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ABSTRACT

An extensive research program was conducted to ascertain ways to improve o0il
yields and process economics of direct coal liquefaction. The effects of
removing heteroatoms from the solvent, pretreating coal by several techniques
(including solvent extraction, oxidation, grinding, and ijon exchange), and
beneficiating coal by removing mineral species were investigated in both
catalytic and noncatalytic coal liquefaction reactions. Additionally,
fundamental studies were carried out to exp]afn the role of heterocatoms in
catalytic coal liquefaction. The effects of process variables, catalysts and
mode of catalyst addition, solvent properties, and recycle -of SRC on o1l
production and coal conversion.were also studied.

In both catalytic and noncatalytic coal liquefaction, o031 production improved
signifﬁcant1y when basic nitrogen compounds, phenols, or both types of |
compounds were removed. Adding model nitrogen compounds and heteroatoms that
had been previously removed from the solvent back to modified solvent
significantly reduced oil yield in catalytic coal liguefaction.

Several metal catalysts 1ike iron, nickel, and molybdenum catalyzed the coal
tiquefaction reaction, whereas lead, zinc, and copper were detrimental.
Combinations of catalysts 1ike iron and molybdenum yielded more o0ils than

individual metals alone.

In both catalytic and noncatalytic liquefaction experiments, coals that had
been pretreated by extraction with a mixture of beﬁzene and ethanol yielded
significantly more o1l than nonextracted coals. Grinding of coal in air and
preoxidation of coal were extremely detrimental to coal iiquefaction in
original solvent, but the severity of negative effects was reduced
considerably by u§1ng modified solvent. 1Ion exchange of raw and preoxidized
coal did enhance o1l yield, but the enhancement was much more pronounced with
the raw coal. Deep cleaning of coal was extremely detrimental to noncatalytic

xitd



coal liquefaction, whereas it did not cause any change in catalytic
liquefaction. However, when compared on the same-weight basis, deep-cleaned
(beneficiated) coal showed higher 0il yield and recovery of products than raw

coal in catalytic coal liquefaction.

Recycle of SRC significantly increased oil yield in noncatalytic coal
liquefaction, but it dramatically decreased coal conversion. In catalytic
coal liquefaction, recycle of SRC significantly increased oil yield without
severely hurting coal conversion.

Xiv
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SUMMARY

This is the final report on work conducted for the Department of Energy under
Contract No. DE-AC22-B2PC50003, entitled "Evaluation of the Effect of Solvent
Modification and Coal Pretreatment and Beneficiation on Liquefaction." This
contract with Air Products and Chemicals, Inc. included subcontracts with
Auburn and Pennsylvania State Universities to prov1dé technical support in
understanding how the heterocatoms present in coal liguefaction solvent, the
catalysts, and pretreatment and beneficiation of coal affect coal
Tiquefaction. The contract covered the period 1 October 1982 through 31 March
1985.

The overall objective of this program was to investigate options to enhance
0il yields as well as process economics in coal liquefaction., Studies yielded
significant results in the areas of the effects of solvent modification, '
catalyst selection, and coal pretreatment and beneficiation updn oil yield and
coal conversion. Because of the extensive amount of work conducted under this
contract, the overall conclusions of the program are discussed in greater
detail in the Program Synopsis. Some of the major findings of the program are
highlighted below.

. Treatment of process solvent with either anhydrous HC1 gas or silica
gel removed almost all the basic nitrogen compounds. However, the
removal of basic nitrogen compounds was also accompanied by more

than 50% removal of phenols.

. Treatment of process solvent with aqueous NaOH, basic alumina, and
zeolite removed more than 50% phenols. Rémova1 of phenolic
compounds was surprisingly not aécompan1ed by the removal of basic
nitrogen compounds. However, it did affect removal of some neutral

nitrogen compounds.

xvii



Sequential treatment of process solvent with anhydrous HC1 gas
followed by silica gel practically removed all the nitrogen
compounds (basic as well as nonbasic). It also resulted in removal

of more than 75% phenclic cdmpounds.

During noncatalytic liquefaction, solvent from which either basic
nitrogen compounds or phenols had been removed shuwed significantly
increased o1l yields in the tubing-bomb reactor. 1In addition, o0il
yield increased with an increase in the degree of heteroatoms
removal. However, no changes were noted in the larger scale
autoclave reactor.

In catalytic liguefaction of coal, removal of basic nitrogeﬁ
compounds or phenols or both significantly increased oil yield both
in small tubing-bomb and large autoclave reactors.

The highest o011 yleld was noted with the removal of maximum amounts
of both nitrogen bases and phenols from the solvent, in both
catalytic and noncatalytic coal liquefaction.

Although coal ¢onversion decreased considerably with the removal of
heteroatomic compounds in noncatalytic coal 1iquefaction, no
decrease was noted in catalytic coal Tiquefaction.

Use of hydrotreater solvent in noncatalytic liguefaction of coal
resulted in a significantly hﬁgher 011 yield compared to original
and treated solvents derived from SRC-1 operation. This {information
shows the importance of solvent properties in coal liquefaction.

Addition uf a tatdlyst to the reaction mixture containing
hydrotreater solvent did not show any marked improvement over

noncatalytic liquefaction.
Under noncatalytic coal liquefaction, trealment of a hydrotreater

solvent to remove heteroatomic compounds did not show any beneficial
effects, but the addition of a catalyst did improve oil yield.

xviii



Fundamental studies showed that the addition of model nitrogen
compounds to modified solvent significantly decreased o0il yjeld in
catalytic coal liquefaction. Addition of a phenolic compound
(B—haphtho]), however, did not show any negative effect,

Fundamental studies also showed that the readdition of heteroatomic
compounds that had been previously removed from the modified solvent

significantly reduced o1 yield.

Several metals like iron, nickel, and molybdenum increased oil yield
in the presence of original (untreated) solvent. However, the
increase in 011 yield was considerably higher with treated solvent,
indicating hindrance of the catalytic activity of these metals by

the heteroatomic compounds.

Several -inexpensive metals such as zinc, lead, copper, and cobalt
were detrimental to coal liquefaction.

Simultaneous use of an inexpensive metal 1ike iron and zinc and an
expensive one 1ike molybdenum significantly increased oil yield both
with original (untreated) and treated solvents.

In the presence of original (untreated) solvent, the activity of "
iron catalyst was independent of its concentration, provided it was
above 0.5% based on coal. However, its activity was very sensitive

to its concentration in the presence of modified solvent.

Molybdenum catalyst showed significantly higher oil yield and coéT
conversion when dispersed in the reaction mixture than when it was

impregnated on coal.

Although the extraction of small molecules from coal by benzene and
ethanol prior to liquefaction did not show any beneficial effects,
extraction with a mixture of benzene and ethanol significantly
increased o011 yield in catalytic and noncatalytic liquefaction in
the presence of both original (untreated) and treated snlvents.

xix



Extraction of coal with both citric ‘acid and coal-derived middle
distillate prior to liquefaction did not change oil yield in
subsequent coal liquefaction.

Mild oxidation of coal (oxygen uptake of up to 3%) was very
detrimental to both o0il yield and coal conversion in the presence of
original (untreated) solvent, but it did nnt alter either o0il yield
or conversion in the presence of modified solvent. Severe oxidation
of coal, however, was very detrimental to coal liquefaction
irregardless of solvent used.

Ion exchange of both raw and preoxidized coals significantly
increased 011 yield. However, lon-exchange treatment of oxidized
coal was not as effective in increasing oi1 yield as was ion
exchange of raw coal.

Grinding of coal in air or original (untreated) solvent before

Tiquefaction with original solvent was detrimental to coal
liquefaction. Grinding in modified solvent followed by liquefaction

{n the presence of madified solvent had 11ttle effect--either in

noncatalytic or catalytic ligquefaction.

Grinding in the presence of ethanol was extremely detrimental, but
grinding in toluene did enhance oil yield.

In noncatalytic coal liquefaction, removal of iron-bearing species
from coal was extremely detrimental to liquefaction in the presence
of both original (untreated) and modified solvents.

In catalytic liquefaction, removal of iron-bearing species showed no
¢lear advantage over raw coal in both tubing-bomb and auluilave

reactors.
Beneficiated coal showed considerably higher 011 yield and recovery

of net production in catalytic liquefaction than raw coal when the
data were compared on the same-weight basis.

XX



Recycling SRC in noncatalytic coal liquefaction significantly
increased oil yield with both original and treated solvents, but

overall coal conversion decreased dramatically.

IncreasTng the concentration of SRC recycTed to the reaction mixture
further increased oil yield and decreased coal conversion,
ﬁndﬁtating the 1imitations of SRC recycle in noncata]yt1;

Tiquefaction.

Recycling SRC in catalytic coal Tiquefaction significantly increased
01l yield with both original and treated solvents wifhout severely
hurting the Tlevel of coal conversion. An increase in 0il yield,
however, was higher with treated solvent than original solvent.

xxi
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OBJECTIVES

The objective of this research program was to investigate various ways to

enhance coal liquefaction o011 .yields as well as overall process economics.

Various new approaches such as removal of heteroatoms from the process

solvent, selection of the optimal catalyst or catalyst combination, and coal

pretreatment and beneficiation were studied to determine their effect on o031

yield and coal conversion. 1In addition, fundamental studies were performed to

explore the role of heteroatoms in coal liquefaction.

The research program was divided into six major tasks, each consi§tﬁng of

several subtasks. An outline of the program is given below:

1.

Prepére detailed program plan for Department of'Energy's‘review and

approval.

‘Review existing published papers and patents in related areas.

Select method for the removal of heteroatoms and prepare modified solvent

samples.

Evaluate the effect of solvent modification on catalytic and noncatalytic

" coal liquefaction.

Pretreat and beneficiate various coal samples, and evaluate the effect of

coal pretreatment and beneficiation on liquefaction.

Select the most promising results from tasks 3 to 5 and verify them in a
large-scale 300-mL semicontinuous autoclave system.

xxiii
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DEFINITIONS OF VARIOUS LIQUEFACTION SOLVENTS

Various terms used throughout'this report to describe the different

liquefaction solvents used are defined below:

. Starting liguefaction solvent: Liquefaction solvent generated from
Kentucky #9 coal at the wilsonvflle Advanced Coal Liquefaction Féci]ﬁty
(WACLF) under standard SRC-I process conditions; used to establish
baseline data for Kentucky #9 coal.

. Base liquefaction solvent: Liquefaction solvent generated from I11inois
#6 coal at the WACLF under standard SRC-I conditions, and from which
pentane-insoluble material was extracted; used to establish baseline data -

for I11inois #6 coal.

. Treated or modified liquefaction solvent: Liquefaction solvent samples
prepared by treating either the starting or base Tiquefaction solvent to

remove nitrogen bases or phenols or both.

. Hydrotreater solvent: Liquefaction solvent generated by hydrotreating

SRC in a catalytic hydrocracker at the WACLF.

. Modified hydrotreater solvent: Liquefaction solvent prepared by treating
the hydrotreater solvent to remove nitrogen bases and phenols.
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I. PROGRAM SYNQPSIS

Extensive research has been conducted on a variety of éoa] liquefaction
processes, bocth noncatalytic and catalytic, to develop the design data base
needed for future commercialization. The primary goal of all the liquefaction
processes 1is prbduction of high o0i1 yieﬁd with minimum hydrogen consumption.
High 011 yield has generally been achieved by using either severé reaction
conditions, supported catalysts 1ike Co-Mo-Al, or a two-stage liquefaction
concept. When severe reaction conditions are used, high 0il1 yield is obtained
at the expense of high hydrocarbon gas production and, concomitantly, high
.hydrogen consumption, which makes the liquefaction process economically
unattractive. Supported catalysts also enhance oil yield, but in addition to
being expensive these catalysts are deactivated very rapidly by minerals
present in the coal and by coke formed during the liquefaction reaction.
Therefore, to maintain both high catalyst activity and oil production, fresh
catalyst has to be added and the spent catalyst withdrawn at an alarming rate,

making the use of supported catalysts also uneconomical.

In an attempt to solve the problem of high catalyst replacement rate and
thereby high catalyst cost, some researchers proposed a two-stage coal
liquefaction concept in which coal was liquefied in the absence of a catalyst
in the first stage. The liquefied product was then deashed before being
subjected to further conversion in the second stage in the presence of a
supported catalyst. The processing of deashed coal was supposed to reduce the
cata]yét deactﬁvation rate; unfortunately, 1t did not make a significant

difference.

A number of other alternatives have also been proposed to enhance o1l yield.
without causing catalyst deactivation and increasing process economics.
Several inexpensive coal minerals such as pyrite and expensive metal catalysts
like mo]ybdenum at very low concentrations have been reported to increase oil
yield, and to be active even at less severe reaction conditions. However. the
increase in o1l yleld with both inexpensive mineral catalysts and expensive
metal catalysts is nowhere near that reported in the literature with supported

catalysts.



In a coal liquefaction reaction, the molecules of coal are believed to rupture
thermally, producing free radicals. These free radicals are either quenched
by the hydrogen donated by the process solvent or polymerized to produce

coke. Therefore, 1ﬁquefa;tﬁoh performance depends greatly on the nature and
“type of sojvent used in the procesé. If the solvent has enough capacity to
guickly supply all the hydrogen neéded to the free radicals, the process will
be very efficient. Sufficient capacity can be achieved in two ways: by using
either an excessive amount of solvent or a very high solvent-to-coal ratio

(using high internal recycle of process solvent).

The use of a high solvent-to-coal ratio necessitates large feactors and
provides low throughput, which is undesirable. However, this problem can be
resolved by using a solvent that can be rehydrogenated within the ligucfaction
reactor, which allows it to donate more hydrogen. Therefore, the function of
an efficient process solvenf is twofold: (1) to donate hydrogen to coal free
radicals and (2) to pick up hydrogen from the gas phase. In other words, in
any coal liquefaction process, hydrogen is transferred from gas phase to
1iquid phase and then from liquid phase to coal free radicals.

Research has shown that transfer of hydrogen between these phases and
ultimately to free radicals can be enhanced by adding the inexpensive mineral
catalysts and expensive metal catalysts mentioned previously. Also, the
presence of heteroatoms such as nitrogen and oxygen compounds in the liquid
phase (solvent) has been shown to hinder the transfer of hydrogen from gas to
1iquid phase even in the presence of a catalyst. Therefore, hydrogen transfe
could conceivably be significantly enhanfed by removing the heteroatomic
compounds from the solvent. This would undoubtedly improve the overall
1iquefaction reaction. Furthermore, other 1iterature reports indicatc that
pretreating and cleaning coals before liquefaction will influence their
liquefaction behavior to varying degfees.

The experimental program conducted by Air Products and Chemicals, Inc. and
reported on herein was designed to corroborate some of these reported claims
in an attempt to definitively identify ways to improve coal liquefaction
ylelds. The main objective of our research was to investigate how heteroator



affect o1l yield in catalytic and noncatalytic coal liquefaction. 1In
addition, we examined other options to improve yields such as -coal

pretreatment and beneficiation.

Before beginning any experimental work, a detailed program plan was prepared
and submitted to the Department of Energy for their approval. In add1f1dn, an
extensive literature search encompassing published papers and paténts was
performed in the areas of (1) treatment of process solvent to remove
heteroatomic constituents, (2) effect of removal of heteroatomic constituents
from process solvent upon coal liquefaction, (3) effect of catalysts and their
forms upon 11quefatt1on, (4) techniques to pretreat and beneficiate coal, and
(5) effect of coaﬁ pretreatment and beneficiation on coal liquefaction.
Details on both the program plan and 11t¢rature review can be found in reports

submitted earlier under this program (see references 1 and 2).

Because the programs encompassed three different but equally significant areas
of coal liquefaction, Air Products subcontracted some of the research to
Auburn University in Auburn, Alabama and to Pennsylvania State University,
University Park, Pennsylvania. Auburn assisted Air Products in determining
the role of heteroatoms and selecting the optimal catalyst or catalyst
combination for liquefaction, while Penn State studied coal benefication, and

beneficiated. a number of coal samples for liquefaction testing.

Most of the work during this program was conducted using I1linois #6 coal from.
the Burning Star mine and SRC-I process solvent derived from the same coal
during runs at the Wilsonville Advanced Coal Liquefaction Facility (WACLF) in
Wilsonville, Alabama. Some tests were also conducted on Kentucky #9 coal from
the Fies mine, again with process solvent derived from the same type of coal.
Both coals are from the Western Kentucky Region and are low in ash and pyrite,
but high in organic sulfur. They were selected primarily because they have
been extensively examined at the Wilsonville plant and because corresponding

solvents were available.

Research focused on six major areas, and the results reported herein are

structured correspondingly. The studies are as follows:



. Solvent Modification: Process solvents derived from both I11inois #6 and

Kentucky #9 coals and from the WACLF hydrotreater were modified in

several ways to remove hetercatoms.

. Effect of Solvent Modification on Liquefaction: The effects of modified

process solvents on catalytic and noncatalytic liquefaction of I1linois
#6 and Kentucky #9 coals were studied. Before studying the effects of
the modified solvents, extensive baseline data were established, both
with and without catalysts.

. Catalyst Selection: Various metal catalysts in several forms (dispersed

or impregnated) were tested to compare their effect on the coal
liquefaction reaction.

. Coal Pretreatment and Beneficiation: 11linois #6 coals were pretreated

by four different methods (solvent extract1on,'ox1dation, fon exchange,
or pulverization) or deep-washed (beneficiated) and then liquefied with
both original (untreated) and modified solvents, with and without
catalyst, to determine the effect of coal pretreatment and beneficiation

upon liquefaction.

. Scale-up Studies: Since all the experiments conducted in the preceding

portions of the program were carried out in a small tubing-bomb reactor,
a scaled-up 300-mL semicontinuous autoclave reactor was constructed and
used in Tiquefaction testing to verify the earlier findings.

B Exploratory Studies: Finally, a series of tests was performed to
ascertain the optimal reaction conditions and catalyst for coal
T4quefaction, and to determine the effects of recycling SRC during

reaction.

A brief synopsis of each study is presented below.

SOLVENT MODIFICATION

Since the presence of heteroatoms in solvents can hinder their effectiveness
during liquefaction, extensive experiments were conducted to remove such
compounds and then test the modified solvents during liquefaction.



Two process solvents derived from the liquefaction of I11inois #6 and
Kentucky #9 coals in the SRC-I mode at the WACLF were selected for the study.
Process solvent from the SRC hydrptreater was also studied because of its high

hydrogen and low heteroatom content.

Treatment of Solvent Derived from 11linols #6 Coal

Since the starting liquefaction solvent derived from I1linois #6 coal at
Wilsonville was produced when 1ight SRC was recycled in the plant, it
contained some SRC. Therefore, this solvent was extracted with pentane to
separate out the SRC. The pentane-soluble portion, called base liquefaction
solvent, was used for the treatment (heteroatom removal) and subsequent |

liquefaction studies.

The base liquefaction solvent was treated in several ways to remove nitrogen
bases and/or phenols to evaluate the effect of heteroatom removal. Nitrogen
compounds were significantly removed (>75% removal of total nitrogen content)
by treatment with anhydrous hydrochloric acid 6r silica gel, but this was
accompanied by 25-40% removal of oxygen. These figures correspond to almost
complete removal of nitrogen as basic nitrogen compounds and more than 50%
oxygen as pheno]ic compounds. Significant amounts of phenolic components
(>50%) were removed by treatment with aqueous NaOH, basic alumina, and
zeolite. The removal of oxygen compounds (phenolics) was also accompanied by

partial removal of neutral nitrogen compounds, in the form of NH2.

Some- samples were also treated sequentially, to remove both basic nitrogen and
phenolic compounds. A sample pretreated with HC1 to remove nitrogen bases was
further treated with silica gel, and the NaOH-treated sample was further '
treated with HC1. 1In both cases, nitrogen compounds, basic and nonbasic, were
completely removed. In addition, the removal of oxygen as phenols was more
than 75% in both cases.

Other experiments that treated base liquefaction solvent with various clays
and solid adsorbents such as bentonite, kaolin, and porocel removed almost
none of the nitrogen and oxygen compounds. Attapulgus clay and syloid were
marginally effective in removing heteroatom compounds. 1In contrast, sepiolite
removed approximately 25 and 20% of the total nitrogen and oxygen content,
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respectively. Both acid washing and acid washing followed by activation by

heat treatment enhanced sepiolite's ability to remove hetercatoms. Treatment
of base liquefaction solvent with acidic alumina removed approximately 17% of
the total oxygen. 1Interestingly, no removal of nitrogen compounds was noted

with acidic alumina.

Trealment of Solvent Uerived from Kentucky #9 Coal

Like the treatment of I11inois #6 coal derived solvent, samples of starting
liquefaction solvent derived from Kentucky #9 coal were treated with both
silica gel and basic alumina Lu remuve nitrogen bases and phennls. Treatment
with basic alumina removed 39 and 16% of the total oxygen and nitrogen,
respectively, Silica gel, however, adsorbed more material, and‘removed much
more oxygen and nitrogen -- 48 and 73%, respectively,

Treatment of Hydrotreater Solvent

Hydrotreater solvent was generated by hydrotreating a mixture of process
solvent and SRC generated from 111inois #6 coal in a catalytic hydrocracker at
the WACLF. This solvent sample was treated with silica gel, which removed
only 30 and 50%, respectively, of the total oxygen and nitrogen compounds,
much less than that noted for silica gel treatment of SRC-I process solvent
derived from I1linois #6 and Kentﬂcky #9 coals.

EFFECT OF SOLVENT MODIFICATION ON LIQUEFACTION

Before determining the effect of so]veht modification, extensive baseline data
were generated with original, modified, and hydrotreater solvents. These
results were compared with data from the solvent modification liquefaction

experiments.

Establishing Baseline Data

The liquefaction behavior of I11inois #6 and Kentucky #9 coals was studied
both in the presence and absence of a catalyst to establish baseline data.
Solvent derived from the liquefaction of I11inois #6 coal in the SRC-I mode of
operation at the WACLF was used for the liquefaction testing of Il1linois #6
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coal to avoid any mismatch of coal and solvent. 1In some cases both
low-severity (solvent-to-coal rafio of 2:1, reaction time of 60 minutes,
initial hydrogen pressure of 850 piig at 25°C, reaction temperature of 425°C,
and agitation of 1,000 strokes per minute) and high-severity (solvent-to-coal
ratio of 1:1, reéctﬁon time of 60 minutes, initial hydrogen pressure of 1,200
psig at 25°C, reaction temperature of 440°C, and agitation of 1,000 strokes
per m1nute) reaction conditions were used to generate baseline date.

Liguefaction of I11inois #6 Coal with Base Liguefaction Solvent. Noncatalytic
Liquefaction: Base liquefaction solvent was used in noncatalytic liquefaction
of 111inois #6 coal under both low- and high-severity reaction conditions ina
50-mL tubing-bomb reactor to generate baseline data. Under low-severity
conditions, the oil yield was 12.5 wt %. Overall coal conversion, defined as
the material soluble in a mixture of 10% methanol in methy]ené chloride, was
82%. This value is low compared to over 90% reported at the WACLF. The coal

conversion values differ because we used a weak solvent (a mixture of 10%

methanol in methylene chloride) to determine conversion, whereas Wilsonville

used a strong (pyridine or cresol 0i11) solvent.

When the Tiquefaction conditions were changed from low severity to high
severity, oil yield increased from 12.5 to 29.2%, which was a remarkable
improvement. However, overall coal conversion decreased from 82 to 76.7%,
indicating an onset of retrograde reactions at high severity. The onset of
retrograde reactions was also evidenced by a significant increase in gas

production.

Catalytic Liguefaction: Base liquefaction solvent was also used in catalytic
liquefaction of I11inois #6 coal to establish baseline data. A catalyst
concentration of 500 ppm of molybdenum based on coal, added as molybdenum
octoate, was used for low-severity reaction, whereas only 250 ppm of
molybdenum was used for high-severity reaction. Molybdenum cata]yst‘was
selected because we had experience with it, and we did not want to delay the
program by waiting until the best catalyst was identified. Instead, catalyst
selection studies were initiated concurrently, the results of which are

discussed later in a separate section.



Under low-severity conditions, the addition of molybdenum catalyst increased
the 011 yield from 12.5 to 25.4%. Overall coal conversion also increased from
82 to 92%. SRC production decreased slightly with the addition of a

cata]yst. Apparently, the'pr1mary function of the catalyst is to increase
conversion of coal to SRC and of SRC to oil. Most interestingly, the
production of gases did not increase with catalyst addition.

Use of high-severity reaction conditions increased the o1l yield from 29 to
45%. 1In addition, overall coal conversion increased from 77 to 94% with the
addition of a catalyst, contrary to the onset of retrograde reactions in
noncatalytic liquefaction of 11116015 #6 coal at high-severity conditions.
The high coal conversion value indicates that retrograde reactions were
literally absent, confirming the importance of catalysts in coal liquefaction
reaction. '

Liquefaction of I11linois #6 Coal with Hydrotreater Solvent. Noncatalytic

4 Liquefaction: A hydrotreater solvent generated by hydroprocessing SRC derived
from I11inois #6 coal at WACLF was used to generate the baseline data. Only
high-severity reaction conditions were studied. Liquefaction resulted in an
0il yteld of 45%, considerably higher than that noted with base liquefaction
solvent under similar conditions. Overall conversion (=90%) was also
considerably higher. These increased yields were probably due to ane of tun
reasons: either much more hydrogen was available for reaction because the
hydrotreater solvent contained more hydrogen than base liquefaction solvent,
or the hydrotreater solvent contained much fewer heteroatomic compounds than
base liquefaction solvent. The latter reason tends to support our hypathesis
that 1iquefaction performance can be impraved hy removing heternatomic
compounds from the solvent. Although the data do not pinpoint the true cause
for improved liquefaction performance, they do clearly indicate the strong

influence of solvent properties on the liquefaction reaction.

Catalytic Liquefaction: Addition of a catalyst to the reaction mixture
containing I11inois #6 coal and hydrotreater solvent did not show any marked
improvements over noncatalytic liquefaction experiments. This was very
surprising because we had always noticed markedly improved liquefaction

performance previously upon catalyst addition.



Liquefaction of Kentucky #9 Coal with Starting Liquefaction Solvent.
Noncatalytic Liquefaction: Starting liquefaction solvent derived from SRC-I

lTiquefaction of Kentucky #9 coal at WACLF was used to generate baseline data.

Only low-severity reaction conditions were studied. Liquefaction resulted in
an 011 yield of 12.7%, which 'was very similar to that noted in the case of
I1114no0is #6 coal ligquefaction with base 11quefaction soivent. Overall coal
conversion was 74%, which was once again lower than that noted at WACLF. This
low conversion value is due to the use of weaker solvent for determining coal
conversion, as explained earlier in the I11inois #6 coal liquefaction

section.

on coal (as molybdenum octoate) increased the 031 yield from 12.7 to 17%.
Overall conversion increased from 75 to 85%. Increases in both o011 yield and
coal conversion were considerably lower than those noted with the addition of
catalyst in the liquefaction of I114inois #6 coal. The production of SRC
increased from 55 to 64%, which was opposite of that noted with I11inois #6
coal. During I1linois #6 coal liquefaction, catalyst addition increased
conversion of both coal and SRC to oil, whereas in Kentucky #9 coal
liquefaction, the catalyst increased only the conversion of coal, partly to

SRC and partly to oil.

The noncatalytic and caté]ytic baseline data generated from liquefaction of
I119nois #6 coal using base liquefaction and hydrotreater solvents and of
Kentucky #9 coal using starting liquefaction solvent were used as benchmarks
to compare results from subsequent runs with modified solvents.

Effect of Solvent Treatment on Liquefaction

Liquefaction of I11inods #6 Coal with Treated Base Liguefaction Solvent.
Noncatalytic_Liquefaction: Liquefaction experiments were conducted with base

liquefaction solvent treated with a mixture of silica gel and neutral alumina
under low-severity conditions and with anhydrous HC1 followed by silica gel
under buth luw- and high-severity reaction conditions. 1In all cases, 011



production was markedly higher with the treated solvents. It increased by
more than 60% at Tow severity, although, unfortunately, coal conversion also
decreased. We also found that the decrease in coal conversion depended on the
extent of heteroatoms removal; as more hetercatoms were removed, the coal
convérsion decreased correspondingly. Interestingly, under high-severity
reaction conditions, instead of decreasing with soivent treatment, coal
converston inctredased. Pruduclion of gases decreased with solvent treatment
under low-severity reaction conditions, but remained unchanged under
high-severity reaction conditions. These observations clearly indicate that
the removal of heteroatoms from the solvent enhances noncatalytic liquefaction
performance, especially o0i}l yield. )

Catalytic Liquefaction: Numerous solvents prepared by treating base
liquefaction solvent to remove either nitrogen bases (treatment with anhydrous
HC1 or silica gel) or phenols (treatment with NaOH, basi& alumina, or
Y-zeolite) or both nitrogen bases and phenols (treatment with anhydrous HC1
followed by silica) were used in catalytic liquefaction experiments to

determine the effect of solvent treatment on liquefaction.

Under low-severity reaction conditions and in the presence of 500 ppm of
molybdenum catalyst based on coal, the removal of nitrogen bases with either
anhydrous HC1 or silica gel dramatica]ly increased the oil yield from 25 to
38%. However, overall coal conversion was not greatly affected. Most of the
increase in 01l yleld came from increased conversion of SRC. Gas production
either decreased slightly or remained unchanged.

Likewise, under low-severity reaction conditions, the removal of phenols by
either basic alumina or Y-zeolite increased the o1l yield from 25 to 34%.
Again, coal conversion was not greatly affected by phenols removal, and the
increase in o011 yield came from increased conversion of SRC. Gas yield
deciined marginally. Base liquefaction solvent treated with NaOH to remove
phenols somehow was not as effective in improving liguefaction perfofmance as
the other two solvents just discussed.

Removal of both nitrogen bases and phenols from the solvent resulted in the
highest production of o1l under low-severity reaction conditions. Once again,
overall coal conversion was not greatly affected, and the added increase in
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03l yield came from increased conversion of SRC. Gas production declined
slightly. Under high-severity reaction conditions, the removal of both
nitrogen bases and phenols from the solvent increased oil yield from 44 to
51%. Coal conversion and gas production, however, were not greatly affected.
Again, the increased o011 yield came from improved conversion of SRC.

Overall, our data clearly indicate that the removal of heteroatoms
significantly enhances catalytic liquefaction performance, especially the oil

yield.

Liquefaction of Il1linois #6 Coal with Treated Hydrotreater Solvent. When
modified hydrotreater solvent was used during noncatalytic liquefaction of
I111inois #6 coal under high-severity reaction conditions, yields did not

improve noticeably, probably because treatment had only mafg\na]ly removed the
nitrogen compounds and phenols. When used during catalytic 1iquefaction of -
I11inois #6 coal, the 01l yield did increase and coal converston improved

-slightly. However, the magnitude was small.

Liquefaction of Kentucky #9 Coal with Treated Starting Liquefaction Solvent.
Liquefaction tests of the modified solvents prepared by treating starting

liquefaction solvent with either basic alumina or silica gel were conducted
only with a catalyst under low-severity reaction conditions. Removal of
heteroatoms from the solvent WSth basic alumina increased the 011 yield from
16 to 31%. However, the 011 yield increased further when more heteroatoms
were removed {with silica gel). 1In both cases, coal conversion increased
s1ightly with heteroatoms removal, and the increase in o011 yield was attained
at the expense of both increased SRC and coal conversion.

Fundamental Studies Related to Solvent Modification. To support our findings
about the beneficial effect of removing heteroatoms from process solvent and
to better understand the role of the heteroatoms, Auburn University performed

several fundamental experiments. Because of differences between the

tubing-bomb reactor design, reaction conditions, and solvent separation
procedures used at Auburn University and at Air Products, Auburn reestabliished
the baseline data for catalytic coal liquefaction with both base liquefaction
solvent (from I111inois #6 coal) and modified solvent (treated base
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Tiquefaction solvent with anhydrous HC1 followed by silica Qe]). As expected,
puburn also reported higher oil yield with modified solvent than with base

1iquefaction solvent.

Next, Auburn added several model nitrogen compounds typically found in
coal-derived solvents (quinoline, phenanthridine, and acridine) to modified
solvent to increase its total nitrogen content. 1In all cases, oil production
during catalytic coal liquefaction was inhibited by adding nitrogen compounds
and the decrease in-0il yield was inversely proportional to increases in the
total nitrogen content. Furthermore, Auburn tested the effect of adding a
representative oxygen compound (B-naphthol) to modified solvent to increase
its total oxygen content. Liquefaction results indicated nn change in oil
production by adding B-naphthol, but more work 1s needed to determine the
ettect of phenols (particularly those of high molecular weight).

The final experiment conducted by Auburn involved adding the heteroatomic
compounds that had been extracted from the base liguefaction solvent back to
the modified solvent. 031 production during subsequent liquefaction with this
reconstituted solvent was again reduced, further confirming the detrimental
effect of such polar compounds.

To further understand the role of such compounds, researchers studicd a simple
catalytic hydrogenation reaction system using phenanthrene as a model |
compound. They surmised that heteroatomic compounds, especially nitrogen
compounds, severely 1imit hydrogen transfer from the gas to liquild phase,
resulting in hydrogen starvation,

CATALYST SELECTION

Metal catalysts play an important role during coal liquefaction. Our
Tiquefaction experiments consistently showed that adding molybdenum improved
o1l yields. However, the cost of the catalyst can strongly influence the
economic feasibility of the process, and the form in which it is used can
affect its activity. Hence, catalyst selection tests were performed to
determine the best catalyst and the form in which it should be used for coal

Tiquefaction.
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Auburn University carried out a number of experiments to test the activity of
various metals such as molybdenum, cobalt, nickel, copper, lead, zinc, and
jron using base liquefaction solvent. These metals were impregnated on coal

and tested.individually and in comb1natﬁon with other metals.

The experimental data revealed that molybdenum, nickel, and iron catalyzed the
coal liquefaction reaction, whereas zinc, lead, copper, and cobalt did not.

At a concentration of 250-ppm metal based on coal, molybdenum catalyst was
more active than n1cké1 and 1 wt % iron. A combination of a cheap metal like
iron or zinc and an expensive metal such as molybdenum resulted in ‘
significantly higher o0il1 yields compared to individual metals alone.

Since molybdenum and iron catalysts impregnated on coa) displayed good
catalytic activity in coa1'1ﬁquefact1on with base liquefaction solvent, the
catalytic activity of these two metals impregnated on coal was tested at Air
Products using modified solvent. Both iron and molybdenum catalysts showed
higher o0il yield with modified solvent than base liquefaction solvent,
indicating that the catalytic activity of the metals was hindered by the
heteroatoms present in the base liquefaction solvent. Furthermore, the o0il
yield increased by increasing the concentration of iron metal, which is
contrary to the results noted with base liquefaction solvent. 3

When molybdenum was dispersed in the reaction mixture by using oil-soluble
molybdenum octoate, it showed much higher activity both in terms of o1l yield
~and coal conversion than when it was impregnated on coal. Therefore, the
“method of applying the catalyst is very important in coal liguefaction. Since
dispersed catalysts are more active than impregnated catalysts, the amount of
catalyst required could be reduced considerably. However, the relative costs
of achieving dispersion (1.e., cost of oil-soluble metal compared to
water-soluble catalyst) must be weighed against the total amount of catalyst
required for sufficient activity in making a selection for commercial

operation.
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COAL PRETREATMENT AND BENEFICIATION

Several coal pretreatment and beneficiation methods were also studied during
this program to determine their effect on liquefaction yield under varying
operating conditions. Most of the bretreatment work was carried out by Air
Products, while Pennsylvania State University carried out all the coal
beneticiation experiments. A1l the pretreated coals and raw coal samples were
liquefied with base liquefaction and modified solvents, in the presence and
absence of a slurry catalyst, to evaluate their liguefaction behavior.

Solvent Extraction

Solvent extraction of coal prior to liquefaction removes either small
molecules or moisture from the coal, opening up pore space that can then be
filled with process solvent capable of donating hydrogen. Several extraction
experiments were conducted: wusing benzene and ethanol, either séparate]y or
as 8 mixture; treating coal with middle distillate solvent first and then
extracting with either methylene chloride or benzene/ethanol; and extracting
with c¢itric acid to remove cations and exchangable sodium and calcium metals.

Noncatalytic liquefaction of I11inois #6 coal extracted with a mixture of

benzene and ethanol showed a significantly increased overall o1l yield. 1In
contrast, treatment with middle distillate and citric acid extraction either
d1d not affect or even detrimentally affected the product distribution from

coal Yigquefaction.

Several solvent-extracted I11inois #6 coal samples were aiso liquefied at
low-severity reaction conditions in the presence of molybdenum catalyst. The
coal samples extracted with a mixture 6f benzene and ethanol showed a
noticeable increase in oil production. Extraction may have removed occluded
material and replaced it with hydrogen-donor solvent, thus improving coal
liquefaction. Also, extraction may have replaced moisture at the surface with
alcohol or benzene, which would alter the coal's reactivity. Extraction with
citric acid did not affept the liquefaction behavior of coal using 500-ppm Mo
catalyst and either base liquefaction solvent or modified solvent.
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Oxidation

Several experiments were conducted to determine the effect of natural or
induced oxidation, which makes the coal more refractive and increases the
~amount of oxygen compounds that poison catalysts. Oxidation was achieved by
exposing coal samples to air-1n a fluidized bed reactor or by treatment with
hydrogen peroxide or sulfuric acid. Samples were prepared representing

several levels of oxidation and weight gain.

As expected, liquefaction of oxidized coa} ﬁn the presence of original
(untreated) solvent resulted in considerable decreases in both o0it yield and
conversion. On the contrary, the air-oxidation technique, with oxygen uptake
of up to 3%, did not alter the product distribution in the presence of
modified solvent; the same optimal o0il yields obtained with nonoxid1zed coal
and modified solvent were achieved. However, the use of strong oxidizing
agents such as sulfuric acid and hydrogen peroxide had a severe detrimental
effect on 011 production, which dropped by almost 80%.

The ajr-oxidation results from these experiments are particularly interesting
because they suggest that oxidized coal can be liquefied without normal loss
of 011 production by using modified solvent rather than original or base
liquefaction solvent as conventionally used. Use of modified solvent would
avoid the need for complicated preparation and coal-handliing systems designed

to minimize oxidation.

Cation Exchange

Several experiments were conducted to determine whether 6ata1yt1c activity
could be improved by using ion exchange to molecularly disperse catalysts deep
within the coal structure. Both raw and preoxidized coal samples were

tested. Oxidation was expected to produce the functional groups that are not
normally present in bituminous coals needed to complex the metal catalysts.

Selected coals were slurried with dilute salt solutions to effect ion exchange
of Ca2+, Na+, F92+, or Fe3+._'For the most part, we found that mild
air oxidation of I11inois #6 coal produced only a minor fraction of metal

adsorption sites relative to the large amount of oxygen incorporated.
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I111inois #6 coal was also ground in the presence of coal-derived solvents and
liquefied at various temperatures. Grinding in base liquefaction solvent at
low temperature decreased oils compared to baseline runs, while use of '
modified solvent had little effect at all. Grinding also had little effect

during cataJYtic liquefaction.

Increasing the temperature during grinding to 170°C had 1ittle effect on o0il
production or coal conversion in'both noncatalytic and catalytic liquefaction
runs. Grinding in the presence of hydrogen rather than helium increased oil
production from 34 to 40%. Other runs in which 1% Fe was added to a catalyst
batch further increased oil yield to about 45%.

Grinding was also performed in the presence of alcohols such as ethanol and
toluene. The results were compared with helium baseline experiments.

Grinding in alcohol had significant detrimental effects on 011 production, but
grinding in toluene increased o1l production from 34 to about 42%. These
improvements were still short of liquefaction of untreated coal in a similar

environment.

Finally, the use of toluene to grind coal in the presence of molybdenum
hexacarbonyl resulted in significantly higher o011 production upon liquefaction
using modified solvent compared to the 011 yield obtained by grinding coal in
modified solvent containing either oi1-soluble molybdenum catalyst or
molybdenum added as molybdenum hexacarbonyl.

Beneficiation

Pennsylvania State University beneficiated a freshly acquired sample of
1111no1s'#6 coal using float sink and Diester Table techniques to yield
samples containing varying amounts of ash, pyritic sulfur, and total iron.
Removal of certain detrimental inorganic species was expected to improve coal
liquefaction, while removal of catalytic iron-bearing minerals was expected to

adversely affect results.
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In noncatalytic coal liquefaction, removal of the mineral matter, particularly
iron-bearing species, was found to be extremely detrimental to liquefaction.
However, the addition of a slurry catalyst nullified the detrimental effects
of coal beneficiation -- neither the o011 yield nor coal conversion changed
significantly. Nevertheless, even though beneficiation by itself does not
appear worthwhile in terms of improving the liquefaction yields, it on]d helg
reduce the solids loading during actual plant operation and minimize
subsequent solid handling steps.

SCALE-UP STUDIES

The experimental results generated throughout most of this program indicated
Lhat solvent moditication improved oil production in both noncatalytic and
catalytic coal liquefaction. However, these results were obtained in a small
tubing-bomb reactor, and researchers were not sure whether the same effects
would be noted under scaled-up conditions. Therefore, a larger 300-mL
semicontinuous reactor system was designed and used to test liquefaction of
I114nois #6 coal with both original and modified solvents, with and without
catalyst.

Using modified solvent in noncatalytic liquefaction marginally improved oil
yields and coal conversion compared to the base liquefaction solvent, in
contrast to the results obtained in the tubing-bomb reactor.

The yields noted during catalytic liquefaction clearly showed the benefit of
using modified solvent, substantiating what we had ohserved with the
tubing-bomb reactor. ‘

Deep-cleaned or beneficiated I1linois #6 coal was also liquefied in the
autoc lave reactor, with and without catalyst and with both original and
modified solvents. Noncatalytic liquefaction with base liquefaction
(nontreated) solvent resulted in a net loss of o1l yield, confirming the
results noted in the tubing-bomb reactor. Runs with modified solvent
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increased oil production and lowered SRC production. VYields from catalyzed
liquefaction runs in the scaled-up reactor also paralleled the results noted

in the tubing-bomb runs.

With regard to oil yield and coal cohversﬁon, use of beneficiated coal again
showed no clear advanfage over raw (untreated) coal. However, advantages of
coal beneficiation became clear when the results were compared on the same
weight basis. Beneficated coal yielded more o1l and net products than raw
coal. 1In addition, coal beneficiation reduced the production of liquefaction
residue. This would decrease the 1oa§ on the solid/liquid separator and

improve its efficiency.

EXPLORATORY STUDIES

The final portion of this program consisted of several exploratory experiments
designed to increase o011 production beyond that already achieved. Studies

focused on finding the optimum reaction conditions, finding the best catalyst
or combination of catalysts, and studying the effect of recycling unconverted

SRC.

Optimum Reaction Conditions

Since we know that the activity of dispersed molybdenum was greater than that
of impregnated molybdenum and equivalent to that of iron, we searched for
optimum reaction conditions ysﬁng molybdenum in the dispersed form. Reaction
variables studied were reaction temperature, residence time, initial hydrogen
pressure, solvent-to-coal ratio, and catalyst concentration. Selection of the
best reaction conditions was based on increased oil yield and overall coal
conversion and decreased gas yield. Detailed study resulted in selection of
the following conditions: 440°C reaction temperature, 60-min residence time,
1,200-psig initial hydrogen pressure, 1,000 strokes per minute agitation rate,
solvent-to-coal ratio of 1:1, and molybdenum catalyst concentration of 250 ppm

based on coal.
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Optimum Catalyst

In an attempt to further increase oil production, the activities of nickel and
iron were tested using modified base liquefaction solvent and the optima]
reaction conditions. Metal combinations were also examined to see whether 0%l
yield could be increased or catalyst cost reduced.

Results showed that nickel would not be beneficial, but either iron or
molybdenum would be suitable and selection should be based on cost. The
combination of 125-ppm Mo with 0.5% Fe was as good as 250-ppm Mo alone.

One can conclude that the o011 yield and coal conversion obtained with 250-ppm

Mo are close to the maximum obtainable. However, combining catalysts can
improve 011 yield and coal conversion somewhat, so that ultimate selection

| should be based on the best economics.

Effect of SRC Recycle

Since recycling light SRC had been reported to significantly improve the
liquefaction performance of coals at the WACLF, several SRC recycle
experiments were performed to evaluate its effects on liquefaction using both
base liquefaction and modified solvents in the presence and absence of

catalysts.

Recycling SRC in noncatalytic coal liquefaction significantly increased oil
yield with both base liquefaction and modified solvents. However, coal
conversion decreased considerably. Increasing the level of SRC recycle in the
reaction mixture further increased o1l yield with both solvents, but the
increase in o011 yield was much greater with base liquefaction solvent than
with modified solvent. However, overall coal conversion further decreased
with an inerease in the level of SRC recycle; the decrease in conversion was

dramatic with modified solvent.
Recycling SRC in ratalytic coal liquefaction significantly increased vll yleld

with both base Tiquefaction and modified solvents. Unlike the dramatic
decrease in coal conversion with SRC recycle in noncatalytic liguefaction,
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coal conversion decreased marginally in the presence of a catalyst. In fact,
an increase in catalyst concentration restored coal conversion to the level

/

noted without SRC recycle.
The benefits of SRC recycle were clearly demonstrated by the dramatic increase
in 0il yield--to as much as 70% of the product slate. However, this was

achieved only in the presence of a catalyst.

Recommendations for Further Investigation

In this program; several novel approaches were identified to increase oil
yield in coal liquefaction. However, the following work is needed to fully
understand their role and exploit their potential in coal liquefaction:

(1) Investigate solvent modﬁéication on a 1afge scale, and defermine its
effect upon steady-state catalytic and noncatalytic liquefaction.

(2) Investigate poisoning or hindrance of the catalytic activity of
individual metals or combinations of metals by heteroatomic

compounds at steady state.

(3) Investigate the effect of deep coal cleaning on catalytic
liquefaction in a pilot plant. Furthermore, investigate the effect
of recycling liquefaction residue containing spent catalyst upon

liquefaction.

(4) Investigate the effect of SRC recycle in catalytic liquefaction at
steady state.

(5) Investigate the overall economics of solvent modification, catalyst
application, deep coal cleaning, and SRC recycle to identify the

best mode of operation.

Patent Activity

A total of nine inventions were disclosed based upon the research conducted
¥ .
under this contract. Appendix 3 provides a compilation of all the Record of

Invention forms disclosed to the Department of Energy.
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I1. EXPERIMENTAL PROGRAM

COAL_FEEDSTOCKS

Coals from western Kentucky and I1linois (Kentucky #9 Fies and I1linois #6
Burning Star mines) were tested in this program. These two coals differ
significantly from coals in eastern Kentucky: 1in their inorganic (mineral)
composition; the functionality of elements such as hydrogen, sulfur, and
oxygen, the distribution of ion-exchange elements such as caicium and sodium;
their petrographic composition; and their coal rank.

Sémp]es of these two coals were supplied by the w11sonv111eAAdvanced Coal
Liquefaction Facility. As specified in the program plan, I11inois #6 coal was
tested extensively in the program, whereas Kentucky #9 coal was used to
provide supporting data. Detailed analyses of the coal samples (Table 1)
showed that they contained a significant amount of ash. The pyritic sulfur
content in both samples was typical of a western Kentucky coal. The samples

were crushed and sieved to -150 mesh before use.

PROCESS SOLVENTS

One of the key factors in the development of a coal liquefaction process is
solvent self-sufficiency. Coal 11quefaétion solvents derived from coal,
petroleum, and tar sands can all be used for starting up an operation. During
liquefaction, the start-up solvent is then slowly fep]aéed by solvent material
generated from the feed cudl during the process, so that the concentration of
coal-derived process solvent increases with the number of recycle passes. At
steady state, the recycle solvent will be completely derived from the coal
used in the plant. Because each coal type 1s unique and has a different
Tiquefaction behavior, it is preferable to study coal liquefaction using a
process-derived solvent generated at steady state from the same coal type.

Therefore, in order to avoid a mismatch of solvents and coals, liquefaction

testing of the two coals studied in this program was conducted with solvents
that had been generated from steady-state operation of the Wilsonville plant
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ANALYSIS OF COAL SAMPLES

wt %

Kentucky #9

I1linois #6

Proximate analysis
Moisture
Ash
Volatile
Fixed carbon

Ultimate analysis
C
H
0 (by difference)
N
S
Cl

Distribution of sulfur
Total sulfur
Pyrite sulfur
Sulfate sulfur

Organic sulfur

2.30

.40
.09
.63
.40
.10
.18

O W — ~d W -

.10
.82
.20
.08

N O W

68.
.96
.93
.38
.23
.07

Cc wWw -~ o

N O = W

.54
10.
37.
49 .

46
56
44

43

.23
.09
.00
.14
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under standard SRC-1 process conditions using either I11linois #6 or Kentucky
#9 coal. Detailed analyses of the two starting liquefaction solvents are
presented in Table 2. Both samples contained considerable amounts of
heteroatom (nitrogen qnd oxygen) compouhds. Starting liquefaction solvent
derived from I11inois #6 coal also contéined a large amount of
pentane-insoluble material such as SRC (13.0 wt %), which was due to the
recycle of LSRC (light solvent-refined coal) to the dissolver stage at
"Wilsonville. However, starting liquefaction solvent derived from Kentucky #9
coal contained an insignificant amount of pentane-insoluble material.

Pentane-insoluble material not only complicates the treatment of liquefaction
solvent, but also makes interpretation of coal liquefaction data very
difficult. Therefore, this material was removed from the I11inois #6 coal
derived starting liquefaction solvent by pentane extraction, and the resulting
pentane-soluble product was used as the base liquefaction solvent for this
program. Both the pentane solubles and insolubles recovered from the
extraction were analyzed. As summarized in Table 3, the analyses revealed
that pentane extraction was effective in segregating the high heteroatom-
containing compounds, namely the SRC-type material present in the starting
liquefaction solvent, into the raffinate. The pentane-soluble 0ils of the
extracted product revealed a reduction in oxygen and nitrogen content of 32

and 35%, respectively.

PR CESS‘SOLVENT FROM SRC HYDROTREATER

Process solvent from a hydrotreater typically contains more than 8.5%
hydrogen. The aromatic compounds present in the hydrotreater are
predominantly paraffins and cycloparaffins, which are thought to be poorl
hydrogen donors. Hydrotreater process solvent, however, contains less than
1 wt % poisonous heterocatoms. Therefore, the hydrotreater solvent presented
an opportunity to determine the effect of poisonous heteroatoms during both
thermal and catalytic coal liquefaction reactions. It was also instrumental

in determining the rd]e of cycloparaffins in coal liquefaction.
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TABLE 2

ANALYSIS OF STARTING LIQUEFACTION SOLVENTS

Kentucky #9

wt %

I11inois #6

Solvent separationa
0i1l
SRC
Insoluble organic material (IOM)

Element
- Carbon
Hydrogen
Oxygen
Nitrogen
Sulfur

98.0
1.8
0.2

86.49
8.64
3.18
0.84
0.62

aOﬁ] - pentané solubles’

SRC - pentane insolubles, methylene chloride/methanol solubles

10M - methylene chloride/methanol insolubles
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0.7

86.56
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3.31
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TABLE 3

PENTANE EXTRACTION OF STARTING LIQUEFACTION

§OLVENT.DERIVED‘FROM ILLINOIS #6 COAL

Starting
liquefaction wt %
_ ___ Element solvent Solubles Insolubles
Carbon 86.56 ~ 88.02 * 80.59
Hydrogen 8.06 8.57 6.83
Oxygen 3.31 ' 2.25 (32)a 6.89
Nitrogen 1.03 0.67 (35) , 2.10
Sulfur ' 0.68 0.62 -1.07

aNumbers in parentheses are weight percent reduction upon extraction.
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The hydrotreater solvent used in liquefaction experiments was generated by
hydrotreating a mixture of process solvent and SRC in a catalytic hydrocracker
at Wilsonville. This sample contained no appreciable amount of
pentane-insoluble material such as SRC. The detailed analysis of hydrotreater

solvent is presented in Table 4.

SOLVENT-REFINED COAL (SRC)

Several samples of SRC were generated in various catalytic and noncatalytic
liquefaction experiments in a tqbﬁng-bomb'reactor using base 1iquefactioh and
modified solvents. These samples were then recycled to study their effect on
catalytic and noncafa1ytic liquefaction. A sample of SRC generated in a
noncatalytic liquefaction experiment with base liquefaction solvent was
recycled only to a liguefaction run involving no catalyst and base
liquefaction solvent. A similar procedure was followed with other SRC samples
to prevent a mismatch of samples. '

CATALYSTS

An 0i11-soluble molybdenum compound, molybdenum octoate, containing 8 wt %
molybdenum as free metal was obtained from Shepard Chemical Company,
Cincinnati, Ohio. A number of other oil-soluble metal catalysts such as
nickel octoate, iron naphthenate, and zinc naphthenate were acquired from
Mooney Chemicals, Columbus, Ohio, and tested in the program for their
catalytic activity. Ammonium molybdate was received from Climax Molybdenum
Company, Greenwich, Connecticut. Other catalysts such as iron sulfate, zinc
sulfate, nickel nitrate, and cobalt nitrate were supplied by Fisher Scientific
Company, Fair Lawn, New Jersey. |
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 ANALYSIS OF. HYDROTREATER SOLVENT

wt %
Pentane solubles 100.0
Element .
Carbon } - 89.3
Hydrogen ' .7
"Oxygen .5
Nitrogen .5
Sulfur <0.1
Distribution of oxygen compounds
0as 0 : ' 0.35
0 as OH ' 0.15
Distribqtion of nitrogen compounds
N as N 0.16
N as NH 0.05
N as NH, 0.29

2
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EQUIPMENT DESCRIPTION

Tubing-Bomb Reactor

A 50-mL tubing-bomb reactor was designed and assembled at Air Products for
catalytic and noncatalytic coal liquefaction screening studies. The reactor
assembly is shown in Figure 1. A reaction mixture containing 3 g of coal, 6 g
of liquefaction solvent, and a predetermined amount of catalyst (if any)'was
used in most of the experiments. The reactor was pressurized with hydrogen to
850 psig at 25°C, leak-tested, and placed in a preheated fluidized sand bath.
Typirally, less than two minutes was required to heat the rcactor to reaction
temperature. The reactor was agitated at 1,000 strokes per minute with the
help of a variable-speed motor. Reactor temperature was maintained for a
specified time, after which the reactor was cooled by placing it in a water
bath. Product gases were collected and analyzed, and the slurry was
so1veht—separated to deierm1ne product distribution. A summary of the solvent
separation procedure is outlined in Appendix 1.

Semicontinuous Autoclave Reactor

A 300-mL semicdnt1nuous autoclave reactor was designed, built, and operated at
Air Products for scaled-up catalytic and noncatalytic coal liquefaction
studies. The unit was designed for a continuous flow of hydrogen to ensure
sufficient hydrogen supply for the reaction. The experimental setup is
11lustrated in Figure 2.

The reaction mixture for the liquefaction experiments consisted of 40 g of
coal, 60 g of liquefaction solvent, and a.predetermined amount of catalyst (if
any). The system was leak-tested with helium to 2,500 psig pressure at room
temperature. The system was depressurized and hydrogen flow was established
to thoroughly purge the system. The reactor was then pressurized with
hydrogen to 1,000 psig. The reactor heating was started at this point. The
reactor's pressure was raised to 2,000 psig when its temperature reached
250°C. The continuous flow of hydrogen was also initiated to ensure
avatlability of enough hydrogen for the reaction. The reactor was maintained
at the desired temperature for a specific length of time, after which the
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heaters were turned off and the hydrogen flow was d1s.c6ntinued. The product
gases were collected and analyzed, and the slurry was distilled to determine
the product distribution. The detailed operating and calculation proc:edures
" for the autoclave reactor are presented in Appendix 2.
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1I1. SOLVENT MODIFICATION

Samples of process solvents derived from I11inots #6 and Kentucky #9 coals
were tredtéd to remove nitrogen bases or phenols or both. A sample of
hydrotreater solvent was also treated to remove heteroatomic compounds.
Several methods wefe employed to treat the process solvent derived from
I111inois #6 coal, but only limited work was conducted to remove heteroatomic
compounds from both -the Kentucky #9 coal and hydrotreater solvents. In each
case, since the process solvents were soluble in n-pentane, it was used as a
diluent in experiments to remove thebnitrogen bases and phenols from the

process. solvent.

TREATMENT OF TLLINOIS #6 COAL DERIVED LIQUEFACTTON SOLVENT

Removal of Nitrogen Bases

To remove nitrogen bases, samples of the base 11quefa;t10n solvent were
treated with either anhydrous hydrochloric acid, silica gel, or a mixture of
50% silica gel/50% neutral alumina. The hydrochloric acid treatment was
performed by dissolving the base liquefaction solvent in pentane and bubbling
dry hydrogen chloride gas through it, which precipitated the hydrogen chloride
salts of the nitrogen bases from the solution. The 1iquid was then decanted,
neutralized with ammonia gas, and filtered, and the pentane was removed by

rotoevaporation.

In the other two treatments, namely, with s11ica'ge1 and a mixture of 50/50
s11ica gel and neutral alumina, the base liquefaction solvent was dissolved in
pentane and mixedeith an equé] weight of the solid adsorbent. The mixture
was decanted, the solid adsorbent was washed with additional pentane, dnd all
of the pentane was removed by rotoevaporation. The resulting material was

then used in subsequent liquefaction experiments.

The elemental analysis and distribution of nitrogen and oxygen in the products
from the solvent treatments are summarized in Table 5. From all three
procedures, approximately 80% of the original material was recovered. The
remaining 20% of the material either reacted with HCl or adsorbed,on silica
gel was not recovered. Treatment with HC1, silica gel, and silica gel/neutral
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. TABLE 5

SOLVENT TREATMENT TO REMOVE NITROGEN BASES
FROM BASE LIQUEFACTION SOLVENT

Treated solvents

Base Silica g
Tiquefaction HCY Silica neutra
solvent qas gel alimin
Treated solvent (wt % of base -- 82 80 83
liquefaction solvent)
Element
Carbon 88.02 88.78 89.14 . 89.25
Hydrogen 8.57 9.17 8.78 8.712
Oxygen 2.25 1.68 1.3 1.67
Nitrogen 0.67 0.16 0.08 0.14
Sulfur 0.62 0.69 0.69 0.63
Distribution of nitrogen compounds
N as N 0.28 no? ND ND
N as NH | 0.15 ND 0.02 0.08
N as NH2 ' 0.24 0.16 n.06 0.06
Distribution of ouxyyen compounds
0Das O 1.10 1.18 c.mv .- 1.20
0 as DH ' 1.15 0.50 0.60 0.47

aND - not detected
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76, 88, and 79% removal of total nitrogen, respectively. The near-infrared
(NIR) data show complete removal of basic nitrogen compounds (nitrogen as
quinoline) by HC1 and silica gei treafment. The nitrogen base removal was
accompanied by a corresponding removal of oxygen, namely, 25, 42, and 25%,
respect1ve]y; The reason for this simultaneous removal of nitrogen and oxygen
compounds is not understood. To understand why, more work is required to |
ascertain the true chemistry of the compounds that are removed and their

interaction.

Removal of Phenols

Samples of basehliquefaction solvent were also treated tn various ways to
remove the phenolic components. Aqueous sodium hydroxide treatment was
carried out by vigorously shaking a 10% solution of sgd1um'hydrox1de with a
sample of base liquefaction solvent dissolved in pentane. After standing, the
organic phase was separated from the aqueous phase and washed with distillied
water, after which the pentane was removed by rotoevaporation. Both basic
alumina and a Y-type zeolite (see Table 6 for detailed analysis) were used to
adsorb the phenols by mixing an equal weight of the adsorbent with base
liquefaction solvent dissolved in pentane. A pentane wash of the solid
adsorbent was added to the decanted liquid and the material rotoevaporated to

remove the pentane.

The results of the phenol removal experiments are presented in Table 7. The
amount of treated solvent recovered varied from 83 to 87% of the original
amount, which was slightly higher than that noted in the experiments to remove
nitrogen bases. Treatment with NaQH, basic alumina, and zeolite removed
approximately 24-25% total oxygen from the base ligquefaction solvent. There
was also removal of 10% nitrogen with NaOH, 13% with basic alumina, and 39%
with zeolite. The treatments did not remove basic nitrogen compounds
(nitrogen as quinoline) -- only NH2 compounds (Table 7). The NIR data
summarized in Table 7 show only a negl1g1bje removal of ethereal oxygen
compounds from the base liquefaction solvent. The removal of phenols was
highest with NaOH (61%) and lowest with zeolite (45%). '
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TABLE 6

ANALYSIS OF LINDE L7-Y82 zEOLITE®

» Weight %
510, 72.2
ALO, 22.8
Na20' 0.2
(NH,) ,0 4.0

3102/A1203. moldr ratio 5.38

aAna]ysis provided by Union Carbide Corporation, Moorestown, N.J.
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TJABLE 7

SOLVENT TREATMENT TO REMOVE PHENOLS
FROM BASE LIQUEFACTION SOLVENT

Base Treated solvents
liquefaction . Basic ‘
solvent NaOH alumina Y-Zeolite
Treated solvent (wt % of base Co-- - . 87 83
liquefaction solvent)
Element
Carbon 88.02 88.59 88.61 88.29
Hydrogen 8.57 8.52 8.74 8.85
Oxygen 2.25 1.63 1.62 1.717
Nitrogen 0.67 0.60 0.58 0.4
Sulfur 0.62 0.66 0.61 0.60
Distribution of nitrogen compounds
N as N 0.28 0.33 0.29 0.29
N as NH 0.1  0.17 - np? 0.04
N as NH2 0.24 0.10 0.29 0.08 .
Distribution of oxygen compounds
0as 0 1.10 1.18 1.04 1.14

0 as OH © 1.5 0.45 0.58 0.63

3ND - not detected
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Removal of Both Phenols and Nitrogen Bases

Two samples of base liquefaction solvent, one pretreated with HC1 to remove
nitrogen bases and the other pretreated with NaOH to remove phenols, were
treated further to remove additional heteroatomic compounds. The sample
pretreated with HC1 was further treated with silica gel, and the sample
pretreated with NaOH was further treated with HC1. Analyses of the base
liquefaction and treated solvent samples are compared in Table 8. The amount
of treated solvent recovered was approximately 63% of the original amount, and
nitrogen compounds were completely removed from the base Tiyuefaction solvent
in both cases. Treatment with HC1 followed by silica gel resulted in a 64%
removal of oxygen, whereas treatment with NaOH followed by HC1 gave 59% oxygen

removal.

Additional Treatment

In addition to the treatments just discussed, several other techniques were
applied to remove nitrogen bases and phenols from the pentane-extracted
starting liquefaction solvent (base liquefaction solvenf) derived from
ITlinuis #6 coal.

Removal of Nitrogen Compounds. Samples of base liquefaction solvent were

treated with several clays to remove nitrogen compounds. The treatment
involved dissolving the solvent in pentane and mixing in an equal weight of
the solid adsorbent (clays). The mixture was decanted, the solid adsorbent
was washed with additional pentane, and all of the pentane was removed by
rotocevaporation, The detailed analyses of the treated solvents are summarized
in Table 9.

Treatment of the solvent with bentonite (natural magnesium/aluminum silicate)
and kaolin (natural aluminum silicate) removed almost none of the nitrogen or
oxygen compounds. Likewise, attapulgus clay (natural magnesium silicate) and
syloid (natural silica) were marginally effective in removing nitrogen and
oxygen compounds compared to silica gel (Table 9). Contrary to attapulgus
clay, another form of natural magnesium silicate, sepiolite, was moderately
active in removing nitrogen and oxygen compounds compared to silica gel.
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TABLE 8

SOLVENT TREATMENT TO REMOVE BOTH PHENOLS AND NITROGEN BASES
‘ FROM BASE LIQUEFACTION SOLVENT

Treated solvents

Base HC1 NaQH
liquefaction followed by followed
solvent silica gel by HC1
Treated solvent (wt % of base -- 63 -
“liquefaction solvent) ‘
Element
Carbon _ 88.02 89.52 89.50
Hydrogen ' 8.57 8.06 ' . 9.14
Oxygen 2.25 0.81 0.93
Nitrogen 0:67 . <0.05 <0.05
Sulfur 0.62 0.66 0.65
Distribution of oxygen compounds
0 as O . 1.10 : 0.60 0.67
0 as OH ‘ 1.15 = g.21 0.26
Distribution of nitrogen compounds
Nas N . | 0.28 no® ND
N as NH ‘ 0.35 ND ND

N as NH, ' ’ 0.24 ND ND

aND - not detected
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TABLE 9

SOLVENT TREATMENT TO REMOVE NITROGEN COMPGUNDS
FROM BASE LIQUEFACTION SOLVENT

Treated solvents

_Zv-

Base ) HC1-treated sepiolite
Tiquefaction Attapulgus Not Silica
solvent Bentonite Kaolin Porocel clay Syloid Sepiolite activated Activated qel
Treated solvent -- ¢3.6 98.9 8%.2 92.0 92.2 92-.4 94.0 90.1 80.0
(wt % of base
"~ liquefaction
solvent)
Element
Carbon 88.02 87.817 =7.76 88.37 ND 8.1 . 86.50 88.64 88.84 89.14
Hydrogen 8.57 8.47 8.£3 8.48 ND 8.1 £.62 9.11 9.10 8.78
Oxygen 2.25 2.32 2.43 2.18 2.07 2.02 1.80 1.75 1.60 1.3
Nitrogen 0.67 0.73 0.37 0.75 0.62 0.59 - C.50 0.42 0.39 0.08
Sulfur . 0.62 no? NC 0.65 ND ND ND ND ND 0.69
Heteroatom
removal
(wt %)
Nitrogen -~ 1.0 0.0 0.0 1.5 1.9 25.4 37.3 41.8 88.1
Oxygen - 0.0 0.0 3. 8.0 10.2 20.0 22.2 28.9 41.8
a

N  nnt AdAotorminond



Sepiolite's ability to remoVe nitrogen compounds increased considerably when
washed with dilute hydrochloric acid before use (Table 9). Furthermore,
activation of acid-washed sepiolite by heat treatment further enhanced its

heteroatom removal activity.

Based on our results, silica gel appears to be the best solid adsorbent for
removing both nitrogen and oxygen compounds from the base liquefaction solvent
compared to severaj other clays and solid adsorbents tested in the program.

Removal of Oxygen Compounds. A sample of base liquefaction solvent was
treated with acidic alumina to compare its ability to remove phenolic
components with that of basic alumina. First, an equal weight of the
adsorbent was mixed with the solvent dissolved in pentane. A pentané wash of
the solid adsorbent was then added to the decanted 1iquid and the material
rotoevaporated to remove the pentane. Thé amount of treated solvent recovered

was 88% of the original amount, which was very similar to that noted with the

use of basic alumina (Table 10).

The treatment removed approximately 17% total oxygen from the base ‘
lTiquefaction solvent, which was, as expected, Tower than that noted with basic
alumina. The treatment, however, removed mainly oxygen compounds such as
phenols (0 as OH) from the solvent (approximately 31%). Surprisingly, it did

not remove any nitrogen compounds.

TREATMENT OF KENTUCKY #9 COAL DERIVED LIQUEFACTION SOLVENT

Sahp]es of starting liquefaction solvent derived from Kentucky #9 coal were
also treated with both silica gel and basic alumina to remove nitrogen bases
and phenols. 1In the experiments with these materials, the adsorbed phenols
and nitrogen bases were recovered by eluting them with a mixture of methylene
chloride and methanol. The amounts and analyses of treated 1iquid product and
adsorbed material are presented in Table 11.
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TABLE 10

SOLVENT -TREATMENT. TO REMOVE OXYGEN COMPOUNDS
FROM BASE LIQUEFACTION SOLVENT

Base ' Treated solvents
liquefaction Acidic Basic
solvent alumina a}um1na

Treated solvent (wt % of base -- 88 87

liquefaction solvent)

Flement . ' _
Carbon ‘ 88.02 88.38 88.61
Hydrogen 8.57 8.57 B.74
Oxygen 2.25 1.86 1.62
Nitrogen 0.67 0.70 0.58
Sulfur 0.62 0.68 0.61

bistribution of nitrogen compounds
N as N 0.28 0.28 0.29
N as NH 0.15 0.19 np?

"N as NH2 0.24 0.23 0.29

Distribution of oxygen compounds

0as 0 1.10 1.07 1.04

0 as OH 1.15 0.79 0.58

aND - not determined
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TABLE 11

ANALYSIS OF STARTING. LIQUEFACTION AND MODIFIED SOLVENTS DERIVED FROM
KENTUCKY #9 COAL TREATED WITH BASIC ALUMINA ‘AND SILICA GEL

Basic alumina Silica gel
Liquefaction Modified Modified
solvent solvent Adsorbed solvent Adsorbed
Wt % of liquefaction -- 88.8 11.2 . 80.2 19.8
solvent
Element
Carbon 86.49 88.13 81.34 88.45 82.25
Hydrogen 8.64 8.19 7.54 9.24 7.61
Oxygen 3.18 1.94 8.68 1.65 6.60
Nitrogen 0.84 0.70 1.64 0.23 2.56
Sulfur 0.62 0.54 0.55 0.5 0.47
Solvent separationa »
011 | 98.0 100.0 -- ©100.0 --
SRC 1.8 : 0.0 -- 0.0 --
Insoluble organic '
material (IOM) - 0.2 0.0 -- 0.0 --

4011 - pentane solubles .
SRC - pentane insolubles, methylene chloride/methanol solubles
I0OM - methylene chloride/methanol insolubles
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The recovery of modified liquefaction solvent from silica gel and basic
alumina treatment was 80 and 89%, respectively. Treatment with basic alumina

resulted in 39 and 16% removal of oxygen and nitrogen, respectively. Silica
gel not only adsorbed more material compared to basic alumina, but also
removed considerably more oxygen and nitrogen from the solvent, namely, 48 and‘

73%, respectively.

TREATMENT OF HYDROTREATER SOLVENT

A hydrotreater solvent also used in liquefaction experiments was generated by
hydrotreating a mixture of process solvent and SRC in a cataiyt1c hydrocracker
at the Wilsonville Advanced Coal Liquefaction Facility. This sample contained
no appreciable amount of pentane-insoluble material such as SRC, and was used
to prepare modified hydrotreater solvent by removing parts of both nitrogen
bases and phenols with silica gel. This modified hydrotfeater so]venf was
also used in the liquefaction tests. The detailed analyses of hydrotreater
and modified hydrotreater solvents are presented in Table 12. Notice that
treatment of hydrotreater solvent with silica gel removed only 30 and 50%,
respectively, of the oxygen and nitrogen compounds. The extent of oxygen and
nitrogen removal from the hydrotreater solvent by silica gel was considerably
lower than that noted in the cases of base liquefaction solvent (I11inois #6

coal) and liquefaction solvent (Kentucky #9 coal).
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TABLE 12

ANALYSIS OF HYDROTREATER AND MODIFIED
"HYDROTREATER SOLVENTS

wt %
' Modified
Hydrotreater hydrotreater
solvent solvent
Pentane solubles 100.0 100.0
Element _ o :
Carbon ' 89.3 89.2
Hydrogen ' 9.7 10.2
Oxygen : ' » 0.5 0.35
Nitrogen : 0.5 0.25
Sulfur <0.1 <0.1
Distribution of oxygen compounds
Das 0 : : 0.35. 0.23
.0 as OH ‘ 0.15 0.12
Distribution of nitrogen compounds
N as N - 0.16 0.12
N as NH , 0.05 <0.01
N as NH ' 0.29 0.12

2
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1V. EFFECT OF SOLVENT MODIFICATION ON COAL LIQUEFACTION

The liquefaction behavior of I11inois #6 and Kentucky #9 coals was studied in
a 50-mL tubing-bomb reactor using base liquefaction, modified, and.
hydrotreater solvents in the presence and absence of catalyst. A temperature
of 425°C, a time of 60 min, 850 psig cold hydrogen pressure, 3 g of coal, 6 g
of liquefaction solvent, and an agitation rate of 1,000 strokes per minute
were chosen as standard reaction conditions (these reaction conditions are
termed as low-severity conditions in tﬁis report) for evaluating the impact of

modified liquefaction solvents and/or catalyst on dissolution.

ESTABLISHING BASELINE DATA

Ligquefaction of I1linois #6 Coal with Base Liquefaction Solvent

To establish baseline data, the noncatalytic liquefaction behavior of IT]inois
#6 coal was first studied by using the 111inois #6 coal derived base '
liquefaction solvent discussed earlier. Duplicate runs were made to determine

the reproducibility of the data.

As summarized in Table 13, the data show an overall coal conversion of 82%,
which is low compared to the 90-92% range reported in the literature for the
same coal. The reasdn for this difference is the use of a mixture of
methylene chloride and methanol in the solvent separation procedure, instead
of pyridine or creosol 011, which, because they are stronger solvents, would
yield higher values for overall coal conversion. The production of oils and
gases was 13 and 8%, respectively. The data in Table 13 show very good
reproducibility for overall coal conversion énd gas production. The var1a£1on
in 011 production from the mean value was approximately 2 wt % absolute, which

was acceptable for the tubing-bomb reactor experiments.

To establish baseline data for a catalyzed reaction, molybdenum octoate was
added to a reaction mixture identical to the one used above at a concentration
of 500-ppm molybdenum metal based on coal. The data in Table 13 show that
overall coal conversion increased from 82 to 92% with molybdenum catalyst
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TABLE 13

LOW-SEVERITY LIQUEFACTION OF TLLINOIS #6 coa®

|

i

No catalyst 500-ppm molybe
Run 1 Run 2 Average catalyst
Product distribution '
(wt % MAF coa])b
Gases 7.9 8.3 8.1 8.2
011 14.4 10.4 12.4 25.4
SRC 60.0 64.2 62.1 58.4
10M . 17.7 17.1 17.4 8.0
Conversion 82.3 82.9 82.6 92.0
aReaction mixture:
Coal 3 g
Solvent 6 4g
Reaction conditions:
Temperature ' 425°C
H, pressure 850 psig cold
T;me 60 min
Agitation 1,000 strokes per minute

b011 - pentane solubles

SRC - pentane insolubles, methylene chloride/methanol solubles
I0OM - methylene chloride/methanol insolubles
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addition. Furthermore, 011 production increased from 12 to 25% and, as
expected, SRC production decreased, from 62 to 58%. The increase in oi]l
production was due to the increased conversion of coal as well as SRC.

These baseline data were generated at 425°C -- low-severity reaction

'~ conditions. In addition, baseline data were developed under'h1gh-sever1fy
reaction conditions -- 440°C and 1,200-psig hydrogen pressure. The effect of
-reaction conditions and cata]yst'concentration on coal Tiquefaction is
discussed in detail 1h the Exploratory Studies section. Results of the
baseline runs are presented in Table 14. Without catalysts, more oil and
gases were produced at high-severity than at low—severity condit{ons {compare
Tables 13 and 14). However, conversion dropped when the severity of reaction
conditions increased, indicating an onset of retrograde reactions.

Addition of 250 ppm of molybdenum catalyst at high-severity conditions
significantly increased the oil yield from 29 to 45% (Table 14). Coal

conversion was also significantly higher.

Comparison of the data in Tables 13 and 14 indicates that, in noncatalytic
Tiquefaction, increasing the reaction severity increased o1l yield, but at the
expense of coal conversion. Contrary to this, increasing the reaction
severity in the presence of a catalyst increased the oil yield but without any

penalty for coal conversion.

Liquefaction of I11inois #b6 Coal with Hydrotreater Solvent

Baseline data were also generafed with hydrotreater solvent under
high-severity reaction conditions. The data summarized in Table 15 show that
the use of hydrotreater solvent in the noncatalytic liguefaction of I1linois
#6 coal resulted in approximately 45% o1l yield and 90% coal conversion,
values significantly higher than those noted with base liquefaction solvent
(see Tables 13 and 159). The reasons for these higher yields could be that (1)
the hydrotreater solvent contained much more hydrogen than did the base
liquefaction solvent, possibly resulting in more hydrogen available for
donation, as well as a higher rate of hydrogen transfer, and (2) the
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TABLE 14

HIGH-SEVERITY LIQUEFACTION OF ILLINOIS #6 coaL®

250 ppm
: molybdenum
No catalyst catalyst
Product distribution (wt % MAF coal)
Gases A 11.7 9.6
041 ' 29.2 44.9
SRC' : 35.8 39.2
T0M 23.3 6.3
Conversion 76.7 | 93.7

aReaction Mixture:
Coal 3 g
Solvent. 3 g

kReaction conditions:

Temperature 440°C

H2 Pressure ‘ 1,200 psig cold

Time 60 min

Agitation 1,000 strokes per min
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TABLE 15

LIQUEFACTION QOF TLLINQIS #6 COAL WITH HYOROTREATER SOLVENT?

250-ppm

No catalyst molybdenum catalyst

I II Average 1 II Average
Product distribution
{(wt % MAF coal) .

Gases 9.8  10.4 . 0.1 2.4 2.6 125

011 45.6 43.6 44.6 47.9 49.6 48.8

SRC 34.3 36.9 - 35.6 31.5 29.5 30.5

oM 10.3 9.1 9.7 8.2 8.3 8.2

Conversion 89.7 90.9 90.3 91.8 91.7 91f8

aReact‘lon mixture:
Coal 3 g
Solvent 3 g

Reaction conditions:

Temperature 440°C

Pressure 1,200 psig H, cold
Time 60 min

Agitation 1,000 strokes ber min
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hydrotreafer solvent contained significantly fewer heteroatomic compounds (sd
Table 12), resulting in higher autocatalytic activity of the mineral matter i
the coal.

Experimental data obtained with 250 ppm of molybdenum catalyst in the presenc

of hydrotreater solvent showed minor increases in both 01l yield and coal !
conversion over the values obtained without catalyst. These results contrast
sharply with the tremendous increases in both o1l yield and coal conversion
previously observed with base liquefaction and modified base liquefaction
solvents during cata]ytic.1iquefact10n compared to noncatalytic liquefaction.
This information reveals that the properties of a liquefaction solvent are

more important in controlling coal liquefaction than is the catalyst.

Liquefaction of Kentucky #9 Coal with Starting Liquefaction Solvent

The baseline data for the liquefaction of Kentucky #9 coal were generated
using a starting ligquefaction solvent derived from Kentucky #9 coa]..
Replicate runs made to determine experimental variance are summarized in Tabl:
16. Noncatalytic liquefaction at 425°C resulted in overall coal conversion o
74%, and o011 and gas yields of 12.7 and 6.5%, respectively. The data in
Table 16 also show a maximum standard deviation of 2.5% for coal conversion,
which reflects the good reproducibility of the experimental procedure.

To generate catalytic baseline data, 500 ppm of molybdenum metal based on coa
was added to the reaction mixture in the form of molybdenum octoate. Reactio
conditions were similar to those used for noncatalytic liguefaction. The
catalyst was instrumental not only in increasing overall coal conversion from
74 to 85%, but also in increasing o1l production from 13 to 17% (Table 16).
However, the increase in oils was considerably lower than that observed with
I11inois #6. coal. SRC production also increased from 55 to 64% with the
catalyst. The increase in 011 and SRC prpduct1on was basically due to
increased coal conversion.
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TABLE 16

LIQUEFACTION OF KENTUCKY #9 Fies coal®

500-ppm molybdenum

No catalyst catalyst
Product distribution (wt % MAF coal)
Gases . 6.5+ 1.1 5.0
0i1 _ : 12.7 + 2.4 16.9
SRC . 54.6 + 1.9 63.5
10M 26.2 + 2.5 - 4.6
Conversion " ©73.8 2.5 , 85.4
aReaction mixture:
Solvent 6 g
Coal 3 g . _
Catalyst ' ' 4 500 ppm molybdenum based on coal
Reaction conditions:
Temperature 425°C _
H2 pressure , 850 psig cold
Time . 60 min

“Agitation : 1,000 strokes per m1n
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EFFECT OF SOLVENT TREATMENT ON LIQUEFACTION

Noncatalytic Liquefaction of I11inois #6 Coal

Modified Base Ligquefaction Solvent. Samples of solvent prepared by treating

coal-derived base liquefaction solvent by the different techniques discussed
earlier were used in noncatalytic liquefaction experiments to evaluate their
effect, and thereby the effect of heteroatom removal, on liquefaction. The
results of these experiments are discussed below.

Samples prepared by treating the base liquefaction solvent with a mixture of
silica gel and neutral alumina, or HC1 followed by éilica gel, were used in
low-severity noncatalytic liquefaction experiments. The data are presented in
Table 17. 011 production with these treated solvents increased considerably
over the baseline run with base liquefaction solvent, and gas and SRC
production decreased considerably. However, the overall conversion of coal,
defined as methylene chloride/methanol solubles, decreased considerably with
both treated solvents. This decrease in overall coal conversion could be due
to the use of methylene chloride/methanol as an extracting solvent. Also, the
lower dissolution power {physical solution poweér) of the treated solvents
could have affected this value.

The data in Table 17 show that as more and more heterocatomic compounds were
removed from the base liquefaction solvent, the physical dissolution power of
the treated solvent decreased, as evidenced by decreasing coal conversion.
However, 011 production increased with increased removal of heteroatomic
compounds.

The modified solvent generated by treating base Tiquefaction solvent with HC]
followed by silica gel was also used to determine the effect of solvent
treatment at high-severity reaction conditions. Once again, oil production
was higher with treated solvent than with base liquefaction solvent (see
Table 18). Coal conversion at these conditions was also higher with treated
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TABLE 17

EFFECT OF SOLVENT. TREATMENT ON LON;SEVERITY NONCATALYTIC

LIQUEFACTION OF ILLINOIS #6 COAL

Base Treated solvents
lTiquefaction Silica gel/ HC1/silica
solvent neutral alumina gel
Heteroatom concentration (wt %)
N 0.67 0.14 . . <0.05 -
0 2.25 1.67 .0.81
Nitrogen as nitrogen bases 0.28 ND b ND
(N as quinoline)
Oxygen as phenols 1.15 0.47 ' 0.21
(0 as OH)
Product distribution (wt % of MAF coal)
Gases ' 8.1 5.4 5.7
ol - . o 12.4 19.4 . 21.5
SRC : : 62.1 51.2 | 46.0
10M ’ 17.4 24.0 - 26.8
Conversion 82.6 76.0 73.2

dReaction mixture:
Coal 3 g
Solvent b g

Reaction conditions:

Temperature 425°C

H2 pressure 850 psig cold

Time 60 min

Agitation 1,000 strokes per min

bND - not detected
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EFFECT OF SOLVENT TREATMENT ON HIGH-SEVERITY NONCATALYTIC

TABLE 18

LIQUEFACTION OF

ILLINOIS #6 COAL®

Base HC1/si114ca !
1iquefaction gel treated
solvent solvent
Product distribution (wt % MAF coal)
Gases ‘ 11.7 11.9
011 29.2 33.3
SRC 35.8 32.2
10M 23.3 22.6
Conversion 76.17 77.4

aReact1on mixture:
Coal

Solvent

Reaction conditions:

Temperature
H2 pressure
Time

Agitation

39
39

440°C

1,200 psig H, cold

60 min

1,000 strokes per min
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solvent, which contrasted with observations at low severity. Surprisingly,
both 011 yield and coal conversion with treated solvent were higher at high
severity than at low severity (see Tables 17 and 18).

However, nofe that when base liquefaction solvent was used, oil yteld
increased as the reaction conditions became more severe, whereas coal
conversion decreased. This indicates that base liquefaction solvent is a poor
solvent for overall. coal conversion. The -above data clearly show the benefits
of using treated solvent rather than base tiquefaction solvent in nonﬁata1ytic

liquefaction of coal.

Hydrotreater Solvent. Experiments were also carried out to determine the‘

effect of removing hetercatomic compounds from hydrotreater solvent on
noncatalytic liquefaction. Interestingly, removal of some of the heteroatbmic
compounds by silica gel from the hydrotreater solvent did not change the
liquefaction behavior of I11inois #6 coal (Table 19). However, this is not
surprising because detailed analysis of the modified hydrotreater solvent
(Table 12) showed only marginal removal (20-25%) of -both basic nitrogen (N as
N) and phenolic (0 as OH) compounds from the hydrotreater solvent by silica
‘gel treatment. It would be interesting, however, to determine the effect upon
liquefaction of complete removal of either nitrogen bases or phenols or both

from the hydrotreater solvent.

Catalytic Liquefaction of I1linois #6 Coal

Modified Base Liquefaction Solvent. Base liquefaction solvent samples from
which nitrogen bases or phenols or both were removed were used as liquefaction
solvents with I11inois #6 coal in the presence of catalysts to evaluate the
impact of removing heteroatomic compounds from the solvent on catalytic
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TABLE 19

- NONCATALYTIC LIQUEFACTION OF TLLINOIS #6 COAL
WITH HYDROTREATER SOLVENT®

Modified
Hydrotreater solvent hydrotreater solvent
1 11 Average I 11 Avera
Product distribution
(wt % MAF coal)
Gases 9.8 10.4 10.1 10.8 12.0 1.
011 . 45.6 43.6 . 44.6 44 .4 45 .1 44,
SRC 34.3 36.9 35.6 - '35.5 32.9 34.
10M 10.3 9.1 9.7 9.3 10.0 g.
Conversion 89.7 90.9 90.3 90.7 90.0 90.

aReactﬁnn mixture:
Coal 34q
Solvent ‘ 3 g

Reaction conditions:

Temperature 440°C

Pressure 1,200 psig H, cold
Time 60 min

Agitation 1,000 strokes per min
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liquefaction. Again, molybdenum octoate was added to the reaction mixture at
a concentration level of 500 ppm'based on coal. Low-severity reaction
conditions described earlier were used in all experiments. Results are

discussed below.

Effect_of Nitrogen_Bases: Liquefaction solvent samples treated with anhydrous
HC1 or silica gel were tested to establish the effect of nitrogen bases on

' coal liquefaction. The experimental data summarized in Table 20 show a

( considerable ﬁncreaselin 011 production, from 25 to 38%, when nitrogen bases
were removed, with a corresponding decrease in SRC yield. Gas production .
decreased only marginally. In addition, overall coal conversion did not
change with the removal of nitrogen bases, an observation that was contrary to
that noted in noncatalytic coal liquefaction, in which overall coal conversion
" decreased with the removal of heteroatoms. Furthermore, this observation
éerious]y questions the importance of a solvent's physical solvency powér,
which is due to the presence of hetercatomic compounds in the solvent, in

catalytic coal liquefaction.

Of importance is the fact that removal of nitrogen bases from the coal-derived
base liquefaction solvent was accompanied by removal of phenols. Therefore,
any increase in o1l production cannot be wholly attributed to the removal of
nitrogen bases, sincé phenol removal might also have positively affected the
reaction. However, the above experiments were'unéb]e to make this
distinction. We can only conclude that nitrogen base removal does indeed

enhance o}l production in the catalyzed liquefaction reaction.

Effect_of Phenols: Like the nitrogen base removal experiments, liquefaction
solvents prepared by treating the base lTiquefaction solvent samples with NdOH,
acidic alumina, basic alumina, or Y-zeolite were also tested to establish the
effect of phenol removal. As shown in Table 21, o1l production generally
increased considerably with phenol removal, although the increase was only
marginal for the solvents treated with NaOH and acidic alumina. Detailed
analysis of the solvent treated with NaOH showed that water and other
contaminants were present in the sample, which could have been responsible for

the marginal increase.
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TABLE

20

EFFECT -OF BASIC NITROGEN REMOVAL

ON_CATALYTIC COAL LIQUEFACTIONa

Base Treated solvents
liquefaction '
solvent HC1 Silica gel
Heteroatom concentration (wt %)
N 0.67 0.16 - 0.08
0 2.25 1.68 1.31
Nitrogen as nitrogen bases 0.28 ND b ND
Oxygen as phenols 1.15 0.50 0.60
Product distribution
(wt % MAF coal)
Gases 8.2 6.9 1.6
011 25.4 37.8 38.8
SR 58 .4 46.9 47.8
10M 8.0 8.4 5.8
Conversion Y42.0 yl.6 94.?¢

Reaction mixture:
Coal
Solvent
Catalyst

Reactian conditians:
Temperature
H2 pressure
Time
Agitation

bND - not detected

349
6 g

500 ppm molybdenum based on coal

425°C
850 psig cold
60 min

1,000 strokes per min
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TABLE 21

EFFECT OF PHENOL REMOVAL ON CATALYTIC COAL LIQUEFACTION?

Base Treated solvents

Yiquefaction Acidic Basic
solvent NaQH alumina alumina - Zeolite
Heteroatom concentration
(Wt %) .

N 0.67 0.60 0.70 D.58 0.44

0 : 2.25 1.63 1.86 1.62 1.77
Nitrogen as nitrogen bases - 0.28 0.33 0.28 0.29 0.29
Oxygen as phenols 1.1% 0.45 0.79 0.58 0.63
Product distribution

(wt % MAF coal)

Gases ' 8.2 1.6 7.2 7.6 7.4

011 25.4 28.3 27.4 34.2 33.9

SRC 58.4 55.4 58.0 49.6 49.6

10M : 8.0 8.7 7.4 8.6 9.1

Conversion 92.0 91.3 92.6 91.4 90.9
dReaction mixture:

Coal 3 g

Solvent 6 g )

Catalyst 500 ppm molybdenum based on coal
Reaction conditions:

Temperature 425°(C

H2 pressure . 850 psig cold

Time 60 min

Agitation 1,000 strokes per min
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Gas production decreased marginally in all cases, but SRC production
decreased considerably. Once again, overall coal conversion did not change
" upon phenol removal. As noted in the nitrogen base removal experiments,
phenol removal.did not appear to alter the physical solvency power of the
solvent.

Removing phenol from the base liquefaction solvent also decreased the overall
nitrogen content of the treated solvents somewhat. Near-infrared analysis,
which was used to determine the nature of nitrogen compounds, clearly showed
no removal of nitrogen bases, but some NH- and NHz—type compounds were
removed from the treated solvents in a few cases. Since no basic nitrogen
compounds were removed from the solvent, the above data show that solvents
from which the phenols have been removed do enhance oil praduction in
catalyzed 11quefact10h.

Effect_of Removing Both Qﬁ1rgggn_8gsgs_agd_Pnegols: Solvent samples were
also prepared by treating base liquefaction solvent with HC1 followed by

silica gel and with NaOH followed by HC1, to remove both nitrogen bases and
phenols. The sample treated with HC1/silica gel was tested in the catalytic

liquefaction of coal, at both low- and high-severity reaction conditions.

At low-severity reaction conditions using 500 ppm of molybdenum catalyst, the
01 yleld increased significantly from 25 to 45% (Table 22) and SRC
production decreased considerably. In fact, most of the increase in oil
yleld came from increased conversion of SRC. Although overall coal
conversion was unaffected by solvent modification, gas production was
decreased s11ght1y.

At high-severity conditions using 250 ppm of molybdenum catalyst, modified
solvent again increased the 01l yield (Table 22), although not as much as
nqted‘at low severity. Again, SRC production was lower with modified
solvent, and overall coal conversion was not greatly changed.

The above data clearly show the advantages of removing both nitrogen bases
and phenols from the liquefaction solvent.
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TABLE 22

EFFECT OF COMBINED REMOVAL OF NITROGEN BASES
AND PHENOLS ON CATALYTIC COAL LIQUEFACTION

Base ,
liquefaction ~ HC1/silica
solvent qgel
Heteroatom concentration (wt %) S
N 0.67 ' <0.05
0 2.25 0.81
Nitrogen as nitrogen bases- 0.28 : NDd
Oxygen as phenols 1:15 - : 0.21
LowD HighC Low High
Severity Severity Severity Severity
‘Product distribution
(wt % MAF coal)
Gases 8.2 9.6 6.7 - 10.9
011 - 25.4 44.9 45.4 50.9
SRC 58.4 39.2 40.1 31.6. ..
10M ' 8.0 6.3 7.8 6.6
1. 92.2 93.4

Conversion 92.0 93.

aND - not detected
bCata‘lyst concentration - 500. ppm molybdenum based on coal

cCata]yst concentration - 250 ppm molybdenum based on coal
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Hydrotreater Solvent. Experiments were also conducted to determine the effect

of modifﬁed~hydrotreater solvent on catalytic liquefaction. A sample treated
with silica gel to remove part of the heteroatomic compounds was used in
liquefaction testing with 250 ppm of molybdenum catalyst at high-severity
reaction conditions.

Results summarized in Table 23 show that removing heteroatomic compounds
enhanced the oil yield and slightly improved overall coal conversion.

However, the magnitude of 1mprovements‘was small, possibly because only small
amounts of heteroatomic compounds were removed. The improvements in both o041
yield and coal canversion with catalyst are somewhat surprising, because thesei
did not improve at all during noncatalytic liquefaction with the treated
solvent (Tahle 23).

Catalytic Liquefaction of Kentucky #9 Coal

Heteroatoms were removed from Kentucky #9 coal derived starting liquefaction
solvent by treatment with silica gel or basic alumina. The treated solvent
samples were then used in experiments to evaluate the effect of heteroatom

removal.

011 production increased considerably: from 17 to 31% with the solvent
prepared with basic alumina and from 17 to 39% with the solvent prepared with.
stlica gel. The 1increase in o1l production was obtained at the expense of
increased SRC conversion, since the gas yield was within the 1imits of
experimental error. Overall coal conversion also increased slightly with

heteroatom removal, as shown in Table 24.

The data in Table 24 show that more heteroatoms were removed by silica gel
than by basic alumina. The additivnal removal did not improve cual
conversion, but it significantly increased oil production. Similar results
were noted in the liquefaction experiments with I11inois #6 coal.

Clearly, removing heteroatoms from a liquefaction solvent increases the
activity of a slurry-phase catalyst in terms of oil production. Ffurthermore,
the catalyst's activity is strongly dependent on the extent of heteroatom

removal.
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Noncatalytic liquefaction Catalytic liquefaction

Modified Modified
Hydrotreater hydrotreater Hydrotreater hydrotreater
solvent ___solvent : solvent __solvent
I I1 I. 11 1 Il | S 11
Product distribution
(wt % MAF coal)
Gases 9.8 10.4 10.8 12.0 12.4 A 12.6 10.5 11.2
011 45.6 43.6 - | 44 .4 45.1 17.9 49.6 53.5 53.0
SRC 34.3 36.9 35.5 32.9 31.5 ' 29.5 29.6 29.2
10M 103 9. 9.3 10.0 8.2 8.3 6.4 6.6
N Conversion 89.7 90.9 90.7 30.0 91.8 91.7 93.6. - 93.4
) ‘ ‘
'
qReacticn mixture:
Coal 3 g
Solvent 3 g
Catalyst 250 ppm molybdenum based on coal_

Reaction conditions:

Temperature 440°C
-Pressure 1,200 psig FZ cold
Time 60 min

Agitation : ~ 1,000 strokes per min



TABLE 24

EFFECT OF HETEROATOMS REMOVAL ON

CATALYTIC LIQUEFACTION OF KENTUCKY #8 coat®

Starting ~ Treated solvents
liquefaction Basic Silica
solvent alumina gel
Heteroatom concentration (wt %)
N ' 0.84 0.70 0.23
0 3.18 1.94 1.65
Product distribution
(wt % MAF coal)
Gases ' 5.0 6.1 5.1
011 16.9 30.7 39.0
SRC 63.5 52.4 43.0
10M 14.6 10.8 12.9
Conversion 85.4 89.2 87.1

qpeaction mixture:
Coal
‘Solvent
Catalyst

Reaction conditions:

Temperature
Fressure
Time
Agitation

39
6 g

500 ppm molybdenum based on coal

425°C
850 psig H2 cold
60 min

1,000 strokes per min
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FUNDAMENTAL STUDIES RELATED TO SOLVENT MOOIFICATION

Role of Heteroatomic Compounds in Liquefaction

The experimental results just discussed clearly show the benefits of removing
heteroatomic compounds from process solvents before using them in coal '
liquefaction. Data also show that the solvents' effectiveness improves as

more and more heteroatomic compounds are removed.

To better understand the role of hetercatomic compounds in catalytic coal
liquefaction and to provide support for our unique findings, Auburn University
was subcontracted in October 1982 to conduct several fundamental experiments.
A number of model nitrogen and oxygen compounds were added to a modified '
solvent to increase 1ts heteroatomic compound concentration; this was then
used as a liquefaction solvent to determine the effect of heteroatoms on
catalytic coal liquefaction. In addition, the heteroatomic compounds removed
from base liquefaction solvent to»y1e1d modified solvent were added back to
the modified solvent. The reconstituted solvent was also used in catalytic

coal liquefaction experiments.

The effect of the heteroatomic compounds on coal liquefaction was measured in
terms of oil prodhction. However, the reaction conditions and the reactor
design used at Auburﬁ University differed considerably from those at Air -
"Products, which made comparison of Auburn's and Air Products' data very
difficult. Therefore, no attempt is made here to provide a one-to-one

comparison.

Baseline Data. First, Auburn University used base 11quefacf1on solvent and

modified solvent (base liquefaction solvent treated with anhydrous HCI
followed by silica gel) in catalytic experiments to establish the effect of
solvent modification. As expected, o1l yields were higher with modified than
with base liquefaction solvent. Overall coal conversion was marginally higher

with modified solvent, and gas production was slightly lower.
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Effect of Adding Model Nitrogen Compounds. Several model basic nitrogen

compounds such as quinoline were added to modified solvent to increase its
tofal nitrogen concentration. This reconstituted solvent was then tested in
catalytic coal liquefaction experiments to determine the effect of nitrogen
compounds upon liquefaction.

Effect_of Adding_Quinoline: A sufficient amount of quinoline (5.9 wt %) was
added to modified solvent to increase its nitrogen concentration from 0.08% to,
that of the base liquefaction solvent (0.67%). When this reconstituted ‘
solvent was used for liquefaction, the 011 yield dropped considerably compared
to that with modified solvent (Table 25). Howeéver, the o1l yield with the
reconstituted solvent was s1ightly higher than that with base liguefaction
splvent, possibly because the concentration of oxygen compounds in the
reconstituted solvent was lower than in base liquefaction solvent. These
results confirm our earlier finding that heteroatomic compounds will reduce

0il yield.

relatively lower than many of the nitrogen-containing compounds generally
identified in coal-derived solvents, we decided to add a higher molecular
weight nitrogen-containing compound that might be more representative of the
heteroatomic compounds present in.coal-derived liquid. For this reason,
phenanthridine (3,4-benzoquinoline) was added to modified solvent and tested
for its effect upon liguefaction.

A carefully calculated amount of phenanthridine (7.7 Wt %) wdas added Lo
modified solvent to increase its nitrogen concentration from 0.08 to 0.67%.
When this reconstituted mixture was used as solvent in coal liguefaction, the
o1 yleld was found to be even lower than that noted with base Tiquefaction
solvent (Tahle 26), confirming the negative effect of nitrogen compounds on
o011 production. Overall coal conversion and gas yield were not greatly
affected.

In another experiment, 30.5 wt % phenanthridine was added to modified solvent,

raising its nitrogen concentration from 0.08 to 2.42%. ‘When this solvent was
used in coal liquefaction, the o0il yield was considerably lower than that
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TABLE 25

EFFECT OF ADDING QUINOLINE TO MODIFIED SOLVENT?

Modified -
Base . solvent with
liquefaction Modified quinaline added
solvent solventb (5.9 wt %)
Product distribution
(wt % MAF coal)
HC gases ©11.8 9.7 11.9
0ils ' 28.9 - 345 - 30.7
SRC | 51.9 9.2 | 51.6
10M 7.4 6.6 6.4
Conversion . ‘ 92.6 93.4 93.6
®Reaction conditions:
- Temperature 425°C
Initial H2 pressure 1,259 psig cold
Time 60 min
Agitation rate 860 rpm
Reactor Tubing bomb (46.7 mL Qo]ume)
Reaction mixture:
Solvent | 6 g :
Coal ' 3 g (I11inois #6) _ '
Catalyst ' 500 ppm molybdenum added as molybdenum octoate

bMod1f1ed solvent is generated by treating base liguefaction solvent with

anhydrous HC1 gas followed by silica gel.
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TABLE 26

EFFECT OF ADDING PHENANTHRIDINE TO MODIFIED SOLVENT®

Modified Mod1f1e§
solvent with solvent wi
Base phenanthridine phenanthri
liquefaction Modified added added .
solvent solventD (7.7 wt %) (30.5 wt
Product distribution |
(wt % MAF coal)
HC Gases 11.8 9.7 - 9.6 8.9
0ils 28.9 " 34.5 26.4 19.6
SRC 51.9 49.2 56.5 65.8
10M ' 7.4 6.6 7.5 5.7
Conversion 92.6 83.4 892.5 94.3
qReaction conditions: -
Temperature 425°C
Initial H2 pressure 1,250 psig cold
Time 60 min
Agitation rate 860 rpm
Reactor Tubing bomb (46.7 mL volume)
Reaction mixture:
Solvent 6 g
Coal 3 g (I11inots #6)
Catalyst 500 ppm molybdenum added as molybdenum octoate

based on coal

bModif1ed solvent is generated by treating base liquefaction solvent with
anhydrous HCI gas followed by silica gel. '
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noted with base liquefaction so]yent-(Tab1e 26). This observation further
shows the detrimental effect of nitrogen compounds on o3l production.

modified solvent, increasing the nitrogen concentration from 0.08 to 0.67%.
The use of this reconstituted solvent in catalytic coal liquefaction also
yielded less oil than that noted with modified solvent (Table 27). The oil
productioﬁ with the reconstituted solvent was also slightly lower than with
base liquefaction solvent, showing the detrimental effect of nitrogen

compounds on o1l production.

Summary: Figure 3 summarizes how adding different model nitrogen compounds to
modified solvent inhibited o011 production in coal liquefaction. Furthermore,
031 production decreased with an increase in the total nitrogén content of the
solvent used for liquefaction. Finally, we can conclude that the addition of
nitrogen-containing compounds to liquefaction solvent is detrimental to o0i)
production. In other words, removing nitrogen compounds from the process
solvent before using it for coal liguefaction will undoubtedly improve oil

production.

Effect of Adding Model Oxygen Compound. Approximately 13.3 wt % B-naphthol
was added as a representative oxygen compound to modified solvent to increase
ﬁt§ oxygen concentration from 0.81% to that of the base liquefaction solvent
(2.25%). MWhen this reconst1tuted solvent was used in catalytic coal
liquefaction, o011 production (Table 28) was unchanged. This observation
indicates that adding phenol would also not affect coal liquefaction, but more
work is required to determine specifically the effect of high-molecular-weight

phenols on coal liquefaction.

Effect of Adding Indigenous Heteroatomic Compounds. As mentioned earlier,
modified solvent was prepared by treating the base ligquefaction solvent with
HC1 followed by silica gel. The polar-compound-rich stream extracted from the
base Tiquefaction solvent was added back to modified solvent to raise its
oxygen and nitrogen concentration to the same level as that of base
Tiquefaction solvent. This reconstituted solvent was then used in catalytic
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TABLE 27

EFFECT OF ADDING ACRIDINE TO MODIFIED SOLVENT®

‘ Modified
Base solvent with
liquefaction Modified =~ acridine added
solvent solventd (7.7 wt %)
Product distribution
(wt % MAF coal)
HC gases - 11.8 9.7 9.9
0ils 28.9 34.5 28.0
SRC 51.9 49.2 53.8
10M 7.4 6.6 8.3
Conversion 92.6 93.4 91.7
Reaction conditions:'
Temperature 425°C
Initial H2 pressure 1,250 psiqg cold
I ime 60 min
Agitation rate 860 rpm
Reactor Tubing bomb (46.7 mL volume)
Reaction mixture:
Solvent b g 4
Coal 3 g (I11inois #6)
Catalyst 500 ppm molybdenum added based on coal

bMod1f1ed solvent is generated by treating base liquefaction solvent with

anhydrous HC! gas followed by silica gel.
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TABLE 28

EFFECT OF ADDING B-NAPHTHOL TO MODIFIED SOLVENTa

Modified
Base solvent with
liquefaction Modified B-naphthol addel
solvent solventd (13.3 wt %) |
Product distribution v
(wt % MAF coal)
HC gases 11.8 9.7 9.5
09715 28.9 34.5 34.6
SRC 51.9 49.2 48.4
I0M 7.4 6.6 7.6
Conversion 92.6 93.4 92.4
4Reaction conditions:
Temperature 425YC

Initial H2
Time
Agitation rate

Reactor

Reaction mixture:
Solvent
Coal
Catalyst

pressure

1,250 psig cold
60 min
860 rpm

Tubing bomb (46.7 mL volume)

6 g
3 g (I11inois #6)

500 ppm molybdeniim added based on coal

bModifﬁed solvent is generated by treating base liquefaction solvent with

’anhydrous HC1 gas followed by silica gel.

-76-



coal liquefaction experiments, and the results showed lower o011 production
than with both base liquefaction and modified solvents. These data clearly
show the detrimental effect of adding a stream of polar compounds to solvent

during coal liquefaction (Table 29).

Explanation of the Role of Heteroatomic Compounds in Liquefaction

The detrimental effect of heteroatomic compounds on coal liquefaction has been
demonstrated by modifyﬁng the base liquefaction solvent and also by adding
model compounds to modified solvent. However, the role of heterocatomic
compounds in coal liquefaction is not clearly understood because of the
complex nature of the solvents and the number of variables involved in cdal
liquefaction. It is generally accepted that hydrogenation or liquefaction of
coal involves transfer of hydrogen from gas bhase to solvent (solvent
hydrogenation) and from solvent to coal free radicals formed by thermal
reaction. If hydrogen transfer from any one of these steps is 1imited by any
mechanism, free radicals from the coal will be hydrogen-Starved and will

- condense to form coke. In addition, hydrogen starvation conditions will
severely 1imit the formation of o011, which i1s basically a hydrogenatéd coal
product. Therefore, hydrogen transfer plays an important role in controlling

the coal Tiquefaction reaction.

To provide a simple explanation for the role of heteroatomic compounds in coal
liquefaction, a simple model-compound hydrogenation reaction system was
studied. It was thought that if the coal 1iquefaction reaction was limited by
heteroatomic compounds, these compounds should also 1imit the model compound
hydrogenation reaction. Phenanthrene was selected as the model compound and

molybdenum octoate, once again, was used as a catalyst.

In the absence of any model nitrogen compound, the hydrogenation of
phenanthrene in the presence of hexadecane used as carrier -showed conversions
of 66 and 81% at 380 and 425°C, respectively (see detailed reaction cond1t1bns
in Figure 4). The addition of model nitrogen compounds such as quinoline and
phenanthridine to the reaction mixture severely limited the hydrogenation of
phenanthrene, as also shown in Figure 4. However, the addition of a model
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TABLE 29

EFFECT OF ADDING POLAR-COMPOUND-RICH STREAM TO MODIFIED SOLVENT?

Modified solven

- Base with addition o
Tiquefaction Modified polar compound-
solvent solventP rich stream
Product distribution
(wt % MAF coal)
HC gases 11.8 9.7 10.5
0ils 28.9 34.5 25.4
SRC . 51.9 49.2 57.9
10M | 7.4 6.6 6.2
Conversion 92.6 93.4 §3.8
Reaction conditions:
Temperature 425°C
Initial H2 pressure 1,250 psig cold
Time 60 min
Agitation rate 860 rpm
Reactor Tubing bomb (46.7 mL volume)
Reacliun mixtirer
Salvent 6y
Coal 3 g (I114inois #6)
Catalyst 500 ppm molybdenum based on coal

Puogified solvent is generated by treating base liquefaction solvent with

anhydrous HC1 gas followed by silica gel.
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PHENANTHRENE CONVERSION (%)

FIGURE 4
HYDROGENATION OF PHENANTHRENE
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REACTION INITIAL H; PRESSURE 1250 PSIG AT 25°C
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REACTOR TUBING BOMB

-79-



oxygen compound, B-naphthol, had a marginal effect on phenanthrene .
hydrogenation. These observations tend to indicate that the presence of
heteroatomic compounds, espetfa]]y_nitrogenhcontaining compounds, severely
1imits the solvent hydrogenation or transfer of hydrogen from gas phase to
1iquid phase, resulting in a hydrogen-starved condition. This hydrogen
starvation condition is probably the prime reason why nitrogen-

containing compounds negatively affect coal liquefaction.
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V. CATALYST SELECTION

BACKGROUND

Most of the experimental work discussed earlier was performed using dispersed
molybdenum catalyst. Although we did not know whether molybdenum was obtima].
in order to save time we opted to use it for the solvent modification runs
while simultaneously conducting catalyst selection experiments. Most of the
work was subcontracted to Auburn University, which evaluated the activities of
various water-soluble catalysts both individually and in combination.

Catalyst selection for a coal liquefaction process is very important.

Although a number of metals can be used, somé may actually inhibit the coal
Tiquefaction reaction rather than catalyzing it. Furthermore, metal catalysts
can be used in bulk, impregnated, or dispersed forms. Depending on the type
of metal used, ‘the activity of its different forms may differ.

Eight metals were tested for their catalytic activity in coal 11quefactidn"
Since their activity in bulk form s Timited, often necessitating large
amounts, no attempts were made to test them in bulk form. Furthermore, since
the cost of the catalyst depends on the amount used and determines the
economics of the coal 11quefaction process, bulk appiication of the catalyst

was ruled out as impractical.

However, the economics can be improved by effectively dispersing the metal
catalysts in the reaction mixture. Effective dispersion can be achieved
e1fher by impregnating the initial catalysts on coal or dispersing the metal
catalysts in solvent. Auburn impregnated the catalysts on coal in its
catalytic selection experiments and tests of the synergism between metal
catalysts. The form of metal catalyst application was then decided at Air
Products by testing the activities of both impregnated and dispersed metal

catalysts.
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IMPREGNATION OF METAL CATALYSTS

Individual Metals

The activity of various water-so1Ub1e catalysts was evaluated at Auburn
University by dissolving them in water and impregnating them on coal. The
metal concentrations used were based on the cost of the metal: molybdenum and
nickel, being very expensive, were used in very small amounts (250 ppm based
on coal}, whereas'cheap metals such as iron, zinc, and copper were used in.
large amounts'(up to 1 wt % based on coal). The catalytic activity was
determined on the basis of 011 production during coal liquefaction. The
standard reaction conditions 1isted in Table 30 were used in all the
experiments, as was base liquefaction solvent. Results are described below.

Impregnating coal with 250 ppm of molybdenum as ammonium molybdate or 250 ppm
of nickel nitrate increased overall coal conversion from 87 to 90%

(Table 31). 0i1 productﬁon.increased from 18 to 21% with nickel and from 18
- to 24% with molybdenum, indicating that molybdenum was more active than '
nickel. The changes in yields of both gases and SRC were insignificant with
both metals. |

Although impregnation of coal with 250 ppm of cobalt increased overall coal
conversion from 87 to 91% (Table 31), o1l production decreased from 18 to

14%. 1Impregnation with either 0.5 or 1.0% jron increased coal conversion and
011 production. 1In fact, both were slightly higher with 0.5% iron than with
1.0% iron, clearly indicating the benefit of ysing a lower concentration of
fron. On the contrary, reducing the concentration of zinc from 1.0 to 0.5%
significantly reduced o011 production. Furthermore, the application of zinc at
both 0.5 and 1.0% levels was detrimental to coal liquefaction, as was use of
copper at the same levels. Finally, the use of either 1.0% manganese or lead
was a]so.extreme1y detrimental to o011 production.

The data summarized in Table 31 clearly show that cobalt, zinc, copper,

manganese, and lead are not good catalysts, but that molybdenum, nickel, and

iron seem to catalyze the coal liquefaction reaction.
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TABLE 30

STANDARD CONDITIONS FOR METAL—IMPREGNATED COAL LIQUEFACTION EXPERIMENTS

'Reaction Conditions:

Temperature 425°C

Initial H2 pressure 1,250 psig cold
Time 60 minutes
Agftation rate : 860 rpm

Reactor ‘ Tubing bomb (46.7 mL)

Reaction Mixtures:

So]vent4 6 g (base liquefaction solvent)

Coal ' 3 g (I11inois #6)
a . '
0.
CS2 1.08 g

a

C52 Qas addéd to the reaction mixture to ensure complete sulfiding of

the catalyst.
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LIQUEFACTION OF ILLINOIS #6 COAL USING METAL CATALY§l§a

TABLE 31

Mangan-

250-ppm 250-ppm 250-ppm Iron Zirc Copper ese Lead
None m>1ybdenum nickel cobalt 0.5% 1.0% 0.5% 1.0% 0.5% 1.0% 1.0% 1.0%

Product distribution

(wt T MAF coal}

Gases 12.0 + 1.9 10.2 12.5 + 1.2 12.6 10.0 8.2 12.2 10.5 10.6 1.4 11.5 11.5
0il 17.6 + 2.5 23.9 20.5 + 0.2 13.6 27.8 21.0 8.5 15.4 15.2 14.8 16.8 12.2
SRC 57.3 + 2.0 56.7 51.5 + 2.0 65.0 60.4 59.5 65.6 58.8 59.5 56.8 55.8 65.4
" 10M 13.1 + 2.0 9.2 9.5 + 0.9 8.8 1.8 1.3 13.7 15.3 14.7 17.0 15.9 10.9
Conversion B86.9 + 2.0 90.8 90.5 + 0.9 91.2 92.2 88.7 86.3 84,1 85.3 83.0 84.1 89.1

a . .
Reaction mixture:

Coal

Base liquefaction solvent

Reaction conditions:
Temperature
Initial H2 pressure
Time

Agitation rate

3 a (I1linois #6)
6 g

425°C
1,250 psig cold
60 min

860 strokes per min



Auburn also noted that molybdenum was more active than nickel at a very low
concentration -- 250-ppm metal based on coal. Furthermore, 250-ppm molybdenum
was more active than iron at a very high concentration (1 wt %).

Since molybdenum and iron displayed good catalytic activity in coal
liquefaction with base liquefaction solvent, the catalytic activity of these
two metals impregnated on coal was evaluated at Air Products in the presence
of modified solvent, which was generated by treating base liquefaction
solvent with anhydrous hydrochloric acid followed by silica gel. Two
different concentrations of iron (0.3 and 1.0 wt % based on coal) and 500 ppm
of molybdenum were used for the liquefaction test. TheAexperimenta] work was:
limited to iron and molybdenum catalysts because of the lack of time and

resources.

As shown in Table 32, both oil production and coal conversion increased
considerably with 0.3%-iron-impregnated coal compared to a run without

~ catalyst. Inﬁreasing the iron concentration from 0.3 to 1.0% further

increased oil production from 29 to 44%, in sharp contrast to the lack of a
4change in yield in the presence of base liguefaction solvent when the irdn
concentration was increased from 0.5 to 1.0% (Table 31). This observation
clearly indicated that the catalytic activity of iron was severely hindered by
the presence of heteroatoms in thé solvent. Overall coal conversion, howevér,'
increased marginally from 84 to 87% with an increase in iron concentration
from 0.3 to 1.0%.

Impregnating coal with 500-ppm molybdenum increased o1l yield to 28%, which
was slightly higher than that noted with base liquefaction solvent (see
Tables 31 and 32). Overall coal conversion Qas somehow considerably lower in
the presence of modified solvent than base liquefaction solvent. When the
activity of 1% impregnated iron was compared to that of 500-ppm impregnated
molybdenum, it was surprisingly noted that both oi1 production and coal
conversion obtained with 1% iron were h1ghef than noted with 500-ppm ,
molybdenum. This information reveals that when catalyst is impregnated on
coal, an inexpensive catalyst 1ike dron can be used to replace an expensive
catalyst l1ike molybdenum in coal liquefaction without incurring any loss in

oil yleld.

-85-



| THIS PAGE
WAS INTENTIONALLY
- LEFT BLANK



Metal Cata1ystACombinat10ns

As just discussed, addition of iron, zinc, copper, lead, cobalt, nickel, and
molybdenum during coal liquefaction did not always increase oil production
over the noncatalytic baseline yields. This was-in part due to cost factors;
because nickel and molybdenum are expensive, their concentrations had to be
kept low in order to make their use economically feasible. In contrast, iron,
copper, and zinc were much cheaper, and therefore could be used at much higher
‘concentrations. However, as shown, adding more iron did not have any
significant beneficial effect with base liquefaction solvent.

These results led to several exploratory experiments to determine whether
combining a weak or detrimental catalyst 1ike iron or zinc with a strong
catalyst like molybdenum would be beneficial. The results in Table 33 show
that the combination of metals in all cases yielded higher overall conversion
and significantly more o011 than the individual metals. 031 production was
highest using the combination of zinc and moiybdenum. These results indicate .
that combining a cheap metal 1ike iron, zinc, or copper and an expensive metal

1ike molybdenum shows great promise for improving liquefaction.

DISPERSED CATALYST

As stated eariier, metal catalysts can be used in bulk, impregnated, and
dispersed forms. In addition to those just described, experiments were
performed to test the activity of metal catalysts dispersed well in the
reaction mixture. The activities of well-dispersed and impregnated metal
catalysts were compared to determine the most efficient way of using catalytic

activity.

To accomplish this task, coal liquefaction experiments were carried out by Air
Products using molybdenum catalyst in both impregnated and dispersed forms
(molybdenum dispersion was achieved by using an oil-soluble molybdenum
compound Tike molybdenum octoate) in the presence of modified solvent. 1In
both cases, a concentration level of 500-ppm molybdenum based on coal was

used.
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COAL LIQUEFACTION WITH A COMBINATION OF vETALS?

TABLE 33

: i 250-ppm 250-ppn 250-ppm 250 ppmi
250-ppm 250-ppm 1.0% 1.0% 1.0% Mo and 1% Ni and 1% Mo and 1% Mo and 1%~
Mo Ni fe Zu In fFe Fe Cu /n
Product distribution
(wt % MAF coal)
" Gases 10.2 12.5 8.2 1.4 10.5 E.5 8.8 10.1 7.8
ail . 23.9 20.5 21.0 14.8 15.4 26.2 28.9 271.1 32.1
SRC 56.7 57.5 59.5 56.8 58.8 51.3 - 55.8 55.6 52.1
10M 9.2 9.5 11.3 17.0 15.3 €.0 6.5 1.2 7.4
Conversion 50.8 30.5 38.7 B83.0 84.1 94.0 93.5 92.8 92.6

aReact1on conditians: see Table

3



Liquefaction of molybdenum-impregnated I11inois #6 coal at 425°C resulted in
an overall coal conversion of 83% (Table 34). 011 and gas production were 28
and 7.2%, respectively. Interestingly, oil production increased from 28 to -
44% by molecularly dispersing molydenum instead of -impregnating it into the
coal. Overall coal conversion also increased to 92% when molybdenum was
molecularly dispersed in the reaction mixture as molybdenum octoate.

These results clearly indicate that the way the catalyst is applied is very
important in coal liquefaction. Molybdenum when dispersed in the reaction
mixture as oil-soluble molybdenum octoate was much more active than when
impregnated into fhe coal. Similar behavior could be expected with other
metal catalysts such as iron and zinc. If this is true, the amount of an
inexpensive catalyst like iron required to catalyze coal liquefaction could
be reduced considerably by molecular dispersion in the reaction mixture.
However, the relative cost of the water-soluble form of the metal catalyst
and of thé 0il-soluble compound should be considered before final selection

for actual plant design and operation.
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TABLE 34

APPLICATION OF MOLYBDENUM CATALYST®

Molybdenum Molybdenum dispersion
impregnation 1 11 Average
Product distribution
{(wt % MAT coal)
Cases 7.2 6.7 5.1 (5.9)
031 28.0 ' 45.4 47 .5 (44.0)
SRC 47.5 © 40.1 43.7 (41.9)
Residue 17.3 7.8 8.7 ( 8.2)
Conversion 82.7 92.2 81.3 (91.0)

a . .
Reaction mixture:

Coal

Solvent

Reaction conditions;

Temperature’
Pressure
Time
Agitation

3 g (I174nois #6)
6 g (modified solvent)

425°C
850 psig H
60 min
1,000 strokes per min

2 cold
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VI. EFFECT OF COAL PRETREATMENT AND BENEFICIATION ON LIQUEFACTION

’In an attempt to find ways of improving the o1l production from coal
1iquefaction, we also examined several coal pretreatment techniques, including
solvent extraction, oxidation, cation exchange, pulverization, and

 beneficiation. The following sections briefly describe each of these
pretreatment methods and the results -of Tiquefying samples of the pretreated
coals under both low- and high-severity reaction conditions.

ISOLVENT EXTRACTION OF COAL

The efficiency of coal liquefaction depends on the mass transfer of hydrdgen
from the hydrogen-donor solvent to the active sites that form upon thermal
reaction of the coal. When the active sites are quenched with donatable

hydrogen from the solvent, desirable low-molecular-weight products are formed.
!If. on the other hand, hydrogen is not readily avaiiable, the active sites will
react to form undesirable products of high molecular weight. When a coal is
extracted with certain solvents at temperatures appreciably below the

liquefaction temperatures, various proportions of small molecules (such as
waxes, resins, bitumens, and simple aromatics) are removed from the microporous
network. The amount of extract will typically vary between 5 and 25% by weight
depending on the nature of the solvent system and the type and rank of coal.

By opening up the structure and increasing access to the micropores, solvent
extraction should render the internal molecular structure of the coal more
readily accessible to the "preferred" hydrogen-donor solvent, thereby enhancing
the liquefaction efficiency.

In addition, removal of the smaller molecules also should benef1t the
liquefaction process because of the reduction in mobile heteroatom
constituents. If not removed, mobile constituents can easily participate in
undesirable condensation reactions or in other side reactions requiring
unnecessary consumption of molecular hydrogen.
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To determine whether so]vent extraction of coal before liquefaction would
enhance the yie}d of desirable products from subsequent thermal or catalytic
liquefaction, a series of expe?iments was conducted with I11inois #6 coal.
Samples were treated with benzene and ethanol alone and with mixtures of the
two. Also, I11inois #6 coal was first soaked in a process middle distillate
and then extracted with either methylene chloride or benzene/ethanol. In
another experiment, the goa] was extracted with citric acid. Representative
solvent-extracted samp]es were theh liquefied in a tubing-bomb reactor under
both high- and low-severity reaction conditions. Individual experiments are
described below.

Solvent Extraction with Benzene and Ethano!}

Benzene-Extracted I11inois #6 Coal. Fifty grams of I11inois #6 coal

pulverized to -200 mesh was placed in a Soxhlet extractor to which 600 mL of
benzene was added. The coal was extracted for 3 days, after which the extract
was collected by evaporating the solvent and then weighed. The extracted coal
was dried under vacuum at 70°C to remove residual solvent and also weighed.
The yield of extract on a MAF coal basis was 2.7%.

T A samb1e of the extracted coal was then liquefied with base liquefaction
“solvent at 425°C for 1 hr in a 50—cm3 tubing-hnmh reactor. The rcsults in
Table 35 show that the o011 yileld has decreased somewhat compared to the
11q&efaction of origindl coal, and convérsion decreased significantly.

Ethanol-Extracted I11inois #6 Coal. Anather sample of'freshly ground -200
mesh I17inois #6 coal was Soxhlet extracted with absolute ethanol exhaustively
for 7 days. The ethanol-extracted residue was dried and subjected to
Tiquefaction using base liquefaction solvent. The results, reported in

Table 35, are compared to liquefaction of the original Il1linois #6 coal.
Notice that ethanol pretreatment also reduces oil yield. The conversion also

decreased dramatically.
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TABLE 35

LIQUEFACTION OF BENZENE- AND ETHANOL-EXTRACTED
ILLINOIS #6 COAL USING BASE LIQUEFACTION SOLVENT?

Original coal

Run  Run Benzene- Ethanol-
14-48 18-53  Ave. extracted coal extracted coal
Product distribution
(wt % MAF coal)

Gases 7.8 8.2 8.0 8.5 8.7

0ils 14.5 10.5 12.5 ' 9.8 3.8

SRC , 60.0 64.3 62.1 54.8 51.5

10M 17.7 7.0 17.4 v 26.9 30.0

Conversion 82.3 83.0 82.6 73.1 70.0

aPretreatment:

50 g of coal (-200 mesh); Soxhlet extraction in 600 mL of ethanol or benzene
Reaction mixture:
Solvent 6 g

Coal 3 g

Reaction conditiqns:

Temperature 425°C

H2 pressure 850 psig cold

Time 60 min

Agitation 1,000 strokes per minute
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Benzene/Ethanol-Extracted I11inois #6 Coal. I1lincis #6 coal was Soxhlet
extracted for 2 days using an azeotropic mixture of 67.6 wt % benzene and 32.

wt % ethanol. The yield of extract based on recovered weights averaged 8.6%
(dry basis), -as shown in Table 36. Table 36 also compares the elemental
composition of the extract with that of the raw coal.

The samples extracted with benzene/ethanol were subjected to both thermal and
catalytic liquefaction using base liquefaction and modified (HC1/silica gel
treated) solvents. The liquefaction conditions and results are summarized in
Tables 37 and 38, including comparison with the baseline runs. The data in
each table for the extracted coal are reported on both an extracted-coal and
whoTe-cod] basis. The data based on the whole coal conservatively assume a
conversion of approximately 70% of the extracted material to oils. On the
basis of previous experience with materials of similar composition, one can
reasonably assume that the extracted material can be reédﬁ]y converted to

distillate products by catalytic hydrotreating.

The data in Table 37 show a significantly higher o011 yield for the extracted
coal, even when the contribution by the extracted material is ignored. When
the contribution by the extracted material is included in the product
distribution (as can be seen in the right-hand column of Table 37), the oil
yleld increased almost twofold.

Tahle 30 shows theé results of the Tiquefaction of the extracted I11inois #6
coal in the presence of a modified liquefaction solvent plus a molybdenum
catalyst. Although the magnitude of the differences is less due to the higher
conversion yilelds. a significant increase in the vll yteld can again be seen
when the data are reported on either an extracted-coal or whole-coal basis.
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TABLE 36

SOLVENT EXTRACTION OF TLLINQIS #6 COAL WITH BENZENE AND ETHANOL

Extraction yield

Run number: 7514-3-1 7514-3-2

Extract (wt %): '
MF basis | 8.98 8.27
MAF basis 10.07 9.27

Mass recovery (wt % MF) 100.98 100.88

wt % (MAF) elemental
composition

Element ‘ Raw coal Extract
c : 78.6 81.4
H 5.7 6.4
0 (10.3)% . (8.5)°
N 1.6 1.2
S

3.1 2.2

aDeterm\ned by difference.

bD‘irect determination on Cou]ometrfcs oxygen analyzer.
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TABLE 37

LIQUEFACTION OF BENZENE/ETHANQL-EXTRACTED
ILLINOIS #6 COAL WITH BASE LIQUEFACTION SOLVENT®

Renzene/ Extr
ethanol c
extracted wh
Raw I1linois #6 coal basis coal
Run ho. 14-48 18-53 31-53 3
Liquefaction product distribution
(wt % MAF coal)
Gases 7.8 8.2 6.8 6
011 ' 14.5 10.5 17.5 22
SRC 60.0 64.3 53.7 51
10M A 17.7 17.0 22.0 19
Conversion ‘ 82.3 83.0 - 70.0 80
Mass recovery (wt %) 97.% 93.2 93.2
- _
Reaction mixture:
Solvent 6 g
Coal 3 g
Reaction conditions:
Temperature 4725°M
H2 pressure 850 psig cold
Time 60 min
Agitation 1,000 strokes per minute

bConvers1on data were calculated on a whole-coal basis using the average

extract yield of 9.6% (MAF). Extract is conservatively assumed to contribute

70% to the o1l fraction and 30% to the SRC fraction.
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TABLE 38

LIQUEFACTION OF BENZENE/ETHANOL—EXTRACTED'ILLINOIS #6 COAL
WITH MODIFTED LIQUEFACTION SOLVENT AND SOLUBLE MOLYBDENUM CATALYST®

Benzene/ Extracted
Raw : ethanol _ coal,
ITlinois extracted whole-
#6 coal basis coal basis
“ Run no. ‘ ' 17-45 ‘ 33-54 33-54
Liquefaction product distribution
(wt % MAF coal)
Gases S 6.7 7.6 6.9
0ils ' ‘ 45.4 - 48.3 50.4
SRC 401 35.1 34.6
I0M 7.8 9.0 8.1
Conversion . 92.2 81.0 91.9
Mass recovery (wt %) 94.3 97-.8
‘aReaction mixture:
Solvent 6 g
Coal 3 g'. , -
Catalyst 500 ppm molybdenum based on coal
Reaction conditions:
Temperature T 425°C
H2 pressure 850 psig co]dv
Time 60 min
Agitation 1,000 strokes per minute
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Summary. Although simple aromatic hydrocarbon solvents such as benzene,
toluene, and m-xylene are suitable solvents for dissolving the types of small
molecules that are present in coal, our benzene extraction experiment showed
that these solvents alone apparently do not adequately penetrate the
microporous structure and improve tﬁe Tigquefaction distribution. Likewise,
simple alcohols, such as methanol or ethanol, are suitable polar solvents,
since they are especially effective in swelling coal to increase the
accessibility to the microporous structure. However, our ethanol extraction
experiment showed that alcohols alone are poor extracting solvents for coal
and therefore have 1ittle or no influence on coal liquefaction.

In contrast, a binary mixture of the twa solvent types does seem to uniquely
possess the ability to carry out both desired functions, that is, to increase
access to the microporous structure and tn simultanecusly exliacl Lhe desired
amount of small molecules from the coal. When the coal was extracted with a
mixture of benzene and ethanol at temperatures below 11quefaction.'the
hydrogen-donor solvent had maximal access to the internal structure with the
result that liquefaction (o011 yileld) was improved.

The true mechanism of improvement in o011 yield is unknown, but severail
theories can be offered. OQne can reasonably assume that removal of the
occluded material (which may act as a diluent during liquefaction) and
replacement with hydrogen-donor solvent improves coal liquefaction. The
hydrogen-donor solvent 1s better dispersed within the coal making hydrogen
readily available for donation at the critical onset of liquefaction.

Another possibility is that replacement of moisture at the surface by alcohol
or benzene has altered the coal's réact1v1ty. For example, a small amount of
ethanol bound on the surface after the extraction could impart a donor-solvent
effect in the liquefaction reaction. If appreciable ethanol remained in the
coal, a net increase in the 01l yield would also result; however, our
calculations show that 1-5% residual ethanol left on the extracted coal would
increase the oil yield by only 0.2-1.0%, which 1s negligible compared to the
observed increase in the o1l yield. The mass balances from the extraction
(Table 36) clearly indicate that the residual ethanol could not have surpassed
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5%. The increase in the o0i)l yield by solvent extraction was further
substantiated by the results obtained by extracting coal with middle

distillate, as discussed in the following section.

Pretreatment with Middle Distillate Followed by Solvent Extraction

In this set of experiments, I1linois #6 coal was pretreated with a
coal-derived middle distillate solvent at various temperatures and then
solvent-extracted to 1hvestigate the effect of the middle distillate on both
the solvent extraction and subsequent liquefaction. Treatment with middle
distillate, which contains appreciable amounts of phenols, was expected to
enhance swelling of the coal and hence.the separation of small molecules.

Table 39 1ists the boiling-point distribution of the middle distillate used in
these experiments; most of the solvent distilled between 350 and 650°F.
Pretreatment consisted of mixing equal amounts of coal and middie distillate
at various temperatures between ambient and 250°C. The coal/solvent slurry
was then subjected to Soxhlet extraction using either methylene chloride or
benzene/ethanol (70:30). The extraction yields were determined on the basis
of recovered coal, because it was impractical to determine the weight of
extract due to the presence of the middle distillate. The results of the
extractions are summarized in Table 40, including an analysis of the oxygen

and nitrogen in the extracted coals.

The mass recoveries were excellent for the methylene chloride experiments, but
were erratic when the benzene/ethanol mixture was used for extraction. These
extraction solvents were very difficult to remove from the middle distiilate

during rotoevaporating.

The data in Table 40 show that a marked increase in methylene chloride
solubility occurred upon treatment of the coal at an elevated temperature.
Although the oxygen data of the extracted coal samples were inconclusive, the
modest increase in nitrogen might indicate that adduction of the middle
distillate was taking place to some extent.
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TABLE 39

BOILING-POINT DISTRIBUTION OF MIDDLE DISTILLATE

Temperature  (°F) ‘ ' wt % off

<350 0.7
350-450 23.3
450-550 44.8
550-650 19.4 -
650-750 5.7
750-850 | 6.2
>850 - 0.0
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PRETREATMENT OF TLLINOIS #6 COAL WITH COAL-DERIVED

TABLE 40

MIDDLE DISTILLATE FOLLOWED BY SOLVENT EXTRACTION

Feed Run No.
coal 7514-18_ 7514-20 __ 7514-22 __7414-30____7514-342_
Pretreatment temp. (°C)  -- 22 70 150 70 250
Extraction solvent -- CH,CT, CH,CT, CH,C1, Bz/EtOH  Bz/EtOH
Mass recovery (wt %) -- 99.7 -98.7 97.8 106.7 101.7
Extract (wt %) - 1.1 1.6 6.1 9.5 15.8
‘Extracted coal (% MAF)
Ash 10.99  10.42 11.74 10.79 11.20 © 12.43
N 1.44 1.59 1.58 - 1.81 1.68 1.58
0¢ . 13.06 11.09 10.58 12.19 .10 11.83

aRun in autoclave at 1,000 psig helium.

b

cD1rect determination on Coulometrics oxygen'analyzerv
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In a special experiment (sample number 7514-34), the coal was pretreated with
the middle distillate at 250°C in an autoclave reactor pressurized under
1,000 psig of helium. The yield of benzene/ethanol-soluble material was
nearly double that obtained upon extraction of coal treated at 70°C.

Although the oxygen data are difficult to interpret, several observations are
noteworthy. The oxygen data reported in Table 40 are based on direct
determination of oxygen using a Coulometrics, Inc. oxygen analyzer. The test
theoretically detects all organic oxygen and any oxygen formed upon pyrolysis
of minerals such as carbonates, sulfates, and clays. 1In these analyses, the
coal samples were run "as received," and the moisture content, determined by
the ASTM method, was used to correct the oxygen analysis to the dry basis.
The direct oxygen determined for the raw coal was several percent higher than
for the extracted coals. This result was unexpected, as one would assume the
oxygen content would increase as the result of the adduction of oxygen
compounds from the solvent. After scrutinizing these data, including the
carbon and hydrogen analyses, we concluded that the difference might
represent an amount of moisture not reported by the ASTM test, but determined
in the direct oxygen analysis. Also, during solvent extraction, this
moisture, which is presumably tightly bound to the coal surface, is displaced
by the solvent.

Three of the coal samples treated with middle distillate (Table 40) were
subjected to liquefaction in the presence of base liquefaction solvent. The
results of these runs are shown in Table 41.

Coal that had been pretreated with middle distillate at 150°C and then
extracted with methylene chloride yielded the same amount of oils as raw coal
upon liquefaction in base liguefaction solvent. However, there was a
significant decrease in total conversion, as evidenced by the 10% increase in
the I0M yield alone. This result substantijates the argument that a chemical
interaction of the middle distillate with the coal has taken place that is
not reversible with methylene chloride extraction. Whatever this effect is,
it 1s clearly detrimental to liquefaction.
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TABLE 1

LIQUEFACTION OF ILLINOIS #6 COAL TREATED WITH MIDDLE DISTILLATE®

Middle distillate treated coal

Treatment temperature 70°C 150°C 250°C, 1,000-psi He

Extraction solvent Benzene/ CHoC1op Benzene/ethanol
ethanol

Sample number Baselineb (7514-30) (7514-22) (7514-34)

Product distribution
(wt % MAF coal)

Gases 8.0 7.5 7.1 6.4
0ils . 12.5 19.2 13.9 -10.0
SRC - 62.1 54.2 52.0 66.0
- IOM 17.4 19.1 27.0 37.6
Conversion 82.6 80.9 73.0 62.4
Mass recovery {(wt %) 95.3 . 95.9 95.8 92.17
aReactiqn mixture:
Base:11que?act10n solvent 6 g
Coal 3 g
Reaction conditions:
Temperature 425°C
H2 pressure 850 psig cold
Time 60 min ‘
Agitation 1,000 strokes per minute

bBaseline-data averaged from runs 11.48 and 18-53 in Tab1e 35.
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The coal sample pretreated with middle distillate at 70°C and then extracted
with benzene/ethanol gave an extract yield comparable to that for raw coal
extracted with benzene/ethanol, "as shown in Tables 36 and 40. Both coals also
gave comparable  Tiquefaction yields. (see Tables 37 and 41). This further
confirms the beneficial effect of solvent extraction on o1l yield. In this
case, the solvency power of the benzene/ethanol mixture was sufficient to
reverse any solvent adduction effect that might havé resulted during the
middle distillate treatment.

In the final run reported in Table 41, in which the coal was pretreated with
middle distillate at 250°C at 1,000-psig helium pressure followed by
benzene/ethanol extraction, overall conversion decreased substantially. The
negative o011 yield indicates that constituents in the process solvent strongly
interacted with the treated/extracted coal at high temperature and pressure.
It is quite clear from these data that simple pretreatment of coal with a
coal-derived middle distillate at elevated temperature will detrimentally
affect coal conversion.

Citric Acid Extracted I1linois #6 Coal

As part of the solvent extraction studies, coal was extracted with a mild acid
to leach cations out of the clay components and to remove exchangeable sodium
and calcium metals. Most of the relevant work in the literature reported the
use of mineral acids to pretreat coal and obtain partial demineralization. In
the current experiment, an organic acid (a concentrated solution of citric
acid, pH ~0.5) was used instead of a mineral acid to avoid possible side
effects in the liquefaction reaction due to the halogens. By virtue of its
adjacent carboxylic groups, citric acid tends to act as an efficient
complexing agent for many metals, and thereby serves to efficiently clean up
the coal surface and extract soluble minerals from the pores. Treatment of
I1Yinois #6 coal with citric acid solution followed by exhaustive water
extraction succeeded in reducing the ash content by.20-30%.

The extracted samples were liquefied with base liquefaction and modified
solvents to determine the effect of this pretreatment on liquefaction. The
results, summarized in Table 42, show no marked differences between the
product distribution obtained by liquefying both original and citric acid
washed coal samples under thermal and catalytic conditions.
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TABLE 42

|LIQUEFACTION OF CITRIC ACID EXTRACTED ILLINOIS #6 coaL®

Base
Tigquefaction solvent

Modified solvent and
500 ppm Mo catalyst

Run number 31-050 Baselineb 33-037 BaselineC
" Pretreatment Citric acid Raw I11. #6 Citric acid Raw
: extracted extracted I11. #6
Product distribution
(wt % MAF coal)
Gases 7.6 8.0 6.4 6.7
011 12.4 12.5 45.3 45.4
SRC 60.6 62.1 38.17 40 .1
I10M 19.4 ' 17.4 9.6 7.8
Conversion 80.6 82.6 90.4 92.2
Mass recovery {(wt %) 90.6 95.3 96.1 94.3
aReaction mixture:
Coal 3 g
Solvent 6 g _
Catalyst 500-ppm molybdenum based on coal (if any)

Reaction conditions:
Temperature
H2 pressure
Time

Agitation

425°C

850 psig cold

60 min

1,000 strokes per min

bAverage of run numbers 14-48 and 18-53.

cRun numbers 17-45.
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OXIDATION OF COAL

"Oxidized coals are generally not suitable for liquefaction because they are
known to produce a considerable debit in overall conversion compared to the
liquefaction of "fresh" or unoxidized coal (3, 4). Oxygen incorporations of ‘
several percent or more from oxidation in air at temperatures below 200°C are|
known to cause extensive decreases in coal conversion ylelds. Consequently,
coal liquefaction process development groups have been concerned with the
problem and have made a substantial investment in ways to minimize or
eliminate the oxidation of coal during routine mining, transportation,
preparation, and handling prior to its liquefaction. Naturally weathered
coals (e.g., from stockpiling) can be oxidized to such an extent that they arJ
typically excluded as candidates for coal ligquefaction processing.

On the other hand, bituminous coals that have been severely weathered or
oxidized do contain beneficial carboxyl groups and other ion-exchange sites
that are not found naturally. These ion-exchange sites are beneficial because
they can complex metals, thus allowing catalysts to be dispersed throughout
the coal. By molecularly dispersing a catalyst throughout the coal structure
by ion exchange prior to liquefaction, catalytic effect and subsequent
liquefaction yields should be improved considerably.

Because we were interested in performing cation-exchange experiments with
axidized coal, we first designed a-series of experiments to determine how mil
oxidation would affect liquefaction under our conditions. Hence, I11inois #6
Burning Star coal was subjected to the following pretreatments:

. Coal was oxidized in a fluidized bed reactor with dry air at
controlled temperatures of 70 and 170°C for 1, 2, and 5 hr and with
wet air at 170°C for 5 hr.

+ Coal was oxidized in a 50:50 (by volume) solution of dilute sulfuri

acid (0.1 N) and methanol containing 5% hydrogen peroxide as an
oxidizing agent.
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Coal was oxidized in 0.1 N H2$O4 with 5% H202.
Coal was oxidized with 72% sulfuric acid at a mild condition of 1 hr
at 0°C and at more severe conditions of 1 and 18 hr at 50°C.

To determine the extent of oxygen incorporation, the oxidized coals were
analyzed using a direct oxygen analyzer (Coulometrics, Inc.).
Thermogravimetric analysis was also used to determine the relative rate of-
oxidétion of the I11inois #6 coal at different temperatures prior to setting

the conditions in the fluidized-bed oxidizer. The oxygen analyses of the

treated coals are summarized in Table 43.

As shown by the data in Table 43 and the thermograms in Figure 5, temperature
definitely affected the rate of air oxidation; it proceeded much more rapidly
at 170°C than at 70°C. Hence, those samples oxidized at 170°C were selected
for the liquefaction studies. Also, the initial peroxide treatment (5%

H202 in 50/50 methano]/H2$04) was very effective in adding oxygen, so '
these samples were liquefied, as were those oxidized in 72% H2$O4 for 1

and 18 hr.

Because we had learned from our coal grinding experiments (to be discussed
below) that oxidation was extremely detrimental to oil production when
original (base liquefaction) solvent was used, all the liguefaction
experiments in this series were run with modified solvent (5).

The results, compared to the original coal, are summarized in Table 44. The
most significant finding was that the o1l yields from liquefaction of the
air-oxidized coal were unaffected, even though the oxidized coals gained 2.4
and 3.0% oxygen. Both Neavel (4) and Chang et al. (3) indirectly imply that
oxygen incorporation beyond about 2% will significantly reduce the conversion
yleld. This is apparently not the case for 0%l generation when a modified
solvent is used. Moreover, these results lead to the conclusion that oxidized
coal can be successfully Tiguefied without creating a debit in either oils or

‘conversion by using modified rather than base liquefaction solvent.
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TABLE 43

OXIDATION OF ILLINOIS #6 BURNING STAR COAL BY VARIOQUS METHODS

% oxygend
Dry DAF % ash % sulfur
Treatment condition basis basis (dry) (dry)
None (original coal) 11.65 13.06 10.78 3.92
Fluidized dry air
At 70°C for 1 hr 11.61 13.00 10.55
for 2 hr 12.b63 14.74 10.7
for 5 hr 12.48 13.97 10.67
At 170°C for 1 hr 14.12 15.78 10.49
for 2 hr 14.68 16.38 10.42
for 5 hr 16.42 18.30 10.37
Fluidized wet air 20.23 - NAb
at 170°C fnr 8 hr
5% H202 in 50:50 methanol/ 17.19 18.70 8.07
0.1 N H2504
5% H202 in 0.1 N stn4 14.25% - NA
12% H2504 at 0°C for 1 hr 11.83 - NA '
At 50°C for 1 hr 11.88 13.03 8.79 4.79
At 50°C for 18 hr 14.06 15.34 B.35 6.1

3 Direct determination of oxygen using modified Coulometrics, Inc. oxygen

analyzer.

b NA, not available.
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TABLE 44

MODIFIED SOLVENT LIQUEFACTION OF TLLINOIS #6 COAL

PREOXIDIZED UNDER VARIOUS CONDITIONS (LIQUEFACTION CONDITIONS:

425°C: 1 HR: 850-PSIG H. COLD CHARGE)

2

Ajr-oxidized 12% HS04-
coal, 170°C : oxidized coa) Ho
Original 1 hr; 18 hr;  oxidi
coal 1 hr 2 hr 0°C 50°C coa
Rurn no. 16-51 1 59 62-56 62-48 A0-70 60-
Oxygen incorporation (%) -- 2.4 3.0 0.1 2.4 5.

Product distribution
(wt % MAF coal)

Gases 5.7 9.1 10.6 9.8 11.8 10.
0ils 21.4 20.5 22.8 19.9 4.1 4,
SRC 46.0 44 .2 42.1 46.5 42.9 43.
10M 26.9 26.2 23.9 23.8 47.2 42,
Conversinn 73.1 73.8 76.1 16.2 58.8 57.
Mass recovery (wt %) 92.3 92.6 89.4 92.5 9).2 y2.
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A plausible interpretation of this unexpected phenomenon centers around the
nature of the heteroatom interactions between the coal and solvent. When coal
is oxidized in air at conditions below its normal ignition temperature
'(ambient to <200°C), the incorporation of oxygen proceeds with the ultimate
formation of relatively stable carbonyl and hydroxyl groups. During
liquefaction, these oxygenated groups compete for the donatable hydrogen
during the critical thermal reaction period. They also interact with other
constituents in the solvent and those formed from thermal reaction of the
coal, resulting in undesirable side reactions leading to high molecular weight
products rather than oils. Consequently, the lower o1l yield observed when
oxidized coal is liquefied with an original coal-derived solvent can be
attributed to these interactions occurring between the oxygenated sites in the
coal and the heteroatom constituents of the process solvent. Furthermore, the
higher the heteroatom content of the solvent or the larger the extent of
oxidation of the coal, the gréater will be their effect upon decreasing the

conversion yields.

The use of modified solvent (treated by adsorption on a substrate such as
silica gel or by reaction with acid gases such as HC1) was shown earlier to
significantly enhance o011 production. We have attributed this phenomenon to
increases in the inherent catalytic activity due to removal of catalyst
poisons and to the reduction of solvent/coal adduct formation. Because of
oxidation effects, we did not predict comparable o1l yields from modified
solvent and oxidized coal, and unexpectedly found that liquefaction did
produce optimal yields. This suggests that the heteroatom constituents in the
solvent are the "key" agents that cause the negative effects when oxidized
coal is liquefied. When the heteroatoms are removed from the solvent, the o1l

conversion yields are restored.

In contrast, coal that was mildly oxidized with hydrogen peroxide (5.5% oxygen
added) yielded drastically lower amounts of oil, and overall conversion was
reduced by almost 20%, even in the presence of modified solvent. This result
is indeed consistent with that observed by others (5, 6) using original
solvent, but is somewhat surprising because the oxygen uptake for the
peroxide-oxidized coal is only several percent greater than the air-oxidized
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coal. Hence, one might assume that the oxidation mechanism when hydrogen
peroxide 1s used is quite different from that of air oxidation at elevated
temperature, and so the type of solvent makes 1ittle difference.

011 production was also destroyed-when 12% H2504 was used to preoxidize

the coal at 50°C for 18 hr, and conversion dropped by 20%. This is also a
contradiction, since less oxygen was incorporated (only 2.4%) than in the case
of the aif—oxid1zed coal, which showed no change in oil yield. Other coal
samples were preoxidized with 72% H2$04 at less severe conditions of only

1 hr at 0°C. At these conditions, very little oxygen was incorporated and
relatively no change in the nil yield or conversion was observed upon

lTiquefaction compared to yields with air-oxidized coal.

In all cases, the gas yields from liquefaction of oxidized coals were
considerably higher than that from liquefaction of the original coal. Part of
the increase can be attributed to an increase in the carbon oxide gases;

5 through C4
hydrocarbon gases. The reasons for the increase in COx are obvious, but the

however, there was also an equivalent increase in the C
source of the increase in 1ight hydrocarbon gases i1s unknown.

Since the air-oxidized I11inois #6 coals exhibited relatively unchanged
Tiquefaction behavior, they were selected for most of the ion-exchange tests

described in the next section.

CATION EXCHANGE OF PREOXIDIZED COAL

Earlier work (7) has shown that effectively dispersing a catalyst in the coal"
liquefaction reaction mixture markedly improves oil production. For example,
addition of iron by impregnation using aqueous ferrous sulfate, as opposed to
dry-mixing pyrite or powdered FeSO4 with the coal, significantly jncreases

the o011 yield. Conceivably, therefore, the catalytic activity could be
improved even further by molecularly dispersing a catalyst in the coal
structure by ion exchange prior tolliquefaction.
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Dispersion of a metal by ion exchange from aqueous solution is possible with
certain coals that contain the appropriate functional groups. For example,
low-rank coals that typically contain 1-4 mequiv/g carboxyl groups are readily
amenable to .ion exchange (6). However, bituminous coals naturally contain .
relatively few carboxyl groups or other ion-exchange sites that can readily
ionize at intermediate acidities, unless the coals have been severely
weathered. Hence, in order to use ion exchange as a method for dispersing
catalysts on bituminous coal, one must first chemically alter the coal in
order to produce the functional groups that are capable of complexing metals.
‘This was accomplished by oxidizing I11inois #6 coal, as descrﬁbéd in the

preceding section.

Selected coals from the preoxidation experiments were slurried with dilute
salt solutions to effect ion exchange of various cations (Ca2+, Na+,

Fe2+, Fe3+). The jon-exchange procedure consisted of slurrying a sample

of preoxidized coal in a dilute solution of the desired salt (i.e., ferrous
"sulfate, ferric chloride, calcium acetate, sodium acetate, or sodium
hydroxide). This was followed by filtration and exhaustive water extraction
to remove excess or nonadsorbed salts. The amount of specific cation adsorbed
onto the coal was then measured by following a "back-exchange" procedure
similar to the hydrochloric acid digestion step of the ASTM D-2492 (8)
procedure used to determine pyrite. In the back-exchange, the
cat1on-exchanged coal was first treated with 0.1 N HC1 at similar conditions
to that of the ion exchange. Then the HC1 extract was collected and analyzed

for the presence of desired cations removed by the acid.

The results of exchange experiments for I11inois #6 coal are summarized in
Table 45 for Ca2+ and Na* exchangé at pH 7, for Na’.exchange at pH 12,

2+ 3+

and for Fe and fe

exchange at pH 3 to 5. An additional exchange
experiment with peroxide-treated coal was also conducted using ferrous sulfate
in which the pH of the exchange medium was varied between 2 and 6 using a
standard phthalate buffer. However, no appreciable difference in the extent
of ion exchange was detected except that appreciable iron Dréc1p1tat9d upon

addition of the coal to the pH 6 solution.
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TABLE 45

CATION EXCHANGE OF PREOXIDIZED TLLINOIS #6 BURNING STAR COAL

Exchange salt: Ca(C2H302)2 Na(C2H302) NaOH FeC]3
Initial pH: 7 7.1 12.6 3 to 5
% Calt % Na* % Na* % Fed*
FSM-116: original 0.19 0.05 0.06 0.30
Back exchange of original .- - - 0.05
Air oxidation: S5 hr 70°C 0.26 0.04 -- -
1 hr 170°C - ‘ -~ - -
2 hr 170°C 0.17 0.12 - -
5 hr 170°C 0.17 0.22 0.4 --
5% H202ﬁn CH30H/di1ute H2504 0.12 0.16 0.26 Of27
72% H2$04 at 50°C, 1 hr 0.04 0.13 0.14 -~
18 hr 0.18 0.46 — 0.24

~-: Not determined.

-114-



he Ca-exchange data presented in Table 45 are complicated by the fact that
back-exchange with dilute HCI diéso]ved a portion of the calcite (CaCOB)
present in I1linois #6 coal, giving riseAto the observed 0.19% Ca. 8ut as the
oxidized coals did not show any appreciable increase over the original coal,

we can infer that relatively little or no Ca exchange has taken place.

Na-exchange data present a somewhat different picture. Very little Na® was
found after back-exchange of the coals treated with sodium acetate and sodium
hydroxide, indicating that relatively few functional groups were avajlable for
monovalent ion exchange. On the other hand, the Na adsorption capacity of one
oxidized coal increased significantly, from 0.07 to 0.41% sodium adsorbed on
coal. However, in terms of the actual lon exchange capacity (IEC), 0.40% Na
is equivalent to only 0.17 mequiv/g, which is quite low for an jon-exchange
substrate. For comparison, lignite or subbituminous coals typically yield
IECs of 1-4 mequiv/g. Although there is a modest correlation between the
extent of sodium adsorption and the amount of oxygen incorporation, the amount
of sodium adsorption represents only a very small fraction of the amount of
oxygen incorporated. Hence, we can assume that most of the incorporated
oxygen was present in functional groups that were otherwise not suitable for

fon exchange.

As with calcium, exchange of either ferrous or ferric cations onto oxidized
coals, via FeSO4 and Fec13 treatment, respectively, was not any better

than exchange onto original (nonoxidized) coal.

It 1s especially important, however, to point out that appreciable iron was
absorbed onto the original I11inois #b6 coal under the conditions of the
experiment, compared to the amount of sodium absorbed. Note that
back-exchange of the original coal with dilute acid removed only 0.05%
acid-soluble Fe, while back-exchange of the FeSO,-treated coal removed 0.30%
Fe. Whether or not the net difference (0.25% Fe) represents an actual ion
exchange of Fe is uncertain, although the modest drop in pH from 5.2 to 4.6
during the experiments lends credibility to an lon-exchange type of
adsorption. Regardless, pretreatment by oxidation should produce optimal
dispersion of iron or other metals compared to other methods of adding iron at

the same loading capacity.
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Liquefaction tests were conducted on air-oxidized I17inois #6 coals that had
been treated with FeSO4. Modified solvent was used exclusively for
liquefaction, because origina1-§o1vent showed relatively poor behavior with
oxidized coals. The resu1fs of the liquefaction tests are summarized 5n
Table 46. '

The addition of only 0.25% Fe to the original (unoxidized) coal by the
exchange procedure appeared to produce a fairly significant increase in both
conversion (+11.4%) and oi1 production (+7.9%) (see Table 46). When the coal
was preoxidized at 170°C for 1 hr, no appreciable change was observed in the
liquefaction product distribution compared to liquefaction of original coal.
However, FeS0, treatment of the oxidized coal produced a significant
increase of nearly 13% in the 011 yield compared to liquefaction of the
oxidized coal. Nonethe]ess,Athﬁs {nérease represented only é marginal
improvement over that seen when the original coal was treated with FeSO4
without preoxidation. When the coal was preoxidized for a longer period
(i.e., § hr at 170°C, corresponding to an oxygen uptake of about 5%), the
extent of Fe adsorption was increased only slightly relative to the original
coal, while the liquefaction conversion and oi]l yields were reduced to the

original coal level.

These results clearly show that mild air oxidation of I1linois #6 coal
produces only a minor fraction of metal adsorption sites relative to the large
améunt of oxygen incorporated. Hence, ion-exchange treatment of oxidized coal
with FeSO4 does not produce a sﬁgn1f1cant-1ncrease in 011 yield over that
found with FeSO4 treatment of original coal. Nevertheless, the exchange of

Fe onto original I11inois #6 coal does indeed produce a substantial increase
in the yield of oils at a relatively low loading capacity (0.2 to 0.3% on
coal) when liquefaction is conducted in the presence of modified solvent.
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MODIFIED SOLVENT LIQUEFACTION OF ATR-OXIDIZED TLLINOIS #6 COAL

TABLE 46

EXCHANGED WITH FERROUS SULFATE (LIQUEFACTION CONDITIONS:

425°C; 1 HR; 850-PSIG H

COLD CHARGE)

2
|
Origﬁna1’coa] Preoxidized coal (170°C)
1 hr 5 hr
Catalyst exchange: None FeS0y None FeSOy FeS04
% HC1-soluble Fe 0.05 0.30 0.05 0.33 0.38
determined by back :
exchange
Liquefaction run no. 16-51 52-58 1-59 3-48 3-61
Product distribution
(wt % MAF coal)
Gases 5.7 6.8 9.1 7.5 10.3
0ils, 21.4 29.3 20.5 33.3 22.3 (22.8)°
SRC 46.0 48.3 44 .2 40.4 43.6 (44.9)a
oM 26.9 15.6 26.2 18.8 23.6 (23.8)%
Conversion 73.0 84.4 3.8 81.1 6.4 (75.3)%"
92.3 96.3 92.6 92.8 97.8

Mass recovery (wt %)

aDupHcate values.
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PULVERIZATION OF COAL

- The liquefaction performance of I11inois #6 Burning Star coal pulverized under
various conditjons, including in the presence of modified solvent, was also
investigated. When coal is comminuted, the decrease in particle size
appreciably increases the amount of fresh surface area containing many highly
active sites. It would follow that comminution is probably accompanied by
reaction of the newly generated surface sites with specific molecules either
contained in or constituting the medium used in the pulverization process.
These interactions could, in turn, significantly influence the liguefaction
performance of the pulverized coal. In particular, if coal wére pulverized in
the presence of a hydrogen-donor solvent, there would be a higher propensity
for the newly generated surface sites to interact with the solvent molecules.
This situation could influence the subsequent thermal Jiquefaction reaction by
improving the transfer of hydrogen from the solvent to the coal. Furthermore,
such detrimental side effects as surface oxidation leading to poor conversion
would be appreciably reduced by pulverizing coal in the presence of solvent or
under inert conditions.

To date, little information has been published on the effects of solvent
grinding on subsequent liquefaction, as discussed in literature reviews
published in one of our Quarterly Reports for this program (2). Only Chang et
al. (9) demonstrated in batch tubing-bomb experiments that grinding of coal by
hand in the presence of tetralin, as opposed to dry grinding in air,
appreciably improved coal conversion. However, the improvement, ranging from
10 to 20%, was based on total conversion to creosol solubles, which provided
absolutely no information about effect upon distillate oil yields.

Therefore, a series of experiments aimed at testing the propensity for
I11inois #6 Burning Star coal to be converted to distillate olls after having
been pulverized under various conditions was performed. The pulverization
conditions are listed below:

. Inert gas (helium at 0°C)
. Air under slightly elevated temperature and pressure (82°C/120 psi)
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. Alcohol with and without the presence of soluble molybdenum octoate
as catalyst
. Base liquefaction solvent at low temperature
. quified solvent at low ‘temperature
. Modified solvent at elevated temperature
- Under helium pressure with and without molybdenum hexacarbonyl
- Under hydrogen pressure and Mo(CO)6 with and without HZS
and added Fe compounds _
. Ethanol, with base 11quefaction and modified solvents, with and
without molybdenum octoate as catalyst
. Toluene containing Mo(CO)6 at elevated temperature

Feedstock Preparation

A fresh sample of I1linois #6 coal was obtained directly from the Burning Star
#2 mine by Air Products. The as-received cleaned coal (2 in. x 0) was
subjected to milling to generate'a 1/4 in. x 0 sample from which 1 gallon was
recovered for further processing, as outliined in Figure 6. The 1/4 in. x 0
coal was carefully stage crushed in a general purpose mill contained in a
nitrogen-filled glove box to obtain a size fraction of 18 x 100 mesh (or 1 mm
x 150 um), which represented 79.8% of the original coal. Since the specific
objective of this part of the program was to study the effects of grinding the
coal, the fines (-100 mesh material) were not included in the study. The 18 x :
100 mesh fraction was then subdivided by representative splitting to obtain
multiple samples containing about 3 g each to be used for the liquefaction

experiments.

Grinding Experiments

To simplify the grinding method, coal or coal plus the solvent was charged
into a 50-cm3 tubing-bomb reactor normally used for liquefaction. The

weights of the coal and solvent were conveniently chosen to be 3 and 6 g,
respectively, since this was the usual charge for the liquefaction test, which
could be run immediately following the grinding step without the need to make

sample transfers.
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FIGURE 6
PREPARATION OF ILLINOIS #6 COAL
FOR GRINDING EXPERIMENTS
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"1n order to grind the coal, a small steel rod was placed inside the
tubing-bomb reactor, which was agitated at 1,000 strokes per minute using the
microautoclave shaker assembly. Ddrﬁng'the grinding period, which was varied
between 5, 10, and 30 min, the reactor temperature was maintained at 0°C by
immersing it in an ice bath.

Table 47 lists the particle-size distribution obtained upon sieve analysis of
the coal pulverized with one steel rod in the presence of both air (dry) and
process solvent. When process solvent was used during grinding, a n-pentane
wash was used to remove the solvent from the coal prior to the analysis. 'The
"data in Table 47 clearly indicate that only 10 min was needed to reduce the
particle size to the desired level (<200 mesh) when air was used as the
pulverization medium. However, as can be seen from Figure 7, which compares
the rate of.pulverization in the presence of air and process éo]vent, the
conditions were not severe enough to achieve the desired particle-size

reduction when solvent was used.

Hence, additional experiments were conducted to find the optimum conditions
for pulverizing coal in the presence of process solvent. Runs were made at
similar conditions as above, except that two steel balls were placed within
the reactor and grinding was allowed to proceed for 60 min. The particle-size
data are presented in Table 48 and the results of the solvent grinding are
plotted in Figure 8. The rate of pu]verizatﬁon‘was improved significantly by
using two steel balls rather than one steel rod, and the goal of reducing >90%
of the material to below 200 mesh was achieved. Hence, all the grinding
experiments were run under these conditions (two steel balls and 1-hr grinding
time). The actual particle-size distributions for both helium-ground coal and
process solvent ground coal, graphically depicted in Figure 9, compare '
favorably.

In addition to the above runs, several exploratory runs were made to test the
pulverization rate in the presence of alcohol (at the same weight ratio used
for process solvent, i.e., 6 g of solvent/3 g of coal). However, the grinq1ng

efficiency in alcohol was markedly lower than noted with process solvent.
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TABLE 47

PRELIMINARY GRINDING EXPERIMENTS QOF
TLLINOIS #6 COAL USING ONE STEEL R0D?

Air Process solvent (6 q)
Particle sizes 5 10 30 5 10 30
(wh %) min min min min min min
20 % 100 mesh 30.0 1.6 1.6 74.4 48.7 28.17
100 x 170 mesh 24.1 6.2 4.8 14.3 24.7 29.0
170 x 325 mesh 2.1 21.7 2.8 3.4 11.8 4.7
~325 mesh 23.5  71.0  90.8 8.0 14.8  37.4

%Grinding conditions:
3 g (20 x 100 mesh) I1linois #6 coal
0°C bath temperature
50-cm3
1,000 strokes/min agitation

tubing-bomb reactor with one steel rod (3/16 in. D x 1 in. L)
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FIGURE 7
EFFECT OF MEDIUM ON RATE OF GRINDING
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TABLE 48

PRELIMINARY GRINDING_EXPERIMENTS OF
ILLINOIS #6 COAL USING TWO STEEL BALLS?

Air, Helium, Process solvent Ethano1,q
Particle sizes 5 60 - 30 60 60 90
(wt %) min min min min min min
20 x 100 mesh 4.1 0.3 5.4 1.7 1.9 6.0
100 x 170 mesh 10.0 3.2 15.1 8.9 7.1 8.4
170 x 325 mesh 2.1 17.4 4.7 9.9 6.7 0.6
325 x 400 mesh 48.0 18.7 50.2 30.1 37.5 14.1
-400 mesh 35.3 59.9 24.6 49.4  46.8 70.8

aGr‘lnd‘lng conditions:
3 g (20 x 100 mesh) I1}linois #6 coal
0°C bath temperature
50—cm3 tubing-bomb reactor
1,000 strokes/min agitation

bEthano] grinding was done in the presence of three steel balls and 4 g of
ethanol to 3 g of coal.
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| FIGURE 8
GRINDING OF ILLINOIS #6 COAL IN THE
"~ PRESENCE OF PROCESS SOLVENT
(3 g OF 20 X 100 MESH COAL; 6 g OF SOLVENT)
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FIGURE 9
COMPARISON OF PARTICLE-SIZE DISTRIBUTION OF
ILLINOIS #6 COAL GROUND IN HELIUM AND PROCESS SOLVENT
(3 g OF 20 X 100 MESH COAL; 60 MIN;
TWO STEEL BALLS)
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herefore, it was necessary to go to 90-min grinding time with three steel
alls and only 4 g of alcohol/3 g of coal to achieve a comparable particle-
ize distribution. The particle-size distributﬁon obtained s also listed in
able 48.

Ijquefaction Experiments

he pulverized coals were subjected to liquefaction in a tubing-bomb reactor
to establish the effect of pulverizafion upon liquefaction. When the coal
was pulverized in either air or helium, the tubing bombs were charged with
13 g of the freshly pulverized coal and 6 g of soivent and pressurized with
H2 to 850 psig.
Liquefaction runs in all cases were made at 425°C for 1 hr. The product
gases were collected and analyzed by gas chromatography, while the total
product 11quid was separated by a solvent workup procedure to obtain an otl
fraction (n-pentane soluble), an SRC fraction (methylene .chloride/methanol

soluble, pentane insoluble), and a residue.

I11linois #6 Coal Ground in Helium (Base11ne Runs). Iilinois #6 coal was
ground in helium and then liquefied according to the conditions shown in
Table 49 using base liquefaction solvent, modified solvent, and modified
solvent.containing 500 ppm of molybdenum as molybdenum octoate. Solvent
modification significantly improved the oil yield, and the addition of
catalyst produced an even larger increase in the o1l yield from the coal (see
Table 49).

I11inois #6 Coal Ground in Air. The grinding of I111nois #6 coal was
examined in an air environment. The grinding tubing bomb wés pressurized to
120 psig with air and then heated to a slightly elevated temperature of 82°C
(which happens to be similar to that used in a typical commercial gas-swept
mill). After 10-, 40-, and 60-min grinding intervals, an air sample was.
taken and analyzed by gas chromatography to measure the change in oxygen
concentration. The results from this experiment are shown in Figure 10 where

the measured loss of oxygen has been used to calculate the oxygen
incorporation on the coal and plotted against time. The linearity of the
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TABLE 49

LIQUEFACTION OF TLLINDOTS #6 COAL

PULVERIZED UNDER INERT CONDITIONS®

Base
Tiquefaction Modified solvent
solvent No catalyst 500-ppm Mo
Run no. 47-63 47-61 57-56
Product distribution
{(wt % MAF coal)
Gases 6.8 (8.1)P 6.2 (5.7)Pb 9.2 (6.7)b
011 13.3 (12.4) 24.1 (21.3) 37.6 (45.4)
SRC 58.1 (62.1) 41.4 (46.0) 46.4 (40.1)
I0M 21.7 (17.4) 28.3 (27.0) 6.8 (7.8)
Conversion 78.3 (82.6) 71.7 (73.0) 93.2 (92.2)
Mass recovery (wt %) 94 .4 96.7

aPretreatment:

3 g of coal (20 x 100 mesh); 1 hr; 2 steel balls; 2 psig helium; 0°C

Liquefaction:

425°C; 1 hr; 3 g of coal; 6 g of solvent; 850 psig H

strokes per minute agitation

b

2

representative sample of -200 mesh I11inois #6 coal.
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relationship is indeed surprising, but is probably attributed to the increase
reactive surface area as the material is being ground finer with time. Figure
“also shows that T1linois #6 coal has gained 1.4% oxygen after grinding for 1 h
and 1t is this condition that was used to generate the sample for the liquefacH

tests.

lhe results of Tiquefaction testing are compared in Table 50 with results from
helium baseline runs (Table 49). The most striking feature of the data is the
negative impact that air-grinding has on both conversion and oil yieids,
especially when base ltiquefaction solvent is used. 1In fact, the negative oil
yield (-3.9%) with base liquefaction solvent indicates not only that the oil y
has declined dramatically, but more importanlly that process solvent has been
incorporated into heavier products from the liquefaction, as discussed

previously.

When modified solvent and catalyst were used to liquefy the air-ground coal,
conversion and, in particular, the oil yield increased significantly, although
grinding still showed a negative effect compared to the baseline helium runs.
Because our intention was to maximize the o011 yield, additional runs of the
air-ground coal with modified solvent but without catalyst were not conducted.
Nevertheless, the conversion debit due to oxidation in air is improved by 6-7%

when modified solvent and catalyst are used in liquefaction.

One can certainly postulate from these data that interaction of the "oxygenated
species" generated during air-grinding of the coal and the heteroatom constitue
contained in the base 1iquefaction solvent leads to retrograde reactions during
liquefaction. Hence, if the heteroatom constituents and/or the oxidation effec
were removed from the system, there would be a significant increase in oil yiel
We have observed that the use-of a modified solvent somewhat restores the
conversion and significantly decreases the oil debit due to the oxidation
effects.

Furthermore, concerns about oxidation of coal that have arisen in liquefaction
processes using recycle solvents may be alleviated by using modified solvent.
using modified solvent in liquefaction, N2 blanketing and other costly handling
procedures to avoid oxidation could be eliminated.
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TABLE 50

LIQUEFACTION OF ILLINOIS #6 COAL
PULVERIZED IN HOT AIR®

L
Base liquefaction Modified solvent +
solvent 500 ppm Mo octoate
“Heliumb ) Heliumb
Air baseline Air baseline
Run no. 52-48 47-63 52-37 57-56
Product distribution ’
(wt % MAF coal)
Gases 774 - 6.8 6.5 9.2
011 -3.9 13.4 26.9 37.6
SRC 63.0 58.1 52.8 46.4
10M : 33.5 21.7 13.8 6.8
Conversion 66.5 78.3 86.2 93.2
Mass recovery (wt %) 104.5 94.4 98.1 96.7

aPretreatment:
3 g of coal (20 x 100 mesh); 1 hr; 2 steel balls; 1 hr; 82°C; 120 psi air

Liquefaction:
425°C; 1 hr; 3 g of coal; 6 g of solvent; 850 psig H
strokes per minute agitation

, cold; 1,000

bHe]ium baseline runs from Table 49.
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I11inois #6 Coal Ground in Coal-Derived Solvent. It was suggested in the
literature that pulverization of coal in the presence of so]venf prior to
liquefaction would potentially improve the conversion, and indeed Chang's data
showed some positive indications in this regard (9). But what is the effect
upon 011 yield? And, how does modification of the solvent affect the yields?
To answer these questions, the liquefaction of I1linots #6 coal ground in
coal-derived solvents was studied; results are discussed below.

Grinding_at Low Temperature. Table 51 shows the results of liquefaction tests
on coal ground in base ligquefaction and modified solvents. These data are
cbmpared to the helium baseline runs from Table 49, where the coal was simply
ground in helium and then liguefied with the respective solvents. Table 51
readily shows that grinding in the base liquefaction solvent has significantly
reduced oil yield, while the use of modified solvent resulted in similar if

not marginally improved oil yields.

The effect on conversion was somewhat different. When coal was preground in
helium, conversion with modified solvent was appreciably less than that with
base liquefaction solvent. This is presumably because of the poor solvency
power of the modified solvent due to the absence of the N-bases and phenols.
On the other hand, when coal was ground in the presence of solvents prior to
1iquefaction, conversion with modified solvent now becomes comparable to that
of base Tiquefaction solvent. The substantial lowerina of conversion due to
the poor solvency power of the modified solvent is eliminated by allowing
sufficient time for the solvent to penetrate the coal during the grinding
stage.

111inots #6 coal was also pulverized in the presence of a modified solvent
containing 500-ppm molybdenum based on coal added as molybdenum octoate.
Comparison of the liguefaction data from this run with that when the coal was
first ground in helium and then liquefied with modified solvent and catalyst
shows no appreciable difference in 011 yield, although the yleld in both cases
§s 10-12% higher than without catalyst. In this case, the effects due to the
grinding are relatively insignificant in the presence of the highly active
molybdenum catalyst.
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TABLE 51

LIQUEFACTION OF TLLINOIS #6 COAL

PULVERIZED IN PROCESS SOLVENTS AT 0°C?

Modified solvent

Base liquefaction + 500 ppm
solvent Modified solvent Mo octoate
Hel3jumP Hel3umP He11umP
baseline baseline baseline
Run no. 49460 47-63 49-59 - 57-59 47-61 49_35 57-56
Product distribution
(wt % MAF coal)
Gases 6.2 6.8 6.4 8.0 6.2 7.1 9.2
011 8.2 13.3 27.6 24.9 24 .1 34.4 "37.6
SRC 66.9 58.1 46.3 49.6 41.4 45.1 46.4
10M 18.7 21.7 19.7 17.5 28.3 12.8 6.8
Conversion 81.3 78.3 - 80.3 82.5 1.7 87.2 93.2
Mass recovery '86.2 94.4 §5.6 97.7 96.7 96.3 -
(wt %)
a
Pretreatment:

3 g of coal (20 x 100 mesh); 1 hr; 2 steel balls; 6 g of solvent; 0°C

Liquefaction:

425°C; 1 hr; 3 g of coal; 6 g of solvent; 850 psig H2 cold; 1,000 strokes per

minute agitation

bHeHum baseline runs from Table 49
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Grinding_at Elevated Temperature. Several experiments were conducted to
determine whether increasing the temperature during solvent grinding of coal
would more sfrong]y influence liquefaction, especially in the presence of a
catalyst. Accordingly, I11inois #6 coal was pulverized at 170-250°C in the
presence of modified solvent under éither helium or hydrogen pressures of
800-850 psig. Some of the runs were made with 500-ppm molybdenum catalyst
based on coal added as Mo(CO6). This form of Mo was used because it would
decompose at elevated temperature and deposit Mo metal throughout the coa)
during the grinding, thus serying as an effective way to distribute the metal

catalyst,

The results of the various rums are repoiled in Table 52. C(Coal ground in
modified s&]vent at 170°C under a helium pressurc of 800 psig did nol appear
to produce a significant difference in either o0il yield or conversion compared
to that ground in modified solvent at 0°C under only a few pounds per square
inch of helium (compare Tables 51 and 52). Elevated temperatures, as shown in
Table 52, resulted in 27.7% o011 yields; low-temperature-treated coal yielded
24.9 and 27.6% 011 in duplicate runs. Therefore, temperature of the
pretreatment does not appear to be important if the treated coal undergoes
thermal liquetaction.

When catalyst [500 ppm Mo(CO)a] was added to the grinding medium (modified
solvent at 170°C), the o1l and conversion yields (Table 52) increased to the
same degree as when coal was ground first in modified solvent and molybdenum
octoate at 0°C (Table 51). Hence, the effect of temperature in the solvent
grinding step up to at least 170°C does not appear to influence conversion
even in the catalytic case.

Another grinding experiment was run using modified solvent and 500-ppm
Mo(CO)ﬁ. but in this case hydrogen replaced helium and the temperature was
increased to 250°C during grinding. In this run (6?-35), the 011 yield upon
1iquefaction increased to 40.0%, representing a 6% improvement over the
previous run made with helium (#63-41). Contrary to the increase in oi}

yield, coal conversion decreased by 5%.
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TABLE 52

LIQUEFACTION OF TLLINOIS #6 COAL PULVERIZED
AT ELEVATED TEMPERATURES 1IN THE PRESENCE OF
MODIFIED SOLVENT AND MOLYBOENUM CATALYST?

1% H2S in H2 at 170°C (82 psi)

Helium  Helium  Ha No iron 0.5% 1.0% Fe as
170°C 170°C 250°C added 0il-sol. Fe pyrite
ppm Mo as Mo(CO)g 0 500 500 500 500 500
Run no. ©63-7M 63-41 62-35 2-42 2-51 2-62
Product distribution '
(wt % MAF coal)
Gases 8.2 7.0 8.4 5.1 6.0 5.6
0ils 27.7 34.2 40.0 44 .4 45.7 44 .6
SRC 44,7 47.6 35.4 42.2 41.6 42.5
10M 19.4 11.2 16.2 8.3 5.7 5.6
Conversion 80.6 88.8 83.8 91.7 94.3 94.4
Mass recovery 95.4 96.8 92.9 94..0 93.4 94.4
(wt %)
a
Pretreatment:

3 g of coal (20 x 100 mesh); 6 g of modified solvent; three steel balls;
2 hr; 170-250°C; 800 ps’ except where noted

Liquefaction: ‘
425°C, 1 hr; 850 psig H2 cold; 1,000 strokes per minute agitation
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Finally, three runs were conducted under slightly different conditions, that
js, grinding was done in modified solvent at 170°C under 82-psig H2
containing 1% H2S. In one run, 500 ppm of molybdenum catalyst was added as
Mo(CO)G. In the second run, the ;ata1yst was 500 ppm of Mo added as

Mo(CO)6 and 0.5 wt % Fe based on coal added .as an oil-soluble compound
(availabie as Fe Chem-Al from Mooney Chemical Co., Toledo, Ohio). The third
run was made with 5UU-ppm Mo added as Mo(L‘U)6 plus 1% Fe added as finely
ground (-325 mesh) pyrite. The liquefaction results for these runs in

Table 52 show that the oil yields increased another 4-5% to around 45%, the
highest yet observed in the grinding experiments. It is interesting to note
also that the extra addition of Fe in the latter two cases produced about the
same o3l yield as that observed when only “25 and Mo(CO)6 were added to

the grinding step.

1111nois #6 Coal Pulverized in Ethanol. Several liquefaction runs were made

to test the effect of grinding coal in ethanol. Although methanol is a
preferable alcohol for swelling the coal, ethanol was chosen for these tests
because of 1ts ability to easily dissolve the oil-soluble molybdenum catalyst,
which was not readily soluble in methanol.

The experimental conditions and results are reported in Table 53. 1In the
first case, I11inois #6 coal was pulverized in the presence of ethanol, after
which base liquefaction solvent was added and the ethanol removed by
evaporative displacement. The a]cohq]—ground coal containing base
liquefaction solvent was then liquefied. The results in Table 53 show that
grinding in ethanol under these conditions was clearly detrimental to o011
production; the o1l yield was 7-8% lower than noted in a comparable run with
helium ground coal.

In a second experiment. I11inois #6 coal was pulverized in ethanol as above.
but was liquefied in the presence of modified solvent that contained 500 ppm
(on a dry coal basis) of molybdenum as molybdenum octoate. Again, the
liquefaction results shown in Table 53 indicate that, even in the presence of
a catalyst, ethanol pretreatment was clearly detrimental to 0%l yield. In yet
another experiment, catalyst was added to the ethanol prior to grinding, but
the results of the liquefaction were the same as adding the catalyst to the

process solvent.
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TABLE 53

LIQUEFACTION OF TLLINOIS #6 COAL
PULVERTZED -.IN ALCOHOLd

Base
, liquefaction solvent Modified solvent - _
\ ' _ SOO-Bpm
: : 250-ppm 500-ppm Mo
Helium@ Mol added  MoP added hel4iumd

baseline to ethanol to solvent baseline

“Run no. 53-53 47-63 53-62 53-44 57-56
Product distribution
(wt % MAF coal)

Gases 7.3° 6.8 8.3% 8.3 9.2
041 5.8 13.3 21.0 24.5 37.6
SRC 62.1 58. 1 60,1 51.5 46.4
10M 24.8 21.7 10.5 15.7 6.8
Conversion 75.2 78.3 89.5 84.3 93.2
Mass recovery (wt %) "102.6 94.4. 91.6 88.3 4 -

a-HeHum'baseHne runs from Table 50
bAs octoate
CCorrected for excess ethane due to residual ethanol in coals
0
Pretreatment: _
(a) 3 g of coal (20 x 100 mesh); 4 g of ethanol; 1-1/2 hr, three steel balls
(b) Evaporate ethanol to dryness in presence of coal solvent
Liquefaction:

425°C; 1 hr; 6 g of solvent; 3 g of coal; 850 psig H, cold; 1,000 strokes
per minute agitation
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I11inois #6 Coal Pulverized in Toluene at Elevated Temperature. Experiments

were conducted using toluene as a grinding vehicle in an attempt to obtain a
uniform dispersion of the molybdenum catalyst and to investigate the use of anl
aromatic hydrocarbon solvent other than process solvent for dispersing the
catalyst. Toluene was chosen specifically for its suitability as both a 1
nonpolar aromatic hydrocarbon solvent and as a solvent for the molybdenum
catalyst added as Mo(CO)b.

Grinding was effected by adding 3 g of toluene, containing the dissolved
catalyst, to the grﬁnd1ng reactor and pressurizing with helium to 850 psig.
The mixture was ground for 2 hr at 170°C; toluene was then evaporated from the
bomb, moditied solvent was added, and the sample was liquefied under standard

conditions,

The results of these ligquefaction runs are compared in Table 54 with the
previous experiment, in which modified solvent and catalyst were used as the
grinding vehicle. Note that toluene grinding has enhanced the o1l yield by
almost 10% over that where only modified so]vent was used. Even when catalyst

concentration was reduced by one-half, the o011 yield improved. The results
are certainly in contrast to the detrimental effect that ethanol grinding had
on 1iquefaction, and one might speculate that the polar group (-OH) on the
alcohol was responsible.

COAL BENEFICIATION

Coals contain a variety of mineral species that have different effects on
1iquefaction. The role of some species such as silicates, is poorly
understood. Quartz, feldspars, and micas appear to be nearly inert; they
neither promote nor retard the liquefaction reactions. Clay minerals derived
from coals, predominantly I1lite and mixcd-layer clays, also show 1ittle
ability to promote coal liquefaction. However, pure kaolinite and
montmorillonite have been shown to marginally increase oil yields in coal
Tiquefaction.

-138-



TABLE 54

LIQUEFACTION OF ILLINOIS #6 COAL
PULVERIZED IN TOLUENE AT ELEVATED TEMPERATURE (170°C)a

Modified
Toluene Toluene solvent
grinding/ grinding/ grinding/
250-ppm 500-ppm A 500-ppm
Mo(CQ)g “Mo(CO)g . Mo(CO)¢
Run no. 6-59 6-54 63-41
Product distribution
(wt % MAF coal)
Gases 8.2 8.9 7.0
0ils 36.9 42.2 34.2
SRC 42 .1 40.2 47.6
10M - 12.8 8.7 “11.2
Conversion 87.2 ~97.3 88.8
Mass recovery (wt %) ‘ 94.2 43.4 96.8
‘a
Pretreatment:

(a) 3 g-of coal (20 x 100 mesh); .3 g of to]dene;1250-500-ppm Mo(CO)e;
three steel balls; 2 hr; 170°C; 850 psig He

_ (b) Evaporate toluene to dryness
Liquefaction:

425°C; 1 hr; 850-psig H2 cold; 6 g of modified solvent; 1,000 strokes per
minute agitation '
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On the other hand, some inorganic components of coal are actually detrimenta]
to the liquefaction reaction. These include organometallic alkaline species
.such as calcium and sodium, and alkaline oxides such as lime. The presence of
these inorganics may lead to operating problems such as precipitate formation
and decreased coal conversion and distillate yield.

In contrast, several iron-bearing minerals, particularly pyrite, have been
reported to promote coal liquefaction reactions. Hence, their removal by
physical (float/sink) or chemical methods would be expected to result in poor
liquefaction yields. '

Therefore, the particular type, distribution, and amount of mineral present in
a coal will have differing effects on coual Tiyuefaction. Rased upon the
preceding discussion, minerals can be grouped into at least three categories
depending on their effect on liquefaction:

A. Mineral matter that promotes coal conversion and distillate yields

(i.e., metal species, particularly iron).

B. Mineral matter that is inert or has little effect on caal

liquefaction (i.e., quartz, carbonates, and clays).

C. Mineral matter that is detrimental to coal} liguefaction (i.e.,
calcium oxides, organically associated alkaline species).

The goal of this part of the experimental program was to manipulate the
proportion of these mineral classes in coal and determine their effect on
Tiquefaction. The ideal situation would be to eliminate type C mineral
matter, lower type B as much as possible, and retain or concentrate type A,

To achjeve this goal, Pennsylvania State University was subcontracted to use
heneficiation technology to treat coal in order to manipulate 1ts mineral
content. The effect of the beneficiation was then evaluated at Air Products
by studying the noncatalytic and catalytic 11quefact1on behavior of the
treated samples.
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‘Beneficiation Experiments

I1linois #6 Burning Star coal was supplied by the Wilsonville Advanced Coal
Liquefaction Facility for mosf of the liquefaction tests discussed earlier,
involving generation of baseline data and evaluation of the effect of solvent
modification on coal liquefaction (see the section on Effect of Solvent
Modification on Liquefaction). However, this sample of coal was preground to
-150 mesh at Wilsonville, and thus could not be used for the coal

' beneficiation experiments. Therefore, another sample of I1linois #6 coal was
freshly obtained from the Burning Star #2 mine by Air Products and used for

the beneficiation experiments.

This sample was first reduced in size to -2 in. by crushing it in a jaw
crusher at Pennsylvania State University. The -2-in. material was then
screened at 10 mesh, producing a 2 in. by 10 mesh fraction and a -10 mesh
fraction. The 2 in. by 10 mesh material was fractionated further into several
specific gravity fractions by sequentially placing the entire sample into a
series of containers, each containing a heavier specific gravity medium than
the previous one (e.g., 1.20, -1.25, 1.30, 1.35, 1.60, 1.80, 1.90, and 2.0).
The samples were then thoroughly rinsed with n-pentane to ensure complete
removal of various specific gravity solvents used for fractionation. These
specific gravity fractions were collected and ana1yzed and found to contain
ash varying from 3 to 75% by weight (see Table 55). The fractions containing
less than 20% ash were analyzed in detail and tested for their liquefaction

behavior.

The -10 mesh fraction was screened further using a 28 mesh screen to produce a
10 mesh by 28 mesh fraction and a -28 mesh fraction. The 10 mesh by 28 mesh
fraction was fractionated further into vartous fractions containing different
amounts of indigenous mineral matterlusing a Deister Table at Pennsylvania
State University. These samples were analyzed and found to contain vary1ng.
amounts of ash. The fractions containing less than 20% ash were analyzed in

detail and used in the liquefaction tests.
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TABLE 55

ANALYSIS OF VARIOQUS BENEFICIATED COAL SAMPLES

Coal sample

Sink and float Deister Table
treatedd treated
12 3 4 . 5 6 #_,Orﬁgin*
Ash (wt %) 3.160 4.56 8.22 8.90 9.95 " 12.89 10.46}
Pyritic sulfur (wt %) 0.36 0.38 0.49 0.40 0.46 0.68 1.09
Iron (wt %) 0.43 0.62 0.90 0.84 0.95 1.21 1.1
H/C ratio 0.78 0.83 0.80 0.84 0.79  0.84 0.88

aSamp]e 1 4s 1.20 x 1.25 specific gravity fraction of coal.
Sample 2 1s 1.25 x 1.30 specific gravity fraction of coal.
Sample 3 is 1.30 x 1.35 specific gravity fraction of coal.
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Detailed analyses of the original coal sample and of all the samples generated
using the specific gravity technﬁqqe and the Deister Table are summarized in
Table 55. These samples contained differing amounts of ash, pyrite, and total
iron, but their ratios of hydrogen to carbon were very similar, indicating

that they have similar organic compositions.

A1l the beneficated coal samp]és se]ecfed for liquefaction tests using both
base liquefaction and modified solvents were ground and sieved to -150 mesh.

Liquefaction of Beneficiated Coal

Several experiments were carried out to determine the effect of indigenous
mineral matter on liquefaction by comparing the yields from bgneficiated and
nonbeneficiated coal feedstocks. Runs were conducted with and without
catalyst and with both base liquefaction and modified solvents.

Noncatalytic Liquefaction. Experimental data in Table 56 show that both oil

production and coal conversion decreased considerably in noncatalytic
liquefaction upon removing the mineral matter, particularly iron-bearing

' species like pyrite, from the coal. These observations were true with both
base liquefaction solvent and modified solvent, generated by treating base
11quefaction solvent with anhydrous HC1 followed by silica gel. However, both
011 production and coal conversion were higher for the beneficiated coal
sample containing more ash and iron than the original coal sample. This
observation, once again, shows the importance of m{neral matter in ¢oal
Tiquefaction. The production of both gases and SRC, however, was not greatly-

affected by removing the minerals.

Overall, the results indicate that the removal of mineral matter, particularly
jron-bearing species, is extremely detrimental to liquefaction in the absence

of a catalyst.

Catalytic Liguefaction. Experiménta] results summarized in Table 57 show that
removal of mineral matter did not change efther o1l yield or coal conversion
significantly during slurry-phase catalytic liquefaction of coal in the
presence of base liquefaction and modified solvents. Additionally, neither
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TABLE 56

NONCATALYTIC LIQUEFACTION OF ORIGINAL AND BENEFICIATED COAL SAMPLES®

Beneficiated coal sample no.

Original 1 2 3 4 5 6
Ash (wt %) 10.46 3.10 4.56 8.22 8.90 9.95 12.89
Pyritic sulfur (wt %) 1.09 0.36 0.38 0.49 0.40 0.46 0.68
Iron (wt %) 1.1 0.43 0.62 n.an 0.84 0.95 1.21
Liquefaction product distribution
(wt % MAF c2al)
Base liquefaction solvent
Gases 1.7 8.6 8.1 B.9 8.5 8.6 10.5
011 29.2 15.2 21.3 20.2 25.3 27.2  30.6
SRC 35.8 32.2 32.8 38.0 38.2 40.3  39.0
10M 23.3 44.0 37.8 33.9 28.0 23.9  19.9
Conversion 76.7 56.0 62.2 66.1 712.0 76.1 80.1
Modified so’lventb
Gases 10.8 6.8 7.4 9.4 10.2 8.8 --
o 33.8 16.8 16.2 19.8 22.8 29.6 --
SRC 33.3 33.3 35.2 29.9 35.7 35 --
10M 22.1 43 .1 41.2 40.9 31.3 26.5 --
Conversion 77.9 56.9 58.8 59.1 68.7 73.5 N
dReaction mixture:
Coal 3 g
Solvent J g
Reaction conditions:
Temperature 440°C
Pressure 1,200-psig Hp cold
Time 60 min
Agitation 1,000 strokes per min

bSolvent generated by treating base liquefaction solvent with HC1 followed
by silica gel.
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. CATALYTIC LIQUEFACTION OF ORIGINAL AND BENEFICIATED COAL SAMPLES®

TABLE 57

Beneficiated coal sample no.

Original 1 2 3 4 5
Ash (wt %) 10.46 3.10 4,56 g8.22 8.9 9.95 12.89
Pyritic sulfur (wt %) 1.09 0.36 0.38 0.49 0.4 0.46 0.68
Iron (wt %) 1.1 0.43 0.62 0.90 0.8 0.95 1.1
Liquefaction product distribution
(wt % MAF coal)
Base liquefaction solvent
Gases 9.6 9.9 9.0 -- - 8.5 11.7
031 44.9 45.8 45.6 - - 43.3 445
SRC 39.2 36.6 38.4 - - 37.9 35.2
10M 6.3 7.1 7.0 -- - 10.3 8.6
Conversion: 93.7 92.3 93.0 —_— - 89.7 - 91.4
Modified solvent #14 A
Gases 8.8 10.0 9.8 7.2 9.7 g.7 10.3
011 49.6 44 1 43.0 44.0 50.2 47.5 47.0
SRC 33.8 37.3 . 38.6 41 34.8 36.2 33.2
10M 7.8 8.6 8.6 1.1 5.3 6.6 8.5
Conversion 92.2 91.4 91.4 92.3 94.7 93.4 90.5
Modified solvent #Zb
Gases 10.9 8.5 9.5 9.4 11.2 10.6 11.3
o1 50.9 53.3 50.9 49.0 49.6 49 1 48.2
SRC 31.6 30.8 30.3 29.4 32.1 33.3 29.9
10M © 6.6 7.4 9.3 12.2 1.1 7.0 10.6
Conversion 93.4 92.6 90.7 87.8 92.9 93.0 89.4

dSolvent generated by treating base liquefaction solvent with silica

gel.

bsolvent generated by treating base liquefaction solvent with HC1 followed

by silica gel.

CReaction mixture:
Coal A
Solvent
Catalyst

Reaction conditions:
Temperature
Pressure
Time
Agitation

3y
KN
250

440°C
1,200-psig Hp cold
60 min

1,000 strokes per min
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VII. SCALE-UP STUDIES

The experimental results discussed thus far in this report have indicated that
solvent modification improved oi1 production in both noncatalytic and .
catalytic coal liquefaction. However, these expef1ments were carried out on a
ismall scale using a tubing bomb reactor, which may cause sbme experts in coal
liquefaction to question the validity of the results.

Therefore, an extensive experimental program was undertaken to eliminate any
doubts and answer any questions about the utility of solvent modification in
coal liquefaction. The program included design and fabrication of a new
300-mL semicontinuous reactor system. This unit enabled us to scale up the
reaction system and obtain more reliable, meaningful data. Predetermined
amounts of solvent and coal were mixed and charged to the reactor system in a
batch mode. However, a continuous flow of hydrogen was maintained through the
reactor to ensure proper supply and availability of hydrogen for the

reaction. A detailed description of the reactor system is found in

Appendix 2.

In addition, to determine both true conversion and distillate oil produétion,
liquefaction products from these runs were recovered and analyzed by vacuum
distillation rather than the sequential solvent separation used previously.
The workup procedure used is detailed in Appendix 2.

PRELIMINARY EXPERIMENTS

tarlier in the program we showed that runs at 440°C with a 1:1 solvent-to-coal
ratio (termed high-severity reaction coﬁd1t1ons in this report) yielded more
oil than runs at 425°C with a 2:1 solvent-to-coal ratio (low-severity reaction
conditions). However, these experiments were carried out in a tubing-bomb
reactor in which there were no mixing and heating problems. Unfortunately,
when autoclave runs were conducted at the high-severity conditions (1:1
solvent-to-coal ratio, 440°C) significant coking occurred, presumably due to
either poor mixing or the high wall temperature of the reactor. To improve
mixing, the solvent-to-coal ratio was increased from 1:1 to 1.5:1. Once
again, coking was significant and the overall coal conversion with base
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liquefaction solvent (original solvent) was only 49% at 440°C (see Table 58).
The poor conversion at this point was attributed to the wall temperature of
the reactor, which had to be maintained above 440°C in order to attain and
maintain the 440°C reaction temperature.

To resolve this problem, the reaction temperature was lowered to 425°C; other
conditions were kept the same. Coal conversion increased to approximately 80%
(see Table 58), which was very similar to that noted in the tubing-bomb
reactor at the same temperature. Since the coal conversion data matched well
with the tubing-bomb conversion data, 425°C was selected as thc standard
reaction temperature for the autoclave. The liquefaction behavior of raw
I117inois #6 coal was then determined in the autoclave reactor system with and
without a catalyst and with both base']1quefact10n (original) and modified
solvents. The results of these experiments are discussed below.

NONCATALYTIC LIQUEFACTION OF TLLINOIS #6 COAL WITH ORIGINAL AND MODIFIED SOLVE%

The noncatalytic liquefaction behavior of I119nois #6 coal was evaluated in

" the semicontinuous autoclave system using a 1.5:1 solvent-to-coal ratio, 425°C
temperature, 2,000 psig total pressure, and 60-min reaction time. Both
original (base liquefaction solvent) and modified solvents were used in the
tests.

Experiméntal resuits summarized in Table 58 show that the use of modified
solvent resulted in slightly higher overall conversion than that noted with
original snivent., 011 yield was also marginally higher. Uistillate o1l yield
with modified solvent was very similar to that noted in the tubing-bomb
reactor, whereas with original solvent it was considerably higher in the
autoclave reactor (compare Tables 58 and 17). This difference could be
attributed to the use of a different workup procedure faor the products
obtained from the two reactors.

The production of C,-C; gases, heteroatomic gases, and water was very
similar with both original and modified solvents.
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TABLE 58

NONCATALYTIC LIQUEFACTION IN SEMICONTINUQUS AUTOCLAVE REACTOR

Run no. GAR-2 GAR-5 GAR-7
Solvent Origﬁna1b 0r1gina1b ' Modifieda
Solvent/coal® 1.5/1 S Y4 1.5/1
Temp (°C) 440 425 © 425
Pressure (psig) 2,000 2,000 2,000
Time (min) 60 : 60 . 60

Product distribution
(wt % MAF coal)

C]-C5 21.9 6.6 8.4
H2S’ co, CO2 6.3 4.4 4.5
Water 3.0 3.9 2.9
Distillate o3l (16.7) ' 21.5 22.1
SRC 34.5 48.2 47 .4
10M 51.0 15.4 14.1
Conversion (wt) 49.0% 84.6 85.9
Recovery (wt %) 95.6 98.5 99.2

%Solvent treated by anhydrous hydrochloric acid followed by silica gel.
b
Base liquefaction solvent.

CI1114nots #6 coal,

-149-



These results show that use of modified solvent in noncatalytic liquefaction
is marginally better than using original solvent. This is contrary to the
significant increase in the oil yield noted with the use of modified solvent
compared to base liquefaction solvent in the tubing bomb reactor (see

Table 17). The reason for this difference 1s presently unknown.

CATALYTIC LIQUEFACTION OF TLLINOIS #6 COAL WITH ORIGINAL AND MODIFIED SOLVENTS

The catalytic liquefaction behavior of I1linois #6 coal was evaluated using
500 ppm of dispersed molybdenum catalyst in the form of molybdenum octoate.
Reaction conditions were similar to those in the noncatalytic Tiquefaction
experiments and, again, both original and moditied solvents were used for
liquefaction.

With original solvent, adding catalyst to the reaction mixture increased

the overall conversion from =83 to =94%. 011 production also increased

from =21 to =25% (compare Tables 58 and 59), and hydrocarbon gases

increased substantially. 1In fact, most of the increase in coal conversion
ended up in increased oil and gases production. SRC production increased only
marginally with catalyst. |

In the case of modified solvent, adding catalyst also increased overall
cunVersion, from =86 to =93%. However, the increase in oil yield was
significantly higher than that noted with original solvent (see Tables 58 and
59), due to increased conversion of coal and SRC to oil. <Catalyst addition
with original solvent increased both oil and SRC yield, whereas addition of
catalyst with modified solvent increased both overall conversion and SRC
conversion, resulting in much higher oi1 production (see Table 59). The
production of gases in the presence of modified solvent was very s1m11af to
that noted with orﬁginai solvent.

Comparison of the data in Tables 22 and 59 shows that o1l production and coal
conversion with base liquefaction solvent were very similar in both the

tubing-bomb and autoclave reactors. However, SRC production was 1owef in the
autoclave reactor than the tubing-bomb reactor, and gas production was higher

in the autoclave.
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TABLE 59

CATALYTIC LIQUEFACTION IN SEMICONTINUOUS AUTOCLAVE REACTOR

Run no. GAR-14 GAR-17 GAR-15

Solvent Original < Modified?
Solvent/coal 1510 1.5/1.0

Mo catalyst (ppm 500 500
based on coal) '

Temp. (°C) ' 425 ' 425
Pressure (psig) 2,000 2,000
Time (min) ‘ 60 . 60

Product distribution
(wt % MAF coal)

C,-Ce : 10.2 9.7 10.3
H,S, €0, CO, .5 5.0 4.6
Water - 3.9 4.4 5.4
Distillate oil 25.4 23.4 32.7
SRC 50.0 52.5 40.2
10M 6.0 5.6 6.7
Conversion (wt %) 94.0 94.4 93.3
Recovery (wt %) 100.8 100.9 94.8

3solvent treated by anhydrous hydrochloric acid followed by silica gel.
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- With modified solvent (Tables 22 and 59), overall conversion and SRC
production were very simi]a} in both reactors. However, oil production was
considerably lower in the autdc1ave, due to higher production of gases --
yields increased by more than a faétor of two in the autoclave. Besides the
discrepancies in the magnitude of 011 and gas production, other variables wereF
very consistent in both reactors.

These discrepancies could be due to two factors. First, in the tubing-bomb
reactor, water produced is accounted for in the o0il yield (see Appendix 1 for
further information), whereas water is accountcd for separalely in the
autoclave reactor. Secondly, a higher wall temperature (>425°C) was used in
the autnclave to maintain the 425°C reaction temperature. The heat enhances
cracking reactions in the vicinity of the wall, resulting in highér gas

yield. However, the true reasons for the discrepancies. are currently unknown,
and more work is required to resolve the differences.

In summary, the above data clearly show the benefits of using modified solvent
in catalytic coal liquefaction. Similar benefits were noted in the
tubing-bomb experiments, as discussed earlier. Both tubing-bomb and autoclave
results establish beyond any doubts the benefits of using modified snlvent in
catalytic coal liquefaction experiments.

LIQUEFACTION OF DEEP-CLEANED OR BENEFICIATED COAL

Earlier, we discussed tubing-bomb reactor experiments which indicated that
beneficiation or removal of mineral matter was extremely detrimental to
noncatalytic coal liquefaction. 1In contrast, catalytic liquefaction
experiments showed no major differences between the behavior of raw and
beneficiated coal samples. However, in terms of plant operation, several
advantages of using beneficiated coal were mentioned.

To further evaluate the effects of beneficiation, a sample of beneficiated
I119nois #6 coal containing ~3% ash was chosen for detailed evaluation in a
semicontinuous autoclave reactor. Runs were conducted with and without

catalyst and with both original and modified solvents.
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Noncatalytic Liquefactioh

. Noncatalytic liquefaction of beneficiated coal with original (base
liquefaction) solvent showed considerably lower coal conversion than
liquefaction of raw coal: 57% vs. 82% (see Tables 58 and 60). In addition to
lower conversion, beneficiated coal resulted in a net loss in oil y1eld.' Both
Jower conversion and negative o1l yield show the detrimental effect of coal
~beneficiation in noncatalytic liquefaction. Similar results were reparted
earlier in the evaluation of beneficiated coa) samples in the tubing-bomb

reactor (see Table 56).

Runs with modified solvent showed almost the same conversion noted with
original solvent. However, use of modified solvent resulted in a net
production of oil, compared to net loss noted with original solvent

(Table 60). The production of hydrocarbon gases was also higher with modified
solvent than original solvent. Most interestingly, the production of SRC was
considerably lower with modified solvent. This observation indicates that the
use of modified solvent enhances the conversion of SRC, thereby increasing the

production of hydrocarbon gases and distillate oil.

Catalytic Liguefaction

In the presence of original solvent, addition of 500 ppm of'mo1ybdenum cata-
lyst based on coal increased the overall conversion of beneficiated coal from
57 to 93% (see Tables 60 and 61). 0311 yield also increased, from a net loss
of =5% to a net production of =25%. The production of hydrocarbon gases

and water also increased with the addition of molybdenum, although SRC
production did not change. 1In fact, most of the increase in coal convers1on

ended up in the form of increased o1l yield.

Liquefaction of beneficiated coal in the presence of both modified solvent and
molybdenum catalyst showed slightly higher coal conversion than that noted
with original solvent, and oil production was significantly higher. Similar
results were reported earlier in the tubing-bomb experiments (see Table 57).
Hydrocarbon gases and SRC production were slightly lower than those noted with

original solvent.
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TABLE 60

NONCATALYTIC LIQUEFACTION OF DEEP-CLEANED COAL

Run no. GAR-8 GAR-9
Solvent Original Modified?
Solvent/coal 1.6/1 1.5/1
Temp (°C) 425 ’ 425
Pressure (psig) 2,000 2,000
Time (min) 60 AN

Product distribution
(Wt % MAF coal)

C1-C5 5.6 7.8
H2$. co, CO2 3.2 3.4
Water . 3.9 4.7
Distillate oil (4.8) 3.6
SRC 49.3 38.4
10M 42.8 42 .1
Conversion (wt %) 57.2 57.9
Recovery (wt %) 97.5 99.3

4

dso1vent treated with anhydrous hydrochloric acid followed by silica gel.
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TABLE 61

CATALYTIC LLIQUEFACTION OF DEEP-CLEANED COAL

Run no. ~ . GAR-13 . GAR-12
Solvent f Original Mod1f1ed®
Solvent/coal 1.5/1 ‘ 1.5/71
Mo catalyst (ppm ' 500 500

based on coal)
Temp (°C) | 425 | 425
Pressure (psig) 2,000 » 2.000
Time (min) 60 60

Product distribution
(Wt % MAF coal)

C]—C5 8.1 7.2
H25. co, C02- , 3.6 4.6
Water 7.9 6.5
Distillate oil 24.9 KA
SRC 48.5 45 .1
10M ' 7.0 : 5.5
Conversion (wt %) 93.0 ' 94.5
Recovery (wt %) 104.6 98.4

aS(ﬂvent treated with anhydrous hydrochloric acid followed by silica gel.
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In summary, using modified solvent for the liquefaction of beneficiated coal
results in higher oil yield and coal conversion than original solvent. Howeve
the oi1 yield and coal conversion noted with beneficiated coal are very simi]al
to those noted with raw coal, indicating no clear advantages of coal
beneficiation for liquefaction.

The advantages of coal beneficiation, however, are obvious when compared on a
same weight basis, as shown in Table 62. Beneficiated coal yields more 01l an
net products than raw coal. In addition, coal beneficiation reduces the overa
solids {(liquefaction residue) loading to the solid/1iquid separator and thereb
improves its efficiency. Reduction in solids loading helps to reduce the loss‘
of SRC with snlids, and therefore further increases the product recovery. It
also increases the plant throughput because the feed being processed contains
more organics. All these features indicate the benefits uf liguefying

beneficiated coal over raw coal.

-156-



TABLE 62

EFFECT OF COAL BENEFICIATION ON CATALYTIC LIQUEFACTION

Basis of Comparison: 100 g of dry coal

' Sample ‘ Raw coal Beneficiated coal
Ash (g) - 10.46 o ©3.10
Organic material (g) . 89.54 96.90

Products (gq)

HC gases : 7.3 6.9
041 ‘ 22.3 30.1
SRC 43.4 : 43.7
Net products® ‘ 65.7 73.8
Residue’ : 16.7 8.4

3Net products consist of oil and SRC.
bRes‘idue consists of ash and unconverted coal.
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VIIT. EXPLORATORY STUDIES

One of the goals of this program was to maximize the production of 0il1 from
coal 1iquefactidn. One way to increase 0ils, as discussed earlier in this
report, 1s to remove heteroatoms from the liquefaction solvent. Another way
1s to select the right catalyst or combination of catalysts for 1iquefactﬁon
(see the Catalyst Selection section). Additionally, at the inception of this
program, we thought that coal pretreatment and beneficiation would both
enhance the activity and reactivity of coal, leading to enhanced 011
production. Coal pretreatment was not successful, but coal beneficiation was
very promising, as discussed earlier in the Coal Pretreatment and

Beneficiation section.

In order to increase oil production beyond fhat achieved during the
experiments discussed thus far, several exp1oratory experiments were also
conducted. Since oil production was much higher with modified solvent
(generated by treating base liquefaction solvent with anhydrous HC1 followed
by silica gel) than with base Tiquefaction solvent, most of the exploratory
studies were car}ied out using modified solvent. The studies included (1)
finding the optimum reaction conditions for coal liquefaction, (2) finding the
right catalyst or combination of catalysts, and (3) studying the effect of
recycling unconverted SRC. The results of these studies are discussed
separately below. ‘

OPTIMUM REACTION CONDITIONS

Most of the work discussed earlier was carried out at 425°C reaction
temperature, 60-min reaction time, 850-psig initial (cold) hydrogen pressure,
1,000 strokes per min agitation, and a 2:1 'solvent-to-coal ratio. In
addition, a standard catalyst concentration of 500-ppm molybdenum based on
coal was used; the catalyst was added as én 0i1-soluble compound 1like
molybdenum octoate in order to achieve the highest dispersion in the reaction

mixture.

-159-



Since dispersed molybdenum was more active than impregnated molybdenum and
equivalent to iron (discussed earlier in the Catalyst Selection section), we

decided to search for optimum reaction conditions using dispersed molybdenum
catalyst. The reaction variables studied included reaction temperature,
residence time, initial hydrogen pressure, solvent-to-coal ratio, and catalys

concentration. The selection of the best conditions was based on higher oil
yield, lower gas yield, and higher overall conversion, conditions that would
unquestionably improve overall process economics. Results obtained from thesl
experiments are detailed below.

Reaction Temperature

The effect of reaction temperature was evaluated by increasing it from 425 to
440°C in the presence of 500-ppm molybdenum catalyst and modified solvent. |
Other reaction conditions were unchanged. As Table 63 shows, increasing the
reaction temperature significantiy increased the gas yield from 5.9 to 11.3%.‘
However, both 011 yield and coal conversion decreased, indicating an onset of
retrogressive reaction at the higher temperature. Although not indicated in
Table 63, further increasing the temperature to 450°C resulted in an even

higher gas yield and lower coal conversion.

Several reasons can be proposed to explain this onset of retrogressive
reaction at higher temperature. One possibitity s that an increase in
temperature increases the rate of thermal scission of coal molecules, thus
increasing the overall need for hydrogen to stabilize the fragmented
molecules. If hydrogen is not transferred to these fragments quickly, they
will recombine to form coke. We know that, during coal. liquetfaction, hydrogen
is first transferred from the gas phase to the 1iquid phase before it is
transferred to fragmentéd molecules. Also, we know that catalysts will
enhance the transfer of hydrogen both from the gas phase to the liquid phase
and from the liquid phase to fragmented molecules. Therefore, apparently the
rate of hydrogen transfer from the gas phase to the liquid phase, or from the
1iquid phase to the fragmented molecules, was not fast enough to keep up with
the rate of formation of fragmented coal molecules at the higher temperature.
This would result in the onset of retrogressive reaction and lower overall

conversion.
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TABLE 63

EFFECT OF REACTION TEMPERATURE®

Temperature (°£)

425 440
Product distribution
(wt % MAF coal)

Gases 5.9 11.3
0i1l 44.0 39.5
SRC 41.9 37.6
I0M 8.2 11.6
Conversion 91.8 88.4

%Reaction mixture:
Coal
Modified solvent
Catalyst

Reaction conditions: -
Time
Pressure
Agitation

3 g
6 g.
500-ppm molybdenum based on coal

60 min
850 psig'H2 (cold)
1,000 strokes per min
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the production of gases nor SRC was greatly affected. These results indicate
that all the negative features noted in noncatalytic liguefaction of
beneficiated coal were nullified by the use of slurry catalyst.

Although the advantages of coal beﬁeficiat1on are not obvious from our experi-
mental results, they are if operation of the entire plant is considered. Coal
benefication will reduce the overall solids loading to the solid/liquid
separator and thereby improve its efficiency. Reduction in solids loading
will also help in reducing the loss of SRC with solids, and will therefore
increase the product recovery. Removal of mineral matter will also rcduce
plant abrasion and it will increase plant throughput because the feed being
processed is more organic. All these features indircctly indicale the
benefits of liquefying beneficiated (low mineral matter content) coal in the

presencte of slurry catalyst compared to liquefying noncleaned coal.
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The transfer of hydrogen from the liquid phase to fragmented molecules can be
altered simply by changing the amount of total hydrogen available for donatio
by the solvent. This can be achieved by changing the solvent-to-coal ratio
used in the liquefaction reaction. Likewise, the transfer of hydrogen from
the gas phase to the 1iquid phase can be altered by changing the hydrogen
partial pressure in the gas phase, which can be done simply by altering the
initial pressure of hydrogen charged to the reactor. Therefore, several
experiments were carried out to determine the limiting factor and also to
explain the reasons for the onset of retrogressive reaction at higher

temperature.

Snlvent-to-Cnal Ratin

The effect of hydrogen transfer from the 1iquid phase to fragmented coa]v
molecules was investigated by varying the solvent-to-coal ratio from 2:1 to
1:2. Reducing this ratio should change not only the rate of hydrogen transfer
but also the amount of initial hydrogen available for transfer. Therefore, if
the liquefaction reaction was limited by the transfer of hydrogen from the
1iquid phase to fragmented molecules, reducing the solvent-to-coal rdtio
should enhance the extent of retrogressive reaction. However, this did not
happen; reducing the ratio did not cause any significant change in
liquefaction behavior, as evidenced by the product distribution summarized in
Table 64. Hence, transfer of hydrogen from the liquid phase to fragmented
molecules was apparently not the limiting factor in catalytic coal
liquefaction.

Initial Hydrogen Pressure

The effect of hydrogen transfer from the gas phase to the 1iquid phase was
evaluated by increasing the initial hydrogen pressure charged into the reactor
from 850 to 1,200 psig at a so1vent—to-coa1‘ratio of 1:1. Increasing the
initial hydrogen pressure should increase the effective hydrogen partial
pressure in the reactor, the amount of hydrogen available for transfer, and
the rate of transfer of hydrogen from the gas to 11quid phase. Therefore, if
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TABLE 64

EFFECT OF SOLVENT/COAL RATIO?

Solvent/coal

2:1 1:1 ' 1:2
Product distribution
(wt % MAF coal)
Gases 1.3 11.7 ' 11.7
0i1 39.5 39.9 41.8
SRC 37.6 39.7 35.7
10M ' 11.6 9.7 10.8
Conversion 88.4 91.3 89.2
%Reaction mixture:
Coal 3 g
Solvent : Modified
Catalyst 500-ppm Mo based on coal
Reaction conditions:
Time ' 60 min
Pressure RS0 psig H2 (cold)
Temperature ~ 440°C
Agitation 1,000 strokes per min
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the liquefaction reaction was limited by the transfer of hydrogen from the gasij
to 1iquid phase, the increase jn the initial hydrogen pressure should improve
coal liquefaction.

Indeed, increasing the initial hydrogen pressure from 850 to 1,200 psig
significantly increased oil yield (Table 65). In addition, it increased coal
conversion and slightly reduced the gas yield. Since 1,200-psig initial :
hydrogen pressure would result in approximately 2,000-psig total pressure at
reaction conditions, no attempts were made to further increase the initial

hydrogen pressure.

The significant increase in oil yield 1ndicates that the catalytic coal
liquefaction reaction might be more dependent upon the total amount of
hydrogen available for reaction, rather than the rate ofihydrogen transfer.
However, this is only conjecture in the absence of any experimental
verification. This point could be proven by undertaking a massive
experimental program. 4

Catalyst Concentration

The effect of molybdenum concentration was evaluated in liquefaction tests
using modified solvent. Metal concentration was varied from 0 to 500 ppm
based on ¢oal. The data in Table 66 show that both o1l production and coal
conversion increased significantly when molybdenum cbncenﬁratﬁon increased
from 0 to 125 and to 250 ppm. The increases in both oil yield and coal
‘conversion, however, were marginal with a further increase in molybdenum
concentration from 250 to 500 ppm, indicating no real benefit of using 500-ppm
molybdenum in liquefaction, especially since a lower concentration would
undoubtedly enhance the overall process economics. Therefore, a molybdenum
concentration of 250 ppm based on coal was chosen as the standard
concentration for establishing the optimum reaction conditions.
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EFFECT OF INITIAL HYDROGEN PRESSURE®

TABLE 65

Initial H, pressure {(psiq cold)

2
850 1,200
Product distribution
(wt % MAF coal)

Gases 11.7 11.2
041 39.9 53.4
SRC 39.7 29.4
10M 8.7 6.0

91.3 94.0

Conversion

aReaction mixture:
Coal ‘ V
Solvent
Catalyst

Reaction cond\t{ons:
Temperature
Time
Agitation

34
3 g (modified solvent)
500-ppm Mo based on coal

440°C
60 min
1,000 strokes per min
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TABLE 66

EFFECT OF CATALYST CONCENTRATION®

. Molybdenum concentration
{(ppm based on coal)

0 125 250 500
Product distribution
(wt % MAF coal)
Gdses 10.8 9.8 10.9 1.2
011 33.8 A.5 . 50.9 53.4
SRC 33.3 32.9 31.6 29.4
I0M 22.1 15.8 6.6 6.0
Conversion 77.9 84.2 93.4 94.0
3Reaction mixture:
Coal 349
Solvent 3 g (modified solvent)
Reaction conditions:
Temperature 440°C
Time 60 min
Pressure 1,200 psig H2
Agitation 1,000 strokes per min
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Reaction Time

' The effect of reaction time was eQa]uated in liquefaction tests by increasing
it from 60 to 120 min. Once again, a solvent-to-coal ratio of 1:1, an initial
hydrogen pfeésure of 1,200 psig, and molybdenum concentration of 250 ppm based
on coal were used as standard conditions. Table 67 shows that both 0i1
production and coal conversion decreased slightly with increasing reaction
time. Gas yield, however, increased slightly. Overall, no real benefits were

noted by increasing the reaction time.

Summary

The detailed study of the effect of reaction variables indicated that a
reaction temperature of 440°C, residence time of 60 min, 1nﬁfﬁa1 hydrogen
pressure (cold) of 1,200 psig, agitation rate of 1,000 strokes per minute,
solvent-to-coal ratio of 1:1, and a molybdenum catalyst concentration of 250
ppm based on coal gave higher o011 yield and conversion than other reéction
conditions. In fact, these reaction conditions were used to detefmine the
effect of solvent modification on coal liquefaction (see the Solvent
Modification section), and were classified as high-severity reaction

conditions.

OPTIMUM_CATALYST

The Catalyst Selection section showed that molybdenum, nickel, and iron
catalyze the coal liquefaction reaction, whereas zinc, lead, copber; and
cobalt were detrimental. 1In the previous section, we showed that increasing
the molybdenum concentration from 125 to 250 ppm significantly increased both
o}l production and coal conversion. However, further increases in '
concentration to 500 ppm showed only marginal improvements, which would not
Justify the additional cost required to increase the molybdenum concentration

from 250 to 500 ppm based on coal.
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TABLE 67

EFFECT OF REACTION TIMe?

Reaction time {(min)

60 120
Product distribution
{(wt % MAF coal)
Gases ' 10.9 12.8
011 50.9 46.2
SRC o 31.6 33.4
10M . 6.6 7.6
Conversion 93.4 : 92.4
a . .
Reaction mixture:
Coal 3 q
Solvent 3 g
Catalyst 250 ppm Mo based on coal
Reaction conditions:
Temperature 440°C
Pressure 1,200 psig H2
Agitation 1,000 slrukes per min
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In an attempt to further increase oi1 production, the activities of nickel and
iron were tested with modified solvent using the optimum reaction conditions
Ajust described. The activity of catalyst combinations was also tested, and

the results of these tests are described below.

Dispersed Metals

The catalytic activities of molybdenum, nickel, and iron during liquefaction
with modified solvent were evaluated. Since molybdenum and nickel are
expensive metals, they were used at a low concentration of 250 ppm based on
coal, whereas inexpensive iron was used at a concentration of 0.5% (5,000 ppm)
based on coal. All three metals tested were added in the form of oil-soluble
metal compounds. The reaction conditions and solvent-to-coal ratio used in
these experiments were those selected from our exploratory studies (as

described earlier).

Data on molybdenum were obtained during the exploratory studies on reaction

conditions and are summarized in Table 68 for easy reference.

Increasing the nickel concentration from 125 to 250 ppm did not show any
dramatic improvement. In addition, the use of nickel at both 125 and 250 ppm
resulted in much less oil and coal conversion than molybdenum at the same
concentrations. Add1ng 0.5% iron, however, resulted in more oils and higher
coal conversion‘than noted with nickel. In fact, both oil product1on and coal
conversion with iron were very similar to those noted with 250-ppm molybdenum
(see Tahle AR). BRased nn these data. iron and molybdenum are essentially
suitable catalysts and selection should depend on cost. Using nickel rather

than iron or molybdenum would not be advantageous.

Combinations of Metals

Several catalyst combinations were tested to either improve o1l production or
reduce the overall cost of catalyst in coal liquefaction. The data summarized
in Table 69 show that combining 125-ppm Mo with 0.5% Fe increased o0il ‘
production and coal conversion over both 125-ppm Mo and 0.5% Fe when used
alone. Both oi1 production and coal conversion with this combination were
similar to those noted with 250-ppm Mo, indicating that part of the Mo could
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TABLE 68

EFFECT OF METAL CATALYSTS?

Catalyst
Molybdenum Nickel 0.5%
125 ppm 250 ppm 125 ppm 250 ppm iron
Product distribution
(wt % MAF coal)
Gases 9.8 10.9 12.2 12.2 12.5
0i1 41.5 50.9 37.8 | 34.5 47.5
SRC 32.9 31.6 29.8 35.6 31.3
10M 15.8 6.6 20.2 17.7 8.7
Conversion 84.2 93.4 79.8 82.3 91.3
dReaction mixture:
Coal 3
Modified solvent g
Reaction conditions:
Temperature 440°C
Time 60 min
Pressure 1,200 psig H2
Agitation 1,000 strokes per min
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TABLE 69

EFFECT OF CATALYST COMBINATION

125-ppm 250-ppm 250-ppm
125-ppm 0.5% - Mo + 250 ppm Mo + 250-ppm N +
Catalyst Mo Fe 0.5% Fe "Mo 0.5% Fe R 0.5% fe
Product distribution
(wt % MAF coal)
Gases 9.8 12.5 10.8 .. 10.9 11.2 12.2 10.9
Qi1 | 4.5 47.5 50.1 50.9 51.2 34.5 54.4
SRC 32.9 31.3 32.6 31.6 - 32.0 35.6 - 27.8
10M 15.8 8.7 6.5 6.6 - 5.6 17.7 6.9
Conversion - B4.2 91.3 93.5 93.4 94.4 - 82.3 93.1
aReaction mixture:
Coal 3g
Modified solvent 3 g
-React1on conditions:
Temperature 440°C
Time ' 60 min
Pressure . 1,200 psig‘H2 (cold)
Agitation . 1,000 strokes per min
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be replaced by Fe catalyst without severely affecting the liquefaction
performance. Interestingly enough, combining 250-ppm Mo and 0.5% Fe only
marginally improved both 011 production and coal conversion over those noted
with 250-ppm Mo. These data clearly show the economic importance of se]ectﬁnq
the right amount of catalyst for liquefaction. Like combinations of Fe and
Mo, a combination of 250-ppm Ni and 0.5% fe showed considerably higher o1l
yield and coal conversion than noted from each individually (Table 69).

One can conclude from the above results that the o0il yield and coal conversion
obtained with 250-ppm Mo are close to the maximum values that can be achieved
in catalytic coal liquefaction. Minor improvements in both eil yield and coal
conversion, however, can be made by combining two or more metal catalysts.

The use and selection of the right amount of catalysts individually or in
combination would greatly depend on economics. '

EFFECT OF SRC RECYCLE

In an attempt to increase oil production, we also studied the impact of
recycling unconverted SRC on coal liquefaction. LSRC recycle, studied
extensively at the Wilsonville Advanced Coal Liquefaction Facility, was
reported to significantly improve liquefaction performance of various coals,
in addition to resolving a number of operational problems. However, no
determination was made on the effect of LSRC recycle on either oil yield vur
coal conversion. Therefore, several experiments were carried out to
investigate the effect of SRC recycle on o011 production using both base
1iquefaction and modified solvents in the presence and absence of a catalyst.
In all the experiments, the amounts of coal and solvent were fixed at 3 g
each, and the amount of SRC added was varied. The results of these
experiments are discussed below.

Noncatalytic Liquefaction

Several experiments were performed to investigate the effect of recycling SRC
" on the liquefaction of 1114nois #6 coal using both base 1iguefaction and

'mod1f5ed~soj§enfs; results are summarized in Table 70. With 13% SRC recycle,
01l y1e1d fhcreased from 29 to 39% and from 34 to 339% in the presence of base

-172-




EFFECT OF SRC RECYCLE ON NONCATALYTIC LIQUEFACTION®

TABLE 70

SRC/solvent ratio

Base liquefaction solvent

Modified solvent

0 0.13 0.50 0 0.13 0.47
Product distribution
(wt % MAF coal)
‘Gases 11.7 10.4 13.3 10.8 10.5 10.5
011 29.2 38.5 53.3 33.8 38.7 44 .6
SRC 35.8 23.0 3.9 33.3 27.1 7.0
I10M 23.3 28.1 29.5 22.1 23.7 . 37.9
Conversion 76.7 71.9 70.5 77.9 76.3 62.]
a . .
Reaction mixture:
Coal. 3 g
Solvent 3g
Reaction fonditions:
Temperature 440°C
H, pressure 1,200 psig coal
Time 60 min
Agitation 1,000 strokes per min
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liquefaction and modified solvents, respectively (see Table 70 and figure

11). However, overall coal conversion decreased with SRC recycle, much more
so with base liquefaction solvent than with modified solvent. Increasing the
level of SRC recycle to 50% further increased 0il yield, but the increase was
considerably greater with base liquefaction solvent than with modified solvent
(Table 70 and Figure 11). On the other hand, coal conversion further
decreased with an increasing level of SRC recycle, dramatically so with

modified solvent. Apparently, all the advantages of modifying the solvent are

lost by recycling this large amount of SRC. One can conclude that significant
improvement in ojl yield is achievable by recycling SRC, but at the expense of
overall coal conversion. Furthermore, noncatalytic liquefaction of coal with
SRC recycle may yield as much oil as noted with 250-ppm molybdenum catalyst
without SRC recycle, but at the expense of considerahle loss in coal

conversion.

Catalytic Liquefaction

Several experiments were carried out with SRC recycle in the presence of
250-ppm molybdenum based on coal to study the effect of SRC fecycle in
catalytic coa) liquefaction. The reaction mixture and conditians were again
very similar to those used in noncatalytic liquefaction experiments.

Recycle of SRC using both base liquefaction and modified solvents .
significantly increased o1l yield, as shown in Table 71 and Figure 12. The
difference in 01l yields obtained was the greatest without SRC recycle, but
decreased consistently with an increase in the 1eve] of SRC recycle. However,
0oi1 ylield obtained with modified solvent was always higher than that noted
with base 1iquefaction solvent. Overall coal conversion, which decreased
dramatically with SRC recycle in noncatalytic liquefaction, decreased
marginally with SRC recycle in the presence of a catalyst (see Table 71 and
Figure 12). Therefore, the recycle of SRC in the presence of a catalyst
significantly increases o311 production without a severe penalty in terms of

coal conversion.
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TABLE T

EFFECT OF SRC RECYCLE ON CATALYTIC LIQUEFACTIONa

SRC/solvent ratio T
Base liquefaction solvent Modified solvent
0 0.07 0.13 0.27 0.50 0 0.07 0.13 0.27 O
Product distribution
(wt % MAF coal)
Gases 10.8 10.5 10.6 10.9 10.8 10.9 10.2 9.3 10.0 1
011 44.0 44.7 51.3 59.2 68.8 50.9 55.1 54.7 61.8 6
SRC 39.8 35.9 30.2 16.5 8.2 31.6 27.8 26.0 18.4
10M 5.4 8.9 7.9 13.4 12.2 5.6 6.9 10.0 9.8 N
Conversion 94.6 91.1 92.1 B86.6 87.8 93.4 93.1 90.0 90.2 88
aReaction mixture:
Coal 3 g
Solvent 3 g
Catalyst 250 ppm molybdenum based on coal
Reaction conditions:
Temperature 440°C
H2 pressure 1,200 psig cold
Time 60 min
Agitalion 1,000 strokes per min
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Effect of Catalyst Concentration

The effect of molybdenum concentration on coal liquefaction with SRC recycle
was evaluated with both base liquefaction and modified solvents. The
experimental results summarized in Table 72 show that increasing the
concentration of molybdenum from 250 to 500 ppm based on coal increased ai}
yield with both solvents. However, the increase was much higher with modified
solvent. Overall coal conversion also increased with increasing catalyst
concentration using both base ligquefaction and modified solvents.

Comparison of the data summarized in Tables 71 and 72 shows that the o1l yield
obtained with 250-ppm molybdenum along with recycle of 27% SRC can be
increased from ~60 to ~70% with either solvent by increasing the amount of

SRC recycle to 50% or by increasing the catalyst concentration from 250 to 500
ppm. Increasing SRC recycle slightly decreases coal conversion, whereas
increasing catalyst concentration increases catalyst cost. Hence, cost-
benefit analysis must be made before one of these two options is selected.

Summary

In summary, we conclude that SRC recycle undoubtedly increases 041 yield in
noncaté]ytic Tiquefaction, but at the expense of overall coal conversinn. In
contrast, SRC recycle in the presence of a catalyst increases o1l yield while
maintaining the coal conversion level. Thus, the advantages of SRC recycle
are achievable only in the presence of a catalyst. Finally, our goal of
higher 011 production (close to 70% based on MAF coal) can be achieved either
by recycling a large proportion of SRC or increasing the concentration of
catalyst. Either way, a cost-benefit analysis must be made to select thc best
route.
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TABLE 72

EFFECT OF CATALYST CONCENTRATION WITH SRC RECYCLE®

Molybdenum concentration (ppm based on coal)

Base liguefaction solvent Modified solvent
250 500 250 500
Product distribution
(wt % MAF coal)
Gases 10.9 10.1 : 10.0 0.7
0i1 59.2 66.7 ‘ 61.8 701
SRC 16.5 17.0 18.4 12.5
10M . 13.4 6.2 9.8 6.7
Conversion | 86.6 93.8 90.2  93.3
a . .
Reaction mixture:
Coal ' 3 g
Solvent 3 g
SRC/solvent 0.217
Reaction conditions:
Temperature 440°C
Hzfpressure 1,200 psig cold
Time 60 min
Agitation : - 1,000 strokes per min
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APPENDIX 1

SOLVENT SEPARATION PROCEDURE

The purpose of this procedure is to provide rapid, precise fractionation of
the gross coal conversion product into three subfractions defined by their
solubility.

. 0i1s: pentane solubles
. SRC: pentane insoluble/methylene chloride - methanol soluble
. Residue: methylene chloride - methanol insoluble

This procedure was conducted at room temperéture (25 + 3°C), under nitrogen
gas pressure, using solvents of the highest quality available. The sample may
be 1iquid, solid, or a mixture, with less than 1% material boiling below
150°C.

EQUIPMENT REQUIRED

1. Branson Model 350 sonicator with 3/4-in. horn
2. Branson ultrasonic bath

3. Millipore 142 mm pressure filter with 300-mL capacity, #XX40-047-00, with -
142 mm filter, S um, FSLW-01420

4. Round-bottomed distilling flasks - 500-mL, 250-mL, two each
5. Rotoevaporator R, Fisher Scientific #9-548-151 (1979)

6. Vacuum pump and trap

7. Nitrogen gas (0-20 psi adjusfab]e) pressure filter feed

Nitrogen gas (0-20 psig adjustable) rotoevaporator feed
Nitrogen 1iquid (1-2 L) freeze sample (dewar)
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8. a) n-Pentane Grade of solvent depends upon ultimate
b) Methylene chloride use of sample subfractions (Pesticide,
c) Methanol Distilled in Glass, or HPLC grade)

9. Fume hood, 150-200-cfm air rate exchange

10. Cooling water or heater exchange for rotoevaporator condenser

11. Balance to read weights +0.005 or better, with maximum load 200 g.

SAFETY FEATURES

Solvents must be used only under the fume hood‘and transferred from bottle to
flask by hand pump. Protective gloves and ovefa11s are required for
laboratory work. Cleanup of spills on hands can be completed with Go-Jo,
waterless hand cleaner, mild scrubbing, and water wash (warm). All normal
safety precautions must be observed during the entire operation.

SAMPLE HANDLING

A1l the sample in the tubing-bomb reactor must be kept free of air (oxygen),
heat, and 1ight. Samples not ready for separation must be kept at 4°C under a
blanket of nitrogen. The sample to be analyzed is removed from the
retrigerator and its top cap unscrewed and mixed well in an ultrasonic bath.
The sample is now ready for detailed solvent separation analysis.

ROCEDURE

The laboratory equipment is prepared in the following order:

(a) Ultrasonic unit with 3/4-in. horn adjusted and cleaned with
methylene chloride.
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(c)

(d)
Step 1:
Step 2:
Step 3:
Step 4:
Step §5:
Step 6:

Millipore filter put in place after weighing dry filter element.
Ensure that all O-rings fit well with no leaks (test with n-pentane
under 10 psi). Use Teflon tape (3/4 in.) to wrap screw fittings and

seals.

Prepare rotoevaporator-bath temperature at 55-60°F for n-pentane;
nitrogen flow rate should just cause 1/4-1/2 in. dimple in liquid of
250 mL flask. '

Cooling liquid for rotoevaporator condenser should be 10°C if heater
exchanger used -10°C with MeOH.

Thoroughly clean a 1000 mL heavy wall pyrex beaker.

Add 25 mL of n-pentane to thé tubing bomb reactor and mix the
contents using an ultrasonic bath for 5 min. Pour the reactor
contents into the 1000 mL beaker.

Repeat step 2 four to five times until the 1iquid from the reactor

is clear.

To the mixture collected in the 1000-mL beaker add more n-pentane to
bring the entire volume to 500 mL. Sonicate the entire mixture for

5 min at level 5.

Allow mixture to settle (1-2 min). Decant supernatant into filter
unit, refill beaker with n-pentane, and sonicate again for 3-5 min.
Allow decant liquid to filter into a 500 mL flask - do not allow
filter to dry from this time on.

Repeat step 5 twice for a total of 2000 mL of n-pentane. 1f catch
flask fills, transfer to rotoevaporator and begin to remove
n-pentane under nitrogen at 60°C. Transfer the solids with small

portions (25-50 mL) of pentane.
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Step 7:

-Step 8:

Step 10:

Step 11:

Do not discard beaker; hold for additional transfer of solvents to
filter. This ensures removal of the maximum amount of material and

reduces losses.

Filter the solids, adding nitrogen pressure (5-10 psi) if needed.
Add new pentane via original beaker as needed for a total of 2 L.
This amount can be re-collected trom the rotoevaporator unit during
the continuous So]vent removal steps. ‘

Continue solvent filtering until the filtrate is a very 11ght
yellow/green. At the end of pentane extraction, with 25 mL of .
pentane in the filter, add 100 mL ¢of 10% methanol in methylene
chloride and continue as in step 7 for 2.5 L. The new filtrate is
collected in a new 500-mL flask (tare). Continue to transfer
filtrate to rotovapor with a waterbath temperature of 75°C.

Hold all pentane solubles collected through step 8 on the
rotoevaporator for 2 min beyond the point when the last drop of
condensed pentane is in the catch flask. Remove, clean, and dry the
outside of the flask containing the oils (reddish) and weigh.

Record:

Yield of o0ils: ------- grams
Conduct methylene chloride/methanol extraction in the same way as
Steps 7-9. Remove the methylene chloride/methanol solubles from the
rotoevaporator when 10-20 mL of solution remains. Then vacuum-dry
the flask. Record:

Yield of SRC: ------- grams

Vacuum dry the residue retained on the filter paper. Gently remove
filter paper with residue and weigh. Record:

Yield of residue: ------- grams
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Step 12:

0ils
SRC
Residue

o O | >

Gases (determined by gas analysis)
. A+B+C+ D = total recovered
. Original mass of sample charged = MS

« MS - total recovered = net loss or gain

. If gain of weight is observed, solvent is present in 0ils or

other fraction.
. If loss of weight is observéd, 0ils have volatile matter.

. Add net Toss to mass of oils (A + net loss) and calculate over
the material recovery.

Recovered Corrected %

Report: 0i1s A A + net loss
SRC B B -

Residue - C C -

Gases 0 0 _—

Total Recovered MS 100%

This data is used to calculate the product distribution based on MAF

coal.
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APPENDIX 2

AUTOCLAVE OPERATING AND CALCULATION PROCEDURES

An autoclave system was designed and assembled to provide a cont1nuods'supp1y
of hydrogen to the 11quefaét10n reaction. The detailed design of the
autoclave is illustrated in F1gure A-1 and detailed steps .involved in the
operation of the autoclave and ca]cu1atiohs of the results are described

below.

OPERATING PROCEDURE

1. Charge the autoclave with the reaction mixture consisting of 40 g of coal
and 60 g of solvent. For catalytic runs, a predetermined amount of
catalyst is also added. '

2. Assemble the autoclave as shown in Figure A-1.

3. Leak-check the entire system using helium stepwise to 2500-psig pressure
at room temperature.

4. If the system is leak tight, establish the flow of helium through the
unit to purge the system as well as to remove any air trapped in the
reactor system.

5. After purging the system with helium, turn on the.st1rrer of the
autoclave and discontinue flow of helium.

6. Establish the flow of hydrogen and purge the system thoroughly with
hydrogen.

7. Calibrate the system to determine the volume occupied by gases in the
reactor, trap, gas collection, gas sample vessels, and transfer lines.

8. Isolate gas sample vessel, gas collection vessel, and trap by C]osing
shutoff valves.
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9. Pressurize the reactor to 1,000-psig with hydrogen.

10. Start heating the reactor. wnén the temperature in the reactor reaches
250°C, increase the hydrogen pressure to 2,000 psig and initiate the flow
of hydrogen through the reactor to ensure more than enough avai]abﬁ11ty '
of hydrogen for the reaction.

11. Collect the gases in the gas collection vessel.

12. When the reaction temperature reaches the desired value, set the reaction
time to zero and carry the reaction for the desired period. After the
desired reaction time, turn the heaters off and start cooling the
reactor. In addition, discontinue the flow of hydrogen. '

13. After some time, the temperature of the reactor will approach room
temperature and the pressure in the reactor, trap, and gas collection

vessel will equilibrate. Note the temperature and pressure.

14. Open appropriate va]vés to collect gas sample in the gas sample vessel
for detailed gas analysis.

15. Collect organic material condensed in the trab and weigh it.

16. Open the autoclave system and collect all the material for further

ana]ys1s.A
17. Clean the system thoroughly for next run.

CALCULATION PROCEQURE

A number of steps are involved in determining the product distribution from
the 300-mL semicontinuous (continuous flow of hydrogen to ensure sufficient
supply of hydrogen for the reaction) autoclave reactor. These steps are
described in detall below.
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Step A

After the reaction, the flow of hydrogen is stopped and the autoclave is
cooled down close to room temperature. At this time the final temperature and
pressure are noted. 1In addition, a sample of gas is taken for C]-Cs, co,

C02, H2$, NH3, and H2 analysis. The volume occupied by gases is

determined before the reaction by volume calibration. Knowing all these
values, the weights of individual components in the gas phase are determined.

The weight of total gases excluding hydrogen is determined.

Weight of gases excluding H2 = A

Step B

The organic material condensed and collected in the trap is drained and
weighed. The sample is then éubjected to phase separation to determine the

weight of water and oil, respectively.

Weight of water =B
Weight of o011l = C

Step C

1. The autoclave is opened and all the material in it is recovered in a
1000-mL beaker. The entire unit is then thoroughly cleaned and washed
with methylene chloride. The entire reaction product along with
methylene chloride is then sonicated and filtered. The material
remaining on the filter paper is liquefaction residue and it is
vacuum-dried and weighed.

Weight of liquefaction residue =D
2. The filtrate was rotoevaporated to remove methylene chloride. The

concentrated filtrate cbntaining product o311, process solvent, SRC, and
part of the methylene chloride is subjected to two-step distillation.
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3. The first step involves complete removal of methy]ene‘ch1or1de by
disti11ing the concentrated filtrate under vacuum at 60°C. Part of the
very light oil product is lost with methylene chloride fraction, but it
is assumed to be negligible.

4. After the removal of methylene chloride, the filtrate is distilled to
recover product oil and process solvent. A temperature of 850°F
(corrected temperature) is used as an end point, The distillate product
{oil) and distillate bottoms (SRC) are then weighed.

Weight of distillate o011 = E
Weight of SRC : = F
Mass Balance
Feed
Weight of feed coal = X
Weight of feed solvent = Y
Total feed = X + Y
Product
Total gases _ = A
Water , = B
Distillate oil =C +E
SRC = F
Residue . =D
Total v ' A+B+ (C+L0C)+F+D

Note:  The contribution due to hydrogen consumption is neglected in the
calculation.

Recovery = [A +B + (C+E) +F + Dy x 100
X+Y

In most cases, the recovery s better than 98%. The losses are added to
the distillate oi) fraction to close the mass balance.

-193-



Product Distribution Calculation

Requirements: Ash in the coal = X]

Moisture in the coal = X,

Step 1

Organic material in the coal = X - (x] + XZ)

E OM
Net products Weight Wt % MAF coal
Total gases . A (A/0M) x 100
Water B - X2 {(B - Xz)/OM] x 100
Distillate oil C+E-Y [((C + E - Y/OM] x 100
SRC F (F/0M) x 100
Insoluble organic D - X1 [((D - X])/OM] x 100

~ material (IOM)

Conversion, % = 100 - wt % IOM
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APPENDIX 3

COMPILATICN OF RECORD OF INVENTION FORMS
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the feed coal is substantially demineralized or "deep cleaned’ by'physical or chemi
methods prior to liquefaction with dispersed catalysts. The demineralization techn
substantiall 1n$reases the actjvity of dispersed mo1{bedenum catalysts over that s
with typ1ca1¥y cleaned coals. The advantages of practicing this prbcess are: 1incr

coal conversion, increased yields of distiTlate, reduced catalyst consumption and
simplified solid separation facilities.

D. Deates ang Piaces ot Inventons:

|, Concention by 1nventor (3+) L3_oeptember 1983 A _PAllerouwn, PA
2. First Sketch or Drawing At in WOrkbook Page
3. First Written Description 1¢ September 1984 At Allentown, PA p?ntvsgvsoo%tJQQEStion + APCI FS:;T
i, Discrosure to Otners ¢ +) 12_Seotember 198 _ p Mlentown, PA (Patent Suggestion
. 22 horil 1683 - ar_Oral to DOE Contta;t Manaqer
b 19 At
§. Completion of Mooel or Full Size Device i At

6. First Test or Operation of invention March ] 9" ] 983 A] 1 entOWn 3 PA

At

E. R.esults of Tests ano Extent of Us? of |f\vemion (5} F. Names of all Persons Maving Knowledage of Facts Stated Uno
This process results in 1ncrea§ed.coa1 con- ;Mo E: GSteyen A. Linder, Scott A. Sta
version, increased yields of distillate, Robert L. lampietro, William S, Collins
reduced catalyst consumption, and simplified| Frank K. Schweighardt
P i d - ana + 1,0 3l e e - . S .

LA™ - e 1 ke o AT TUw T T Te o,

G. Pertinent Reports (6°): H. Other Closely Related Pubilications, Patents, ana Patent

Apstications (1°): |J 5 4 (39 425

None U.s. 4,397,732, U.S. 4,257,869
. Fugnts o1 WS, Government. J. Licenses or Assignments:
Modification No. MOO6 of Contract No.
DE-AC22-82PC50003 None
K. Contracts involveg: Contract No.: Date
Air Products & Chemicals. Inc. DE-AC22-83PC50003 0/2¢
Contractor ang Agaress Type ot Contract:
P.0. Box 538, Allentown, PA 18105 unessities | mestrictes | contisentinr | seceet
L Signature of Witness: Date: Signature of inventor(s). /, Date
: 71 i L-// —_— r )
Hofof. Del oD Uy e .
7 / - [V T |77 ?
Forwargea by (3°): . ate:
App]icatiox %or A Patent Should Be Filed. S8 “November 1984
{OVER}
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Record of Invention is an imporiant legal document and proper care in its early and complete preparation
Save 1mporiant iMe ang inconven.ence n the future. Tne Instructions® on the back should be read carefully

e fitting 1n tne dziz.

ator: J, Name(s): 2. Titie or Position:

Principal Research Engineer, and
Sr. Principal Research.Chemist

Empioyec py: 4. Permanent Address:

ir Products and Chemicals, Inc. P.0. Box 538, Allentown, PA 181C5

e of Invention (1 *) .

uefaction of Oxidized Coal with Modified Solvents"

cription of invention 2+): A_COal liquefaction process 1hal 15 Dased on INE O1STOVETY that

ized coals can be liquefied without detrimental effects when the solvent that is used
he H-donor vehicle in the liquefaction has been modified. The solvent modification,
lving removal of a substantial portion of the -N and -0 heteroatom constituents,
ificantly improves the yield of distillate oils from liquefaction of oxidized coal
ared to ligquefaction using conventional solvents with fresh coal. The use of a
roatom modified solvent to treat oxidized coal is the key feature.

tes ana Places of tnventizns: 1€ Jdanuary 1584 Allentown, PA
Conception Dy Invenior (2°) - At
First Sketch or Drawing At In Workbook Page
. Qg4 + echnical Idea Suagestion,CG-0254
First Written Description 1€ Januar_v 19284 A] lentown 3 PA T e a9 M

~ P ITPY
{. Schweighardt, 16 January'1984, Allenteown, PA ‘

-

-
Disclosure to Otners (4 °) r.

Compietion of Mogel or Full Size Dexice At
experimental wOrk
First Test or Operation of Invention 1 1 ADr I .I ] 983 LU II'Ii d‘DecembCf’ ]2183 A] 1 entr_\wn ! pA :
zsu{ls czf Tests ang Exle.m of Use of invention (S *) F. Names of ail Persons Having Knowi { Facts S
Fficient experimental work has been con- N E.: ’ wieoaR el Tacts Stated Under 0.
ted under DOE Enhanced Catalysis contract D. L. Howells, 5. A. Lindner,
demonstrate the validity of this process. W, Collins

rrtinent Reports (6°): H. Other Ciosety Reiated Publications, Patents, and Patent

] Technical Idea/Patent Suggestion Report Applications { 77}
CG-2054; Highlight Report DOEZ/TIC-50003- See Attachment A
and in quarterly reports under below ref.|
ights of U.S. Government: contract. .. Licensesor Assignments-
{ification No. M006 of Contract No.
.AC22-82-PC50003

{yanced Yaiver Patent Clause" None
dntracts involved: . Cuniract Nu.: Dale
ir Products and Chemicals, Inc. DE-AC22-82P(C50003 9/ué/82
>Ptractor and Agaress Type ot Contract:
. 0 : BOX 538 3 A] ] entown M PA ] 8] 05 Unciassifieg | Restricteg l Configential l Segret
gnature of Witness: . Date: Sgfatyre of var(M&/L) - Date: H

) il .7/ 2
JZC‘% &. @d@w //’{.—iy / , i / //{// ////// II/}]G/\A

. . - = <, 4 ,'V Yo L e 1/_ e \"’4/.‘."' fid <

)Iwarges by (8 °): ' . ate:
blication For A Patent Should Be Filed. i l fé'November 1984
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Attachment A

Recent publications that have dea]t with oxidation of coa1 and
its relevance to liquefaction are as follows:

1. Neavel, R. C., "Liquefaction of Coal in Hydrogen-Donor and
Non-Donor Vehicle," Fuel, 55, 237-242, 1976.

2. Chang, C. Y., Guin, J. A., Tarrer, A. R., "An Investigation
of the Effect of Air-Oxidation on Coal Liquefaction," J. Chin.
~Chem. Soc., 23(3), 155-160, 1981.

3. EDS Coal Liquefaction Process Development, Phase V, Quarterly

Tech. Progress Report, 1 July-30 September 1962, FE-2893-99,
49-51, 1983.
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RECORD OF INVENTION

This Record ¢f Invention is an important lega! document and prooer care 1n 1ts early and compiete precaration
will save rmperiant time and inconvenence 1n the future. The instructions® on the back shouid be read caretully
before filli=a 1n the data.

. inventor: 1. Name(s): 2. Title or Position:

Diweher Garc end Sweminathen Sunder v brincinal Pesearch Enaineer

Principal Research Engineer

3. Emptoyea by: 4. Permanent Agdress:

Air Products and Chemicals, Inc. P.0. Box 538, Allentown, PA

. Titie ot Invention {1 *) .

Base Enhanced Coal Liquefaction Process

T oescroiion of imeemion2+1. _1M35 INVENtion 18 &n 1mcroved process for 1igquefying coal o pi

useful distillate oils and low ash and sulfur containing solvert refined coal (SR
improvement consists of adding a base to s quinone (hydrogen transfer/hiydrogen ca
catalyzed coal liquefaction process. This process results in a significant incre
both the overall coal conversion and oil yield. This invention utilizes the syne
between *the auinones and bases in enhancing.coa] ligquefaction. Tt is believed th
this improvement wili result in a decrease in the overall hydrogén consumption an

thus lead to a more economical process.

. Dates ang Piaces o! Inventons;

1. Conceotion by inventor (3°4) 22 _retruary 1052 A Allentown, PA
2. First Sketch or Drawing Al In WOrkbook Page -
‘ £7921 ;pages 7-25,30-3
3. First weitten Description 25 February 1 98& At A1]ent0\'ln, PA In workboob(:_;‘73qp";DO§'64-6;’7P6.e7g
#7508; pgs.97-98,103
4, Disciosure 10 Others (4°) A1 #7706, pos.1-4, 7-8,1
) _ 277
Jbr.D. 5. Hoover and F. K. Schweighgrdt ar__Allentown, PA
ojechnical Idea Suggestion 11 June 84 A _Allentown, PA R
S. Completion of Mogel or Fuyll Size Device At
6. First Test or Oceration of Invention 25 February ] 984 At A1 1 entown hl PA
. Resuits of Tests ana Extent of Use of Invention (5°) F. Names of ail Persons qaving Knowieage of Facts Stateg Unge
This process results in a significant eE: Yilliam Collins
increase in both the overall coal conversion Steve A. Lindner
and 0ijl vield,
. Pertinent Reports (6°): H. Otner Closely Related Publications, Patents, and Patent
Apphcations ( 7°): )
None U.S. Patent Numbers 4,049,535; 3,700,5¢
° 4,049,537; 4,051,012; 4,085,032; 4,085,
Rights of U.S. Government: Modification No. ﬂUOGM R w-::\wl‘:i.censes or Ass-gnr;\-er;;l;;
of Contract No. DE-A(C22-82PC50003
"Advanced Waiver Patent Clause" None
. Contracts invoiveg: Contract No.: . Date:
Air Products and Chemicals. Inc. DE-AC22-82PC50003 9/2¢
Contractor ana Aoaress Tyoept Contract: -
P.0. Box 538, Allentown, PA 18105 unciassiiieg ‘ Restricten 41 Configential l Segret
- Swgnature of witness: Date: Signature of tnventor(s): . B Date:
Ny e L s e i
/ s . -
howt . DeAMNexo | 11/496 SO r

Forwarcga'oy Ty

Apolicztion For a Patent Should Be Filed. l °Y8 November 1984

(OVER)
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Recora of Invention s an important legal document and proper care in its early and complete preparation
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0.9

e “ilhine 1n the data.

ptc: ], Name(s): . ) 2. .Title or Position:

sakar Gara < Principal Research Engineer

ank K. Schweighardt Research Associate

mpioyeg by: 4. Permanent Address:

r Products and Chemicals, Inc. P.0. Box 538, Allentown, PA 18105
of Invention (1 °*) .

proved Two-Stage Coal Liquefaction Process

noton of Invention (2°): This jnvention is a two stage coal liquefaction process in which coa
nverted to light gases, distillate oil, low sulfur carbonacedus fuel, and a mineral
ue which contains undissolved coal macerals. The key feature of the process involves
election of the liquefaction solvent to give high yield of distillate oil. The
faction solvent may consist of either a distillate oil recovered from the products

e 1iquefaction reactor or a distillate oil recovered from the primary products of a
treator or a mixture of the two. ' ‘

es ano Places o! Inventions:

2& Sentembher 1884 . Allentown, PA

oncent,on by Inventor {2°) i A

First Sketch or Drawing Al . In Workbook Page

Technical Idea/Patent Suggestion

=~ +

Date:

{ j 2R Hovemher 19°4

wercgd oy (& *):

ication Fur a Patent Should Be Filed.
{OVER}
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First Written Description 26 SeDtember ] 984 At A.l ] entOWn 2 PA /'/Wﬁ'/“dd‘ Page
Disciosure 1o Otners (a+) APCI-Tdea and Patent Proposal), Committee 26 September 1984
a 19 At
1} 19 At
Completion of Model or Futl Size Device At
First Test or Operation of invention At
sulits of Tests ang E.xxent .ol Use Ot Invention (5°*) F. Names of all Persons Having Knowleage of Facts Statec Unger D.
, process will increase both coal con- and E.:
,fon and oil yield in coal liquefaction. Robert N. Miller
tinent Reports (6*): H. Otner Closely Related Pubhications, Patents, andg Patent
Apphcations { 7°):
=
' .S. 4,081,35 S. ,
v.s- %050 U.S. 4:1331646
nts of U.S. Government: Modi fi cati on NO ) M006 of J. Licenses or Assignments:
'ract No. DE-ACZ22-82P(C50003, "Advanced
er Patent Clause" None
racts Invoivea: Contract No.: Date:
v Products and Chemicals, Inc. DE-AC22-82PC50003 0-28-82
Mractor ang Aaaress ) © Type ot Contract:,
0. Box 538. Allentown. PA 18105 un:nassi'-'ea' l Restrictea l Contigential I Secrel
Yature of Witness: Date: Signatuwe of lnvemog(s): N Date: -
: T e e m 5 o Sadi
; 7, T
' v AN U A it Y/ o
ZC’WEA[\LE‘[@LM L7 2l et AR REN A '(.‘qﬂ 1""1lr"b'7£1 ’;7 ‘5
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DOE PR5-9
RECORD OF INVENTION

This Record of Invention is an important legal document and proper care in its early and comptete preparation
will save imporiant time andg inconvenience in the future. The Instructions® on the back should be reaad carefully

before fillingc in the deta.

A. Inventor: }. Name(s): ) 2. Title or Position:
Diwakar Garg : Principal Research Fngineer
David S. Hoover Sr. Principal Research Chem!
3. Empioyed dby: 4. Permanent Adaress:

Air Products and Chemicals. Inc, P.0. Box 538, Allentown, PA 18105

8. Titie of invention (1 *) :

"Improved Deep Cleaned Coal Liquefaction Process with Catalyst Recycle"

C. Description of invention (2*): This invention is an improved liquefaction process for the 1ig
faction of deep ¢leaned coal with dispersed catalyst. The improvement consists of

recycling the liquefaction residue containing ash, undissolved coal, and spent catal
to further utilize the activity of the spent catalyst and to decrease the amount of

fresh catalyst required for liquefaction. Recycling of the Tiquefaction residue ald
with fresh catalyst results in unexpected improvements 1in both oil yield and overall

coal conversion. The unique feature of the process is the use of fresh catalyst in

D. Dates anc Places 0! Inventions: \ attag
1. Conception by Inventor (1°) 1 October 1984 At Allentown, PA
2. First Sketch or Drawing At In WOrkbook Page
. Technical ldea/Patent Sugges
3. First written Description ] OCtO per 1 984 At A1 1 entown ki PA /lﬁfvﬁ/gﬁéq'./ Page

1 October 1984 to APCI - qua and Patent Pronoszl Committee

4. Disclosure to Others (4*)

a. 19 At
o. 19 At '
5. Com;?lelion of Moael or Futl Size Device At
6. First Test or Operation of Invention - At
E. Resuits of Tests anc Extent of Use of Invent,on (5°*) F. Narmes of all Persons Having Knowleage of Facts Stated Und.

This process increases both overall conver- and E.:

sion and oil yield and decreases catalyst .
consumption. Robert N. Miller B

G. Pertinent Reports (6 °): H. Other Closely Related Publications, Patents, and Patent
Nnne Apphcations { 71°):

U.s. 4,039,425 U.S. 4,397,732
U.s. 4,257,868

I. Rightsotu.5. Government: Mad{fication No. M0OO6 of J. Licenses or Assignments:

Contract No. DE-ACZ22-B2PC50003 "Advanced

Waiver Patent Clause” None
K. Contracts Involvec: V Contract No.: 1
Air Products and Chemicals, Inc. DE-AC22-82PC50003 §)'s
Contraclur ano Aoaress Type of Contract:
P.0. Box 538. Allentown, PA 18105 Undbssitiea l'Resu-c(ed LCo‘r'moenx.av l Segret
L. Signature of witness: Date: Sgnature of Inventoris): Date
a /) 4:1«. P "'r\-:',.; . ".
et B Del Heorno 123/84 /4%%%,; | nf;
Forwarcehy (c *): - Date: '
Application For a Patent Should Be Filed. 28 November 1984
{OVER)
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