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SUMMARY

The influence of coal structure on primary conversions and oil yields
in thermolytic extraction with different H-donor and non-H-donor solvents
and in dry catalytic hydrogenation has been investigated. Pre-soaking of
coal/H-donor solvent slurries at 250°C increased conversions and the level
of hydrogen transfer at short contact times (SCT, < 10 min), demonstrating
the importance of solvent accessibility. However, contrary to other
studies, prior removal of THF-extractable material (mobile phase) from one
bituminous coal actually gave rise to higher conversions to pyridine -
solubles for non-donor polynuclear aromatic compounds (PAC), such as
naphthalene, phenanthrene and pyrene. These findings highlight the
difficulties in relating primary conversions to coal characteristics. 1In
contrast, oil yields have been found to increase broadly with decreasing
rank in both H-donor solvent extraction with a process solvent and dry
catalytic hydrogenation. However, in SCT tetralin extraction where poor
physical contact between coal and solvent exists, neither total conversion
“»nor oil yield correlates with rank.
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INTRODUCTION

The correlation of coal characteristics with liquefaction behavior has
received considerable attention (see, for example, Refs. 1-3). However,
apart from the lack of precise structural information on the nature of
aromatic, aliphatic and heteroatomic groups and low molecular weight (MW)
material (mobile phase) in coals, research has been hampered by the fact
that the rate and extent of conversion are heavily dependent on the
conditions used. Indeed, the recent review given by one of the authors
(1) at the first Rolduc symposium indicated that a clear distinction has to
be made between overall or primary conversions (typically pyridine,
quinoline or THF-solubles) and distillate or oil yields (toluene- or
alkane-soluble material). The profound influence of low MW material and
the nature of H-donor and non-donor solvents on primary conversions were
highlighted. In contrast, distillate or oil yields often correlate with
parameters reflecting the aliphaticity of coals (H/C ratio - Ref. 4,

decreasing vitrinite reflectance - Ref. 5, CH, content - Ref. 6).

In this paper, new findings on aspects of primary conversion in H-
donor and non-donor solvents and in dry catalytic hydrogenation are
discussed in the light of other recent work (7-10)., Also, it is
demonstrated that oil yields broadly increase with decreasing coal rank
provided that retrogressive reactions are avoided in the initial stages of

coal dissolution (see Ref. 20).

EXPERIMENTAL

Conditions used for the extraction and hydrogenation experiments are
summarized in Table 1. H-donor solvent extractions of a Wyodak sub-
bituminous coal (73% dmmf C), an Illinois No. 6 coal (78% dmmf C) and a UK
bituminous coal (Pt. of Ayr, 87% dmmf C) were conducted using (i) a Lummus
process - derived distillate (nominal boiling range of 340 to 400 °C,
containing approximately 1% donatable hydrogen) as described previously

(1) and (ii) tetralin with a short contact time (SCT, < 10 min).



To investigate factors affecting the initial stages of coal
dissolution, extractions were conducted on two UK coals (Linby 82% dmmf C,
and Pt. of Ayr) at 400°C using a number of model compounds including
tetralin, naphthalene, 9,10-dihydrophenanthrene, phenanthrene, and pPyrene
for periods up to 30 min. For Linby coal, the effect of Soxhlet
extraction with THF on conversions was investigated (extract yield, 6% daf
coal). Also, coal/solvent slurries were pre-soaked at 250°C in a number of
experiments. For the model hydroaromatic compounds, the amount of H
transferred during extraction was determined by GC analysis of the

products.

Dry hydrogenations with and without a dispersed sulphided molybdenum
(Mo) catalyst were carried out at 400°C (32) (Table 1) on a suite of four
U.S. coals comprising a sub-bituminous coal (PSOC-1408, 72.9% dmmf C), two
h.v.A bituminous coals (PSOC-1266 and 1296, 83% and 87% dmmf C,
respectively) and an 1l.v. bituminous coal (PSOC-1325, 90% dmmf C).

RESULTS AND DISCUSSION
rimary Conversions and Influence of Mobjle ase

Yields for the various H-donor and non-donor solvent extractions of
Linby coal at 400°C are summarized in Table 2; conversions for the THF-
extracted coal include the extracted material. Surprisingly, pre-
extraction with THF significantly increases primary conversions in the
polynuclear aromatic compounds (PACs) investigated. These findings appear
to be contrary to those of other liquefaction (13) and pyrolysis (14)
studies where prior removal of chloroform-extractable material
significantly reduced conversions. However, Rincon and Cruz (1%) have
reported recently that pre-swelling coals in THF increases conversions for
both anthracene oil and tetralin. The fact that Pt. of Ayr (87% dmmf C)
coal yielded over 80% pyridine-solubles in pyrene (C. Snape, unpublished
data) without pre-extraction is consistent with the earlier results of
Clarke et al. (18) for anthracene oil extraction where UK coals containing

~85-87% dmmf C gave the highest conversions. It was suggested previously



by one of the authors that this could correspond to a minimum in the cross-
linking density of bituminous coals (). However, these latest findings
indicate that the mobile phase is merely limiting accessibility for larger

PACs, such as pyrene, within lower rank bituminous coals, such as Linby.

Conversions to pyridine-solubles for non-THF-extracted Linby coal were
much greater with naphthalene than with phenanthrene and pyrene (Table 2).
Pre-soaking at 250°C had little effect on conversions (C. Snape,
unpublished data) and, even after THF extraction, naphthalene conversions
were comparable to those of pyrene. Although Neavel obtained high yields
of pyridine solubles using naphthalene at short contact times for some U.S.
bituminous coals (17), conversions were much lower after longer extraction
times. This trend is not evident for Linby coal where little variation in
conversion to pyridine and THF-solubles is found for residence times
between 10 and 30 min for both the initial and THF-extracted coal samples
(Table 2). The trends reported here were certainly not anticipated from
previous studies with model PACs (1:18), The yields of THF-solubles for
pyrene, however, were considerably greater than those obtained for either
phenanthrene or naphthalene (Table 2). This evidence provides strong
support for pyrene being an effective "hydrogen-shuttler" (18); the
available hydrogen in Linby coal is utilized more effectively with pyrene
than with naphthalene and phenanthrene, generating significantly higher
yields of THF-solubles.

As expected, tetralin and 9,10-dihydrophenanthrene gave much higher
yields of THF-solubles after THF extraction than the PACs with the
exception of pyrene (Table 2). Pre-soaking the coal/solvent slurries at
250°C increased SCT conversions for 9,10-dihydrophenanthrene but not
tetralin, presumably due to poorer physical contact of tetralin with the
coal; Narain et al. (19) found similar improvements in SCT
hydroliquefaction with l-methylnaphthalene. For 9,10-dihydrophenanthrene,
the higher conversion to THF-solubles was not accompanied by an increase in
H consumption. However, the conversion at SCT (Table 3) was no more than
that obtained after prolonged extraction (30 min., Table 2) with pyrene
where no H donation can occur. This agrees with work by Baldwin and

coworkers (20), which showed that oil yields (Dichloromethane-DCM, toluene



or alkane-solubles) provide more reliable indicators of H utilization than
overall conversions to pyridine (or quinoline) or THF-solubles. The lower
yields of pyridine-solubles obtained with tetralin compared to
9,10-dihydrophenanthrene (Table 2) and even to naphthalene and pyrene for
the THF-extracted coal (Table 2) again are probably attributable to
tetralin being largely vaporized at liquefaction temperatures. Indeed,
different trends in primary conversion are evident for the SCT tetralin and
the higher temperature process-solvent extractions (Table 3). The sub-
bituminous coal (Wyodak) gives the highest yield of quinoline-insolubles
with tetralin consistent with the general trend found in SCT
hydroliquefaction by Whitehurst (1.21). 1In the case of the process solvent,
yields of THF-insolubles increase with increasing rank (Table 3) although
the trend is much smoother than could be realistically expected for a
larger suite of coals. Nitrogen-containing solvents, such as indoline have
also been found to give significantly higher primary conversions for Wyodak
coal (22) than tetralin presumably due to the hydrogen-bonding/solvent
interaction. Clearly, solvents which provide good physical contact are
essential to minimize retrogressive reactions, particularly for low-rank

coals.

In view of the compelling arguments recently put forward by McMillan
and coworkers (°) in support of solvent-mediated hydrogenolysis, it is
pertinent to consider whether chemical or physical factors for the
different H-donors investigated are responsible for inefficient hydrogen
utilization and, in particular, whether different conversions are evident
for a given level of hydrogen donation. Majchrowicz et al. (23)
demonstrated that by increasing the filling factor for tetralin in
autoclaves so that more of the tetralin is in the liquid phase, conversions
to THF-solubles increased but the level of hydrogen transfer remained
constant. Table 2 indicates that when 0.5% hydrogen has been consumed, the
yields of THF-solubles obtained with 9,10-dihydrophenanthrene are
considerably higher than with tetralin. Despite the reservations over the
use of THF-soluble yields as indicators of H utilization, these findings
clearly indicate that cleavage of relatively stable C-C bonds via hydrogen
radical transfer occurs to a significantly greater extent in

9,10-dihydrophenanthrene.



0il Yields

Figure 1 gives the yields of chloroform - soluble liquid products
obtained from the dry hydrogenation experiments at 400°C with the sulphided
Mo catalyst. Table 3 lists oil and gas yields from the process solvent
extractions at 450°C. 1In both regimes, oil yields (chloroform or n-
heptane-soluble liquids) generally increase with decreasing rank. Again,
the trends are probably much smoother than could be anticipated for a
larger suite of coals. For sub-bituminous coals, it is probably more
appropriate to express oil yields on a "CO, plus CO free" basis (%) (Table
3), a higher yield then being obtained for Wyodak sub-bituminous coal
compared to Illinois No. 6 coal in the process solvent extractions (Table
3.

Although the yield of DCM-insolubles increases with increasing rank in
SCT tetralin extraction (Table 3, QI + QS/DCM insols), the yields of DCM-
soluble liquid product are similar for Wyodak and Pt. of Ayr coals even
after correcting for the carbon oxides. Thus, retrogressive reactions
encountered in SCT extraction with tetralin for Wyodak coal limit both
primary conversions and oil yields. The relatively high concentration of
solvent extractable material in Illinois No. 6 coal may be responsible for
this coal giving the highest o0il yield in SCT liquefaction. Also, for dry
hydrogenation without catalyst, oil yields do not correlate with rank
(Figure 1), the sub-bituminous coal giving a significantly lower oil yield
than one of the h.v.A bituminous coals. Thus, the catalyst is needed to
limit retrogressive reactions by promoting cleavage reactions probably by
hydrogen radical mediated hydrogenolysis (®). These findings are in broad
agreement with trends obtained under typical SRC-II processing conditions
(®) where addition of pyrite is needed to give high o0il yields for low-rank
coals and clearly show the importance of limiting retrogressive reactions

in the initial stages of liquefaction for low-rank coals.
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Table 1
Summary of Liquefaction Experiments

Atmosphere
Temp Solvent to Coal Gas Pressure
Experiment °C Solvent Ratio (cold)
H-donor Solvent
extraction
1. 450 Lummus process- 2:1 N, 30
derived distillate
2. 400 Tetralin+ 2:1 N, 1
9,10 dihydrophenanthrene+
Non-donor PAC 400 Naphthalene, phenan- 2:1 N, 1
extraction%* threne, pyrene+
Dry catalytic 400 - - H, 70
hydrogenation
Solvents used to determine
Experiment Extraction time, min conversions

H-donor solvent

extraction

1. 450°C 30 THF, n-heptane,

2. 400°C 7-30 Pyridine, quinoline, THF
Non-donor PAC 7-30 Pyridine/quinoline, THF
extraction*

Dry catalytic 60 Chloroform
hydrogenation

+ = with and without a pre-soak period of 60 min, at 250°C
* = before and after THF-extraction of Linby coal
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Table 2
Primary Conversions for Linby Coal at 400°C

Solvents Coal Time Yields+ Hydrogen
treatment min. Pyridine THF consumption
sols. sols.
Naphthalene None 10 51 25
" 30 58 29
THF -ext. 7 81 24
" 30 76 26
Phenanthrene None 7,30 22 15
THF -ext. 7,30 38 30
Pyrene None 7,30 24 14
THF-ext. 10 60 47
" 30 83 60
9,10 Dihydro- THF -ext. 5 55 34 0.5
phenanthrene " 30 88 83 2.1
Pre-soak 5 88 53 0.4
" 30 93 80 1.9
Tetralin THF -ext. 7 38 25 0.5
" 30 78 65 1.2
Pre-soak 7 43 35 0.5
" 30 .75 66 1.3

+ = § daf coal



H-Donor Solvent Liquefaction Results

Table 3

Coal

SCT Tetralin

Qls
¢ daf QS/DCM insols
coal DCM liquids¥*

Process Solvent

THF Insols.
% daf THF sols/C; insols.
coal C, liquidsx*

CO + CO,
C, - C; gases

Pt. of Ayr
8 5
69 60
20 32
17.0
47.5 47
27.6 41
1.6
5.5

Illinois No.

6

Wyodak

26

35

20
(24)

2.1
35.3
39.5

(47.5)
16.8
6.0

QI = quinoline insolubles
C; = n-heptane
( ) = "CO, + CO" free basis

QS = quinoline solubles

* = includes

DCM = dichloromethane
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