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OBJECTIVE

The objective of this research program is to determine the effects of
phase behavior of process‘componenfs on coal liquefaction and of solvent
composition on coal-dissolution behavior as well as their combined effects on
second-stagé'upgrading. Through understanding the fundamentals of coal
dissolution, this research will provide data for tailoring solvents to attaiﬁ-

R higher reaction rates, increased conversion, and higher product selectivity.

ii



ACKNOWLEDGEMENT

The work reported here was made possible by the efforts of the following
personnel. Their contributions to this report and to the work carried out in
the Auburn Coal Conversion Laboratory are hereby gratefully acknowledged.

Lynn Perry
Frank Bowers

‘K. C. Kwon

Raman Sachhéthep



PRINCIPAL INVESTIGATORS: A. R. Tarrer/J. A. Guin/C. W. Curtis/D. C. Williams

AFFILIATION/ADDRESS: Department of Chemical Engineering
Auburn University, AL 36849
TELEPHONE NUMBER: (205) 8é6-4827 ‘
PROJECT TITLE: Solvent Tailoring In Coal Liquefaction
CONTRACT NUMBER: - DEFG2280PC30209
SUMMARY

The work discussed in this report was the_?irst in the area of ranking
model solvents in terms of their hydrogen donor ability. It was felt that
results of this study would have important applications in later studies.

A series of twenty-three model donor solvents were used to rank their
efficacy for the dissolution ofIWestern Kentucky #9/14 coal. The transfer of -
hydrogen from the solvent to the coal ffagments, as measured by coal
conversion, was examined at three levels of available hydrogen. The hydrogen
donors are ranked according to their ability to convert coal to THF solubles.

Aromatic analogs of the model donors showed little ability to convert
coal to THF solubles. Factdrs which 1nf1ueﬁce hydrogen donation include the
presence of heteroatoms or substitueﬁts both internal and external to the
aromatic or hydroaromatic rings, the degree of hydrogenation, the arbmaticity
or nonaromaticity of the hydroaromatics, and the. presence of five-membered
rings. A relatjonship between heats of formation and Hydrogen donqr ability
was shown for hydroaromatics within two ring or three ring homologous series.
A madel hydrogen acceptor,lbenzophenone, was also used to rank model donors

and a comparison was made with the model donor ranking by coal conversion.
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Introduction

Recent studies have shown the importance of hydrogen donoré and -
hydrogen transfer reactions in the dissolution of coal (1-4). Curran et
al. (3) has postulated that hydrogen transfer from solvent to coal during
liquefaction proceeds via a free radical mechanism. By comparing the
dissolution of a HVC bituminous coal in tetralin, naphthalene and dode-
cané, Neavel (4) has demonstrated that the presence of hydrogen donors
substantially enhances coal conversion at reaction times greater than
four minutes. Derbyshire and Whitehurst(5) have examined the stabilization
éf dissolving coal fragments by hydrogen transfer from the hydroaromatic |
%raction of the coal to an aromatic which, in turn, donates hydrogen to
a coal free radical.

-The basic premise that hydrogen transfer reactions play an 1mportant
ro]e in the dissolution of coal is generally well-accepted and serves as a
starting point for this study. Many researchers (6-14) have attemnted to
qua]itativély and quantitatively determine the hydrogen donors present
in liquefaction solvents as well as to predici the efficacy of specific.
donors. The need to quantitate hydrogen donor ability of process solvents
and the hydroaromaticity of coal has led to the development of several
spectroscopic methods for determining the hydroaromaticity of process.

solvents (6-8). In addition, catalytic dehydrogenation has been used to

determine the hydroaromatic content of coals (9-10) and of process solvents (11).

Model hydrogen acceptors have been employed to rank the efficacy of process
solvents as well as to rank the reactiQity of individual hydrogen donor

compounds. Comparisons of the stability of radical anions formed during
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hydrogen abstraction has also been used to evaluate the relative propensity
of hydrogen donation from different model donors (12-13). Thermodynamic con-
siderations involving resdnance energies of hydroaromatics and their aromatic
analogs ‘have been used to prediét the hydrogen donor abilities of different
hydroaromatics (14).

Process solvents are comprised of a number of different chemical entities
with the compositions being dependent upon coal feed type and process conditions.
It is highly desirable for such solvents to contain the optimal blend of hydrogen'
donors as well as compounds with active functiopal groups for maximal coal toh-
~version. The objective of this study is to determine the ability of different
model donors to corvert ;oal to THF solubles during liquefaction and, thereby,
rank their effectiveness. Although a number4of hydrogen donors as well as aroma-
tic compounds havé been tested previously for their coal disso]utioﬁ ability, their
reactivity is difficult to compare due to the differing reaction conditions and
coals used by the various investigators. This comprehensive study offers a syste-
-matic comparison of many hydrogen dohdfs and their.aromatic analogs under a single
presﬁribed‘set of reaction conditions using the same bituminous coal. It 'is not
suggestéd that the results obtained with this single coal will apply to a]}.coa]s;
however,'by using the same coal for a]l dcnors, a significadf variable in testing
donor ability is eliminated. Determining the chemita] chéracteristics of hydrogen
donors most effective for coal conversion may elucidate thé hyd}ogen'donors desir-
ab]g for maximal coal dfsso1ution and may provide insight into the mechanism of
hydrogen donation.

A related aspect of hydrogeﬁ transfer reactions explored in this study is
to-determipe if model acceptor experiments effectively mimic the behavior of
coal in liquefaction, and, if so, can theylbe utilized to rank solvents for their

coal liquefaction effectiveness. A brief review of the literature shows that
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a number of model acceptor systems have been.studied including bibenzyl(15-16)
benzophenone (17), 1,1-binaphthyl (18), and aromatics (14) such as anthracene and
phenanthrene. The benzyl radical, genérated thermally, has been used by. -
Cronauer et al.. (15) to study hydrogen transfer in model solvents such as tetralin,
decalin and mesitylene and to determine the reactivity of various C-C and C-0
functional groups 1ikely to be encountered during liquefaction. Bockrath and
associates (16) have also used the benzyl radical to study the effectiveness of
both model donor and liquefaction process solvents. Raaen and Roark (17) have used
benzophehone as a model acceptor to rank hydrogen donors, to determine the

effect of hydroxy!l sdbstituents on the rate of hydrogen donation, and to measure
the hydroaromaticity of coal. Ten hydrogen donors have been ranked by Kline and
Harrison (18) using, 1,1 binaphthyl as an acceptor.‘ This use of model acceptors is
based on the hypothesis that the model acceptor reacts in‘a manner similar to
that of coal at liquefaction conditions. The direct measurement of coal con-
version for model donors.in this work permits comparison‘With model acceptor

results.

'Experimental

Equipment and Analyses. A 15 cc stainless steel tubing bomb reactor described

previously (19) was immersed in the temperature controlled fluidized sandbath and
agitated vertically at 700 rpm during the reaction.

Coal Reactions. Reactions of Western Kentucky 9/14 coal with hydroaromatic and

~aromat§c compounds were performed-in a tubing bomb reactor for 30 minutes at

400 C in a nitrogen atmosphere while agitating at 700rpm.. For each reaction,

two grams of Western Kentucky 9/14 coal (Table 1), ground to 20-270 mesh and dried
in a vacuum oven overnight, and 4 grams of I—metﬁylnaphtha]ene were used. The moles
of hydrogen donor model compound charged to the bomb was varied so that an equé]
amount of donor hydrogen was charged in each experiment. Experiments were performed

using three levels of donor hydrogen, being one, two, or four times 4.39 x 10-3 mo]és.
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Table 1

Ultimate and Proximate Analysis of Western Kentucky 9/]4 Coald

Ultimate Ana1ysis

(wt % maf)
C | 80.1
H 5.8
N N 1.3 |
0 : 9.5
S ‘ 3.4

Proximate Analysis
(wt % maf)

Volatile matter 38.0

Fixed carbon 53.0
Ash 8.9
Moisture ’ 4.2

8Wilsonville SRC Pilot Plant feed coal analyses



The aromatic compounds were typically introduced at the second level. Coal
‘conversion was measured by an ash balance using tetrahydrofuran as the Qash
solvent.

Chemicals. The model compounds used in this study and their respective sources
are listed in Tabie 2. | |

Benzophenone Reactions.. Reactions of benzophenone with hydrogen donor compounds

were performed in the above mentioned pressurized reactor using 5.5 x 10~% moles
of hydroaromatic compound, 5.5 x 10-4 moles of benzophenone, 1 gram of 1-methyl-
naphthalene as solvent and a nitrogen‘atmo$§here. The reactions were performed
for 60 minutes.at 400°C while agitating at 700 rpm. -Reaction products from benzo=-
phenone and the dgfferent hydrogen donors were analyzed by gas chrohatography.
Chromatographic aha]yses were performed on a Varian Model 3700 gas chromatograph
using a flame ionization detector, an eight foot, 1/8 inch 0.D. stainless steel
column packed with SP 2250 obtained from Supelco. Temperature programming was

used- for some analyses.

Results and Discussion

Reactions of .Hydrogen Donors with Coal. A series of twenty-three model donor

solvents were used to rank their efficacy for the dissolution of Western Kentucky
#9/14 coal. Compounds with two, three and four rings with different degrees of
hydrogenation were selected. In addifion, some compounds Qith five-membered
rings suchas fndan and acénaphthene wefe also used. Also inc}uded among these
donors were compounds with ring nitrogens and with hydroxyl substituents. The
ranking of model donors according to their reactivity for coal conversion at
lthree levels of donatable hydrogen is given in Table 3. At the lowest level

of donatable hydrogen, coal conversion varied from a low of 26% using 2,3-
dihydro-1H-cyclopenta(L)-phenanthrene to a high of 48.6% conversion for 1,2,3,4-

tetrahydrocarbazole. The low level of coal conversion obtained at this
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Compound

Acenaphthene

Acenaphthylene

{

Anthracene

Benzophenone

Carbazole

Cholesterol

HO

Table 2

List of Model Compound Used., Their Structures, and Sources

Structural Formula . Purity

| (:]—CfT;:] | A+§9
E::[;;];:] N . | 9§A4

H

CH,
CH3 CHy

CH,
CHy 94.5

Source -

- Aldrich

Aldrich
Aldrich’

Aldrich

Aldrich
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- CioHz
1-n-decy1-3,4,5,8,9,10-

~ hexahydropyrene : | . . 82.54

9,10-Dihydroanthracene

98.5
2,3-Dihydro-1 H-cyclopenta (L)
phenanthrene -
1,2-Dikydronaphthalene 98.0
1,4-Dihydronaphthalene 92.9
9,10-Dihydrophenanthrene 98.0
Dodecanydrotriphenylene 97.07

1,4,5,8,9,10-Hexahydroanthracene O“ . o 99.04

e C

*
- "API-PSU

Aldrich

Aldrich

1%

Aldrich

Pfalty & Bauer

A]drich

Aldrich

Aldrich
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Compound , Structural Formula

],2;3,6,7,8—Hexahydropyrene

1,2,2a,3,4,5-Hexahydropyrene

Indan

| 1-Indano1

Indene

Isdtetralin‘(1,4,5,8-tetrahydro-
naphthalene)

];Methy1naphtha1ené

Purity

- 98.56

95.34

98.1

98. 86

99.8

99.48

99.3

Source -

Aldrich

’ *
API-PSU
Aldrich

Aldrich

Aldrich

Aldrich

| A]drich
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Naphtha]ene

1,2,3,4,5,6,7,8-Octahydroacridine

1,2,3,4,5,6,7,8-0ctahydro-
anthracene '

Perhydropyrene

'Phenanthrene
Pyrene

Quinoline

' | ‘ 99.5
IN> 99.87
.» 99.06
@ 8.18

| 00
9.8

N 5

Sot

Fisher Scientific

A]drigh
Aldrich

Aldrich

_Aldrich

Aldrich -

A]fa



01

5,6,7,8-Tetrahydro-2-naphthol

)

Compound ‘ Structural Formula

2a,3,4,5-Tetrahydrozcenaphthene

1

1,2,3,4-Tetrahydrocarbazole

I%@J

1,2,3,4Tetrahydroisoquinoline

3

(®)
I

1,2,3,4-Tetrahydro-1-naphthol

8

o
T

5,6,7,3-Tetrahydro-1-naphthol

@]
X

1,2,3,4-Tetrahydroquinoline

5,6;7,8—Tetrahydroquindline

A\

Tetralin . : : |

7

99

99

99,

98.

-99.

-99.

99,

99,

98.

Purity
.99

.96

84

98

92

24

84

94

71

Source
A]dri;h

Aldrich

Aldrich
Aldrich

Aldrich

"Aldrich

Aldrich

Aldrich

Aldrich
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Table 3

Coal Conversion in Hydrogen -Donor Solvents

Hydrogen Donor Compounds

Dihydrophenanthrene
,4-Tetrahydroquinoline
»2,3,6,7,8-Hexahydropyrene
, ,4-Tetrahydrocarbazole
sotetralin
,4,5,8,9,10-Hexah*droanthracene
odecahydrotriphenylene
,10-Dihydroanthracene
a,3,4,5-Tetrahydroacenaphthene
2,3,4-Tetrahydroisoquinoline
6,7,8-Tetrahydro-2-naphthol
6,7,8-Tetrahydro-1-naphthol
tahydroanthracene
Octahydroacridine -
1,2-Dihydronaphthalene
1,2,3,4-Tetrahydro-1-naphthol
Tetralin
5,6,7,8-Tetrahydroquinoline
Cholesterol
Acenaphthene
1-Indanol
Indan
2,3-Dihydro-1H-cyclopenta (L)
phenanthrene
Blank

Coal Conversion

Amount of Donatable Hydrogen (x 10-3 moles)

4.89 2 x 4.89
39.8 65.5
36.6 60.6
39.1 67.4
48.6 - 67.8
46.8 67.5
48.3 65.4
44.1 59.4
39.0 57.7
36.9 50.2
39.7 57.4
39.5 53.1 -
38.9 56.1
43.0 54.3
40.0 53.6
7 52.2
34.6 44.4
35.0 43.6
34.6 43.0
41.7 38.2
29.9 38.1
28.1 33.4
26.9 34.1
26.0 29.9
18.6 18.6

12

4 x 4.89

84.5
84.1
81.4
81.1
80.6
77.8
71.0
.70.4
70.3
68.5
68.4
66.5
66.3
£5.1
64.5
58.7
58.0
46.8
40.1
39.0
38.4

33.0
18.6



_ concentration indicates hydrogen deficiency in the reaction. Increased levels of
donatable hydrogen produced increésed levels of coal conversion with the low
conversion being 29.9% and 33.0% for 2,3,-dihydro-]H;cyc1openta (L) phenanthrene
for the second and third concentration levels, respectively, and the high being A
67.8% for 1,2,3,4-tetrahydrocarbazole for the second level and 84.9% for 9,10-
dihydrophenanthrene for the third level. Comparison of the ranking of the in-
termediate compounds shows few changes in reactivity at the three concentration
levels.

In these reactions -with coal, all solvents were compared at the same level
of donatable hydrogen. A wide variation in cocal conversion in solvents contain-
ing the same amount of donor hydrogen was observed. These reéu]ts indicate that
the hydrojen donor content. of a solvent alone would not be sufficieﬁt to com-
pletely define its effectiveness as a coal liquefaction solvent. As a general
rule, though, increased conversion resulted from increased hydrogen donor content
for.a particular solvent. Comparison of the ddnor ranking demonstrates certain chemi-
;alnapq;fynctiona1 group characteristics which are beneficial to coal dissolution.
Comparison of 1,2,3,4-tetrahydroquinoline and 1,2,3,4-tetrahydroisoquinoline to
tetralin and 5,6,7,8-tetrahydroquinoline indicates that a donor with nitrogen in
a saturated ring increases coal conversion over a donor with nitrogen in the aro-
matic ring or the hydrocarbon counterpart. Position of the nitrogen.in the saf—
urated ring and associated electronic effects may also influence the donor reac-
tivity in that the tetrahydroisoquinoline isomer converts less coal than does
tetrahydroguinoline. Nonaromatic hydroaromatic isomers such as isotetralin and
1,4,5,8.9,10-hexahydroanthracene readily donate hydrogen. Isotetralin compared‘
to tetralin is particu1ar]y illustrative of the increased reactivity with iso-
tetralin yielding 80.6% conversién at the high concentration level while tetralin
yields 58%;

Compounds containing saturated five-membered rings such as acenaphthene,
indan, and 2,3,-dihydro-1H-cyclopenta (L) phenanthrene show low conversions for

each hydrogen concentration level. The hydrogen donor ability of indan is of

13



interest in coal liquefaction due to the fact that tetralin, a compound commonly
used as a hydrogen donor, can isomérize,to form 1-methylindan whose hydrogen
donor ability is questionable. Indan has been used in model acceptor experi-
ments; its reactivity varied according to the model acceptor used. With
benzophenone, indan gives r2 conversion, but with the benzyl radical indan
donafes hydrogen readily to form toluene. In a recent study using ESR spec-
troscopy by Kim et al. (13), indan quenched free radicals generated from bibenzy]
more readily than did either hydrophenanthrene or tetralin. At all three

donor levels, Tow levels of coal conversion were observed for indan, increasing
from 26.9% to 38.4% with increasing concentration of indan. -In this case, the
ranking using the bibenzyl acceptor can lead to erroneous conclusions concerning
indan's abi]ify to dissolve coal. At the second concentration level, the
unsaturated analog, indene, showed even lower conversion (Figure 1). The addi-
tion of an hydroxyl substituent on the unsaturated five-membered ring has little
effect on coal conversion.

Addition of hydroxyl substituents to donor compounds have in some cases
shown increased liquefaction yields for some coals (20). 1In this study, a compari-
son of the dissolution behavior for Western Kentucky #9/14 coal is made among
tetralin, 1,2,3,4-tetrahydro-1-naphthol, with tfie hydroxyl on the saturated ring,
and 5,6,7,8-tetrahydro-2-naphthol, on the aromatic ring. The coal‘diéso1ution
ability of 1,2,3,44tetrahydro-1-naphtho] is essentially equivalent to tefra]in.
In contrést, the 2-naphthol shows an increase in conversion compared to the tetra-
lin for the second and third concentration levels. Position of the hydroxyl evi-
dently affects the chemical interactions between thé coal and donor causing this

increase in conversion.

Thermodynamic Considerations. The stability of different model donors can be

examined thermodynamically by comparing their heats of formation. A number of

14



Aroﬁatics ' V : Hydrogen Donoré

- Pyrene , T FaY 4 1,2,3,6,7,8-Hexahydro-
: A : pyrene
Phenanthrene -+ 4 9,10-Dihydrophenan-
threne
‘Quinoline T T 1,2,3,4-Tetrahydro-

' quinoline -
Anthracene T —+ 9,10-Dihydroanthracene
Acridine -+ [AY —+ Octahydroacridine
4athha1ene + <+ 1,2-Dihydronaphthalene
A\cenaphthylene - 15' 1. 2a,3,4,5-Tetrahydroace-

naphthene _

\aphthalene -+ A L Tetralin
fcenaphthylene T ‘F' -+ Acenaphthene
[ndene ' T —+ Indan
1-Methylnaphthalene - A 4

- ! N ]

¥ ¥ | T

0 20 40 60 80 100

Coal Conversion
Figure 1: Coal Conversion Abilities of Hydrogen

Donor Compounds and Their ‘Aromatic
Analogs.
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heats of formation for hydrogen donors and aromatics have been developed and
catalogued by Shaw et al. (21). Compéfison of the heats of formation between
either the two orlthree ring groupings may give an indication of reactivity and
hence donor effectiveness. | |

‘Comparison of the stabi]ities of two-ring hydrogenated compounds listed

in Table 6 ranks the reactivity of fhese compounds as
jsotetralin > 1,4-dihydronaphthalene > 1,2-dihydronaphthalene > tetralin

The ranking of two ring donors Based upon experimental coal conversion shows
the same order of reactivity although sufficient quantity of 1,4-dihydronaph-
thalene was not available to permit coal coﬁversion,experiments. Both‘dihydro-
naphthalenes and tetralin were reactedlﬁith bénzophenone and gave the same
ranking as stated abovekas will be described later).

According to heats of formation of the hydrogenated three ring compounds
given in Table 4, 9,10-dinydroanthracene should Be a better ddnor than octahydro-
anthracene. The coal conversions obtained from these donors are in agreement
with the stability ranking. The high reactivity of 1,4,5,8,9,10-hexahydro-
anthracene in the experimental coal conversion is most likely due to the fact
it is a nonaromatic hydroaromatic. The heats of format1on of nonaromat1c hydro-
aromatics are typically 20 to 30 kcal/mole (21) higher than that of the next least
stable hydroaromatic, rendering the nonaromatic hydroaromatic highly un-
stable. Extrapolating from the heats of formation of similar compounds, it is
likely that 1,4,5,8,9,10-hexahydroanthracene is less stable than 9,10-dihydro-
anthracene. The ranking according to reactivity then is

1,4,5,3,2,10-hexahydroanthracene »> 9,10-dihydroanthracene > octahydroanthracene

which 1s in accordance with experlmenta] coa1 conversion. In reaction with
benzophenone, 9,10-dihydroanthracene is more reactive than octahydroanthracene

Of the three ring phenanthrene series only 9,10-dihydrophenanthrene was used

16



Table 4

.Stabilities of Selected Hydrogen Donor Compouhds

Hydroéen Donors ' : AHZ (kcal/mole)
Two Ring |

Isotetralin . ‘ -~ 38.0
1,4-Dihydronaphthélene | ' ' ' 4'"32;9
-1,2-Dihydronaphthaiene | ' _ 31.6
Tetralin . 6.0
Three Ring

9,10- Dihydroanthracene | - 38.2
Octahydroanthracene | ' - 8.2
9,16-Dihydrophenanthrene _ | 37.0

17



Table 5
Reactivity of Model Donors using Benzophenone

as an Acceptor

Hydrogen Donor ' Conversions
Benzophenone - Hydroaromatic
(Mole %) (Weight %)
Cholesterol B | - 25.1 96.6
1,2,2a,3,4,5-Hexahydropyrene - 22.3 361
1,4-Dihydronaphthalene | 19.2 100

" 1-n-Decy1-3,4,5,8,9,10

Hexahydropyrene 18.1 49.2

1,2,3,4-Tetraﬁydroquin01ine 15.6 - 35.9
'.9,10-Dihydroanthracene 0.9 ©38.1
1,2-Dihydronaphthalene ‘ 9.3 83.2
9,10-Dihydrophenanthrene 8.1 21.9
2a,3,4,5-Tetrahydroacenaphthene 2.7 19.3
Acenaphthene 0.0 0.0
Octéhydroanthracéne 0.0 0.0
Tetralin 0.0 0.0
Indan 0.0 0.0
1-Methylnaphthalene 0.0 0.0
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Table 6

Comparison of Hydrogen Donor Reactivity
Using Different Model Acceptors

Hydrogen Donor Compound . Model Acceptor B ,
| . Benzophenone Bibenzyl 1,1' Binaphthyl
This Work Raaen % Roark . Bockrath et a}} Kline and Harrison

1 I

Cholesterol 25.1 39

Tetrahydrocarbazole 28

1,2,2a,3,4,5-Hexahydropyrere 22.3 28.0

1,2,3,6,7,8-Hexahydropyrene

1,4-Dihydronaphthalene 19.2 3.4 .

1-n-Decy1-3,4,5,8,9,10

Hexahydropyrene 18.1 : ‘

1,2,3,4-Tetrahydroquinoline 15.6 21 0.18 1.65 )

9,10-Dihydroanthracene 10.9 13 36.9 17.7

1,2-Dihydronaphthalene 9.8 28

9,10-Dihydrophenanthrene 8.1 20 ’ 0.37 1.67 3.1

2a,3,4,5-Tetrahydroacenaphthene 2.7

Acenaphthene 0.0 1.36

Octahydroanthracene 0.0 .

Tetralin 0.0 : 17 ' 0.27 1.17 6.3

Decalin 0.0 1.3

Indan 0.0 0.35 0.57

1-Indanol o 0.28 2.74

2-Indanol ‘ 0.40 3.45

1-Methylnaphthalene 0.0 0.13 - C.15

Blank | « 1.4



and-has a similar heat of formation as its isomer, 9,10-dihydroanthracene. Com-
parison of the coal conversions of these isomers shows that 9,10-dihydrophenan-
threne converts more coal, ~84.5%, than 9,10-dihydroanthracene ~70.4% at the
highest donor level. The conversion of benzophenone by these isomers is also

quite similar. The order of reactivity of the compounds is
9,10-dihydroanthracene ¥ 9,10-dihydrophenanthrene > octahydroanthracene

Although the reactivity of the hydrogen donors fdr coal converéion within a
homologous ring series appears to correlate with the heats of formation, com-
parison of different homologous ring series such as the four ring series with
the two ring series does not correlate.

Reaction of Aromatics with Coal. The aromatic analogs of selected hydroaro-

matics were tested for their ability to convert coal to THF solubles and were
introduced at the middle concentration level.. A compar{son}of coal solubility .
with hydrogen donors.and their aromatic analogs is given in Figure 1. The aroma-
tics which were reacted for 30 minutes in the inert atmbsphere did not raise coal
conversion significantly above that of the coal in 1-methylnaphthalene. As can .
be seen from Figure 1, the coal conversions by aromatics are essentially the

same ranging from 17.7% to 22.7%. The reactivity of the different arbmatics

may have shown more differences if a freshly mined coal or a coal of different rank

had been used.

Derbyshire and Whitehurst (5) have studied the conversion of a number of
ccals in pyrene using both argon and hydrogen atmospheres. In their investi-
gation, they determined that coals of different rank convert to varying extents
in pyrene with coals having carbon contents of 82-88 wt% maf dissolving most

readily. However, a low degree of weathering of the coal was shown to be a

principal requirement for good dissolution in pyrene. Coal, that has been.
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freshly mined and stored in argon, gave high dissojutioh while coal that had
been oxidized by contact with air gave lower Values. The difference ih Tique-
faction behavior becomes appreciable at a carbon content above 80% as the more
‘reactive coals have a greater sensitivity to mild oxidation conditions.

Benzophenone as a Model Acceptor. Benzophenone was chosen as a model acceptor

for this work due to its several inherent advantages which include thermal
stability, ease of analysis of the reaction products, and quantitative conver-
sion into diphenylmethane and water. Thirteen model hydrogen donors were reacted
with benzobhenone at 400°C. 'The reactivity of each donor is ranked in Table 5
according to the amount of benzophenone'conversion obtained. The conversion

of the hydroaroméfic species which occurred during the reaction wés determined
on an equivalent moie basis which caused the amount of donatable hydrogen to
vary with the degree of hydrogenation of the model donor.

Examination of the ranking of model donors by benzophenone conversion shows
that beﬁzophenone conversion does not correlate with the amount of available
hydrogen preseht. Several comparisons pf benzophenone conversions by donors
‘with different degrees of hydrogenation illustrate this point: 22.3% conver-
sion of benzophenone by 1,2,3a,3,4,5-hexahydropyrene,/19.2% by 1,4-dihydronaphthalene
and no conversion of benzophenone by either tetralin or octahydroénthracene. At
increased reaction times, 120 and 180 minutes, tetralin yielded measuréb]e
conversions of benzophenone of 2.0% and 3.7% respect%ve]y. With the exception
of 1,4fdihydr§naphtha1eneq the hydrogen donors with four rings give up their
hydragen more readily than two or three ring donors.

Comparison of the conQersion of hydrdaromatics with benzophenone cqnversion
indicates that some of the model donors-are unstable at liquefaction conditions
in that the conversion of some hydroaromatics far exceeds that of benzophenone.

The products of the hydroaromatics were not determined in this study; however,
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in cases with the ‘highest discrepancy between the two conversions an explanation
can be given. Cholesterol is highly unstable at high temperatures, undergoing
facile dehydrogenation (17) and decomposing at 360C. .Both dihydronaphtha]eneé
arelnearly totally converted, showing over twice the conversion required fof
the reaction with benzophenone indicating disproportionation into tetralin and
~ naphthalene (22). The conversion of benzophenone is quite different for the two
isomers with the conve;sion of the 1,4 isomer being more than double that of
the 1,2 isomer. Tetralin, one of the disproportionation products of dihydro-
naphthalene, by itself yields no conversion of benzophenone under these reaction
conditions. Thus, an active donor can be converted to an inactive donor. The
high conversion of decylhexahydropyrene may well reéu]t from partial dealkyla-
tion at high reaction temperatures.

The 1itefature is replete with model acéeptor experiments which give the
reactivity'of model donors considered t6 be important in coal liquefaction.
A comparison of model donors' reactivity ranked by several model acceptors is
given in Table 6. In the first two columns, the ranking using benzophenone from
this work and that from work by Raaen and Roark are compared. Although the
reaction conditions are similar in the two series of experiments, they are not
equivalent with the primary differences being that the donor was added in ex-
cess in Raaen's work compared to equal molar amounts in this work. Furthermore,
the reaction time was 90 minutes in Raaen's experiments, 30 minutes longer
than this work. Under those conditions of excess donor and longer reaction time,
higher conversions of benzophenone were achieved. In both cases, however, choles-
terol readily gave up its hydrogen and produced the highest conversion of benzo-
phenone of any of the donors used; also, in both cases, tetralin was one of the
least reactive compounds. The ranking of the intermediate compounds varied be-
tween tha two studies. Ranking with 1,1-binaphthyl also showed tetralin to be

less reactive than.most of the other model donors.
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Bockrath (16) estimated the ability of hydrogen donofs to donate hydrogen
to coal, by measuring the hydrogen‘donor acceptor ability of benzyl radicals
generated by the thermo]ysis'of dibenzy]mercury and dibenzyldiazene. Bockrath (22)
. used a second met@od of estimating hydrogen donor ability'by determining rela-
tive reaction rates by allowing the donor in question to compete with a reference
donor for the benzyl radical. The ranking of the former are listed under co1umn:
I of the bibenzyl group in Table 7-and the latter under column II. Comparison of
the donor ability of the benzyl radical to the other model acceptors indicates little
correlation with'either the benzophenone or binaphthyl work. The donor index
using bibenzyl shows tetrahydroquinoline to be a very poor solvent and also shows
indan to have good donor ability in one case and poor donor ability in the second.
Tetrahydroquinoline has been shown to be an effective donor for the dissolution of
coal, in fact, being far more reactive than tetralin.

A comparison of coal conversionAand benzophenone conversion by model hydro-
gen donors obtained in this study is presented in.Table 7. No correlation is
observed between the two rankings. Coal conversion shows a differentiation among

each of the donors whereas benzophenone conversion ranks four compounds, octahydro-

anthracene, tetralin, acenaphthene, and indan, as being equivalently poor, even though
their coal conversions are quite different. Benzophenone also has the ability to ab-
stract hydrogen from cholesternol which. decomposes under reaction conditions; however,
coal at liquefaction conditions cannot readily abstract hydrogen thus generated, and

hence yields low coal conversions.

Conclusion

The ranking of hydrogen donors at the‘same donatable hydrogen level for
their ability to convert coal to THF solubles demonstrates that djfferent donors
have different abilities to liquefy coal. The presence of donatable hydrogen

constitutes a necessary and important factor in coal conversion as evidenced

by comparison with the conversion aromatic analogs. However, properties of
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‘Ranking df Model Donors

Donors
9,10-Dihydrophenanthrene
1,2,3,4-Tetrahydroquinoline
],2,3,6,7,8-Hexahydropyrene
9,10-Dihydroanfhracene ﬂ
'2a,3;4,S-Tetrahydroacenaphthene
Octahydroanthracene
1,2-Dihydronaphthalene
Tetralin
Cholesterol
Acenaphthene

Indan

Table 7

24

Conversions
Coal . Benzopherone
1 6
2‘ 6
3 4 2‘
4 4
5 7
6 8
7 5
8 8
9 1
10 8
11



the model donors other than the concentration of available hydrogen can affect
THF solubles. The ease with which hydrogen is abstracted from a particular

donor as well as the functional groups and heteroatoms present are significant
factors affecting reactivity of the hydrogen donors qﬁring 1iquefaction} Rankihg
of hydrogen donor reactivity by coal conversion and by model acceptor experi-

ments shows no direct correlation between the two.
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