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(57) Abstract

PROCESS EMPLOYING OCTAHYDROPHENANTHRENE-ENRICHED

A coal solvation/liquefaction process wherein the coal is contacted with hydrogen and an octahydrophenanthrene-enri-
ched solvent containing OHP and THP in a ratio of OHP/THP greater than 0.4, wherein the OHP is present in an amount of at
least 5 percent by weight based upon the total weight of said solvent. The OHP-enriched solvent provides improved coal solva-
tion and increases the production of distillate liquid (62) in a coal solvation/liquefaction (20, 24) process. The desired ratio of
OHP/THP is provided by catalytic hydrogenation (68) of a coal liquid distillate stream (64). By increasing the OHP/THP ratio to
a value greater than 1, the amount of hydrogen consumed in the process can be significantly reduced.
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COAL LIQUEFACTION PROCESS EMPLOYING
OCTAHYDROPHENANTHRENE-ENRICHED SOLVENT

Field Of The Invention

- The present invention relates to a process for pro-
ducing a hydrocarbonaceous ligquid fuel from ash-contain-
ing raw coal utilizing a liquid solvent, and to the hydro-
aromatic solvent utilized in such system. More particu-
larly, this invention relates to a coal solvation/lique-
faction prbcess utilizing an octahydrophenanthrene-
enriched solvent which provides increased solvation of
the coal feed and improved yields of liquid product.
Description Of The Prior Art

Coal solvation/liquefaction processes are well known
in which ash-containing raw coal is contacted with a sol-
vent containing hydrogen-donor compounds to produce liquid
fuels. 1In such processes the valuable liguid fuel is
produced by depolymerization of the coal. The depolymeri-
zation occurs through various reactions, such as the re-
moval of;heteroatoms, including sulphur and oxygen, and
through thermal fracture of the coal to form free radif
cals. The free radicals are prevented from répolymerizing
through the transfer of hydrogen from solvent hydrogen
cdonor compounds to the free radicals which become end-

- capped and thus stabilized.

30.

Various hydroaromatic compounds have been suggested
for use as hydrogen donors in the solvent including par=
tially hydrogenated naphthalenes, acenaphthazlenes, anthra-
cenes, phenanthrenes, and the like. U.S. Patent No.
4,048,054 discloses various hydroaromatic compounds in-
cluding di-, tetra- and octahydroanthracenes as constitu-
ting at least 50 weight percent of the hydrogen donor
solvent, while U.S. Patent No. 3,867,275 expresses a pre-
ference for dihydrophenanthrene, dihydroanthracene and
tetrahydroanthracene. Curran et al in "I&EC Process
Design and Development®", Vol. 6, No. 2, April, 1967, pps.
166 to 173 (Table IV on p. 168), disclose the dihydro-

phenanthrene as being an even better hydrogen donor than
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Tetralin (tetrahydronaphthalene), which is considered
one of the best hydrogen donors, but further disclose
that the fully saturated perhydrophenanthrene was the
worst hydrogen donor of those tested.
Summary Of fﬁe Invention ‘

It has now been found that improved solvation of
of the feed coal and improved yields of distillate
liquid can be obtained by converting ash-containing

- raw coal to a liquid fuel product with an octahydro-

phenanthrene-enriched solvent, preferably derived from
coal liquids. Normally, phenanthrenes are present in
greater quantity than anthracenes in coal-derived lig-
uids. However, phenanthrenes and corresponding.anth;a—
cenes are not normally distinguishable from one another
because of their closeness in boiling point. Thus, the
expression "OHP" will be used herein to mean octahydro-
phenanthrene, its alkyl homologues; octahydroanthracene,
its alkyl homologues; or mixtures thereof. Similarly,
"THP" will mean tetrahydrophenanthrene, its alkyl homo-
logues; tetrahydroanthrécene, its alkyl homologues; or
mixtures thereof. Likewise, "P" will be understood to
mean non-hydrogenated phenanthrene, its alkyl homologues;
non-hydrogenated anthracene, its alkyl homologues; or
mixtures thereof.

The process of the present invention comprises con-
tacting the raw coal with hydrogen and a solvent contain-
ing OHP and THP in a ratio of OHP/THP greater than 0.4,
wherein the OHP constitutes at least 5 weight percent
of the total solvent supplied to the liqueﬁaction zone.
Surprisingly, it has been found that in a coal solvation/
liguefaction process wherein OHP and THP are present in
the process solvent, it is the more saturated OHP which
acts as the significant hydrogen donor material. as evi-

denced by a significant decrease in OHP concentration
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during liquefaction by conversion to THP while con-

comitantly the less-saturated THP remains relatively in-
active as a hydrogen donor and does not contribute signi-
ficantly to hydrogen transfer in the presence of an ade-
quate quantity of OHP. 1In fact, in the presence of OHP,
the concentration of THP has been found to actually in-
crease during coal solvation indicating a considerable
conversion of OHP to THP, without a comparable dehydro-
genative conversion of the THP to P or other aromatic.
This is indicated by a level of P, which has less donor
hydrogen than THP, below 10 weight percent, and by the
substantial absence of DHP (dihydrophenanthrene, its
alkyl homologues; dihydroanthracene, its alkyl homol-
ogues; or mixtures thereocf) in the liguefaction product.
By utilizing a solvent containing both OHP and THP
in which the ratio of OHP/THP is greater than 0.4 and
in which OHP constitutes.at least 5 weight percent of
the solvent, coal solvation is-improved and hydrocracking
increased with an attendant higher yield of the desired
ligquid product, as compared with a process using a sol-
vent which contains smaller amounts of OHP and corres-
pondingly greater amounts of THP. 1In the present pro-.
cess, hydrogen donation from the THP is not favored so

‘that the effluent from the liquefaction zone will com-

prise less than 15 weight percent P, e.g., between about
7 and about 15 weight percent, generally, and preferably
between about 5 and about 10 weight percent P.

The process solvent produced in a coal solvation/
liquefaction process which does not employ a downstream
catalytic hydrogenation zone normally contains OHP and
THP in a weight ratio of OHP/THP well below 0.4, e.g.,
0.19. Thus, in order to increase the OHP content of
the process solvent, the solvent is subjected to down-
stream catalytic hydrogenation to convert a portion of
the THP present to OHP utilizing a supported catalyst

SUREATT
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containing Group VIB and Group VIII metals, as oxides
and/or sulfides, in the presence of hydrogen and under
conditions which will result in an OHP-enriched solvent
containing OHP and THP in a weight ratio greater than
0.4, and préferably greater than 1, but below 10 or 15.
Additionally, the catalytically hydrogenated solvent
should contain at least 5 weight percent OHP, and pre-
ferably at least 10 weight percent OHP.

) A preferred catalyst for producing the OHP-enriched
solvent is a tungsten-containing catalyst, and more pre-
ferably a nickel- and tungsten-containing catalyst, such
as NiWF on an alumina support. Also, it is especially
preferred to include titanium in the catalyst in order
to improve hydrogen selectivity as evidenced by an en-
hanced preservation of an aromatic segment in the mole-
cules of .the hydrogenated solvent. Thus, an especially
preferred catalyst is NiTiMoW on alumina.

Although the hydrogen donor properties of the sol-
vent are agreatly improved éy increasing ‘the ratio of
OHP to THP in the solvent, it is not desirable to con-—
vert all of the THP present in the solvent to OHP, since
this would result in increased or nonselective consump-
tion of hydrogen and loss of hydroaromatics to form non-
donor compounds such as perhydrophenanthrenes and per-
hydroanthracenes. Accordingly, although the OHP to THP
ratio should be greater than 0.4 or 1 in the solvent,
there should remain at least 1 weight percent THP, for
example, 5 to 30 weight percent THP, and preferably 10
to 20 weight percent THP in the solvent. Although hydro-

‘gen is consumed in the catalytic step to increase the

ratio of OHP to THP in accordance with this invention,
we have found that the increased ratio of OHP to THP
induces a reduction in hydrogen consumption in the non-
catalytic coal liguefaction step, so that there is a net

reduction in hydrogen consumption in the total process
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as compared to a process wherein coal solvation occurs
with a solvent having a lower OHP to THP ratio. It was
unexpected that the conversion of THP, which is a known
advantageoug hydrogen donor, to OHP, which requires
hydrogen consumption, can result in a net savings of
hydrogen for the overall process. Such savings in hydro-
gen provides a significant economic advantage in view
of the high cost of hydrogen. Thus, the OHP-enriched
sdlvent of the present invention provides not. only im-
proved coal solvation and an increased yield of distil-
late product, but it also provides reduced overall
hydrogen consumption in a coal liquefaction process.

The solvent of the present invention may addition-
ally include Tetralin (1,2,3,4-tetrahydronaphthalene),
as such material is normally found in phenanthrene-
containing coal liquids and is an excellent hydrogen
dénof maEerial. However, it has been found that because
of the tendency of Tetralin to vaporize under coal lique-
faction conditions and reduce the hydrogen partial pres-
sure, the hydrogen partial pressure of the process can
be increased if Tetralin is minimized or excluded by
distillation from the OHP-enriched solvent of the pre-
sent invention. Accordingly, it may be desirable to
utilize an OHP-enriched solvent in the substahtial

- absence of Tetralin.

Brief Descfiption Of The Drawings

FIG. 1 is a schematic flow diagram of a process
for the production of hydrocarbonaceous liquid fuel
products from coal in accordance with the invention;

FIG. 2 graphically compares the solvation power of
an OHP-enriched, hydrogenated solvent and an unhydro-
genated process solvent as a function of hydrogen donor
concentration at various temperatures; .

FIG. 3 graphically illustrates the effect of in-
creasing the level of OHP + T while decreasing the level

of THP in a solvent for the liquefaction’of coal; and
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FIG. 4 also illustrates the effect of increasing
the level of OHP + T while decreasing the level of THP

in a solvent for the liquefaction of coal.

Description.Of The Preferred Embodiments

As shown in the process set forth in FIG. 1 of the
drawings, pulverized raw coal is charged to the process
through line 10:'into a slurry tank 11 where the coal
is combined with a hydrogen donor solvent introduced
through line 12 and with or without recycled mineral
from line 38, as hereinafter discussed, to form a feed
slurry. Preferred coals include bituminous and sub-
bituminous coals and lignites.

In accordance with the present invention, the sol-
vent in line 12 contains a mixture of OHP and THP in a
ratio of‘OHP to THP greater than 0.4 and preferably
greater than 1, but less than 10 or 15. The OHP content
of the solvent is at least 5 weight percent, and prefer-
ably at least about 10 weight percent based on the total
weight of the solvent. The total concentration of OHP
+ THP + other hydrophenanthrenes and hydroanthracenes
(if any) + P in the solvent is between about 10 and about
70 weight percenf, preférably between about 20 and about
50 weight percent based upon the total weight of the
solvent. 7

The OHP-enriched solvent stream is advantageously

produced in a catalytic hydrogenation reactor 68 wherein

'a solvent containing a predetermined ratio of OHP to THP

is produced by controlled catalytic hydrogenation of a
coal-derived process solvent from a recycle fraction in
the manner hereinafter described. '

The feed slurry in tank 11 is pumped to process
pressure by means of pump 14 and passed through process
line 16 along with recycle hydrogen from line 58 to pre-
heater tube 18 which is disposed in furnace 20. Pre-
heater tube 18 preferably has a high length to diameter

BUREATF;
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ratio of at least 100 or even at least 1000, to permit
plug flow.

In the preheater stage, reaction between the OHP-
enriched solvent and the coal results in swelling of
the coal and in severing of hydrocarbon polymers from
coal minerals. The maximum or outlet preheater tempera-
ture can be between about 350°C (662°F) and about 500°C
(932°F), preferably between about 400°C (752°F) and about
475°C (887°F). ‘The residence time in preheater 20 is
between about 0.0l to 0.5 hour, and preferably between
about 0.01 and 0.15 hour.. _

The slurry effluent from preheater 20 is then passed
through line 22 wherein additional hydrogen can be added,
if desired, through line 23 in advance of dissolver 24.
Following depletion of hydrogen and conversion of CHP to
THP by donation of hydrogen to the coal, THP is reacted
with caséous hydrogen in dissolver 24 and reconverted
to a limited extent to OHP. According to a preferred
embodiment of the invention, coal minerals are recycled
to the process as hereinafter described, because recycle
coal minerals catalytically enhance the reconversion
of THP to OHP in dissolver 24.

"The temperature in the dissolver 24 is between
about 350°C (662°F) and about 500°C (932°F), preferably
between about 400°C (752°F) and about 475°C (887°F).

The residence time in dissolver 24 is between about
0.1 and about 2.5 hours, preferably between about 0.15
and about 1.0 hour, and is longer than the residence
time in the preheater.

The liquid hourly space velocity for the lique-
faction process (volume of slurry per hour per volume
of liquefaction reactor) can range from 0.01 to 8.0,
generally, and 0.5 to 3.0, preferably. The ratio of
hydrogen to slurry in the liquefaction zone can range
from 200 to 10,000 standard cubic feet per barrel, gen-
erally, and 500 to 5000 standard cubic feet per barrel,
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'preferably (3.6 to 180, generally and 9 to 90, prefer-

ably, SCM/100L). The weight ratio of recycle solvent to
raw coal in the feed slurry can range from 0.5:1 to 5:1,
generally, and from 1.0:1 to 2.5:1, preferably.

The reactions in both the preheater and dissolver
stages occur in the presence of gaseous hydrogen and in
both stages hetercatom sulfur and oxygen are removed
from solvated deashed coal polymer, resulting in de-
polymerization and conversion of dissolved coal polymers
to desulfurized and deoxygenated free radicals of re-
duced molecular weight. The free radicals have a tend-
ency to repolymerize in the process but are stabilized
against repolymerization by accepting hydrogen at the
free radical site. Carbon monoxide and steam together
with or in place of hydrogen can be utilized, since
carbon monoxide and steam react to form hydrogen. The
steam caﬁ be derived from moisture contained in the coal
or can be injected as water.

The hydrogen partial pressure is between about
500 and about 4000 pounds per square inch (35 to 280
kg/cmz), preferably between about 1000 and about 2000
pounds per square inch (70 to 140 kg/cmz).

The total residence time for solvation/liquefaction
is between about 3 minutes and about 3 hours, preferably
between about 3 minutes and about 1.5 hour. If coal
minerals recycle is utilized, the total residence time
is between about 0.5 and about 1.5 hour.

The slurry leaving dissolver 24 passes through line
26 to flash chamber 28. Liquid and gaseous material is
removed overhead from flash chamber 28 through line 30
and passed to distillation column 32. A slurry contain-
ing normally solid deashed coal, undissolved coal and
coal minerals (ash) is removed from the bottom of flash
chamber 28 by means of line 34, and a portion of this
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material may be passed by means of 3-way valve 36 through
line 38 for recycle to the solvation/liquefaction process
to enhance hydrogenation reactions and thereby enrich '
the OHP content in the process slurry. Some or all of
the ash-containing solid fuel is fed by means of line
40 to filter 42 and separated ash removed through line
44. The filtrate is removed from filter 42 by means
of line 46 and passed to distillation column 32,

- Gases, including hydrogen for recycle, are removed
overhead from distillation column 32 by means of line
48 and are either withdrawn from the process through
line 50 or passed through line 52 to gas scrubber 54 to
separate impurities, such as hydrogen sulfide, ammonia
and water vapor, which are removed through line 56,
and to prepare a purified hydrogen stream for recycle
pass through line 58.

A distillate liguid proauct of the process is re-
moved from distillation column 32 by means of line 60.
The process produces sufficient liquid to be withdrawn
as a liquid fuel product 62, and still provide recycle
liquid for use as a process solvent, which is recycled
through line 64 for further treatment.

According to the present invention, the OHP de-
pleted solvent in line 64 is passed to hydrogenation
unit 68 along with hydrogen supplied by means of line
70 to provide the desired OHP to THP ratio in the

hydrogen donor solvent.

The fraction of reactor effluent utilized as re-
cycle solvent in line 64 has a boiling range between
about 200° and about 500°C (392° and 932°F), preferably
between about 280° and about 400°C (537° and 752°F).

The recycle fraction comprises naphthalene, Tetra-
lin, and P, as well as THP and OHP. However, the weight
ratio of OHP to THP in line 64 is less than 0.4; e.g.,
0.19 or 0.22, and thus, such fraction must be subjected
to catalytic hydrogenation in unit 68 under conditions
to provide the desired ratio of OHP to THP.
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Hydrogenation unit 68 contains a suitable hydro-

. genation catalyst comprising supported Group VIB and

Group VIII metals, as oxides and/or sulfides. A prefer-
red catalys? of the present invention is a tungsten-
containing catalyst containing between about 5 and about
30 weighf percent tungsten, preferably between about 15
and about ‘25 weight percent tungsten based upon the total
catalyst weight. Such catalyst may be a NiW catalyst and

. -may contain, for.example, between about 5 and about 25
10

weight percent tungsten, preferably between about 10 and
about 20 weight percent tungsten, and between about 5
and about 25 weight percent nickel, preferably between
about 6 and about 20 weight percent nickel based upon
the total catalyst weight. A particularly preferred
catalyst is a NiWF catalyst which comprises 20 weight
percent nickel, 20 weight percent tungsten and 2 weight
percent fluorine.

The presence of tungsten coupled with the use of
éroper process conditions, such as an elevated hydrogen
pressure, is necessary to achieve a ratio of OHP to THP
greater than 1 in the solvent. Additionally, it is espe-
cially preferred to include titanium in the catalyst in
an amount of between about 1 and about 10 weight percent,
preferably between about 3 and about 8 weight percent
of the catalyst so as to improve hydrogen selectivity
and economy as evidenced by a high aromatiés level sol-
vent. The term "aromatics" as used throughout this ap-
plication means those compounds having an aromatic moiety
whether they are partially saturated, such as OHP and
THP, or not, such as P. The combination of tungsten and
titanium produces a high OHP level solvent, but retains
a high aromatics level as well. It is desirable to main-
tain at least 75 to 80 weight percent aromatics in the
hydrogenated solvent. A lower level of aromatics would
indicate that too much perhydrophenanthrene is produced
as a by-product while achieving an OHP to THP ratio above
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. 1, and this would greatly reduce the hydrogen-transfer

capability of the solvent. Moreover, too great a loss

of aromatics is costly in terms of hydrogen used, since
hydrogen is very'expensive. An especially preferred sol-
vent hydrogenation catalyst for achieving these advanta-
geous results is a NiTiMoW on alumina catalyst comprising
between about 3 and about 10 weight percent nickel, bet-
ween about 3 and about 10 weight percent titanium, bet-
ween about 5 and about 15 weight percent molybdenum and
between about 5 and about 15 weight percent tungsten
based upon the total catalyst weight. A particularly
preferred catalyst is a NiTiMoW on alumina catalyst which
comprises 6 weight percent nickel, 5 weight percent ti-
tanium, 10 weight percent molybdenum and 10 weight per-
cent tungsten based upon the total catalyst weight.

Any suitable support material may be employed, in-
cluding those conventionally used for hydrogenation pro-
cesses, such as the refractory inorganic oxides including
alumina, silica, zirconia, titania, magnesia, thoria,
boria and the like, or combinations thereof. The prefer-
red support is a non-cracking support, such as alumina.

Suitable hydrogenation reaction conditions for
hydrogenation unit 68 include temperatures between
about 260°C (500°F) 'and about 427°C (800°F), preferably
between about 340°C (644°F) and about 385°C (725°F).
Suitable hydrogen partial pressures include those in
the range of between about 1000 and about 2500 pounds
per square inch (70 to 175 kg/cmz), preferably between
about 2000 and about 2500 pounds per square inch (140
to 175 kg/cmz). In order to maximize the conversion of
THP to OHP in unit 68 relatively high hydrogen partial
pressures are utilized, and thus, especially preferred
hydrogen partial pressures are in those in the range
between about 2200 and about 2500 pounds per square inch




WO 81/02304 PCT/US81/00014

10

20

30

-12-

(154 to 175 kg/cm?). The 1liquid hourly space velocity
can be between about 0.2 and about 10, generally, or
between about 0.2 and 2.0 preferably, with 1.0 being
especially-preferred.

Hydrogen is withdrawn from hydrogenation unit 68
through line 72 and preferably passed to line 52 to join
hydrogen recycle back to the coal solvation/liquefaction
process. .

The OHP-enfiched solvent is withdrawn from unit 68
by means of line 12. The solvent now contains OHP and
THP in a weight ratio greater than 0.4, and preferably
greater than 1, but less than 10 or 15. The solvent
contains at least 5 weight percent OHP, between about
5 and about 50 weight percent OHP, preferably between
about 10 and about 30 weight percent OHP, and between
about 5 and about 20 weight percent THP, preferably bet-
ween about 10 and about 20 weight percent THP. Addi-
tionally, thé solvent may contain between about 5 and
about 30 weight percent Tetralin, preferably between
about 10 and about 20 weight percent Tetralin, and bet-
ween about 7 and about 15 weight percent P, preferably
between about 5 and about 10 weight percent P. The fore-
going percentages are based upon the total weight of the
recycle solvent in stream 12.

It is especially preferred that the solvent con-
tain OHP and THP in a ratio greater than 1, since with
this ratio less hydrogen is consumed in the overall pro-
cess including both the coal liquefaction and the cata-
lytic hydrogenation zones, as compared with the use of
OHP-enriched solvents containing OHP and THP in a ratio
less than 1, even when such ratio is greater than 0.4.

The OHP-enriched solvent is passed by means of line
12 to slurry tank 11 to dissolve pulverized coal in the
next pass. Preferably, a portion of the flash slurry

containing coal ash minerals in line 34 is passed to
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line 38 by means of three-way valve 36 for recycle to
slurry tank 11 along with the OHP-enriched solvent in
line 12.

The recycle of the'coal'minerals induces an enhanced
concentratibn of OHP in the solvent boiling range liquid
circulating in the process. Recycle of coal minerals
can achieve a given level of OHP within the liquefaction
zone using a shorter liguefaction zone residence time

- as compared with a similar solvation/liquefaction pro-

cess in which coal minerals are not recycled. Therefore,
recycle of coal minerals cooperates with the catalytic
hydrogenation step to increase the OEP/THP ratio within
the process. Also, recycle of coal minerals induces a
higher concentration of Tetralin in the liquid solvent as
compared with a similar process without minerals recycle.

The recycled coal minerals act as a catalyst for
the hydrogenation reactions occurring in the liquefaction:
zone. In addition, normally solid dissolved coal
accompanies the coal minerals in line 38 and is advan-
tageously converted to lighter materials by recycle.

The non-recycled portion of the flash residue from
line 34 is passed to distillation column 32, which may
be a vacuum column. Vacuum bottoms (deashed solid coal)
product is removed from distillation column 32 through
line 76 and passed to a moving conveyor belt 78, on
which it is cooled and solidified and from which it is
removed by a suitable belt scraper means, as indicated
at 80.

The following examples illustrate the. invention, and
are not intended to limit the invention, but rather, are
presented for purposes of illustration. All percentages
are by weight unless otherwise indicated, and the gquan-
tity of metal in the catalyst is reported as elemental

metal.
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EXAMPLE 1

Tests were conducted to compare the activity of
various'cataiysts for the production of an OHP-enriched
solvent utilizing as feed to the hydrogenation reactor
a process solvent having the following'inspections:

Elemental Analysis, wt. %

) Carbon 87.53
Hydrogen ' 7.82
Sulfur 0.81
Nitrogen 0.95
Oxygen 3.41

Gravity, Degrees API 2.4
Saturates, wt. % 4.6
Distillation D86
°C,. (°F)
O0.P. 234 (453)
10% - -
30% 267 (513)
50% 294 (561)
70% 335 (635)
90% 401 (754) (84%)
EP - -

Separate portions of the aforesaid process sol-
vent were hydrogenated in independent hydrogenation
runs each using a fixed-bed reactor at a temperature
of 371°C (700°F) employing a hydrogen rate of 5000
SCF/barrel (890 cubic meters/cubic meter) at a liquid
hourly space velocity of 1.0. The catalyst of one
run was NiTiMo/A1203 and contained 3 percent by weight
nickel, 5 percent by weight titanium and 8 percent
molybdenum on alumina. A second catalyst utilized
was NiCoMo/A1203 which contained 1 percent by weight

{4’;
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nickel, 3 percent by weight cobalt and 12 percent by
weight molybdenum on alumina. A third catalyst used -
was NiWF/A1203 containing 20 percent by weight nickel,
20 percent py weight tungsten and 2 percent by weight
fluorine on alumina. A fourth catalyst used was
NiTiMoW/A1203 and contained 6 percent by weight nickel,
5 percent by weight titanium, 10 percent by weight
molybdenum and 10 percent by weight tungsten on alu-

- mina. All of the catalysts were tested at 2200 psig
(154 kg/cm?), and in addition, the NiTiMoW catalyst

was tested in runs using pressures of 1000 psig (70
kg/cmz) and 1500 psig (105 kg/cmz), respectively.

Each catalyst was presulfided with a blend of 9.8
volume percent of hydrogen sulfide and 90.2 volume per-
cent hydrogen at atmospheric pressure and 600°F (316°C)
for four.hours.

The‘catalysts exhibited the following activities
for OHP enrichment:
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Test 1 sets forth the OHP and THP content (as well
as the contents of other materials) of the recycle sol-
veht in a process which did not empfoy a catalytic hydro-
genation step and indicates that the ratio of OHP to THP
in the absence of catalytic hydrogenation is 0.19. The
solvent of Test 1 was obtained from a product fraction
produced by a process of the type shown in FIG. 1, except
that mineral residue was not recycled and there was no

. - catalytic-hydrogenation zone. Test 8 sets forth the
10

analysis of an OHP-containing solvent produced utilizing
a process such as that shown ianIG. 1 employing mineral
residue recycle but without a catalytic hydrogenation
zone. The data of Test 8 show that recycle of minerals
extracted from coal provides a solvent having a greater
OHP/THP ratio (0.23), as compared to the OHP/THP ratio
in a process solvent (Test‘l) obtained in the absence
of'mineréi residue recycle (0.19).

Table I shows that the tungsten-containing catalysts
of Tests 4 and 5 were the most active for producing OHP,
and provided a ratio of OHP to THP greater than 1, speci-
fically, 1.17 and 1.02, respectively.

Additionally, Table I shows that with a given cata-
lyst an increasing level of OHP is produced with an in-
creasing hydrogen pressure in the catalytic zone as

-demonstrated by the OHP produced in Tests 5, 6 and 7.

Test 5 shows that the addition of tungsten to the
NiTiMo catalyst of Test 2 increased the ratio of OHP to
THP to a level greater than 1 from a level below 1.

It is significant that the relatively low aromatics
content of the solvent obtained using the titanium-free
tungsten-containing catalyst of Test 4 (80.7) was
improved By the addition of titanium to the catalyst as
indicated in Test 5 (83.4). A low level of aromatics in-
dicates a reduced hydrogen selectivity and the production
of perhydrophenanthrenes and perhydroanthracenes, which
are not hydrogen donors. The results set forth in Table

~BUREZDN
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I demonstrate that a tungsten-containing catalyst can
provide a high OHP to THP ratio, and the addition of ti-
tanium thereto maintains a high aromatics level in the
solvent = (high hydrogen selectivity)..

A further advantage of the combination of tungsten
and titanium as in Test 5 is the achievement of the high-
est OHP+Tetralin yield of all the tests, Tetralin being
a highly desirable hydrogen donor.

EXAMPLE 2

Tests were conducted to compare the activity of the
OHP-enriched process solvents of Examplé 1 produced by
catalytic hydrogenation by employing these solvents in
a coal liquefaction process feeding a 200-mesh Kentucky
No. 9 coal having the following inspections:

Elemental Analysis, wt. %

Carbon - ' 70.66
Hydrogen 5.35
Sulfur 3.25
Nitrogen : 1.52
Oxygen 15.55
Moisture; wt. % 3.31
Ash, wt. % ' 9.12
Particle Size, mesh ; wt. %
>200 7.0
200-325 26.8
325-625 36.3
<625 29.9

Each of the solvents préduced in Tests 1-8 as
reported in Table I was admixed with a portion of the
aforesaid coal, and each coal-solvent admixture was
separately charged to a batch rocking autoclave at a
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coal/solvent weight ratio of 40/60 employing a tempera-
ture of 800°F (427°C) in the presence of hydrogen under
a pressure of 1000 or 2000 psig (70 kg/cmz, 140 kg/cmz)
and a residence time of one hour. The autoclave was
unloaded aﬁd the sample was subjected to analysis. The
results are shown in Table II, below:
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The material balance obtained was 98 percent or
better in each case. The "Hydrogen Added"™ in Table II
is the hydrogen added in the coal liquefaction zones.

Tests 1-6 and 8 in Table II were .made using the
correspondihg solvent reported in Tests 1-6 and 8 in
Table I of Example 1. Test 7 of Table II was made
using the solvent of Test 6 of Table I. Test 9, like
Test 1, employed a recycle solvent from a coal lique-
faction process that did not empioy either a catalytic
hydrogenation step or mineral recycle.

The test results of Table II show that in Tests
1-5, the OHP content of the solvent.fraction following
liquefaction dropped in each case as compared with the
OHP content of the feed solvent used to dissolve the
coal, shown in Tests 1-5 in Table'I. Moreover, the THP
content of each solvent increased during liquefaction,
thus demonstrating that the OHP is a much more active
hydrogen donor during liquefaction than is THP, and OHP

is converted to THP without an appreciable or comparable

conversion of THP to a lower hydrogen level.
Additionally, in Tests 4 and 5, where the feed

- solvent contained a ratio of OHP to THP greater than

1, the OHP content of the solvent dropped to a greater
extent during liquefaction, i.e., 56 percent in both

Test 4 and Test 5, than did the feed solvents of Tests

2 (51 percent) and 3 (43 percent) wherein the OHP/THP
ratio was less than 1. This shows that a high OHP/THP
ratio in the feed solvent is conducive to a high level
of hydrogen donation in the liquefaction step. Moreover,
the OHP concentration of each solvent dropped even more
than did the Tetralin content of the respective solvent.
For exaﬁple, the OHP concentration of the solvent dropped
56 percent in Test 5, yhereas the Tetralin content of

the Test 5 solvent dropped only 32.7 percent by weight.
Similarly, in Test 4 the OHP concentration dropped 56
percent, while the Tetralin content dropped only 19.4
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percent by weight. Thus, the OHP was a significantly
more active hydrogen donor than was the Tetralin.
Also, it is noted that the percent solvation of
the coal was greater in Tests 4 and 5, wherein the
OHP/THP was greater than 1, as compared with Test 3,
for exahple, where the OHP/THP ratio was less than
1, thus further indicating that the solvents of Tests
4 and 5 induce improved hydrogen transfer as cbmpared
. - to the solvent of Test 3. Likewise, the degree of hydro-
10 cracking was greater during liquefaction when using the
test solvents of Tests 4 and 5 as compared with the sol-
vent of Test 3, which indicates improved production of
liquid product.
Tests 6 and 7 both utilized the same solvent for
coal liquefaction, which solvent is reported in Test 6
of Table .I, but different liquefaction pressures. Test
6 employéd a pressure of 2000 psig, while Test 7 em-
ployed a pressure of 1000 psig. The results of Tests 6
and 7 indicate that while hydrogen pressure affects
20 hydrogen donor concentration significantly in the cata-
lytic step, its effect upon coal liquefaction in the'
presence of a prehydrogenated solvent in which the OHP
content has been enhanced, is small. Thus, there is
little difference in the percent solvation or hydro-
cracking between Tests 6 and 7, wherein a liquefaction
pressure of 2000 psi and 1000 psi were used, respec-
tively. However, when comparing Tests 1 and 9, wherein
the same unhydrogenated solvent was used, but at lique-
faction pressures of 2000 and 1000 psi, respectively,
300 the differences in percent solvation and hydrocracking
were much greater. These data indicate that the OHP/THP
* ratio of this invention relieves the liquefaction pro-
cess of a high sensitivity to hydrogen pressure, so that
the hydrogen off-gas from the catalytic hydrogenation
zone, which is reduced in pressure, can be advantageously
utilized in the coal liquefaction process. Therefore,
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as shown in FIG. 1 fresh hydrogen under pressure is
introduced through line 70 directly to unit 68, which
is senéitive to hydrogen pressure, before reaching the
liquefaction zone via line 72. )

Tests 4 and 5 of Table II show a further significant
advantage in the use of a solvent having the high OHP/THP
ratio of . this invention, because the product from Tests
4 and 5 contains the lowest level of non-hydrogenated
P of all.the tests. A low level of P indicates that
the THP in the system did not tend to become further
dehydrogenated to P, so that the THP was available for
recycle to the catalytic hydrogenation zone for rehydro-
genation to OHP. Apparently, with a high OHP/THP ratio
in the solvent, the OHP assumes the hydrogenation func-
tion and less active THP is relieved of this function.

In the present invention the liquefaction residence time
is sufficiently low that the THP does not assume a signi-
ficant hydrogen donation function. '

EXAMPLE 3

In order to demonstrate the effect of employing an
OHP-enriched solvent for coal liquefaction at elevated
temperatures, a series of tests was conducted to deter-
mine the effect upon coal solvation of a catalytically
hydrogenated, OHP-enriched solvent as compared with an
unhydrogenated solvent at various hydrogen donor con-
centrations. The unhydrogenated solvent of Example 1
was subjected to catalytic hydrogenation using a
NiTiMoW/A1203 catalyst at 700°F (371°C) under a hydrogen
pressure of 1000 psig (70 kg/cmz). Separate portions of
the hydrogenated solvent, and of the unhydrogenated sol-
vent of Example 1, were utilized for coal liquefaction
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émploying the feed coal of Example 2 at temperatures
‘of 800°F (427°C), 825°F (441°C) and 850°F (454°C), res-
pectively, all under a hydrogen pressufe of 1000 psig
(70 kg/cmz). Following are the results of these tests:

TABLE III

Coal Solvation, Wt.% MAF Coal

.- . Unhydrogenated Hydrogenated
"7 Temperature B © Solvent Solvent
10 °F (°C) (10 wt. % OHP+T) (17 wt.% OHP+T)
800 (427) 78.8 83.5
— 825 (441) 82 _ 85.0
850 (454) 57 : 80

The data in Table III are presented graphically in
FIG. 2. _
FIG. 2 shows that the advantage in coal solvation
of using the prehydrogenated solvent is more pronounced
when the liquefaction temperature is 850°F (454°C), as
compared to 800°F (427°C) or 825°F (441°C) at a common
20 hydrogen pressure of 1000 psig (70 kg/cmz). The reason
) is that repolymerization is more likely to occur at 850°F
(454°C) and 1000 psig (70 kg/cm?), thereby reversing the
~depolymerization coal solvation reaction.

EXAMPLE 4

Tests were conducted in which a heavy distillate
fraction that had been produced in a coal solvation/
liquefaction process in which coal minerals were recycled,
was used as the feed to a catalytic hydrogenation unit
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for OHP enrichment. The heavy distillate had the follow-

~ing inspections:

Elemental Analysis, wt. $

Carbon’ 88.79
Hydrogen 8.47
Sulfur 0.49
Nitrogen 1.04
. Oxygen 1.91
*API ' 7.3
Satufates, wt. % 9.8
Distillation D86, °C (°F)
op 215 (419)
10% - 244 (471)
30% - 276  (529)
50% 301 (574)
70% - 330 (626)
90% 379 (714)
* EP s -

A sample of the heavy distillate was subjected to
hydrogenation using a NiTiMoW/A1203 catalyst'comprising
6 weight percent nickel, 5 weight percent titanium,
10 weight percent molybdenum, 10 weight percent tungsten,
supported on alumina. Hydrogenation was performed at a
temperature of 724°F (384°C) under a hydrogen pressure
of 2200 psig (154 kg/cmz) and with a liquid hourly space
velocity of 1.0.

The mass spectrometric analysis of the hydrogenated
solvent is set forth in Table 1V, below, as Test 1. A

. sample of the hydrogenated solvent was utilized in coal
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liquefaction. It was admixed with pulverized Pittsburgh

- seam coal and the slurry was fed to an autoclave operated

at a temperature of 850°F (454°C), a pressure of 2000
psig (140 gg/cmz) for a residence time of 20 minutes.

A mass spec analysis of the solvent range fraction
producéd in the coal liquefaction is set forth as Test 2
in Table IV, below:

- : , ' TABLE IV

Test 7 1 2

Mass Spec Analysis,

wt. $ sample _
Octahydrophenanthrenes (OHP) 13.9 9.9
Hexahydrophenanthenes 1.2 1.1
Tetrahydrophenanthrenes (THP) 12.0 17.6
Phenanthrenes (P) 1.5 3.2
Tetralin (T) 6.2 6.6
OHP/THP . : 1.16 0.56

The data in Table IV show that in the course of
the liquefaction reaction the OHP content of the solvent
range liquid dropped from 13.9 weight percent to 9.9
weight percent, while at the same time the THP content
of the solvent increased. Additionally, the Tetralin
content of the solvent increased from 6.2 weight percent
to 6.6 weight percent. Thus, Table IV shows that Tetra-
lin is being produced in the liquefaétion reactor, while
the OHP is being consumed, showing that the OHP is the

‘most active hydrogen donor.

Of particular importance is the fact that the low
liquefaction residence time of only 20 minutes assisted
in keeping the OHP level relatively high, so that the
solvent range liquid from the liquefaction zone still
had a comparatively high OHP concentration (9.9 wt. %).
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EXAMPLE 5

For comparative purposes a heavy distillate frac-
tion similar to that of Example 4 which is not subjected
to catalyt{c hydrogenation is used as a solvent in coal
liquefaétion employing mineral residue recycle. The sol-
vent fraction is admixed with pulverized Pittsburgh seam
coal and passed to an autoclave maintained at a tempera-
ture of 850°F (454°C), a pressure of 2000 psig (140
kg/cmz) for a residence time of 20 minutes.

An analysis of the solvent fraction supplied to the
liquefaction step and of a solvent fraction in the lique-
faction effluent is set forth as Tests 1 and 2, respec-
tively, in Table V below:

TABLE V

Test : 1 2

Mass Spec Analysis,

‘wt. % sample
Octahydrophenanthrenes (OHP) 2.1 2.4
Hexahydrophenanthenes 1.8 1.8
Tetrahydrophenanthrenes (THP) 17.3 17.5
Phenanthrenes (P) 6.4 6.4
Tetralins (T) 1.9 2.7
OHP/THP .12 .14

The data of Table V demonstrate that the solvent
produced in a liquefaction process utilizing mineral
residue recycle can sustain its OHP and Tetralin levels
even without catalytic hydrogenation, although at low
levels.

SUREAT;
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EXAMPLE 6

In order to demonstrate the effect of OHP and
Tetralin upon coal solvation, a series of tests were
conducted utilizing two, separate hydrogenated solvents
each containing OHP, T, THP and other hydroaromatics.
One of the solvents contained about 22 percent OHP + T
and about 39.5 percent THP and other hydroaromatics; the
other solvent contained about 10 percent OHP + T and
about 42.5 percent THP and other hydroaromatics. Each
solvent was tested in a liquefaction process at two tem-
peratures of 800°F (427°C) and 850°F (454°C), respective
ly. The pressure in all tests was 1000 psig (70 kg/cmz).
The results are set forth in Table VI and FIG. 3.
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FIG. 3 graphically illustrates the data of Table VI
in terms of the level of particular aromatic components
in the solvent.

FIG. 3 shows that the percent coal solvation in-
creases as the concentration of OHP + Tetralin in the
solvent (OHP + T) increases, but decreases when the con-
centration of other hydroaromatics in which THP pre-
dominates, increases at the expense of OHP. The increase
in OHP +:T needed for improving the coal solvation at
800°F (427°C) from 76 weight percent to 86 weight percent
of the MAF coal is 12 percent of the total solvent, but
is equivalent to a 120 percent increase in the OHP + T
components themselves. Thus, FIG. 3 demonstrates that
OHP + T constitutes a sensitive indicator for measuring
the hydrogen transfer capability of a solvent for coal
liquefaction. 'FIG. 3 shows that the dependence of coal
solvation on OHP + T content is even more pronounced at
higher temperatures, such as 850°F (454°C), then at lower
temperatures 800°F (427°C). ' '

EXAMPLE 7

In order to demonstrate the effect of the OHP con-
tent of the solvent upon distillate yield in a coal lique-
faction process, tests were conducted utilizing four
separate hydrogenated hydroaromatics-containing solvents
for coal liquefaction at 800°F (427°C), and a hydrogen
pressure of 2000 psig (140 kg/cmz). An analysis of the
distillate yield versus concentration of OHP + T for each
of the four solvents and of the respective concentrations
of the corresponding THP and other hydroaromatics in
the solvents is set forth in Table VII, below:
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TABLE VII
Distillate Yield OHP + T THP + Others
(wt.% of MAF Coal) (wt.% of solvent) (wt.% of solvent)
13.5° 10 7 42.5
20 13 36
29 . 34 31

The data in Table VII are presented graphically

' in FIG. 4 in a manner which illustrates the effect of

interchanging OHP + T with THP and other hydroaromatics
in a solvent. The ascending curve in FIG. 4 shows that
the distillate yield increases as the weight percent

of OHP + T in the solvent increases. In contrast, the
descending curve shows that distillate yield decreases
as the concentration of THP and other hyaroaromatics
increases  at the expense of OHP + T. Distillate yield-
is greatly affected by the hydrogen transfer capability
of the solvent, because production of distillate re-
quires highly reactive hydrogen donors to inhibit
polymerization of free radicals.

Although the invention has been described in con-
siderable detail with particular reference to certain
preferred embodiments thereof, variations and modifi-
cations can be effected within the spirit and scope of
the invention as described hereinbefore, and as defined

in the appended claims.
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WHAT IS CLAIMED IS:

1. A process for the conversion of coal to a
liquid fuel product, which comprises contacting said
coal with h;drogen and a solvent, said solvent con-
taining OHP and THP in a ratio of OHP/THP greater than
0.4, said OHP being present in an amount of at least
5 weight percent based upon the total weight of said
solvent, said contacting being conducted under condi-
tions to produce a liquid product stream.

2. The process of claim 1, wherein said solvent
contains OHP and THP in a ratio greater than 1.

3. The process of claim 2, wherein said ratio
of OHP to THP is less than 15. '

4. The process of claim 1, wherein said solvent
additionally contains Tetralin.

5. The process of claim 1, wherein said coal is
contacted with hydrogen and a solvent in a solvation/
liquefaction process conducted at a temperature in the
range of between about 350° and about 500°C, a pressure
between about 1000 and about 4000 psi, for alresidence
time between about 3 minutes and about 2 hours.

6. The process of claim 5, wherein said process
is conducted at a temperature in the range between about
400° ang 475°C, a pressure between about 1000 and about
2000 psi, and a residence time between about 3 minutes

. and about 1 hour.
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7. The process of claim 1, wherein said solvent is
obtained by catalytic hydrogenation of THP to OHP in
a liquid fraction from the coal solvation/liquefaction
process.

8. The process of claim 7, wherein said liquid
fraction boils in the range between about 280° and
about 400°C.

9. A solvent for the solvation/liquefaction of
coal comprising OHP and THP wherein the ratio of OHP/THP
is greater than 0.4, said solvent containing at least
5 percent by weight OHP based upon the total weight of
said solvent, and the amount of P in said solvent being
less than 10 weight percent.

'10. Tﬁe solvent of claim 9, wherein OHP and THP

. are present in a ratio greater than 1.

11. The solvent of claim 10, wherein OHP and THP
are present in a ratio of between about 1 and about

- 15.

12. The solvent of claim 9, wherein said solvent
additionally contains Tetralin.

13. The solvent of claim 9, wherein said solvent
is substantially Tetralin-free.

14, The solvent of claim 9, wherein said solvent
contains between about 10 and about 20 percent by
‘weight THP.
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15. The solvent of claim 9, wherein said solvent
contains between about 20 and about 50 weight percent
OHP + THP + P.

16. Th; solvent of claim 9, wherein said solvent
is substantially DHP-free. '

17. The solvent of claim 9, wherein said solvent
: ‘contains between ‘about 5 and about 10 weight percent P.



WO 81/02304 . .35 PCT/US81/00014

~

AMENDED CLAIMS
(received by the International Bureau on 2 June 1981 (02.06.81))

1. A process for the con&ersion of coal to a
liquid fuel product, which comprises contacting said
coal with hydrogen and a coal—deriﬁed'solﬁent, said sol-
vent containing OHP, THP and P, said OHP and THP being
in a ratio of OHP/THP greater than 0.4 and below 15,
said so}§ent containing at least 5 weight pexrcent OHP
and at ieast 1 weight percent THP based upon the total
weight of said solﬁent, said contacting being conducted
under conditions to produce a liquid product stream

containing below about 15 weight percent P.

2. The process of claim 1, wherein said solvent

contains OHP and THP in a ratio greater than 1.

3. The process of claim 1, wherein said solvent
additionally contains Tetralin.

4. The process of claim 1, wherein said coal is
contacted with hydrogen and a solvent in a solvation/
liquefaction process conducted at a temperature in the
range of between about 350° and about 500°C, a pressure
between about 1000 and about 4000 psi, for a residence

time between about 3 minutes and about 2 hours.

5. The process of claim 4, wherein said process
is conducted at a temperature in the range between about
400° and 475°C, a pressure between about 1000 and about
2000 psi, and a residence time between about 3 minutes

and about 1 hour.

RUREA
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6. The process of claim 1, wherein said solvent is
obtained by catalytic hydrogenation of THP to OHP in
a liquid fraction from the coal solvation/liquefaction

process.

7. The process of claim 6 , wherein said liquid
fraction boils in the range between about 280° and
about 400°C.

8. A solvent for the solvation/liquefaction of
coal comprising OHP and THP wherein the ratio of OHP/THP
is greater than 0.4, said solvent containing at least
5 percent by weight OHP based upon the total weight of
said solvent, and the amount of P in said solvent being

less than 10 weight percent.

9., The solvent of claim 8, wherein OHP and THP

are present in a ratio greater than 1l.

10 . The solvent of claim 9, wherein OHP and THP
are present in a ratio of between about 1 and about
15.

11. The solvent of claim 8, wherein said solvent
additionally contains Tetralin.

12. The solvent of claim 8, wherein said solvent

is substantially Tetralin-free.

13. The solvent of claim 8, wherein said solvent
contains between about 10 and about 20 percent by
weight THP.
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l4. The solvent of claim 8, wherein said solvent
contains between about 20 and about 50 weight percent
OHP + THP + P.

15, The solvent of claim 8, wherein said solvent
is substantially DHP-free.

16. The solvent of claim 8, wherein said solvent
contains ‘between about 5 and about 10 weight percent P.




WO 81/02304 -38- PCT/US81/00014

STATEMENT UNDER ARTICLE 19

The amendment to claim 1 requires that the solvent
be "coal derived" to distinguish the solvents disclosed
iﬁ the literature documents, such as H. Shabtai et al,
N. Huang et al and N. Ruberto et al, who produce their
experimental solvent by hydrogenating pure phenanthrene.

Claim 1 has been further amended to include the
preferred range for OHP/THP as was recited in original
claim 3. Also, claim 1 has been amended to indicate that
at least 1 weight percent THP is present in the solvent.
Finally, claim 1 has been amended to recite that the
liquid product stream contains below about 15 weight
percent P to distinguish the Ruberto et al article
Qhosé coal iiquefaction product contains more than 15

weight percent.
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FlG. 2

COAL SOLVATION AS A FUNCTION OF HYDROGEN-
DONOR CONCENTRATION
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