors:

a) The model nitrogen compound aids in the dissolution
of coal through electrophilic addition reactions with oxygen
functionalities in the coal,

b) the nitrogen compound is able release.weakly bound
hydrogen from itself to the coal, and

?) the nitrogen compound acts to shuttle hydrogen from
the gaseous reaction atmosphere to the generated coal
radicals.

The effect mentioned in (b) is supported by the results
of Cronauer et al. (18,19) which indicated that the nitrogen
compounds had no effect on product yields when used in
conjunction with a good hydrogen donor solvent. When wused
with a poor solvent, the yields were greatly enhanced.
Hirschon and Laine (21) observed that large amounts of THQ
(1,2,3,4-tetrahydroquinoline) were not necessary to enhance
coal conversion. They found that conversions using 20
weight 7 THQ were not significantly better than those
obtained wusing 5 weight %Z THQ, when reacting Wyodak-2
subbituminous coal under a cold charge hydrogen pressure of

8.4 MPa at 400°C for 15 minutes.
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The effect described in (c) was concluded to be
occurring in the work by Panvelker et al. (29). Since the
coal is immersed in the solvent phase, the only way hydrogen
from the gas can reach the coal is through transport through

the solvent.

Incorporation of Model Nitrogen Solvents into the Coal
Conversion Products

Complexing of the nitrogen solvent with the coal <can
result in solvent incorporation into the dissolving coal and
its derived products. This aspect of these compounds is the
ma jor drawback to their use.

McNeil et al. (30) found that most incorporation takes
place into the asphaltene product fraction (tetrahydrofuran
soluble/toluene insoluble material) and the o0il product
fraction (cyclohexane soluble material).

Atherton (43) concluded that when the solvent consisted
of 1007 model nitrogen compound which typically resulted in
1007% conversion to THF solubles, there was solvent
incorporation in the 455°C+ product.

Most recently Silver et al. (23) found that 10-30
weight 7% of added THQ becomes incorporated into the
liquefaction products of Wyodak subbituminous coal at
reaction conditions of 418°C, 7.6 MPa cold charge hydrogen

pressure, and 30 minute reaction time. The balance was not
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incorporated and was present in both the monomer and dimer
structure of THQ. Hellgeth et al. (24) similarly found that
between 8-15 weight 7% of the nitrogen solvent, in general,
was 1incorporated into the residium with similar reactants
and reaction conditions. The solvents investigated were 2,3-
cyclohexenopyridine, 1,2,3,4-tetrahydroisoquinoline, 1-
methyl-2,3,4-trihydroquinoline and quinoline. For THQ
however, approximately 5.47% was incorporated in the residuum,

while 2.67% was lost to light ends and gas products.

Possible Mechanisms of Nitrogen Compound Incorporation

Nitrogen compound incorporation is thought to occur
through both physical and chemical means (26,30,33,43).
Physical incorporation occurs when the solvent enters the
thermally swelled coal and is physically trapped upon coal
cooling and subsequent shrinkage. This mechanism was shown
to occur at temperatures less than 200°C (26). The chemical
adduction is thought to occur through chemical bond
attachment and attachment Dby molecular interactions
(22,26,30,43), occurring at higher temperatures of
approximately 400°C. The most common bonding mechanism
thought to be present is that of hydrogen bonding of the
nitrogen solvent to acidic phenolic sites within the coal

(26,30,43). However, evidence exists to refute this
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hypothesis (43) and was based on subsequent processing of
the co-processing product which contained the adducted
solvent, at conditions severe enough to disrupt any hydrogen
bonding present.

Another ©possible mechanism is reaction of nitrogen
compounds with oxygen functional groups such as carbonyl
(C=0), present in the coal (43). Two model systems were
studied in an attempt to demonstrate this mechanism. The
studies «consisted of reacting heterocyclic hydrocarbons
containing a carbonyl group (6-methyl-2-pyridone) with a
mixture of both piperidine solvent and THQ solvent 1in
tetralin. In both <cases the model nitrogen solvent was
rapidly adducted to the heterocycle as demonstrated in
Figure 6. The apparent reaction is between the carbonyl
group carbon and the nitrogen of the model nitrogen solvent.
Explanation of this reaction lies in the fact that the
carbonyl carbon is electron deficient, hence acidic, and is
susceptible to attack by the electron rich model nitrogen
solvent. In addition, since the carbonyl group is planar, it
is open to relatively unhindered attack from above or below

in a direction perpendicular to the plane of the molecule.
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.,.Q O w,:.'O

3

Figure 6: Reaction Mechanism Between Nitrogen Compound and
a Heterocyclic Hydrocarbon Containing a Carbonyl Group (43)

Model Nitrogen Compound Reactivity in the Presence of
the Water-Gas Shift Reaction

The water-gas shift reaction refers to the reaction of
carbon monoxide gas with water under elevated pressure and
temperature, to generate carbon dioxide and hydrogen gas:

CO+HO —> C(CO + H .
2 2 2
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Work by Yoneda et al. (44) first established the
concept of using a basic aqueous solution of metal carbonate
as a catalyst for the water-gas shift reaction. More
recently Elliott et al. (44) completed an extensive study
of catalytic agents for the water-gas shift reaction. They
investigated the use of alkali metal salts, alkaline earth
salts, transition metal salts, ammonia and ammonium
compounds. Conclusions of this work indicated that the
catalytic effect of the compounds was related to their basic
nature, yet a stronger base was not always more Treactive
than a weaker  Dbase. For idinstance, the alkali metal
carbonates generated a pH of 11.5 to 12.0, while the
transition metal carbonates exhibited a pH of about 8.5.
Both were nearly equal in reactivity (44). The alkali metal
carbonates proved to be the most active <catalysts. Hodges
and Creasy (45) also concluded that alkali metal carbonates
promoted both the water-gas shift reaction and coal
liquefaction.

Elliott (44) also teéted the acid forms of two of the
carbonate <catalysts, and found that neither exhibited any
catalytic activity for the water-gas shift reaction.

Further testing (44) was done with ammonium carbonate
and hydroxide, and ammonia gas to demonstrate if the metal

cations present in the carbonate solutions were an active
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component. The results demonstrated that the ammonium
compounds were <catalytically active to the same degree as
the alkali metal carbonates, indicating that the metal
cations present are an inactive part of the reaction.

These results imply that model nitrogen compounds may
also promote the water-gas shift reaction, since many model
nitrogen compounds are basic, and are similar in structure
and composition to the ammonium and ammonia gas.

The proposed reaction sequence would then consist of
the nitrogen compound promoting the water-gas shift
reaction, thereby generating more hydrogen species that can
in turn react with the coal and nitrogen compound to

increase coal conversion (45).
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EXPERIMENTAL WORK

Materials

Coal

The primary objective of this work was to determine the
effect of various model nitrogen compounds on the coal
conversion to tetrahydrofuran-soluble product. Two types of
coal were analysed to also determine the effect of coal rank
on conversion. The coals used were;

(a) Kentucky 9 bituminous coal, and

(b) Wyodak subbituminous coal.
The wultimate analysis of these coals is shown in Table II.
Both coals were received stored in air, and as shown by the
ultimate analysis, were highly oxidized. They were
subsequently crushed to 1007 -60 mesh, and were used in this

state.

Solvents

Another objective of this work was to determine the
effect of a low grade solvent on overall coal <conversion.
Low grade solvent refers to a hydrocarbon liquid which has a
low hydrogen to carbon ratio, is highly viscous, and
contains significant quantities of high boiling material.
Liquids such as petroleum residuum, heavy oil and the 1like
fall into this category. Only one solvent, a Cold Lake,

Alberta atmospheric residuum, was considered in this study.
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Table II: Properties

of

Kentucky 9 Bituminous Coals

Ultimate Analysis
(wtZ dry basis)

carbon
hydrogen
oxygen
nitrogen
sulfur
ash
Total

Solubilities, wt.?%

cyclohexane soluble
tetrahydrofuran soluble

(*: by difference)

30
Wyodak Subbituminous and
Kentucky Wyodak
Bituminous Subbituminous
69.7 61.5
4.7 4.0
9.2% 18.5%
1.4 1.0
4.2 0.7
10.8 14.3
100.00 100.00
0.0 0.0
9.3 0.3
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An elemental analysis of this solvent is shown in Table III.

Model Nitrogen Compounds

The model nitrogen compounds used for this study were
chosen to provide as wide a range of basicity and steric
hindrance effects as possible. The compounds used are shown

in Figure 7.

Reaction Gases

Two different reaction gases were used in this study:
hydrogen and carbon monoxide. Each gas contained
approximately 17 krypton gas to act as a tracer element for
accurate gas analysis. When hydrogen was used it was done so
with no other gaseous additions; whereas when carbon
monoxide was used, approximately 10 grams of distilled water
was added to the reactor mixture. This amount of water was
equivalent to 50 weight 7% of the «coal <charged to the
reactor. The water was a necessary reactant to allow the
water-gas shift reaction to take place, as described earlier

in this text.
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Table III: Properties of A-8 Cold

Residuum, Petroleum Heavy 0il

Distilled Fraction

water
IBP-177°C
177-260°C
260-344°C
344-455°C

455°C+

Ultimate Analysis (wt.Z)

carbon
hydrogen
nitrogen
sulfur
oxygen
ash

Solubility (wt.Z)

cyclohexane
tetrahydrofuran

(*: carbon, hydrogen, nitrogen measured
89.35, 12.40, and 0.43 respectively.
above are from an outside laboratory).

Lake

32

Atmospheric

Wt. % Distilled

OO~ POO0O
N O~ ~O

[0 o ol

84 ,2%
12.0%

100.0
100.0

in this lab were
Tabulated values
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Figure 7: Model Nitrogen Compounds Used in this Thesis
(a) Compound N1 (e) Compound N5
1,2,3,4-tetrahydroquinoline 4-piperidinopyridine
97% purity, pKb=8.97 987% purity, pKb=8.04
z@
N i/ 74
(b) Compound N2 (f) Compound N6
dipropylamine 5,6-benzoquinoline
99% purity, pKb=3.00 99% purity, pKb=10.05

CH_CH_CH H

32 a\/c a3 O
N ( )
I ©
H

(c) Compound N3 (g) Compound N7
7,8-benzoquinoline diphenylamine
97% purity, pKb=9.20 99% purity, pKb=13.23

@O OO

(d) Compound N&
piperidine
987 purity, pKb=2.88
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Experimental Procedure

Process Overview

A schematic flow diagram of the experimental steps used
in this work is shown in Figure 8. The details of each step

are highlighted below.

Reactor Operation

The liquefaction co-processing experiments were carried
out in a 300 cm3 Autoclave Engineers 1Inc. batch reactor
equipped with a Magnedrive II rotary type mixer capable of
stirring at speeds as high as 2500 rpm. A schematic of the
reactor system is shown in Figure 9. The reactor and mixing
unit were mounted in a vertical position. Heating was
accomplished by an electric heating element which encased
the reactor. The element was raised and lowered using an
electric jack assembly.

An experimental run was started by charging the reactor
with approximately 20g of <coal, and 40g of petroleum
residuum. If a basic nitrogen compound was used, the feed
mixture was changed to 20g of <coal, 30g of petroleum
residuum and 10g of model nitrogen compound. In each case a
coal:solvent weight ratio of 1:2 was maintained. In the
carbon monoxide runms, 10g of distilled water was also added

to the reactor feed accounting for 50 weight %Z of coal. The
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Gas Anclysis
Goses
Caal
Heavy O
Nitrogen Compound
Co—-processing
—
Reaction Gas Rea
Mstilled Water
Decant Oil
t Resid # Toluene
Stage 1
Centruge
Decant D1 | Residue
Toluene & Water I Decant Oil ’
A — Atmospheric - Stage 2
Distiltation Centrifuge
IBP - 177 C
177+ C Residue
177 - 435 C ’ i
—— Vacuum Cyclohexane M"
Distilation Extraction
455+ € Insoluble Matter
For Nitrogen
Analysis '
Soluble Matter
wg— | CHX ond THF Tetrahydrofuran | Soluble Matter
Extractions Extraction
Insoluble Insoluble Matter
Maotter For Nitrogen
Analysis
oM + MM
Figure 8: Schematic Flow Diagram of Experimental

Co-Processing Runs and Product Separation

35
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reactor system was then sealed and flushed two times with
feed gas, to minimize air contamination of the system, and
then cold charged with the feed gas to the desired reaction

pressure. The system was pressure checked for approximately

30 minutes at the «cold <charge gas pressure. If a
significant pressure drop occurred, the gas was vented,
reactor seals were tightened, and the pressurization

procedure repeated.

A hydrogen feed gas was cold charged at 8.7 MPa and
carbon monoxide was cold charged at 5.7 MPa. Both charge
pressures resulted in an operating pressure of 14.5 to 16.6
MPa at an operating temperature of 344°C. The reactor was
protected from overpressure by a rupture disk set to vent at
38.6 MPa.

The electric furnace was raised around the reactor and
the system was heated to reaction temperature at an average
rate of 8 - 11°C/minute. The Magnedrive II stirring
mechanism was started when the reactor contents reached 65 -
75°C, and slowly dincreased to 2500 rpm by the ‘time the
reactor contents reached 210°C. This mixing speed was
maintained throughout the run and was not decreased wuntil
cooling of the reactor contents was started.
Experiments were <completed at two sets of conditions, as

indicated in Table IV. Temperature control of the reactor
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Table IV: Liquefaction Co-Processing Reaction Conditions

Reaction
Temperature

Feed Gas

Feed Gas
Charge Pressure

Maximum

Reaction
Pressure

Reaction Time

Feed Coal
Feed
Heavy 0il

High Severity

Reaction Conditions

Low Severity

Reaction Conditions

427-440°C
(800-825°F)

hydrogen

6.9 MPa

14.5-16.6 MPa

30 minutes

Bituminous or
Subbituminous

Cold Lake
Atmospheric resid
A-8

344°C
(650°F)

hydrogen or
carbon monoxide/water

Hydrogen @ 8.7 MPa
CO/water @ 5.7 MPa

14.5-16.6 MPa

30 minutes

Bituminous or
Subbituminous

Cold Lake

Atmospheric Resid

A-8
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was maintained with an Apple 1IIe personnal computer,

augmented with three additional interface cards from Layson

Labs, Inc. The three interface cards included a Model 14
card for analog/digital translation, a Model 20 card for
computer operation as a multi-channel thermometer, and a

Model 24 card to allow multi-channel control of external
devices. The computer controlled the reactor temperature by
varying the power to the electric heater and the flow rate
of cooling water through an internal cooling coil within the
reactor.

The reactor time-temperature profile, as shown in
Figure 10, was typically 30-40 minutes heatup time, 30
minutes at reaction temperature, and 3-5 minutes quenching
time from reaction temperature to 100°C.

After turning off and lowering the electric heater from
the reactor body, quenching was achieved through a
combination of cooling water circulated through the <cooling
coil present within the reactor and forced air convection on
the outside of the reactor.

The reactor and its contents were allowed to cool
overnight (12-20 hours) to allow complete cooling and gas
evolution from the liquid phase. If less cooling time was
allowed, the 1liquid products would erupt from the reactor

wherever a pressure connection was loosened.
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Once the system was properly cooled, the reaction gases
were vented to sample tanks until the reactor pressure was
reduced to O MPa. The reactor was then removed from the
rest of the operating apparatus and the reactor head was
removed from the reactor body. The reactor head was placed
in a support to allow liquid and solid products to drain
into a preweighed container. The contents of the reactor
body were also poured into the same preweighed container. To
ensure good recovery, a quantitative toluene wash was used
to reduce the viscosity of 1liquid products, and the 1liquid
and solid products were scraped from both the reactor head
and the reactor body. Typical mass recovery was in excess of
85 weight 7 of the charged reactants. After all gaseous,
liquid and solid products were removed, the reactor was
cleaned in preparation for the next run. The <cleaning
procedure consisted of loading the reactor with
approximately 100 ml of toluene or THF, and taking the
reactor through a heat-up cycle up to about 150°C for 10
minutes. Upon <cooling the contents were removed and the

reactor was dried and made ready for the next run.

Centrifuge

The combined liquid and solid product from the reactor

were processed through a centrifuge which operated at 2000



T-3447 42

rpm for approximately 45 minutes. The product liquid was
separated and collected, and the remaining solids-liquid
slurry recentrifuged for anm additional 15 minutes. The
second centrifuge step usually resulted in an additional 2-4
grams of liquid recovery. The liquid and solid samples were
then stored in separate containers for future analysis. The
liquid sample was termed 'decant o0il', and contained the
toluene wash as well as the oil product from the co-
processing reaction. The decant o0il was essentially solids-
free, indicating good solid/liquid separation. The
remaining oily solid sample was designated 'residue'. The
residue was not in a dry state but was coated by a portion

of the liquid product.

Gas Analysis

The product gas samples collected were analysed on a
Carle model 111-H gas chromatograph (2100 mm x 3.2 mm
column, molecular sieve packing, 13 angstrom pore size,
45/60 mesh particles, 320°C operating temperature) equipped
with a Hewlett Packard model 3390A integrator. This system
was calibrated for 14 gas components, including Cl1-Cé4
alkanes and olefins, hydrogen, carbon monoxide, carbon
dioxide, hydrogen sulfide, and krypton. Each sample gas was

analysed twice to verify results. The gas chromatograph was
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calibrated every 2 - 4 weeks wusing four standard gas
mixtures of the above gas components.
The amount of gas charged to the reactor prior to an

experimental run was calculated using the ideal gas law:

PV = ZnRT.

The gaseous volume of the reactor, the pressure, temperature
and gas compressibility factor of the charge gas, were all
known or calculated. The reaction gases also contained
a known amount of krypton gas to act as an 1inert tracer
element. In this way the moles of product gas were

accurately determined in relation to the initial gas charge.

Dean-Stark Analysis of Decant 0Oil

A 30-40 gram sample of decant o0il was used as feed to
the Dean-Stark distillation analysis. This sample size
ensured that approximately 10 grams of o0il was available for
further distillation analysis. The remaining 20-30 grams
consisted of toluene from the reactor wash procedure and
water.

The oil/toluene sample was placed in a 100 ml
distillation flask, heated and allowed to boil for
approximately 30 minutes in an ASTM D-95 Dean Stark

apparatus. The objective of this procedure was to
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quantitatively remove any water present in the sample. The
Dean-Stark analysis is based on the fact that toluene and
water will form an azeotropic mixture at a temperature near
100°C at atmospheric pressure. The procedure results in the
vaporization of the toluene/water azeotrope mixture which is
condensed and collected. Cooling the mixture to room
temperature breaks the toluene/water azeotrope and allows
for direct analysis of the water content. The procedure is
continued until condensate removal has essentially stopped
indicating that all of the water and most of the toluene has
been removed. The entire Dean-Stark analysis is generally
completed in approximately 30 minutes.

Condensate from the Dean-Stark analysis was
quantitatively analysed for water content based on density
measurements or qualitatively estimated if a visible water

phase was generated.

Dean-Stark Analysis of Centrifuge Residue

The Dean-Stark procedure was also used to measure any
residual water trapped in the <centrifuge residue for
experimental runs which used carbon monoxide and water as
reducing agent. It was found in these runs that the majority
of water remained trapped in the residue and was not present

in the decant o0il exclusively. The procedure involved
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dissolving approximately 3-4 grams of residue in 20 grams of
toluene. This mixture was then refluxed in the Dean-Stark
apparatus and the water content was then determined wusing
the procedures described previously. This analysis was not
required for runs using a hydrogen gas atmosphere because
preliminary Dean-Stark tests showed that essentially no
residual water was in the centrifuge residue for these

experimental runs.

Atmospheric Distillation

After completing the Dean-Stark analysis of the decant
0il, the remaining 1liquid in the distillation flask was
transferred to an ASTM D-86 distillation apparatus. The
flask was heated to a 172°C vapor temperature, at Golden,
Colorado atmospheric pressure of 620 torr. This temperature
corresponds to a 177°C cutpoint temperature at 760 torr
(46). Distilled vapors were condensed, collected and weighed
directly. The <collected liquid sample was designated the

177°C- fraction.

Vacuum Distillation

Following the atmospheric distillation, the remaining
decant o0il was cooled to approximately 27°C and subjected to

an ASTM D-1160 vacuum distillation at a vacuum of 0.1 to
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0.35 torr. Based on approximate vapor-pressure correlations
previously developed for <coal liquids, the actual
temperature at the reduced pressure was corrected to a
standard pressure of 760 torr. In this manner, product
fractions were collected in the ranges of 177-260°C, 260-
344°C, and 344-455°C all corresponding to a pressure of 760
torr. These combined fractions all constituted the 177-
455°C distillate product. The remaining residual liquid was

termed the 455°C+ fraction.

Soxhlet Extraction of the 455°C+ Residuum

In order to quantitatively remove the 455°C+ fraction
from the distillation flask, liquid nitrogen was poured into
the flask to freeze the residue and enable it to be scraped
out of the flask as a solid. A sample of 1-2 grams of the
455°C+ residual fraction was accurately weighed into a
ceramic Soxhlet extraction thimble and extracted wusing
cyclohexane (CHX) solvent for approximately 24 hours. After
the extraction, the thimble and 455°C+ CHX insoluble
material was vacuum-dried for approximately 24 hours. After
drying, the thimble was accurately reweighed to determine
the extraction weight loss to the solvent. The thimble and
455°C+ CHX insoluble sample were then subjected to a

tetrahydrofuran (THF) Soxhlet extraction in a similar
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manner. The remaining THF insoluble material consisted of
insoluble organic matter (IOM) and mineral matter (MM).
These fractions represent the amount of unconverted coal and
mineral matter remaining after completion of the co-

processing experiment.

Soxhlet Extraction of the Centrifuge Residue

A sample of 1-2 grams of residue was subjected to
sequential Soxhlet extractions in cyclohexane and
tetrahydrofuran, using the same procedure as described

previously.

Elemental Analysis

Elemental analysis was performed for selected
experimental runs on the THF insoluble matter from a
residue Soxhlet extraction, the 455°C+ residuum and the
individual 1liquid ©product fractions. The analyses were
performed on a Carlo Erba Elemental Analyzer, model 1106,

equipped with a Hewlett Packard model 3390A integrator.
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Equipment Material Balances

The data collected in each of the procedures previously
described were ultimately used to determine the amounts of
gaseous, liquid, and solid products from the 1liquefaction
reaction. Mass balances were performed around each process
step and any losses were proportionately distributed among

the products of the respective steps.

Reactor Material Balance

Losses associated with the reactor occurred in all
three phases; gas, 1liquid and solid. The 1liquid and solid
losses were due to an inability to remove 100%Z of these
product phases from the reactor. Approximately 5 grams of
solid and liquid product which amounts to about a 107 1loss
in material compared to the charged reactants, could not be
recovered. Gaseous losses were only noticed in runs in which
a carbon monoxide feed gas was used. The detectable 1loss
occurred in the carbon dioxide product. Indications were
that a portion of the CO produced remained dissolved in the
li'quid products. The imount of CO 1lost to solution was
estimated according to the stoichiimetry of the water-gas
shift reaction. The gaseous losses were added into the total

product gas. The liquid and solid losses were added into

the total liquid and solid product combined.
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Centrifuge Material Balance

Losses occurring in this step were approximately 3
grams or less, and accounted for less than 27 of the total
liquid and solid product. These losses occurred as a result
of material transfer to the centrifuge container, and Dback
again to storage containers. The loss was added back 1into
the products but split in proportion to the relative amounts
of solid and .1iquid product after the centrifuge. The
proportional split of these products was the best choice

since the actual product split was not determined.

Dean-Stark and Distillation Material Balances

Losses occurring in the Dean-Stark procedure accounted
for 1less than 17 of the toluene-water mixture extracted.
This 1loss was attributed to uncondensed vapors escaping the
apparatus. The 1loss was added directly to the total fluid
extracted by the procedure.

Mass balance discrepancies occurring in the
distillation procedure were typically mass gains of
approximately 0.1 to 0.4 grams. This gain was attributed to
excess glass joint lubricant remaining on the individual
glass joints after cleaning. The discrepancy was
subsequently detected during weighing of the individual

distillation apparatus components. The gain was then
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distributed Dbetween the first three distillation fractions,
accounting for, at most, 17 of the particular fraction added

to.

Solvent Extraction Material Balance

Mass balance discrepancies around this unit were rare
and if they occurred were attributed to moisture uptake by
the ceramic thimble used to contain the sample during the
extraction. When these discrepancies occurred they were of
the order of .0001 grams, and were thus considered to be

negligible.

Elemental Analysis Data

The elemental analyses performed on the Carlo Erba
Elemental Analyser have a degree of error inherently
present. The operation of the unit requires that a standard
compound of known nitrogen, hydrogen and carbon content be
analysed to <calculate respective 'K' factors. The 'K'
factors are used to calculate the elemental contents of
unknown samples. The 'K' factor is a strong function of the
sample mass analysed, and as a result error with individual

readings ranged from about 1 - 67.
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DETERMINATION OF PRODUCT YIELDS

Yield Calculations

The yield of each product species was calculated on the
basis of MAF coal feed (moisture and ash free coal), and MAF
coal & 455°C+ Resid feed (moisture and ash free coal & the
455°C+ fraction of the feed residuum solvent). The yield
was calculated in the following manner:

(a) MAF coal basis:

Yield 7 = 100 x (mass of species out - mass of species in)

mass of MAF coal charged

(b) MAF coal & 455°C+ resid basis:

Yield Z = 100 x (mass of species out - mass of species in)

(mass of MAF coal & 455°C+ resid charged)

The amount of MAF coal is determined as:

(mass coal charged) x (1 - fraction ash in coal) x
(1 - fraction bulk moisture in coal).
Yields were calculated for the following product

species for runs which used a CO gas atmosphere:
(a) carbon dioxide (net total including estimated
solubility loss)
(b) hydrogen

(c) water
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(d) C -C (saturated and unsaturated hydrocarbon gases)

(e) C1—4§5°C distillate

(f) 4§5°C+ (CHX soluble material)

(g) 455°C+ (THF soluble / CHX insoluble material)

(h) IOM & MM (THF insoluble organic matter and mineral

matter).

For runs using a hydrogen gas atmosphere, the yield of
carbon monoxide gas was calculated in place of the hydrogen
yield.

The amount of feed gas consumed in the reaction was
calculated in two ways. Both ways resulted in identical
values. The first method was based on the species product
yields, and the fact that they must sum to 100%Z. The gas
consumed was calculated as:

Feed gas = Sum of individual species product yields - 100.
consumption

The second method was calculated as:

Feed gas = 100 x (mass of gas in - mass of gas out)
consumption

MAF coal charged
Similarly if the MAF coal & 455°C+ basis was used, this

term replaced the denominator in the above expression.
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The

follows:

(a)

(b)

where:
Min =
Mout =

M2out =

53

solvent extraction solubility was determined as

% Sample

CHX soluble

% Sample

THF soluble

‘mass of wet

mass of dry

mass of dry

(Min - Mout) x 100

Min

= (Min - M2out) x 100

Min

sample charged to extraction thimble,
sample remaining after CHX extraction,

sample remaining after THF extraction.
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EXPERIMENTAL DATA SUMMARY

The experimental data are tabulated in Appendix A. A
summary of the experimental runs used in this study, listing
reactants and reaction conditions, is shown in Table V.
Yield and conversion results for experiments using hydrogen
feed gas and carbon monoxide feed gas are summarized in
Tables A-1 and Af2 respectively, of Appendix A. Tables A-3
throﬁgh.A—S tabulate the percent nitrogen, carbon, hydrogen
and carbon/hydrogen mass ratio, of the samples analysed on
the Elemental Analyser. Tables A-6 and A-7 tabulate the
percent of the total nitrogen that resides in the THF

insolubles and 455°C+ residuum respectively.
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Table V: Summary of Reactants and Conditions Used in
Experimental Co-Processing Runs

Reaction Nitrogen Heavy 0il Reaction

Run Coal Gas Compound or Solvent Conditions
G8 B H2 -——— A8 LS
G9 B H2 N1 A8 LS
G10 B CO/H20 -——— A8 LS
G1l1 B CO/H20 -———- A8 LS
G112 B CO/H20 N4 A8 LS
G13 B CO0/H20 N5 A8 LS
Gl4 B CO/H20 N1 A8 LS
G15 B CO0/H20 N6 A8 LS
Glo B CO/H20 ——— S1 LS
G17 - CO0/H20 -——— A8 & S1 LS
G18 S CO/H20 -——— S1 LS
G19 B CO/H20 N2 A8 LS
G20 B CO/H20 N3 A8 LS
G26 B CO/H20 N7 A8 LS
G28 B H2 N2 A8 LS
G29 e repeat of G9-—---—-
G30 B H2 N3 A8 LS
G31T @ repeat of G9———-——— -
G32 S H2 N2 A8 LS
G33 S H2 N1 A8 LS
G34 B H2 N2 A8 HS
G35 W e repeat of Gl4——--mmrmm e
G36 S CO/H20 N1 A8 LS
G37 S CO/H20 N2 A8 LS
G38 B CO/H20 10 wtZ N1 A8 LS
G39 B H2 N1 A8 HS
G40 B CO/H20 10 wtZ N2 A8 LS
G4l S CO/H20 —-———- A8 LS
G42 S H2 -———- A8 LS
Notes:

B: bituminous coal N1: THQ

S: subbituminous coal N2: dipropylamine

H2: hydrogen gas N3: 7,8-benzoquinoline
CO/H20: carbon monoxide/water N4: piperidine

A8: petroleum heavy oil N5: 4-piperidinopyridine

S1: l-methylnaphthalene N6: 5,6-benzoquinoline

LS: low severity N7: diphenylamine

HS: high severity
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DISCUSSION OF RESULTS

Introduction
Approximately 30 co-processing experiments were
completed in this study. The 1low severity reaction

conditions (moderate reaction temperature and pressure and

short reaction time) were carefully selected for three

reasons:

1. to provide a sufficiently lowér reaction
temperature than used in conventional coal
liquefaction processes,

2. to provide optimal conditions for the water-gas

shift reaction, and

3. to provide a reasonable reaction time.

The wuse of a coal:solvent ratio of 1:2 (or 33 weight 7
coal) was chosen on the basis of previous work by Miller
(14). Miller reported that performing the co-processing
reaction at 427°C with approximately 40 weight 7 <coal
maximized C - 455°C liquid yields. No attempt was made to
optimize tﬁe reaction conditions further in Miller's
previous high severity liquefaction work.

During this study, most reactor runs were not
duplicated. For the few runs which were repeated, the

results presented in the following discussion are the

average of the duplicate runs. The reproducibility of the
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THF coal solubility results in the duplicate runs was very
good, typically within a 47 variation on a wt?% MAF basis.

No runs were replicated enough times to determine 1if
any experimental bias existed, or to determine the
statistical significance and confidence intervals for yield
and conversion results. For this reason, the relative
effects of changing operating variables will be emphasized
rather than the absolute values of yields and conversion
levels obtained.

Initially, all product distillation and Soxhlet
extraction tests were run 1in duplicate to ensure. the
accuracy of the analyses. After the first 19 runs were
completed, it became evident that the experimental procedure
being used was giving the desired reproducibility.
Therefore, most of the subsequent run product samples were
only distilled and extracted once each.

Finally, the elemental analyses to determine nitrogen,
hydrogen and carbon contents of 'selected products were
performed at least in duplicate, but in many instances were
repeated 3-4 times. Repeated analyses in most cases resulted
in a typical standard deviation of less than 107 of the mean
value.

There were some features inherent in the experimental

program which resulted in poor repeatability of distillate
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and water yields. Most of the major difficulties arose due
to the size of the batch reactor used. A small reactant
charge was required to ensure that sufficient volume existed
for the reaction gas atmosphere, since an insufficient
quantity of feed gas could affect the rate and extent of
desired coal dissolution and wupgrading reactions. A
consequence of the small reactant charge is that only small
samples of decant oil are available for the Dean-Stark and
distillation procedures, giving rise to small product
distillation fractions. The small amount of Dean-Stark
toluene/water mixture collected resulted in a poor
determination of the product water yield. Initially, the
amount of water was determined by density measurements of
the Dean-Stark toluene/water mixture but this Iled to
tremendous variations in computed water yields. The small
amount of decang 0il also gave rise to inaccurate product
fraction determinations in some runs. This situation was
amplified by the fact that typically only one half of the
available decant o0il could be used for any one distillation
to allow sufficient sample for a second distillation, if
required. The net result was very poor repeatabilit& on the
product water and C4 - 455°C liquid fractions. Therefore,

these results are not included in the following discussion.

However, these data are presented for reference in Tables A-
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1 and A-2 of Appendix A.

The other experimental difficulty encountered was in
obtaining an accurate CO balance for the run. In most
experimental runs, therez'was a net 1loss of CO gas.
Observations of gas evolution from distillate iroduct
fractions indicated that the gas remained in solution in the
liquid products. The 1liklihood that a model nitrogen
compound will react with CO to form salts is negligible due
to the very small equilibriim constant for the reaction.

Two final points to keep in mind are:

1. the implication of coal conversion to measured THF

soluble matter, and

2. the implication of model nitrogen compound

incorporation in the THF insoluble matter.
The degree of coal conversion is a function of the extent of
depolymerization and hydroggnation of the coal. As hydrogen
content increases, the viscosity and boiling point of liquid
fractions decrease, and solid fractions become more soluble
in lighter solvents. Therefore, the amount of coal which is
THF soluble is an indirect measurement of the upgrading of
the «coal, and is also a rough indication of how much coal
can wultimately be converted to liquid products. In this

thesis, the THF coal conversion reported is the gross

conversion, including the fraction of unreacted coal which
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is soluble in THF as well as the coal that becomes soluble
due to processing.

The effects of nitrogen incorporation are important to
the long range project objective. This objective 1is to
evaluate the ability of nitrogen compounds to promote Ilow
severity coal conversion, followed by separation and recycle
of the nitrogen compound or compounds. Nitrogen present in
any of the liquid fractions is potentially recoverable, but
any present in the THF insoluble matter is 1likely to be
irreversibly lost. Unrecoverable nitrogen compounds
represent a direct cost to the proceés. The obvious desire
is to minimize such losses to the THF insoluble matter.

The following subsections discuss the effects of model
nitrogen compound addition on coal conversion, the extent of

nitrogen incorporation, gas yields, and product quality.

Low Severity Results

Conversion Results of Bituminous and Subbituminous
Coals Under CO and Hydrogen Gas Atmospheres

Figure 11 shows the effect of model nitrogen compound
addition on Kentucky 9 bituminous coal conversion with
CO/H O reaction gas. These results were used to prescreen

2

the full slate of nitrogen compounds so as to concentrate

further experiments on using the most effective nitrogen
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compounds. The nitrogen compounds which resulted in the
greatest increase in «coal <conversion were THQ (N1),
dipropylamine (N2), 7,8-benzoquinoline (N3) and 5,6-
benzoquinoline (N6). The remaining compounds, piperidine
(N4), 4-piperidinopyridine (N5), and diphenylamine (N7) all
resulted in 1low coal conversions. With. piperidine and 4-
piperidinopyridine the 1low conversions appear to be a
consequence of nitrogen compound incorporation into the THF
insoluble residue. However, with diphenylamine the 1low
conversion appears to be a consequence of poor reaction
promotion since the degree of nitrogen incorporation 1is
lower than with piperidine and 4-piperidinopyridine. This
point of nitrogen incorporation is further discussed in the
next section. Subsequent experiments primarily concentrated
on the use of THQ (N1) and dipropylamine (N2), and their
effect on coal conversion since they were by far the best
performers.

Figures 12 through 14 summarize additional coal
conversion results when using THQ (N1) and dipropylamine
(N2) under hydrogen and carbon monoxide atmospheres with
both bituminous and subbituminous coals. These data indicate
that co-processing performance at low severity conditions is
a function of feed coal rank and reaction gas, but is not as

dependent on reaction gas. However, Wyodak subbituminous coal
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performance 1is more dependent on reaction gas than Kentucky
bituminous <coal ©performance. The coal rank dependence
however, may be somewhat misleading. Most workers have found
that when hydrogen availability is not limited, lower rank
coals achieve higher conversion. Since lower rank coals have
a higher oxygen content, when the hydrogen is limited, much
is wused to cleave the weaker bound oxygen-containing side
chains such as phenols, rather thah on the ester and ether
linkages joining coal fragments (47).

At all 1low severity reaction conditions studied,
dipropylamine (N2) was found to be the superior promoter.
With Wyodak subbituminous <coal, dipropylamine addition
resulted in approximately a 16 - 24 wtZ increase in coal
conversion compared with THQ (N1), while with Kentucky 9
bituminous coal, dipropylamine addition resulted in a 4 - 12
wtZ increase in coal conversion compared with THQ (N1).
Figure 15 summarizes these results and shows that with
bituminous <coal, hydrogen marginally increases the coal
conversion when dipropylamine (N2) is used, but with THQ
(N1) coal conversion is increased by approximately 15 wt?%.
Figure 16 shows that with subbituminous coal, Cco
significantly improves <coal conversion with both THQ (N1)
and dipropylamine (N2). This result would be expected, given

the 1large number of oxygen functionalities available for
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reaction in subbituminous coal.

Nitrogen Incorporation Results

Figures 17 and 18 show the distribution and amount of
elemental nitrogen present in the THF insoluble matter from
processing of Dbituminous coal with carbon monoxide gas at
low severity reaction conditions. The nitrogen compounds
exhibiting the best prométion of bituminous coal conversion,
THQ (N1), and dipropylamine (N2), clearly exhibit the lowest
amount of nitrogen present in the THF insoluble matter.
Figure 19 summarizes nitrogen incorporation results based on
calculations described in Appendix C. This figure shows the
estimated amounts of THQ (N1), dipropylaminé (N2) and 4-
piperidinopyridine (N5) which have been incorporated into
the 455°C+ THF soluble and THF insoluble residual products.
The manner in which the values in Figure 19 were calculated
involves the use of several experimentally-derived numbers,
each with respective error. The error in the <calculated
values 1is apparent considering that negative incorporation
is indicated for THQ (N1) and dipropylamine (N2). As in the
instance of no nitrogen compound addition, the loweét amount
of incorporation must be zero percent by definition. The
important concept presented though is that of low nitrogen

incorporation with THQ (N1) and dipropylamine (N2), and high
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incorporation with 4-piperidinopyridine (N5). In this sense
these results exhibit the same trends indicated in Figures
17 and 18. This demonstrates the possibility that direct
measurement of the nitrogen in the THF insoluble matter
might be able to be used to monitor the relative nitrogen
incorporation of different nitrogen compounds at a fixed set
of reaction conditions.

Figure 20 compares the nitrogen content of the 455°C+
product fractions when THQ (N1), dipropylamine (N2) and 4-
piperidinopyridine (N5) have been used with bituminous coal
and CO feed gas. These data viewed in conjunction with
Figures 17 and 18 indicate that incorporation occurs
primarily into the THF insoluble matter rather than the
455°C+ THF soluble fraction.

Figures 21 through 29 summarize nitrogen content data
for the THF insoluble matter and the 455°C+ fractions for
bituminous and subbituminous coal runs using both reaction
gases. Comparing results shown in Figure 21 and Figure 17
presented earlier shows that with bituminous <coal wunder
either reaction gas atmosphere, dipropylamine (N2) addition
gives a smaller nitrogen content (weight basis) in the THF
insolubles compared to THQ (N1) addition. However, Figure 22
indicates a slight increase in the weight percent nitrogen

in the THF insolubles when dipropylamine (N2) is used with
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either reaction gas, 1implying greater incorporation of the
dipropylamine. The conclusion from these data is that under
either reaction gas, THQ (N1) adducts approximately the same
amount, whereas with dipropylamine (N2) slightly more

incorporation occurs when hydrogen gas is used.

Figure 23 indicates that dipropylamine (N2)
incorporation into the 455°C+ fraction is essentially the
same as THQ (N1) dincorporation for Dbituminous coal

liquefaction wunder a CO atmosphere, and marginally higher
than THQ wunder a hydrogen atmosphere. Figures 24 and 25
indicate that with Wyodak subbituminous coal, THQ (N1)
adducts significantly less than dipropylamine (N2) into the
THF insoluble matter under a hydrogen atmosphere. Figures 26
and 27 show comparable results for Wyodak subbituminous coal
under a CO atmosphere. Figure 27 indicates that
incorporation of dipropylamine (N2) is only slightly greater
than THQ (N1) incorporation. The large differences shown in
Figure 26 arise from the fact that coal conversion with the
dipropylamine (N2) addition is almost 25 wt?% greater than
coal conversion with the THQ (N1) addition, as previously
shown in Figure 13. This implies that the high fraction of
the total nitrogen present in the THF insoluble matter when
THQ (N1) is used is likely due to residual <coal nitrogen

present as a result of poor coal conversion. Figures 28 and



78

T-3447

Teo)
snouTwnitg 6 A}On3uUdY I0F wWNNpPISaY +),GGh% 99Uyl JO 3Juaiuo) uaoIITy
94yl Uuo UOoTITPPY SeH paag pue punodwo) usBoilTIN [9POR 3FO 129FI7%

sp9 paa4/punodwo) uabosyiN |apop

ZH/CN 02/2N ZH/IN 02/1IN

N\ \\
A\
\\\\\_

\\ %v'8

SUO}IPUO) AJIBASS MO
|[po) snoujwnyg [

tg? 2andTg]

O O oo N~ O 1N <+ M N

wnnpisey +9 GGt Ul usBoJyN [DIOL 40 ¥


mailto:u@6ojq.ifN

79

T-3447

seg pasjg
ua801pAHy YaTM [eOD snoutwnlrqqng YepoAM I10J KWOI ©9Yld Jo Jua3uoyn
us8013TN 9yl uo uoTATpPpy punodwo) usBoxITN T[OpOW JO 1I29FFYd 4z 2indtyg

uoilppy punodwoy uabouiyiN jepopy

ZN IN

\\\\_

ot

9l

N\

%9°L1

MMM

WO! Ul peulbjuc) usbBoljN [PIOL 40 %

4 A NA —- ¢C
SUONIPUCY AJIBASS MOT
§09 ZH / 0oy snouiwnyiqgng [~ V¢

9¢




80

T-3447

9Yl UO UOTIATPPY se9 padag pue punodwo) usa3013TN TO9POK JO 329339

WOI °2U3 ut pauteiuo) ua3011TN ¥ 3IyStap

uonippy punodwosn usbonjiN |opon

¢N

auoN

DM

N\\¢

%8'¢C

%9°1

%zl

SUORIPUOY AjuaAeg moT
809 ZH / PO snoujunyiqqns

16z {indty
0
— G0
L1 s
o
Q
5
- |
<
&
o
0
IN 3
5
0
- G'Z Z
- ¢
qe



81

T-3447

00 Y3ITM TeO0) snoutwnltqqng epokM Ioy WOI Y3
us3013TN @yl uo uotr3Tppy punodwo) us38013IN T[OPON

uonippy punodwo) usboujiN |opopy

¢N

seq paag
Jo 1juajuo)

Jo 2199339 97 @in31yj

x\\\\\"

%L°11

N

%1°61

SUOI}IPUO) AJLUBASS MO
§09 QD ./ |POQ snoulwn}qgng

— ¥C

9¢

WO! Ul pPaujojucy ueBoJ}IN [DIOL 4O %



82

T-3447

ua3013TN % 3IYSTOM Syl uUo uoTITPPYy punodwo) us80ilTN [OPOR JO 1993I%

sen paa]
0D Y3ITM [E0) snoutwnlTqqng }epokM I0j KOI 9Yl UT pouUTEIUOY

uolippy punodwo) uabosyiN [9pOn

auoN

o

N

%8°1

A\

%1

SUORIPUO) AJlIBABS MOT]
809 QJQ / IpO) snoujwnyqqng

— C°0

— ¥°0

— 9°0

— 8°0

— ¢l

— ¥l

- 9°l

— 8°1

— C'C

— ¥°C

9¢C

t47 @and1y

WOI ut usbBoJyiN % IybBiam



T-3447 83

29 summarize the results presented in Figures 24 through 27.
Figure 28 indicates that the use of dipropylamine (N2) with
subbituminous <coal results in greater incorporation than
when THQ (N1) is used, regardless of the reaction gas used.
Incorporation of dipropylamine (N2) with a hydrogen feed gas
is significantly greater than when a CO feed gas is used. As
previously stated, when a CO feed gas 1is wused with a
dipropylamine (N2) addition, the coal conversion increases
by about 25 wt?% compared to a CO feed gas with a THQ (N1)
addition. This improvement in coal conversion with
dipropylamine and a CO feed gas actually reduces the total
amount of nitrogen lost to the THF insolubles because there
are less insolubles remaining, even though the remaining THF

insolubles contain a higher nitrogen content.

Effect of Model Nitrogen Compound Aqueous pK
b

Figure 30 correlates the low severity coal conversion

data as a function of model nitrogen ‘compound pK for
bituminous coal runs using CO feed gas. Each data poigt in
Figure 30 represents the use of 25 wtZ model nitrogen
compound in A-8 petroleum oil. Since the nitrogen content of
each of the model nitrogen compounds is different, these

data points represent varying mass concentrations of

nitrogen in the solvent mixture. Each point is also
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indicative of a different solvent mixture since a large
percentage of the total solvent, 25 wtZ, is changed in each
case. Different solvents 1likely have different solvent
powers.

The abscissa of Figure 30 represents the pK of the
respective model nitrogen compound as measured in Zn aqueous
medium. Since an aqueous solution is not used in the co-
processing runs, it is reasonable to assume that the true
nitrogen compound pK values in the system will differ from
those plotted. °

Keeping in mind that each point represents a variation
in the Asolvent, nitrogen concentration and aqueous pK

b
vélue, the figure does imply a correlation Dbetween coal
conversion and aqueous pK of the model nitrogen compounds.
The data appear to lie En two distinct groups. The  upper
group includes the nitrogen compounds that promoted the best
conversion of Kentucky bituminous coal with a CO reaction
gas, and showed less propensity for incorporation. The lower
group represents the nitrogen compounds which resulted in
lower 1levels of coal conversion and greater extents of
incorporation. Since the data does not fall along a single
curve it is implied that factors other than aqueous pK also

b
govern this relationship.



T-3447 88

Effect of Model Nitrogen Compound Concentration

In most experimental runs, 25 wtZ of the total liquid
solvent wused in the run consisted of the model nitrogen
compound. Selected experimental runs were completed wusing
only 10 wtZ model nitrogen compound to study the effect of
nitrogen concentration on process performance.

Figure 31 shows that when either THQ (N1) or
dipropylamine (N2) is ©present at only 10 wtZ initial
concentration, conversion of Kentucky 9 bituminous coal with
a CO feed gas is less than when 25 wtZ of each nitrogen
compound is used. With THQ (N1) coal conversion drops by 9
wt%, and with dipropylamine (N2) conversion drops by 14 wt?Z.

Figures 32 through 35 show the nitrogen content of the
455°C+ fraction and the THF insoluble matter when
dipropylamine (N2) was added in 10 and 25 wt?
concentrations. Figure 32 shows the fraction of the total
nitrogen remaining in the THF insoluble matter. The lower
dipropylamine addition resulted in a significantly higher
fraction of the total nitrogen remaining in the THF
insoluble matter. This can be partially explained by the
fact that the lower dipropylamine addition also resulted in
14 wt%Z decreased coal conversion, leaving more of the
initial nitrogen present in the coal in the THF insoluble

matter. However, Figure 33 indicates that the higher



89

T-3447

se) pe@d4d Q) Y3ITM [BOD sSnoutuniig g £¥o2njusy jJo
UOTSJI9AUO) UO UOTIEBIJUBOUO) P33 punodwo) uaB0131TIN T9POK JO 3I993FFF :[g 2and1yg

uolpsULEdU0) pad4/punodwol) uebosyN [apon

%W 6z/2N %W 01/2ZN %W GZ/IN %W 0L/IN SuoN

AUl
- 0t
%Zv9l YA m
\ :
- og =
o
7
%9y - 05 -
0
: \\ & :
#ess %LS - 09 "
%5°69 o
suonipuoy Kuoreg mo | 08
§09 00 / |00) snoujwnyg
06



90

T-3447

Sey P933 00
Yatm [e0) snoutwnitg g AYonausay I0J KOI 9Yya JO 3JuUI3U0)
u28013TN 2Y3l Uo uoTrleIlU3OUO) paaqg (ZN) 2utwelhdoadrg Jo 212933y g€ °2andig

uonibJjueduc) pas4 sujwpjAdoidig

%z 6T Zm 0L
1 l !

Y.

%6°G B

N\
\\\\_

L
M N~ O O
- - - -

N\
—
23

WO! U] peuibjuc) ueBoJiN |DIOL JO %

%26l g1
— L1

suonIpuo) AJUBAS MOT] - 81
s09 0J / |p0) snoujwnyg - 61
0¢




91

T-3447

pA

se) P934 0D

YiTM eO) Snoutwnitg 6 £}donjuay I0J KOI °2Y3l UT pouTeluo) Ua80IITN

3y8TeM 9yl uo uoTieIUSDUO) PI34 (ZN) 2utwerhdoidrqg Jo 129339 g€ 2and1yg

uoipsusdu0) pasy sulwpjAdoidig

%W g

%M 01

QUON

\\\\_
\\\\_
\\‘_

N

%yl

SUORIPUO) AJlIaARS MO

sp9 Q) / |00 snoupwnyg

N\

N\

%9°l

%zl

— G0
— 9°0
— L0

— L'l
— C'l
— €1
— V'l
— Q'
- 9°l
- L'
— 8°1
— 6°1

WOl Ut usbouilIN % Iybiem



T-3447 92

nitrogen content of the THF insoluble matter can also be
attributed to a higher degree of adduction with the lower
dipropylamine addition. Figures 34 and 35 show a similar
comparison for the 455°C+ residuum fraction. Figure 34 shows
that a much higher amount of the systems' total nitrogen is
present in this product fraction, yet Figure 35 shows that
the wt7Z of elemental nitrogen has actually decreased at the
lower dipropylamine addition. The indication is that the
lower dipropylamine addition has resulted in a greater

degree of product upgrading to the 455°C+ product fraction.

Effect of Initial Carbon Monoxide Pressure

Figure 36 shows the effect of the reactor <cold <charge
feed gas pressure on low severity conversion of Kentucky 9
bituminous coal to THF soluble products. The lower charge
pressure of 2.2 MPa results in essentially no net increase
in coal conversion, relative to the THF solubility of
unreacted coal prior to processing. When the charge pressure
is increased to 5.7 MPa, conversion increases by
approximately 7 wtZ. This increase may indicate that the
water-gas shift reaction proceeds as a liquid phase reaction
at low severity liquefaction conditions. The Co
concentration in the liquid phase then is a function of its

partial pressure as described by Henry's Law. Therefore the
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CO solubility increases with pressure, increasing the extent

of the water-gas shift reaction.

Comparison of Low Severity vs. High Severity Liquefaction
Co-Processing Performance

Figure 37 compares the effect of low severity and high
severity reaction <conditions on conversion of ‘bituminous
coal with a hydrogen feed gas. Increased reaction severity
resulted in a coal conversion increase of about 22 wtZ in
the THQ (N1) runs, whereas with dipropylamine (N2) addition
a marginal increase in conversion of only about 6 wtZ
occurred.

Figure 38 shows the percent of total nitrogen contained
in the THF insoluble product as a function of nitrogen
compound addition and reaction severity for bituminous coal
conversion with hydrogen feed gas. These data show that as
coal conversion increases, the amount of total nitrogen
contained in the THF insoluble matter decreases. This is not
to imply that nitrogen incorporation has decreased but
rather that the amount of THF insolubles that remains to
incorporate the nitrogen has decreased.

Figure 39 compares the nitrogen incorporation results
based on calculations described in Appendix C. The figure
shows the estimated amounts of THQ (N1) which has been

incorporated into the 455°C+ THF soluble and the THF
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insoluble residual products, as a function of reaction
severity. These results indicate that the incorporation
increases at higher reaction severity. (The error associated
with Figure 39 is similar to that described for Figure 19 on
page 69.) Since Figure 38 shows a relatively small amount of
nitrogen in the THF insolubles, it 1is likely that
significant nitrogen was lost into the gaseous products as

ammonia at the high severity conditions.

Feed Gas Consumption and Light Gas Production

Carbon Monoxide Consﬁmption

Figure 40 shows the <effect of THQ (N1) addition,
dipropylamine (N2) addition and coal rank on CO consumption.
For each <coal rank, THQ addition results in 1lower CO
consumption compared with the use of dipropylamine. This
observation could be the result of a promotional effect of
both the respective nitrogen compounds and the coal rank on
promoting the water-gas shift reaction. Figure 40 shows the
combined effect of these two variables. Figure 41
demonstrates the effect of THQ (N1) and dipropylamine (N2)
concentration on CO consumption. Figure 41 shows that
regardless of nitrogen compound concentration, THQ (N1)
addition results in a lower CO consumption. Figure 40

demonstrates the same trend, but also includes the factor of
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coal rank. With both THQ (N1) and dipropylamine (N2), the CO
consumption with subbituminous coal is 1lower than with
bituminous coal.

The ©possibility of CO consumption being related to
subsequent hydrogen consumption by the reacting «coal and
primary 1liquefaction ©products is not a consideration.
Thermodynamic equilibrium calculations indicate that at the
reaction conditions employed, the water-gas shift reaction
is only proceeding to approximately 107 of its equilibrium
value. Since the reaction is so far from equilibrium the
depletién of one of the products (as hydrogen) should not
influence the driving force of the reaction with respect to
Le Chatelier's principle. Therefore hydrogen <concentration

should not effect the rate of CO consumption.

Hydrogen Consumption

Figure 42 shows that when THQ (N1) is wused with
bituminous <coal and a hydrogen gas atmosphere, hydrogen
consumption increases by about 907 at high severity reaction
conditions compared with low severity conditions. However,
with dipropylamine (N2) addition, hydrogen consumption
increases by nearly 1647 at high severity conditions. The
reason for this tremendous increase in consumption 1is

probably due to thermal cracking of the free dipropylamine
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present and subsequent hydrogenation of the propyl groups
and the free NH: radical.

Figure 43 shows the <effect of THQ (N1) addition,
dipropylamine (N2) addition and <coal rank on hydrogen
consumption. THQ addition results in a 1lower hydrogen
consumption with bituminous coal, but a higher hydrogen
consumption with subbituminous coal, compared to
dipropylamine addition. This result can be explained by the
fact that with Dbituminous coal, the increased hydrogen
consumption with dipropylamine addition is caused by greater
coal conversion and increased light gas make. With
subbituminous coal, dipropylamine appears to act more
efficiently, in that approximately 607 less hydrogen is
consumed than with THQ addition, and yet dipropylamine
addition results in greater <coal conversion, as shown

previously in Figure 1l4.

Light Gas Production

Figure 44 shows the light gas production as a function
of nitrogen compound addition and reaction severity for
bituminous coal conversion with hydrogen feed gas. For both
THQ (N1) and dipropylamine (N2) addition, light gas
production increases drastically at high severity

conditions. When dipropylamine (N2) is used, hydrocarbon gas
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production 1is tremendous, and is likely the result of
thermal cracking of the dipropylamine to produce propylene
and propane. This possibility is evident in the product gas
analysis where the C components account for 6.6 moleZ of
the gases at high sevzrity conditions, whereas when THQ (N1)
is used at high severity conditions, C components account
for only 0.1 moleZ. ’

Figure 45 shows a similar effect when the reaction gas
is varied with bituminous coal conversion at low severity
conditions. When THQ (N1) is used, the light gas yield is
relatively independent of feed gas, whereas with
dipropylamine (N2) addition 1light gas yield increased
significantly wunder a hydrogen atmosphere. This effect 1is
likely the result of increased hydrogen availability to

thermally cracked radicals of dipropylamine under a hydrogen

atmosphere.

Effect of Reaction Conditions on Product Quality

Tables A-3 and A-4 in Appendix A summarize the measured
nitrogen, hydrogen and carbon contents of THF insoluble
residues and 455°C+ THF soluble residuum samples. Figures 46
through 50 show the carbon/hydrogen (C/H) mass ratio as a
function of THF coal conversion for these products. These

results indicate that the C/H ratio for bituminous <coal-



Teo) snoutwnitg 6 A¥onjusy Ioy PIaTL sey IY31T €)
- 1D @2yl uo sen paag pue uoTlTppy punodwo) usB0IITN T[O9POW JO 2293JJ9 :G¥# 2in8t1y

109

spg pesj/punodwo) usbosyiN jopoiy

ZH/2ZN 02/¢2N ZH/IN 02/IN

0 VO e
]

9°0
— L0
— 80
— 6°0

—- 11

— €l
- ¥l
— G'L
suopjipuo) AjusAeg mol - 9°L
ot |[oo) snouiwnyg | ;4

{
(joeo dvW 6 00L/6) pI1®A 8OO €0 — LD

gl

T-3447



suoT3dei] 32Npolg +),GGH 2TqnToS

2 AHL Pu® WOI 2T4NTOSUI JHL I0J SeH Pdd4 (D UITM TeO) sSnoutwniig
- 6 £3onjusy Jo uOTSIdBAUO) JO UBIXY *SA oTley ssep ud8oiphf/uoqie) :9y 2in8ty
uoisisAuo) |po) JH1 % Iybiam
08 0L 09 0G 0)7% 0% 0c¢ Ol 0
] ] | ] 1 ] ] 0
IO AADBH pea4 e
oo ped4 v
(s1gnjos  JH1) wnnpisay 4+ GG © -7
491D 9|qnjosul JHL v
suoljipuo) AjusAsg Mmo7
s09 QO / 00D snoujwnyg 4
O
N
g L
A
O-~-O-——-———-——~ - o ---9, 2
@)
3
-0l 2
)]
2
\Y \V/ —Cl
\Y%
I V2 V- — = V- — — _ YVl
~ \V/ B 4
~
3 \VAAY
e 91



111

T-3447

SuoTiId®14 1I90p0ig +),GG% ITANTOS JHL
pue [OI °Tqniosul JH]L 10JF ‘sen poaog usB0IpAH YITM T[BOD SNOUTWNITY
6 £>3don3jusy JO UOTSISAUO) JO JUdIXY °SA O0Tley ssep uadoiphy/uoqie) :/y 2indty

UOISIBAUOY) |DOD JHL % 1ybiom

08 0L 09 0G 0)% 0% 0c Ol 0
] ] | | | ] ] -0
110 AApsH pesj e
IDO) ped4 v
(s19nj0S 4H1) wnnpisay 49 GGy © A
49D 8[qnjosuj JHL v
suonIpuo] AjuaAsg Mo
sp9 usboupAy / [poy snoujwnyig .
O
N
-9 L
A
||||||||||||||||| 9 a
-0l 3
)
2
—Cl
\V/
Ve e e e e e s s s m -y |
\V/ 4




T-3447 112

derived THF insoluble matter is essentially independent of
coal conversion extent, reaction gas atmosphere, and
concentration of nitrogen compound. This occurrence is due
to the small extent of product upgrading at the low severity
conditions.

The other observation is that the C/H ratio for the
455°C+ THF soluble samples is also relatively independent of
coal conversion, reaction gas atmosphere, and concentration
of nitrogen compound. These results suggest that any coal
conversion occurring under these reaction conditions 1is
likely ©being upgraded only to the level that it becomes
soluble in THF or, to a much lesser extent, cyclohexane
(CHX).

Figures 48 and 49 indicate that a slight degree of
hydrogen wupgrading of the THF insoluble matter occurs as
coal conversion increases when processing Wyodak
subbituminous coal under both feed gas atmospheres. However,
the 455°C+ product C/H ratio is essentially independent of

coal conversion extent and reaction gas atmosphere.

Figure 50 indicates that under high severity
conditions, with the Dbituminous <coal wunder a hydrogen
atmosphere, there 1is a degree of coking occurring which

increases the C/H ratio of the THF insoluble matter. Again

the 455°C+ product composition is essentially unchanged.
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Nitrogen Balance Results

Table VI presents available nitrogen balance data for
selected runs. A comprehensive balance was completed for one
experimental run (G-39) in order to determine the precision
6f the nitrogen balance data. Total recovery of nitrogen in
this run totaled approximately 102 wtZ. The data in Table VI
show the effect of varying reaction severity, reaction gas,
and coal rank on nitrogen distribution among various
products during THQ (N1) addition. The indication is that
depending upon the process variable changed, there is a
shift in the nitrogen content of individual product
fractions. However, since 1little data was gathered, no

definite conclusions are warranted.

Effect of Model Nitrogen Compound Steric Hindrance

The model nitrogen compounds used in this thesis
consisted of a wide «cross section of electronic and
structural properties. Included were aliphatic amines,

heterocyclic amines which behaved as aliphatics, and 1large
polyaromatic heterocycles. Previous work (27,30,42) has
indicated that, as the nitrogen compound becomes more bulky
with substituents lying in a lateral plane to the nitrogen
or in close proximety to the nitrogen, the compound tends to

adduct more. This study has demonstrated a complex
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relationship Dbetween nitrogen compound basicity, steric
factor, and coal conversion.

The concept of steric hindrance and coal rank is Dbest
shown with the compound 4-piperidinopyridine (N5). In this
study the compound was used during bituminous coal co-
processing, which resulted in a low coal conversion of 17.4
wtZ, and the highest observed level of incorporation into
THF insoluble matter. However, Miller (28) used the same
compound with a Wyodak subbituminous coal and demonstrated
approximately 98 wtZ coal conversion with minimal apparent
incorporation. The inference is that coal rank and the
steric hindrance inherent in the coal structure play an
important role in the catalytic effectiveness of the model
nitrogen compounds. The indication is that subbituminous
coal has a much more open structure than bituminous coal,

which is what Larsen and Lee (42) also demonstrated.
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CONCLUSIONS

The objective of this work was to investigate the
catalytic effect of several representative model nitrogen
compounds in a low severity co-processing environment. The
conclusions drawn from this work are:

1. Dipropylamine provided the greatest increase in coal
conversion for both Kentucky 9 bituminous and Wyodak
subbituminous <coals with both hydrogen and CO feed gas at
all low severity reaction conditions studied. THQ (1,2,3,4-
tetrahydroquinoline) provided the next best conversions
under éimilar reaction conditions.

2. Dipropylamine is the best low severity promoter, of
those studied, for co-processing, providing the highest coal
conversion with the least amount of nitrogen incorporation
into the IOM and 455°C+ residual products. However,
dipropylamine addition also results in higher CO consumption
and higher light gas yield, compared with THQ addition.

3. The direct measurement of the nitrogen content in
the THF (Tetrahydrofuran) insoluble matter (IOM) can be used
to monitor the relative nitrogen incorporation of different
nitrogen compounds at a fixed set of reaction condition.

4, Incorporation of model nitrogen compound occurs
primarily into the THF insoluble matter (IOM) rather than

the 455°C+ THF soluble residual product.



T-3447 120

5. A correlation was developed between the extent of
Kentucky 9 bituminous coal low severity conversion and model
nitrogen compound aqueous pK value.

6. A higher degree bof incorporation of THQ was
inferred at higher severity reaction conditions.

7. Dipropylamine demonstrates high efficiency in the
conversion of Wyodak subbituminous coal with hydrogen feed
gas resulting in greater coal conversion and less hydrogen
consumption compared with THQ addition. However, at the same
reaction conditions dipropylamine also results in very high
incorporation of nitrogen into the IOM.

8. At low severity reaction conditions the carbon/
hydrogen mass ratio for Kentucky 9 bituminous coal-derived
THF insoluble matter and 455°C+ residuum product is
essentially independent of coal conversion extent, feed gas,
and concentration of model nitrogen compound.

9. The extent of coal wupgrading at 1low severity
reaction conditions is only to the degree of producing THF
soluble products with very little production of cyclohexane
soluble products.

10. The extent of upgrading of A-8 Cold Lake atmospheric
residuum at low severity reaction conditions appears to Dbe

negligible.
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11. Coal conversion is a function of <coal rank, feed
gas and the concentration of model nitrogen compound
addition.

12, Carbon monoxide feed gas significantly improves
conversion of Wyodak subbituminous coal compared to using
hydrogen feed gas.

13. Coal <conversions with Wyodak subbituminous <coal
were considerably lower than with Kentucky 9 bituminous
coal under identical operating conditions. This observation
is 1likely due to the Wyodak coal having a much lower
reactivity.

14, Wyodak subbituminous coal <conversion 1is more
dependent on the type of feed gas used than Kentucky 9

bituminous coal.
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RECOMMENDATIONS

The completion of this work has led to several specific
recommendations:

1. In order to obtain accurate liquid yield results, a
larger reactor product mass is required. To accomplish this
either a larger reactor must be used to allow a 1larger
reactant charge, or the existing reactor must contain a
larger amount of reactants and must bé modified to provide a
sufficiently large gas reservoir for an adequate hydrogen
gas supply.

‘2. Since dipropylamine worked well, other aliphatic
amines such as diethylamine, etc. should be investigated.

3. Since the major factor which will enable widespread
use of model nitrogen compounds is the ability to separate
the compound from the co-processing products and recycle it
to the reactor, an 1increased effort must be placed on

devising methods to achieve this result.
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APPENDIX A

Experimental Data
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Table A-1l: Yield and Conversion Results For Experimental
Co-Processing Runs Using Hydrogen Gas

Run G8 G9 G2 29
Coal B B B B
Heavy 0il A8 A8 A8 A8
Nitrogen Compound - N1 N2 N1
Solvent - -— - -

Yields (wtZ% MAF Coal)

Co, Co02 .84 .71 1.32 5.26
Cl1 - C3 .22 .24 1.56 .33
H2S 0 .51 0 0

Water - - .62 1.06
C4 - 455°C 13.23 (13.62) .10 3.79
455°C+ .35 51.36 72.36 60.24
IOM + MM 85.71 61.23 24.90 29.87
Total 100.35 100.43 100.86 100.55
H2 Consumption 0.35 0.43 0.86 0.55

Yields (wtZ MAF Coal & 455°C+ Heavy 0il)

co, COo2 .30 .30 .56 2.24
Cl - C3 .08 .10 .67 .14
H2S 0 .22 0 0
Water - -— .26 .45
C4 - 455°C 4,71 (5.74) .04 1.62
455°C+ 64.53 79.51 88.21 83.03
IOM + MM 30.50 25.79 10.62 12.75
Total 100.12 100.18 100.36 100.23
H2 Consumption 0.12 0.18 0.36 0.23

THF Conversion 14.3 38.8 75.3 70.3
(MAF Coal Basis)
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Table A-1: Yield and Conversion Results For Experimental
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Co-Processing Runs Using Hydrogen Gas (cont'd)

Run

Coal

Heavy 0il
Nitrogen Compound
Solvent

Yields (wt% MAF Coal)

co, CO2

Cl - C3
H2S

Water

C4 - 455°C
455°C+

IOM + MM
Total

H2 Consumption

Yields (wt% MAF Coal & 455°C+ Heavy 0il)

G30 G31

B B

A8 A8

- N3
4,06 2.03
.05 .42
.32 .15
.74 .67
(9.75) 1.08
28.77 68.73
76.21 27 .86
100.40 100.94
0.40 0.94

CO, CO2

Cl - C3
H2S

Water

C4 - 455°C
455°C+

IOM + MM
Total

H2Z Consumption

THF Conversion
(MAF Coal Basis)

1.73 .86
.02 .18
.14 .06
.32 .29

(4.16) .46
69 .59 86.71
32.54 11.84
100.18 100. 40
0.18 0.40
23.9 72.3
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Table A-1: Yield and Conversion Results For Experimental
Co-Processing Runs Using Hydrogen Gas (cont'd)

Run 34 G39

Coal B B
Heavy 01il A8 A8
Nitrogen Compound N2 N1
Solvent -— -

Yields (wt%Z MAF Coal)

co, CO2 1.53 2.06
Cl1 - C3 15.40 5.96
H2S . - .65
Water .62 9.49
C4 - 455°C 77 .85 47 .71
455°C+ (12.33) 28.73
IOM + MM 19.25 6.84
Total 102.32 101.44
H2 Consumption 2.32 1.44

Yields (wtZ MAF Coal & 455°C+ Heavy 0il)

Cco, CO02 .65 .88
Cl - C3 6.55 2.55
H2S 0 .28
Water .26 4.05
C4 - 455°C 33.11 20.36
455°C+ 52.23 69 .58
IOM + MM 8.19 2.92
Total 100.99 100.62
H2 Consumption 0.99 0.62
THF Conversion 80.9 93.2

(MAF Coal Basis)
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Table A-1: Yield and Conversion Results For Experimental
Co-Processing Runs Using Hydrogen Gas (cont'd)

Run G32 33 G42
Coal S S S
Heavy 0il A8 A8 A8
Nitrogen Compound N2 N2 -

Solvent - - -

Yields (wt%Z MAF Coal)

co, COo2 1.70 4,39 6.17
Cl - C3 .96 .04 .05
H2S 0 0 0

Water (1.63) (1.27) 2.35
C4 - 455°C 5.77 (4.42) 20.17
455°C+ 31.22 22.74 (31.21)
IOM + MM 62.10 78 .83 102.44
Total 100.12 100.31 99,97
H2 Consumption 0.12 0.31 (0.03)

Yields (wtZ MAF Coal & 455°C+ Heavy 0il)

Cco, C02 .70 1.79 2.12
Cl - C3 .39 .02 .02
H2S 0 0 0

Water (0.67) (0.52) .81
C4 - 455°C 2.37 (1.81) 6.92
455°C+ 71.78 68.42 55.00
IOM + MM 25.48 32.22 35.13
Total 100.05 100.12 100.00
H2 Consumption 0.05 0.12 0.0

THF Conversion 40.2 23.4 1.6

(MAF Coal Basis)
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Table A-2: Yield and Conversion Results For Experimental
Co-Processing Runs Using Carbon Monoxide Gas

Run 10 11 12 13
Coal B B B B
Heavy 0il A8 A8 A8 A8
Nitrogen Compound -— -— N4 N5
Solvent -- -- - -

Yields (wt%Z MAF Coal)

Co2 27.19 4.28 36.85 28.15
H2 .69 .06 .52 . 48
Cl - C3 .04 .08 .05 .14
H2S .62 .33 0 .59
Water (16.18) 14.64 10.13 3.92 -
C4 - 455°C 7.35 11.15 (26.77) (33.93)
455°C+ 14.00 (19.10) 33.88 35.95
IOM + MM 83.59 90.31 68.79 82.61
Total 117.30 101.75 123.45 117.91
CO Consumption 17.30 1.75 23.45 17.91

Yields (wtZ MAF Coal & 455°C+ Heavy 0il)

C02 9.71 1.52 15.67 11.86
H2 .25 .02 .22 .20
Cl - C3 .01 .03 .02 .06
H2S .22 .12 0 .25
Water (5.78) 5.19 4,31 1.65
C4 - 455°C 2.62 3.95 (11.38) (14.29)
455°C+ 69.29 57.82 71.88 73.02
IOM + MM 29.85 31.99 29.25 34.80
Total 106.17 100.64 109,97 107.55
CO Consumption 6.17 0.64 9.97 7.55
THF Conversion 16.4 9.7 31.2 17.4

(MAF Coal Basis)
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Table A-2: Yield and Conversion Results For Experimental
Co-Processing Runs Using Carbon Monoxide Gas (cont'd)

Run Gl4 15 Gl 20
Coal B B B B
Heavy 0il A8 A8 A8 A8
Nitrogen Compound N1 N6 N2 N3
Solvent - -— -— -—
Yields (wtZ MAF Coal)

Cco2 16.51 43.12 25.70 17 .40
H2 .30 .13 .23 .14
Cl - C3 .06 .29 .67 .24
H2S .68 2.07 0 .74
Water (7.96) (18.22) (10.75) (7.21)
C4 - 455°C (11.92) (7.44) (4.66) .03
455°C+ 67.74 55.21 73.52 42 .82
IOM + MM 44 .61 52.28 31.64 56.90
Total 110.02 127.44 116.35 111.06
CO Consumption 10.02 27 .44 16.35 11.06
Yields (wt% MAF Coal & 455°C+ Heavy 0il)

C02 6.80 18.37 10.84 7.37
H2 .12 .06 .10 .06
Cl - C3 .03 .12 .28 .10
H2S .28 .88 0 .31
Water (3.28) (7.76) (4.54) (3.05)
C4 - 455°C (4.91) (3.17) (1.97) .01
455°C+ 86.71 80.92 88.83 75.78
IOM + MM 18.38 22.27 13.35 24.10
Total 104.13 111.69 106.89 104.68
CO Consumption 4.13 11.69 6.89 4.68
THF Conversion 55.4 47 .7 69.5 44 .3

(MAF Coal Basis)
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Table A-2: Yield and Conversion Results For Experimental
Co-Processing Runs Using Carbon Monoxide Gas (cont'd)

Run 26 35
Coal B B
Heavy 0il A8 A8
Nitrogen Compound N7 N1
Solvent - -

Yields (wtZ MAF Coal)

Cc02 13.71 24,13
H2 .10 .51
Cl - C3 .05 .83
H2S .52 0

Water 10.36 (5.09)
C4 - 455°C (35.84) (2.49)
455°C+ 49 .55 56.75
IOM + MM 70.28 40.71
Total 108.73 115.35
CO Consumption 8.73 15.35

Yields (wt%Z MAF Coal & 455°C+ Heavy 0il)

Cco2 5.79 10.31
H2 .04 .22
Cl - C3 .02 .36
H2S .22 0

Water 4,37 (2.17)
C4 - 455°C (15.12) (1.07)
455°C+ 78.72 81.52
IOM + MM 29.65 17.40
Total 103.69 106.57
CO Consumption 3.69 6.57
THF Conversion 30.9 59.4

(MAF Coal Basis)
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Table A-2: Yield and Conversion Results For Experimental
Co-Processing Runs Using Carbon Monoxide Gas (cont'd)

Run 38 G40
Coal B B
Heavy 0il A8 A8
Nitrogen Compound N1 N2
Solvent - -

Yields (wt7Z MAF Coal)

C02 12.36 16.36
H2 .23 .34
Cl - C3 .03 .45
H2S .25 .16
Water .88 (14.98)
C4 - 455°C (1.38) (1.89)
455°C+ 41.61 65.46
IOM + MM 53.66 44 .51
Total 107.64 110.41
CO Consumption 7.64 10.41

Yields (wt% MAF Coal & 455°C+ Heavy 0il)

C02 4.73 6.28
H2 .09 .13
Cl - C3 .01 .17
H2S .10 06
Water .34 (5.75)
C4 - 455°C (0.53) (0.72)
455°C+ 77 .66 86.74
IOM + MM 20.53 17.09
Total 102.93 104.00
CO Consumption 2.93 4,00
THF Conversion 46.3 55.2

(MAF Coal Basis)
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Table A-2: Yield and Conversion Results For Experimental
Co-Processing Runs Using Carbon Monoxide Gas (cont'd)

Run 36 G37 G4l
Coal S S S
Heavy 0il A8 A8 A8
Nitrogen Compound N1 N2 --
Solvent -- - --
Yields (wt% MAF Coal)

CO2 16.46 21.39 17.04
H2 .14 .23 .07
Cl - C3 .04 .70 .04
H2S 0 0 0
Water (9.99) (0.60) (24.85)
C4 - 455°C (13.75) 16.85 81.26
455°C+ 44,22 26.57 (18.17)
IOM + MM 73.37 48.47 50.26
Total 110.49 113.61 105.65
CO Consumption 10.49 13.61 5.65
Yields (wt%Z MAF Coal & 455°C+ Heavy 0il)

Co2 6.93 8.86 5.87
H2 .06 .09 .02
Cl - C3 .02 .29 .01
H2S 0 0 0
Water (4.21) (0.25) (8.56)
C4 - 455°C (5.79) 6.98 28.00
455°C+ 76.52 69.58 59.28
IOM + MM 30.89 20.08 17.32
Total 104 .42 105.63 101.94
CO Consumption 4.42 5.63 1.94
THF Conversion 28.9 53.8 21.5

(MAF Coal Basis)
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Table A-2: Yield and Conversion Results For Experimental
Co-Processing Runs Using Carbon Monoxide Gas (cont'd)

Run Gl6 17 G18
Coal B - S
Heavy 0il - A8 -
Nitrogen Compound - - -
Solvent ---1-METHYLNAPHTHALENE---

Yields (wt% MAF Coal & 455°C+ Heavy 0il)

C0o2 15.18 .67 14,18
H2 .11 .03 .06
Cl - C3 .14 0 .06
H2S .07 0 0
Water 2.44 (18.89) (3.01)
C4 - 455°C (10.82) 12.41 (5.77)
455°C+ 46 .89 102.65 5.36
IOM + MM 55.66 0 94.86
Total 109.66 96.87 105.74
CO Consumption 9.66 (3.13) 5.74
THF Conversion 44.3 -——— 8.8

(MAF Coal Basis)
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Table A-3: Summary of Average Elemental Analyses of
THF Insoluble Residues (weight %)

Experimental Run %N pAY ZH C/H Ratio
Unprocessed

Kentucky 9 Coal 1.70 68.05 4.68 14.54
THF Insoluble .

Kentucky 9 Coal 1.73 64.02 4,37 14.65
Unprocessed ‘
Wyoming Coal 1.21 59.19 3.99 14.83
G-10 1.41 53.48 3.80 14.07
G-11 1.63 64 .77 4.39 14.75
G-12 2.42 59.63 4.83 12.35
G-13 2.84 64.10 4,96 12.92
G-14 1.50 50.41 3.66 13.77
G-15 1.76 66.58 4.35 15.31
G-19 1.41 35.29 2.88 12.25
G-20 1.89 63.04 4.14 15.23
G-26 1.77 61.02 4,30 14.19
G-28 1.51 42.61 3.07 13.88
G-29 1.22 48.89 3.32 14.73
G-30 1.73 68 .38 5.21 13.12
G-31 1.28 43,47 2.92 14.89
G-32 2.83 58.62 4.47 13.11
G-33 1.56 52.38 3.49 15.01
G-34 1.97 52.93 2.93 18.06
G-35 1.03 33.34 2.34 14.25
G-36 1.76 56.42 3.94 14 .32
G-37 1.84 47.53 3.39 14.02
G-38 1.50 58.88 4,30 13.69
G-39 0.77 26.31 1.48 17.78
G-40 1.60 59.38 4,54 13.08
G-41 1.24 65.30 4.20 15.55
G-42 1.14 64.12 4,03 15.91

G-39 (unextracted
centrifuge residue) 2.28 72.53 6.71 10.82
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Table A-4: Summary of Average Elemental Analyses of
455°C+ Residuum (weight %)

Experimental Run %N %C %ZH C/H Ratio
G-10 0.75 81.46 10.90 7.47
G-13 0.70 90.64 11.93 7.60
G-14 0.70 88.60 11.58 7.65
G-19 0.74 87.10 11.41 7.63
G-28 0.77 88.20 11.20 7.88
G-29 0.64 86.20 11.47 7.52
G-31 0.67 88.72 12.04 7.37
G-32 0.92 85.00 11.35 7.49
G-35 0.59 87.03 11.69 7.44
G-36 0.71 84.93 9.56 8.88
G-39 1.05 88.11 10.78 8.18
G-40 0.60 90.41 12.18 7.42
G-41 0.53 88.70 11.76 7.54
G-42 0.44 83.67 11.15 7.50

A8 Unprocessed
Heavy 0il 0.43 89.35 12.40 7.21
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Table A-6: 7 of Total Nitrogen in THF Insoluble Matter

Run Total Nitrogen N in THF In- % of Total
Charged (g) solubles (g) N in THF
Insolubles

G~10 0.51 0.24 47.1

G-11 0.51 0.29 57.8
G-12 2.15 0.35 16.2
G-13 2.18 0.48 22.0
G-14 1.50 0.14 9.6
G-15 1.14 0.20 17.6
G-19 1.81 0.11 5.9
G-20 1.25 0.23 18.4
G-26 1.31 0.26 19.6
G-28 1.90 0.10 5.2
G-29. 1.55 0.09 5.9
G-30 1.23 0.27 22.2
G-31 1.53 0.09 5.9
G-32 1.75 0.37 21.4
G-33 1.42 0.25 17.6
G-34 1.88 0.11 5.8
G-35 1.52 0.10 6.4
G-36 1.46 0.28 19.1
G-37 1.76 0.21 11.7
G-38 0.95 0.18 18.7
G-39 1.43 0.02 1.4
G-40 1.07 0.16 15.2
G-41 0.41 0.20 50.0
G-42 0.41 0.22 54.8

¥%*calculations based on the following:
a) subbituminous coal 7ZN: 1.21
b) bituminous coal 7ZN: 1.70
c) A8 petroleum oil ZN: 0.43
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Table A-7: 7 of Total Nitrogen in 455°C+ THF Soluble

Residuum
Run Total ‘Nitrogen N in 455°C+ % of Total
Charged (g) Residuum (g) N in 455°C+
Residuum
G-10 0.51 0.20 39.0
G-13 2.18 0.14 6.4
G-14 1.50 0.13 8.9
G-19 1.81 0.15 8.5
G-28 1.90 0.17 9.2
G-29 1.55 0.14 8.9
G-32 1.75 0.17 9.9
G-35 1.52 0.12 7.9
G-39 1.43 0.23 16.1
G-40 1.07 0.15 14.3
G-41 0.41 0.13 31.7
G-42 0.41 0.11 26.2

*¥¥calculations based on the following:
a) subbituminous coal 7ZN: 1.21
b) bituminous coal 7%N: 1.70
c) A8 petroleum oil 7ZN: 0.43
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APPENDIX B

Material Balances and Coal Conversion
Sample Calculations
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Material Balances and Coal Conversion

Sample Calculation For Run G-19

a) Reactor Mass Balance

total reactants charged to reactor 84,36 g
toluene added to reactor 63.92 g
Total Mass In 148.28 ¢
gas recovered 14.10 g
calculated CO2 solubility 1loss 2.27 g
distillate & residue recovered 125.37 g
Total Mass Out 141.74 g
mass loss (148.28 - 141.74) 6.54 g
distillate & residue recovered 125.37 g
Adjusted Reactor Effluent 131.91 g
b) Centrifuge Mass Balance
adjusted mass charged to centrifuge 131.91 g
toluene added 16.68 g
Total Mass In 148.59 ¢
recovered residue 41.78 g
recovered distillate 96.10 ¢
toluene evaporation 0.80 g
Total Mass Out 138.68 g
mass loss (148.59 - 138.68) 9.91 ¢
adjusted recovered residue 44,78 g*
adjusted recovered distillate 103.01 g#**
Adjusted Mass Out 147.79
plus toluene evaporation 0.80
Adjusted total 148.59 g
where: *: 41.78+[(9.91x41.78)/(41.78+96.10)] = 44,78
*%*: 96.10+[(9.91x96.10)/(41.78496.10)] = 103.01
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c) Distillation Fractions

multiply adjusted recovered distillateby the
corresponding fraction recovered in the distillation
procedure:

water .0258x103.01 = 2.66 g

(toluene & IBP-177°C) .7005x103.01 = 72.16 g

177-260°C .0078x103.01 = 0.80 g

260-344°C .0109x103.01 = 1.12 g

344-455°C .0540x103.01 = 5.56 g

455°C+ .2010x103.01 = 20.71 g

Total 103.01 ¢

Total (IBP-455°C) 79.64 g

d) Soxhlet Extraction of 455°C+

455°C+ 20.71 ¢
CHX soluble: (1-.043)x20.71 * 19.82 g
THF soluble: (1-.0004)x(20.71-19.82) ** 0.88

THF insoluble (by difference) 0.01 g

where: * CHX insoluble is 4.37%
##% THF insoluble is 047

e) Total CHX Soluble Distillate

IBP-455°C 79.64 g

CHX soluble 455°C+ 19.82 g
Total CHX soluble distillate 99.46 g

f) Residue Extractions

Data

recovered residue 41.78 g

adjusted recovered residue 44.78 g

water in recovered residue 5.17 g

% CHX soluble 547

% THF soluble 837%

total IBP-455°C 79.64 g
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total CHX soluble distillate 99.46 g
455°C+ CHX soluble from distillation 19.82 g

Calculations

water in adjusted residue:
(44.78/41.78)}(5.17 = 5.54 g

total CHX soluble (plus water):

44 .,78x0.54 = 24,18 g
CHX soluble residue:
24,18-5.54 = 18.64 g
CHX soluble(attributed to 455°C-):
18.64x(79.64/99.46) = 14.93 g
CHX soluble (attributed to 455°C+):
18.64x(19.82/99.46) = 3.71 g
THF soluble(CHX insoluble):
’ .83x(44.78)-(24.18) = 12.99 g
IOM + MM:
44 ,78-12.99-24.18 = 7.61 g
g) Coal Conversion
Data
MAF coal 17.74 g
coal charged 20.00 ¢
IOM from distillation extraction 0.01 ¢
IOM from residue extraction 7.61 g
Calculation

THF coal conversion:
(20.00-.01-7.61)/17.74x100 = 69.87%
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APPENDIX C

Calculated Nitrogen Adduction
Sample Calculation
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Calculated Nitrogen Adduction

Sample Calculation for Run G-19

Data

grams coal charged
grams A8 oil charged
grams dipropylamine charged

grams 455°C+ THF
grams 455°C+ THF
grams distillate

wt.% nitrogen
wt.%Z nitrogen
wt.% nitrogen
wt.%Z nitrogen
wt.% nitrogen

in
in
in
in
in

(due to coal &

molecular weight

Calculations

insolubles
solubles

coal

A8 oil

455°C+ THF insolubles
455°C+ THF solubles
distillate

A8 alone)

of dipropylamine

nitrogen in reactants
(coal + A8 + dipropylamine)

nitrogen in products
(455°C+ THF solubles & insolubles)

nitrogen in distillate

(1.81 - 0.39)

nitrogen in distilate due
to coal and A8 alone
(22.96 x .00069)

nitrogen contribution
from dipropylamine (1.42 - 0.016)

basic nitrogen compound

in distillate

(1.41 x 101.19 / 14)

% adduction of basic nitrogen compound
[(9.7 - 10.2)/ 9.7] x 100

149

20.0
30.2
9.7
7.67
37.35
22.96
1.70
0.43
1.41
0.069

101.19

0.016 g

1.41 g

10.21 g

(5.23)7%



