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velume. Such conditions provide for improved selectjv-
ity to lquid product to thereby reduce hydrogen con-
sumption. The pluraiity of beds are formed by partitions
in the reactor. :
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1 .
HYDROLIQUEFACTION OF COAL

The Government of the Tnited States of America has
rights in this invention pursuant to Contract No. EX-76-
C-01-2514 awarded by the U.S. Erergy Ressarch &
Development Administration.

This imvention relates to the hydroliquefaction of
cogl., :

Hydroliquefaction of coal to valuable liquid products
is currently of great mtersst. In one such process, coal
dispersed in a suitable lgoefaction solvent is hy-
droliquefied in an upflow expanded or ehullated hy-
droliguefaction catalyst bed. Such a process is de-
scribed, for example, in 1.8, Pat. No. 2,987,465,

Applicant hias found that such an up{low expanded or
ebullated bed hydroliquefaction process has poor selec-
tivity to liquid products, whereby thers is an inefficient
use of hydrogen and the production of light products,
such as methane, sthane, propane, butane and light oils
bailing below 400° F. Such products contain a higher
percentage of hydrogen than heavier distillates.

In accordance with the present invention, spplicant
has provided a new. and improved process and system
for the hydroliquefaction of coal in an upflow expanded
ot ebnllated catalyst bed which increases the selectivity
to liquid products and thereby efficiently uses its hydro-
gen to provide a more economical process.

In accordance with one aspect of the present inven-
tion, there is provided a process for. the catalytic hy-
droliquefaction of coal by passing coal dispersed in a
coal liguefaction or pasting solvent and hydrogen
through at least one remctor which has at least two
paralie! upflow ezpanded catalyst beds, in separate
streams, each stream having a cross-sectionzl flow area
of no greater than 255 gquare inches, with the streams
through each of the catalyst beds having a length and 2
gas and liguid superficial velocity to meintain an ex-
panded bed and provide & Peciet Numbar of it least 3.
If recycle is employed, the ratio of recycle to total feed
(coal and liquefaction solvent) does nat exceed 2:1, by
volume,

In accordance with another aspect of the present
invention, there is provided a reaction system for the
catalytic hydroliquefaction of coal which includes at
least two upflow expanded or ebullated bBed catalytic
hydroiiquefaction reaction Zones in series, with each of
the at Jeast two reaction zones including at least two
parellc! expanded catalyst beds, each of the expanded
catalyst beds providing for fiow therethrough in a
stream which has a cross-sectional .flow area of no
greater than 2535 square inches and & flow length
whereby the superficial velocities of gas and liguid
therethrough maintain the expanded or ebullated cata-
lyst bed and provides a Peclet Number of at least 3, The
at least two paraliel catalytic beds in each of the reac-
tion zenes are provided by the use of partitions in the
reaction zonas.

Peclet Number'is defined as follows:  *
V) (L) .
Peclet No, =
e = s oD 1 - Eg) (N (v
wherein

Vg is liguid velocity, ft/hr.-
L is length of the reactor, fi.
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D is the equivalen: diameter of the catalyst reaction
Zoneg
Y is the gas velocity, ft/hr
Eg is the {raction of the total catalyst bed valume
which is ‘occupied by the gas, as disclosed by
Hughmark, G. A., “Hold-Up and Mass Transfer in
Bubble Columns” f&EC Process Design and Devel-
opment 6 (2), pp 218-20, 1964, :
Peclet Number is a measure of the approach 1o plug
flow, with a Peclet Mumber of infinity corresponding to
perfect plug flow. In gecordance with the present in-
vention, the higher the Peclet Number the better the
hydrogen efficiency, and as a result, although & Peclet
Number of at least 3 provides n beneficial increase in
hydrogen efficiency, the Peciet Number shouid prefera-
bly be as high as possible, consistent with other reaction
conditions. Thus, the Peclet Number is preferably at
least 3, and most preferably at least 10, The Peclet Num-
ber is preferably as high as possible; however, as a result
of design limitations the Peclet Number generslty does
not exceed 70, and in most cases does not excead 50.
The selection of an optimum Peclet Number for a par-
ticular feedstock and other design considerations should
be apparent ta those skilled in the art from the teachings
herein.

The cross-sectional flow area of the stream in cach of
the catalyst beds is no greater than 253 square inches,
with the cross-sectional flow area generally being at
least 10 square inches. In most cases, the cross-sectional
flow area is at least 28 square inches, The selectior of an
optiunum cross-sectional flow area will vary, and the
selection of such an optimum cross-sectional flow ares
is deerned to be within the scope of those skilled in the
art from the teachings herein.

The other parameters incladed in the calculation of
Peclet Number are reaction zone length and superficial
gas and liquid velocities through the expanded catalyst
beds. The velocity of gas and liguid through the beds
mrust be at a vaiue soificient 10 muintain the ebullated or
expanded catalysi bed state, and as a practical manner,
suck expansion is primerily related to the superficial
liquid velocity. Thus, the reactor length and the super-
ficial liquid and gas velocities are ecordinuted to pro-
vide a Peclet Number, as bereinabove described, as wel)
as sufficient velocity 10 provide for the expanded or
ebuliated catalyst beds. In general the reaction zone
lengths is in the order of from 20 to 130 fest, and most
preferably in the arder of from 40 1o 90 feet, with the
superficial Hyuid velocity generally heing in the order
of from 0.04 to 0.3 foot per second. The superficial gas
velocity is generally in the order of from 0.04 1o 1 foot
per second. The selection of aptimum values is deemed
to be within the scope of those skilled in the art fram rthe
teachings hrerein.

In accordance with the invention, recycie is limited,
with the ratic of recycle to total feed (coal and liquefac-
tion solvent) being no greater than 2:1. Although in
some cases it may be possible to operate the process
without any recycle; i.e., a recycle ratio of 0:1, in most
cases, some recycle is required in order to maintain a
sufficient liquid velocity for expanding the catalyst
beds. As a result, in most cascs, the recycle ratio is at
least 0.2:1, with the recycle ratio generally not exceed-
ing 1:1. In accordance with the preferred cmbodiment,
2l of such recycle is provided externally; i.e., no inter-
nal recycle, which thereby eliminates the necessity for
an internal recycle pump as generally employed in the
cbullated bed coal liquefaction process. It is to be under-
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stood, however, that it is possible within the scope of
the invention to provide some internal recycle, pro-
vided that the recycle ratio (internal and/or external
recycle) does not exceed 2:1.

In accordance with the present mvention by provid-
ing hydroliquefaction in a reactor having & pluraiity of
paralle]l expanded catalyst beds it is possible to achieve
efficient use of hydrogen in a reactor of a size suitable
for commercial applications. Thus, for example, in ac-
cordance with the present invention, it is possible to
empioy a reactor having a total crosssectional area in
the order of at least 65 fiZ, and up to 155 ft2 or greater,
and to achieve improved hydrogen efficiency by pro-
viding for a plurality of separate parallel flow streams
having the flow parameters, hereimabove described in
separate parallel expanded beds in the reactor.

The paralicl flow through separate expanded beds in
the reactor is achieved by providing appropriate parti-
tions in the reactor which are designed znd urranged tc
achieve cross-sectional flow araas as hereimabove de-
scribed. The number of partitions and the number of
paratiel flow streams in part will be dependent upon the
total cross-sectional arca of the reactor in that there
must be a sufficient number of partitions and resulting
flow streams to provide parallel flow streams each of
which has a cross-sectional flow area, as hereinabove
describad. In part, the total number of partitions and the
resulting number of flow streams is dependent upon the
desired cross-sectional flow area within the cross-sec-
tionul flow areas hereinnbove described. The selection
of partitions o provide a desired cross-sectional flow
area is deemed to be within the scope of those skillad in
the art from the teachings herein.

The partitions for the reactor may take any one of 2
wide variety of forms, with a prefarrad form of partition
being a vertical honeycomb type of structure. It is to be
understood, however, that the partitions may provide
for flow passages of other shapes; e.g., round, square,
rectanguiar, etc. The sclection of an optimum partition
pattern is deemed to be within the scope of those skilled
in the art from the teachings herein,

In accordance with a preferred embodiment of the
present invention, there arg at least two catalytic hy-
draliquefaction zones of the type hereinahnve described
in serics, and prcferably at least three such zones in
series. The additional bydroliquefaction zones are em-
ployed to provide the desired hydroliquefaction with-
out an unacceptable increase in temperature; ie., the
exothermic heat of reaction is controlied by providing a
series of reaction zones, rather than by providing large
quantities of recycle. The sclection of an optimum
amount of reactior zones, in series, is de=amed to be
within the scope of those skilled in the art from the
teachings herein. In most cases, it is not necessary to
provide any more lhan 4 of such hydroliguefaction
zones in series. In most cases, the number of hy-
droliquefaction zones in series is selected to limit the
temperature increase of each of the zones to no greater
than 150" F., and preferably to no greater than 100° F.

The hydroliguefaction, as known in the art, is con-
ducted at elevated temperatures and pressores. In gen-
cral, the hydroliquefaction temperarure is in the order
of 650° F., to 900" F., and preferably from 750° F. to
§50° F. The presyures arg generally in Lhe order of from
1800 to 3000 psig, and most generally in the order-of
from 2000 ¢ 2700 psig. The setection of optimum tem-
peratures and pressures are deemed to be within the
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scope of those skilled in the art from the teachings
herein,

Hydrogen Is introduced into the hydroliquefaction
zome in an amount, which when coordinated with the
other processing conditions, provides an amount of
hydrogen addition or absorption to provide the desired
liquefied product. In addition, hydrogen is provided for
effecting hydrodesulfurization and hydrodenitrification
of the feedstock. In general, by proceeding in accor-
dance with the present invention, it is possible to
achieve & conversion of 90% or more of the MAF coal
feed with hydrogen consumpticns in the order of from
2 to 4 Ths. of hydrogen per 100 1bs. of coal.

The hydroliguefaction is conducted with a catalyst
suitable for liquefying the cozl, and in addition, such
catalyst should have desutfurization and denitrification
activity, Such catalysts are generaily known in the an;
e.g., cobalt molybdate, nickel molybdate, tungsten-
nickel sulfide, etc., and are generally supported on a
suitable support such as alumina. The selection of a
suitable catalyst is deemed Lo be within the scope of
those skilled in the art from the teachings herein.

The catalyst is maintained in the hydroliquefaction
zone as an expanded or ebullated bed. As known in the
art, such expanded or ebuliated bed differs from a ftuid-
ized bed in that, in the expanded or ebullated bed, cata-
lyst particles are not maintained in fluidized random
motion. Such exparded or ebuliated beds are known in
the art, and as a result, ne further details in this respect
are deemed necessary for a complets understanding of
the present invention.

The coal, as known in the art, is dispersed in a suitable
pasting or coal liguefaction solvent or oil for passage
through the catalytic hydroliquefaction zone. Such
pasting. or liguefaction solvents are known in the art,
and is preferably a solvent derived from the coal ligue-
faction product, although other pasting solvents or oils
may also be employed for the hydroliquefaction. The

. selection of a particular pasting oil is well within the
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scope of those skilled in the art, and forms no part of the
present mvention. In general, as known in the art, the
pasting solvent is provided in an amount to provide 2
pasting solvent to coal wetght ratic in the order of those
generally used in the art; ¢.g., from 1;} to 20:1.

The coal employed as a hydrofiquefaction feed may
be 2 bituminous coal, sub-bituminous coal or u lignitic
coal. The selection of a suitable coal for producing a
desired product forms no pari of the present irvention,
and as a result no further details in this respect are
deemed necessary for a complete understanding
thereof.

The invention will be further described with raspect to
the accompanying drawings, whereia:

FIG. 1 15 a stmplified schematic flow diagram of an
embodiment of the present invention; and

FIG. 2 is 2 top cross-sectional view of a reactor to
illustrate a form of the partitions.

It iz to be nnderstond that the embadiment is only
schematicaily shown, and various equipment, such as
puraps, heat exchangers and the like have been omitted
for simplifying the description of the embodiment. The
use of such equipment at suitable piaces is well within
the scope of those skilled in the art from the teachings
heremn.

Referring now to the drawing, coal in line 1¢ and a
suitable pasting solvent in line 11, generally recovercd
from the hydroliquefaction prodact, are introduced into
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4 slurry tank 2 to disperse the coal in the pasting sol-
vent. A slurry of coal in pasting solvent 4is: withdrawn
from tank 12 through line 13, combined with recycie in
Ime 14, 85 hereinafter described, znd the combined

stream in Jine 15 is introduced intc the.-first of three

hydroliquefaction reactors 16, 17 and 18, respectively.
Heated hydrogen in line 19 is also inlroduced into the
first of the three hydroliquefaction reactors 16, 17 and
18. : : :

Each of the hydroliquefaction reactors 16, 17 and 18
includes at least two parallel expanded or ebollated beds
of hydroliquefaction catalyst, each of witich is designed
and operated to provide for upward flow of hydrogen
and coal dispersed in solvent through. the bed as a
stream having u cross-sectional flow.area through the
catalyst bed of no greater than 255 squarc inches, and a
Peclet Number of at least 3. As shown in FIG. 2, such
parallel beds in reactors 16, 17 and 18 are formed by a
honeycomb shaped partition 41, which gs particularly
shown defines |9 parallel beds. It is to be. understood
that mote or less paralle] beds could be employed and-
for the parallel beds conld be formed by other than
hemeycomb shaped partitions. Reactors 16, 17 and 18
are operated without any internal recycle. Thus, as
hersinabove described, the length of each of the cata-
lyst beds in each of the reactors as well as the liguid:and
gas superficial velocities are coordinated with the
stream cross-sectional flow area through each of the
catalyst beds in each of the reactors to provide a Peclet
MNumber of at least 3, The hydroliquefaction reactors 16,
17 and 18 are operated at the temperatures.and pres-
stres hereinabove described o effect hydroliquefaction
of the coal, and in addition, hydrodesulfurization and
hydrodenitrification thercof. The coal dispersed in the
pasting solvent is passed in paraliel flow streams
through the catalyst beds in reactor 16, the combined
effluent from reactor 16 is passed in parallel flow
streams through the catalyst beds in reactor 17, and the
combined effluent from reactor 17 is passed in parallel
flow streams through the beds in reactor 18,

Hydroliquefaction efflusnt, withdrawn from reactor
18 through line 21, is introduced inio a gas-Tiguid sepa-
rator 22 to recover a portion of the liquid product in line
23, with the remaining portion of the effiuent in lne 24
being passed through 2 suvitable cooler 25 and intro-
duced intv a second separator 26 to recover further
liquid product through finc 27. The net hydroliguefac-
tion product is recovered through line 28 for further
treatment, as known in the art.

Recycie product is recovered through line 14, and as
hereinabave noted, the recycie in line 14 is primarily for
the purpose of providing sufficient liquid in the hy-
droliquefaction reactors 16, 17 and 1B to maintain the
catalyst as expanded beds. The recycle amounts are
limited as hereinabove described.

Gas is recovered from separator 26 through lme 31
and a portion thereof is purged through line 32. The
Temaining portion is compressed in compressor 33,
combined with make-up hydrogen in line 34 and the
combined stream passed through a suitable heater 35 to
provide heated hydrogen to the hydroliquefaction
through line 19.

The hereinabove described embodiment is only illus-
trative of the present invention, and as a result, such an
embodiment may be modifiad within the spirit and the
scope of the present invention. Thus, the hydroliguefac-
tion may be effected in more or less than three zones, as
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These and other modifications should be apparent to
those skilled in the art from the teachings herein,

The invertion will be furiher described with respect
to the following Example; however, the scope of the
invention is not to be limited thereby:

EXAMPLE

The following is illustrative of a reaction system and
conditions for practising the present invention. The
system includes three reactors in series using cobalt
molybdate supported on alumina as catalyst. The sys-
tem is suitabie for hydroliquefaction of Illinois No. 6
coal, 2% a representative example. Each of the reuctors
has the following characteristics and is operated at the
following conditions: '

Height af each reactor ©OT5fr,
Diameter 11.05 fr.
Cross-sectional zren of

each reaction zone 255 in?
Mumber of paralle! Reaction

ZONSS per reactor 40
Superiicial velocities

Ligquid 250 Ti/hr
Cias 300 fi/hr
Temperature 120" F. {max.)
Pressure {system) 2100 psig
Peclat Number 8.5

Reaction Stages 3.0 per reactor

The present invention is particularly ndvantageous in
thai there is provided improved selectivity to liquid
praduct which increases overail hydrogen efficiency.
As a result, the present process is more ecanomic than
the hydroliquefaction processes previousty employed in
the art. In addition, such increased hydrogen efficiency
may be obtained in reactors having total cross-sectional
arcas suitable for commercial applications.

Thus, by proceeding in accordance with the igven-
tion it is possible to achieve a 90% or greater conver-
sion of moisture ash free (MAF} coal with tiydrogen
consumptions of 2—4 Ibs, hydrogen per 100 lbs. coal, as
compared to previous hydrogen consumptions int excess
of 4%, and in most cases in excess of 4.5%,

These und other advantages sould be apparent to
thosc skilled in the art from ihe teachings herein.

Numerous modifications and variations of the present
invention are possible in iight of the above teachings
and, therefore, within the scope of the appended claims,
the invention may be practised otherwise than as partic-
ularty described.

We clair:

1. A process for the catalytic hydroliquefaction of
coal, compriging:

catalytically hydroliquefying the coal by passing the

coal dispersed in a coal hguefaction solvent and
hydrogen upwardly throogh at least one reactor
having at least twe parallel expanded hy-
droliquefection catalyst beds, said passing being in
separatc sirsams through each bed, each stream
through each bed having a cross-sectional flow
area of no greater than 255 square inches, each of
said streams through each catalyst bad having a
length and a liguid and gas superficial velocity to
maintain an expanded catalyst bed and provide a
Peclet Number of al least 3, said hydroliquefaction
being effected with a ratio of hydroliguefaction
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product recycle to total nydroliquefaction feed to
the at least one reactor of from (:1 to 2:1.

2. The process of claim 1 wherein the Peclet Number
is at least 10.

3. The process of claim 1 wherein the cross-sectional
flow arcz is at least 10 square inches.

4. The process of claim 3 wherein the cross-sectional
flow area s at leasl 28 sguare inches.

5. The pracess of claim 3 wherein the hydroliquefac-
tiovn is effected by passapge through at least two reactors
in series, each of which has at least twn catalyst beds in
paraliel through which said stream has 2 cross-sectional
fiow area of no greater than 255 square inches, and a
length and = Jiquid and gas superficial velocity to main-
tain an expanded catalyst bed and provide a Peclet
Number of at Teast 3.

6. The process of claim 5 wherein the hydroliquefac-
tion is effected with sufficient catalysi beds in series, to
limit the temperalure increase v each of the catalyst
beds to no greatsr than 150° F.

7. The process of claim 3 wherein the hydroliquefac-
tion is effected without internal recycle to the cataiyst
bed.

8. The process of claim 1 wherein the total hydrogen
consumption for the hydroliquefaction is from 2 to 4
Ths. of hydrogen per 100 lbs. of coal to achisve at least
909% conversion of moisture ash free coal.

9, The process of claim 8 wherein the ratie of hy-
droifiquefaction preduct recycle o total hydroliquefac-
tion feed is from 0.2:1 to 1:1..

10. The process of claim 8 wherein the hydroliquefac-
tion is effected ar a temperature of from 650" F. to 900°
F. and o pressure of from 1800 to 3000 psig.

11. The process of claim 5 wherein the hydroliquefac-
tion is effected without internal recycle to the catatyst
beds, and the hydrogen consumption far the hy-
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droliquefaction is from 2 to 4 tbs. of hydrogen per 100
1bs. of coal to achicve at Jeast 909% conversion of mois-
ture ash free coal,

12. The process of claim 5 wherein each reactor has 2
cross-sectional flow arcs of at least 65 ft2.

13, The process of claim 8 wherein each reactor hasa
cross-sectional flow arza of at least 65 fi2,

14. The process of claim 11 wherein each reactor has
a cross-sectional flow aren of at least 65 ft2.

15. A system for the catalytic hydroliquefaction of
coal in an expanded catalyst bed, comprising:

at least two hydroliquefaction reactors connected.- in

series, each of said at least two reactors including at
least two parallel flow passapes containing ex-
panded catalyst beds, each ol the flow passages
providing for flow therethrough in a stream having
a cross-sectional flow area of no greater than 255
square inches and a flow Iength whereby the super-
ficial velocities of gas and fiquid maintain the ex-
panded catalyst bed and provide a Peclet Number
of at least 3.

16. The system of claim 15 wherein the crogs-sec-
tional flow arca is at least 10 sguare inches. -

17. The system of ¢laim 16 wherein the cross-sec-
tional flow area is at least 28 sguare mches.

18; The syslem of claim 16 wherein the Peclet Num-
ber is at least 1.

19. The systcm of claim 16 wherein each of said reac-
tors 15 free of means for providing internal recycle 10
the catalyst bed.

20. The system of claim 15 wherein each reactor has
a cross-sectional area of at least 65 fi.2.

21. The system of claim 19 wherein each reactor has

a crass-sectional area of at least 65 fi.2.
% L I ] * »



