IV
TECHNOLOGY AND PROCESSES

A. BACKGROUND

The production of liquids from coal is ome option for supplying the
iiquid hydrocarbons estimated to be needed within this century.2 Coal
liquefaction via hydrogenation at high temperatures and pressures was
developed by Bergius between 1910 and 1927. This effort culminated im
the comstruction of 12 plants that produced a total of about 100,000
barrels of oil per day from coal. The process was directed largely to
the production of gasoline with a high octane rating for aviation use
before and during World War II. Operating conditions were severe (i.e.,
pressures were greater than 200 atmospheres and temperatures were in
excess of 400 °C), expensive high-pressure vessels that were limited in
diameter were required, and operating costs, particularly for hydrogen
compression. were high. Current coal liquefaction research within the
United States is directed toward developing liquefaction processes that
require less severe operating conditions and are less expensive.

As noted in Chapter ITI, the chemical objectives of coal liquefaction
are: (1) to break up weak van der Waals-~type and hydrogen bonds, freeing
fairly large units of coal structure, (2) to break up the interconnected
aromatic—aliphatic linkages in the coal structure to form smaller organic
fragments, and (3) to inmcrease the hydrogem—to-carbon (E/C) atomic ratio
from about 0.8 (equivalent to about 6 percent hydrogen) to a value
greater than 1.0 to chemically stabilize the fragments formed. As the
f/C atomic ratio is increased, the resulting liquid products range from
a low-sulfur content, ash-free material with a melting point of between
150 and 200 °C to a liquid stock comparable to crude o0il or petroleum
distillates. Typical H/C atomic ratios for crude oil, gasoline, and
methane zre 1.5, 1.8, and 4,0, respectively.

The H/C atomic ratio in the volatile fraction can be increased by
rearranzing the hydrogen in the coal itself and forming residual char;
by adding hydrogen from external sources, such as molecular hydrogen
(§+) or hydroaromatics; or by gasifying the coal with steam to form
synthesis gas (H, + CO) and reacting this to form hydrocarboms. At
least 1 to 2 percent hydrogen must be added to stabilize the organic
fracments resulting from the initial break-up of the coal structure.

23



Considerably more hydrogen must be added (4 to 8 weight percent) to pro-
duce a liquefied product similar to crude oil or typical petroleum pro-
ducts. Hydrogen consumption represents a major process cost item, and
several process variations are designed to limit or control hydrogen
consumption or increase the H/C atomic ratio of the liquefied product
without the need for gas-phase hydrogen. Coal-derived liquids typically
contain higher concentrations of oxygen, sulfur, and nitrogen hetero-
atoms than typical crude oils, and removal of these heteroatoms results
in additional hydrogen consumption. The high nitrogen concentration in
coal-derived liquids is a particular problem because removal is difficult
and involves large amounts of hydrogenation and very high hydrogen con-
sumption.

The separation of solids from the liquefied product is another major
consideration in liquefaction processes and may represent a major pro-
sessing cost. While process variations have evolved that reduce solids
separation problems and costs and the effect of coal solids on catalysts
used to upgrade the liquids formed, separation remains a major problem
in many hydrogenation processes.

Several reactor types are used in coal liquefaction processes be-
cause each type can have a significant effect on the results. The
simplest type is the idealized plug-flow noncatalytic reactor (Figure 3a)
that consists of an open tube through which the reacting fluid flows.

The fluid may be a gas and/or a liquid, and the liquid phase may contain
solids, as is the case for a coal slurry being pumped through an open
tube. This reactor type usually is used for coal liquefaction by solvent
extraction, and frequently no added catalyst is involved. The essential
feature is that fluid elements pass through the reactor without mixing
with elements in front or in back.

The second noncatalytic flow reactor is the continuous-flow stirred-
tank reactor (Figure 3c). Its essential feature is complete mixing
of all fluid and solid elements in the reactor. Generally no catalyst
is added, but if this is not the case, the added particulate catalyst is
suspended in the fluid phase, and the reactor is referred to as a slurry
reactor (Figure 3d).

A fixed-bed catalytic reactor contains a bed of catalyst particles
through which the reacting fluid flows (Figure 3b). Catalysis of desired
reactions takes place as the fluid flows through the reactor. The fluid-
flow scheme is similar to that in the plug-flow noncatalytic reactor,
with no mixing of fluid elements. Very frequently when a gas and a
liquid are passing through the reactor the liquid flows downward, essen-
tially trickling over the particles of catalyst, and the gas also flows
downward through the catalyst bed. This is the main reactor type used
in the hydroprocessing of heavy liquids such as coal-derived liquids,
and it is referred to as a trickle-bed reactor.
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In the fluidized-bed reactor, fine solid particles are suspended in
a stream of upward-flowing fluid, which may be gas or liquid (Figure 4a).
The particles may be reacting as is the case for coal being liquefied in
a fluidized bed or the particles may be a catalyst that promotes reaction
between species in the fluid phase. When the particles are suspended in
a liquid and a gas is bubbling up through the liquid phase, the reactor
is often referred to as an ebullating-bed reactor (Figure 4b), an im-
portant type used in catalytic coal liquefaction. The essential flow
features of a fluidized-bed reactor are uniform mixing of the solid
particles throughout the reactor and essentially plug-flow operation
of the fluid phase through the reactor.

When the solid particles are suspended in the fluid phase and are
traveling with it through the reactor, the reactor is referred to as an
entrained-flow reactor or as a dilute- or lean-phase fluidized bed with
pneumatic transport of solids (Figure 4c). Both the fluid phase and
the solids exhibit plug-flow behavior. This type of reactor is important
in coal pyrolysis and in indirect liquefaction.

As shown in Figure 5, coal liquefaction processes can be divided into
four categories: pyrolysis, solvent extraction, catalytic liquefaction,
and indirect liquefaction. 1In this section each coal liquefaction pro-
cess for which an adequate amount of information is available in the
literature is described and its current status is summarized; the Panel's
evaluation of these processes is presented in Chapter V. Process ylelds
and thermal efficiencies are frequently not defined on the same basis;
in this report they are based on moisture and ash-free coal and are ex-
pressed per ton of coal fed to the reaction zone. Yields based on coal
fed to a self-sufficient integrated plant would be significantly lower,
but such data are only infrequently available. In general, the order
of discussion will proceed from the most completely demonstrated pro-
cesses to those in early stages of development.

B. PYROLYSIS AND HYDROCARBONIZATION

Pyrolysis, or carbonization, is perhaps the oldest technique for ob-
taining liquids directly from coal. This process involves heating coal
in the absence of air or oxygen to obtain heavy oil, light liquids, gases,
and char. When pyrolysis is carried out in the presence of a circulating
stream of hydrogen, it is referred to as hydrocarbonization. Other gases
such as inert gases or the vapors driven from the coal also may be used.
The composition and relative amounts of the products formed are influenced
by heat-up rate of the coal, pressure, maximum temperature reached, coal
and product residence time, atmosphere in which the pyrolysis is carried
out, coal particle size, coal type, and reactor configuration. Pyrolysis
processes typically convert 50 percent or more of the coal to char, which
does not now have a ready market. For this and other reasons, the py-
rolysis processes appear best suited to multiproduct plants that involve
char gasification to produce needed hydrogen, fuel gas, or synthesis gas
(CO + H,) for methanation, Fischer-Tropsch, methanol, or other synthesis.
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Processes currently under investigation are Lurgi-Ruhrgas, COED
(FMC) , Occidental, Toscoal (Tosco Corp.), U.S. Steel Clean Coke, Coalcon
(Union Carbide hydrocarbomization), and others. Table 3 summarizes
certain details of these processes.

1. Lurgi-Ruhrgas Process

This low-pressure pyrolysis process'*S was developed for the lique-
faction of European brown coals and is the only pyrolysis process pre-
sently in commercial use. The process flow diagram is shown in Figure
6. Crushed coal is fed into a mechanical mixer where it is rapidly
heated to between 450 and 600 °C by direct contact with hot, recirculated
char particles previously heated by partial oxidation with air in an en~
trained-flow reactor. A portion of the carbonized char is withdrawn
as product; that required to provide process heat to the incoming coal
is routed to the entrained-flow reactor. The pyrolysis gases from the
mixer are passed through a cyclone for particulate removal and then
through condensers to collect the liquid that is further hydro-treated
to form a range of products. The heating value of the product gases
is from 700 to 850 Btu per standard cubic foot (scf).

Products of the process are 50 weight percent devolatilized char,
about 18 weight percent liquids (gbout 1 barrel per ton of coal fed to
the reactor), and zbout 32 weight percent gases. The high gas yield
occurs because of the fairly long residence time at high temperature in
the reactor resulting in cracking of the liquids. Product gases may be
used for hydrogen generation for hydrotreating or methanation.

A 1,600~ton-per—day Lurgi-Ruhrgas plant was built in 1963 in
Yugoslavia to process lignite and is still operating. Additionmal com-—
mercial installiations have been made since then using both caking and
noncaking coals without difficulty in the mixer—carbonizer operatiom.
Sulfur in the coal largely ends up in the char. Fine grinding of the
coal by the flash pyrolysis step results in a product char of very small
particle size, which requires special handling, particularly if it must
be tramsported long distances to power plants.

2. COED (FMC) Process

The COED (Char—0il-Energy-Development) process®:6s7 produces synthetic
crude oil by pyrolysis of crushed coal at 1.4 to 1.7 atmospheres in a
series of fluidized beds in which agglomeration is prevented by op-
erating at successively higher temperatures (Figure 7). 1Im the first
bed, the wet cozl is heated to about 315 °C by hot flue gases that dry
and devolatilize the coal. Each subsequent bed, operating at higher
temperature, removes an increasing fraction of the volatile matter. The
temperature in each bed is just below the temperature at which agglo-
meration takes place. The stages typically operate at 315, 455, 540,
and 870 °C, respectively, but both the temperatures and the number of
stages depend on the agglomerating properties of the coal. Highly
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Table 3 Summary of Pyrolysis and Hydrocarbonization Processes

Reaction b
Reaction Pressure? Coal hold-up Yield,” weight percent Status of Process
Process Developer Coal Reactor type temp.? °C _atm abs time? Char 0il Water Gases Development
Lurgi~ Lurgi~ European Mechanical 450-600 1 <20 sec 55-45¢ 15-25 - 30 1,600 ton/day plant 1963; several
Ruhrgas Ruhrgas Brown Coal mixer other plants built since
COED FMC Corp. 1llinois Multiple 288-816 1.4-1.7 1-4 hr 60.7 20.1 5.7 15.1 36 ton/day pilot plant has
No. 6 fluidized operated
beds
Occidental Occidental Western Entrained 579 1 -2 sec 56.7 35.0 1.7 6.6 Results based upon 1 in. diameter
Coal Kentucky flow reactor. Process to be tested in
Pyrolysis an available 3.6 ton/day pilot
plant
Toscoal Tosco Subbitum- Kiln-type 425-540 1 -5 min® 80-90° 5-10 - 5-10 25 ton/day coal test. 1,000 ton/day
inous retort plant for oil shale has been operated
bituminous vessel
Clean Coke U.S. Steel Illinois Fluidized 650-750 6.5-11 50 min 66.4 13.9 5.1 14.6 A 0.25 to 0.5 ton/day PDU under
Corp. No. 6 bed development; 100 ton/day pilot plant
under design
Union Union lLake de Fluidized 566 69 5-11 min 38.4 29.0 19.2 16.2 18 ton/day pilot plant has been
Carbide Carbide Smet bed operated successfully on noncaking
Corp- Corp. coals
CSIRO CSIRO Wallarah, Fluidized 460 20-50 37 min 83.0 9.5 5.5 3.0 0.5 ton/day pilot plant has been
Australia bed operated

gote: It is difficult to compare results of the various processes because of the wide variation in conditions and differences in coals used.
b Exact operating conditions will depend on the coal being processed and the products desired.
Yields are presumably based on moisture- and ash—free (MAF) coal fed to the reaction zone; for several cases the exact basis could not be

verified, and yields are reproduced as published.

lower.

Not available, estimated as best possible.

Amount in excess of 100 percent represents hydrogen added.

Yields based on coal fed to a self-sufficient integrated plant would be significantly
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caking cozls require an oxidative pretreatment by addition of excess air
in the first stage via the fluidizing gas originating from the preheating
furnace to avoid agglomeration problems in the second and third stages.

Some of the char is fluidized by steam and burned with oxygen in the
fourth stage to maintain the bed temperature and to provide hot gases for
heating the second and third stages. Gases from the fourth stage flow
countercurrent to the solids through the third to the second stage and
produce the fluidization in these stages. Most of the volatile products
are produced in these stages.

The voletile matter released from the coal is condensed in a product
recovery system. Condensation of the coal pyrolysis vapors is accomplished
bv direct contact with a water-rich stream in Venturi scrubbers, and the
resulting oil-water mixture is separated by gravity in a decanter vessel.
Further water is removed by steam-heated dehydrators. The pyrolysis oil
product is filtered by a pressurized, rotary-drum, precoal filter to re-
move solids (char fimes) that are carried through the cyclones of the
fluidized~bed reactors. Gas separated in the oil recovery section is
scrubbed to remove NH3, COp and H,S and then is steam—reformed to pro-
duce hydrogen. A typical process yield is given in Table 3. The yields
of gas (gbout 8,000 scf per ton) are low, apparently because of the
slower stagewise rate of heating.

The filtered oil is further stabilized in a fixed-bed catalytic re-
actor by hydrogenation, which also reduces sulfur, nitrogen, and oxygen.
The catalyst used is commercial nickel-molybdenum operating at 375 to
425 °C and 100 to 200 atmospheres.

The COED process has been under development by FMC Corporation since
Mzy 1962 under the spomsorship of the Office of Coal Research. Success-
ful overation of a 100-pound—per-hour process development unit led to
the desicn, construction, and operation of a pilot plant at Princeton,
New Jersey. which processed 36 tons of coal per day and produced about
6 tons of oil, 18 tons of char, and 4 toms of gas. Pilot-plant operation
began in 1970 and runs in excess of 30 days were completed. Design
capacities were demonstated in all parts of the pilot plant except the
oil absorber tower section. Some of the most significant accomplishments
were the demonstration of solids circulation between multiple fluidized-
bed reactors, the filtration of the product oil, and the upgrading of
the coal oil to synthetic crude oil through fixed-bed hydrotreating.

The oil absorber tower section, which was concurrently to separate
the entrained solids snd condense the vapors from the second-stage
pyrolysis reactor, experienced plugging problems due to the high load
of fines in the feed stream. Design changes involving low-temperature
(180 °C) drying of the coal have been proposed to reduce fines.

Pilot-plant studies are considered completed, and the plant is being
dismantled. Two process flow schemes have been designed for a commerciali-
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scale plant to process 25,000 tons of Illinois No. 6 seam coal per day.
The project is now going forward under sponsorship by ERDA and Northern
I1linois Gas Company, Peoples Gas Light and Coke Company, Central Illinois
Light, North Shore Gas Company, and Central Illinois Public Service
Company. A demonstration plant is to be built and operated using 2,200
tons of Illinois coal a day to produce 18 x 106 scf of high-Btu gas and
2,400 barrels of crude oil per day.

Construction of another pilot plant to evaluate the gasification of
the char from the COED plant was initiated in 1974 for a process referred
to as the COGAS process. Upon successful completion of the char gasifica-
tion program, the COED process could move into the commercial stage since
it is based on reasonably well established technology.

3. Occidental Pyrolysis Process

The Occidental pyrolysis process”’s’lo’13 for converting volatile
bituminous coal into synthetic crude oil is an entrained-flow low-pressure
pyrolysis scheme with very short coal residence time and rapid heating
rates (Figure 8). The process produces a high yield of liquid product.
When small coal particles are heated very rapidly to high temperature,
substantial quantities of liquid products are formed because of the
rapid break-up of the coal structure into fragments and their vaporiza-
tion, followed by rapid removal, which retards cracking, repolymerization,
and coke formation. The stream leaves the reactor and passes through
a cyclone for gas-solids separation and then to a gas-liquids collection-
separation train. The product char is cooled; the quantity required for
process heat requirements is sent to the char heater to elevate the
temperature to about 760 °C by partial combustion with a controlled
amount of air in a short residence time.

The hot vapors leaving the cyclone are cooled and scrubbed. The non-
condensible gases are split to provide one stream for fuel requirements
in the plant and another to be processed to form hydrogen for use in the
liquids hydroprocessing system or to be upgraded to substitute natural
gas.

The product yield is about 57 weight percent char (12,000 Btu/1b),
35 weight percent liquids (about 2 barrels of oil per ton of coal fed to
the reactor), and 6.6 weight percent gas with a heating value of 700
Btu/scf. These high yields are without high-pressure operation or
hydrogen, and the short contact times reduce the reactor volumes. The
condensed liquids are hydrotreated under pressure to produce either a
synthetic crude or a low-sulfur fuel oil.

Occidental Research Corporation (formerly Garrett R&D) has been de-
veloping this pyrolysis process since 1969 entirely with its own funds.
A 3.6-ton-per-day pilot plant in La Verne, California, has been operated
extensively over a wide range of conditions since 1972. Design of a 250-
ton-per-day pilot plant is under way. Operation with noncaking coals has
been well characterized; caking coals produced agglomeration problems in
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the original reactor design, but modification has resulted in a reportedly
operational system for caking coals.

A large fraction of the sulfur remains in the char and investigations
of its removal are under way. ERDA support ($3.7 million) for producing
development-unit-scale studies of reactor design and operating parameters
for handling caking coals began in 1976. A conceptual design for a pilot
plant will be initiated in 1977.

4. Toscoal Process

The Toscoal process (Figure 9) is an adaptation of oil-shale retorting
technology to the production of oil and gas from coal.®»1%s15 The process
was developed by Tosco (formerly the 0il Shale Corporation). Coal is
crushed, dried, and heated to a low temperature level with hot flue gas
and then is transferred to a rotating drum where it is heated to pyrolysis
temperature (425 to 540 °C) by contact with hot ceramic balls. The balls
then are separated from the coal, reheated, and recycled to the rotating
drum. The product mix is 5 to 10 weight percent liquids (about 0.3 to
0.5 barrel per ton of coal fed to the retort), 5 to 10 weight percent
gas (500 to 650 Btu/scf) and 80 to 90 weight percent char based on the
coal processed.” The liquid products are condensed, hydrotreated, and
fractionated.

Tosco has investigated this process for coal pyrolysis since 1970,
and it has proved operable on a 25-ton-per-day pilot-plant scale. Since
it is similar to the Tosco oil-shale pyrolysis process, which has been
demonstrated on the 1,000-ton-per-day scale, it is not believed necessary
to carry out testing on a larger scale.

5. U.S. Steel Clean-Coke Process

U.S. Steel's Clean-Coke Process (Figure 10) is a combination of
low-temperature pyrolysis and solvent extraction integrated to produce
metallurgical grade coke and some gases and liquids.“’5'16’17 Half of
the feed coal is fluidized by a hydrogen-rich stream of recycle gas
and pyrolyzed in a fluidized-bed reactor at 650 to 750 °C and 6.5 to
11 atmospheres. This treatment devolatilizes and partially desulfurizes
the coal to produce gas, oil, and char, which serves as the base material
for production of metallurgical coke. The second portion of the feed
coal is slurried with the process-derived oil and subjected to solvent
extraction at about 470 °C and 205 to 275 atmospheres hydrogen pressure.
Solids separation involves flash vaporization of volatile material, after
which the residual solids are quenched and removed from the system.

Liquid products from the pyrolysis and solvent extraction steps are
combined and upgraded by hydrotreating to low-sulfur liquid fuels, chem-
ical feedstocks, and oil fractions that are recycled to the slurry prep-—
aration unit and used in compounding the char to make coke pellets. The

very heavy oils are recycled to the pyrolysis unit for further cracking.
Yields are given in Table 3.
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Studies of pyrolysis and solvent extraction have been completed in
a 3-inch-~diameter fluidized-bed reactor and a batch autoclave, respectively.
Process development studies began in 1975 in an integrated unit incor-—
porating a 10-inch fluidized-bed pyrolysis reactor, a fluidized-bed oxi-
dation unit for preoxidation of the coal feedstock to the pryolysis unit,
and a 10-inch solvent extraction process development reactor. Initial
design studies for a 240-ton-per-day pilot plant are under way.

6. Coalcon Process

The Coalcon process (Figure 11) is an outgrowth of Union Carbide's
hydrocarbonization studies!® and is an intermediate hydrogen pressure
process for the hydrocarbonization of finely divided, low-rank coal or
high-boiling-point oils in a fluidized-bed reactor to produce char, heavy
oil, intermediate and low-boiling-point liquids, and gases. It offers
potentially high phenolic yields, which are of interest as a chemical
feedstock.

Dried and heated 60 to 325 mesh coal, suspended in a preheated H,
stream, is introduced into the base of a fluidized-bed reactor with an
expanded upper section that permits good gas-solids separation. The coal
is heated rapidly by the E stream, and pyrolysis reactions occur simul-
taneously with hydrogenatlon. Increasing hydrogen pressure increases
the oil yield and shifts the gas composition to higher concentrations of
methane and water. The unreacted char is discharged through an overflow
pipe in the expanded section of the fluidized-bed reactor. ' Condensers
operating at different temperatures are used to remove liquids from the
vapors leaving the top of the reactor, and the remaining gases are con-
verted to hydrogen, burned as fuel, or returned to the process upgraded.
In commercial-scale operations, the char formed would be gasified to pro-
vide part of the hydrogen required for the process or used for combustion
purposes.

Process development studies were made at temperatures from 480 to
570 °C, hydrogen partial pressure from 0 to 1,000 psig, and solids resi-
dence time from 5 to 11 minutes. Under favorable operating conditions
with a subbituminous coal, about 40 percent of the coal is converted to
char, slightly less than 30 percent to liquids (gbout 1.8 barrels of oil
per ton of coal fed to the reactor), and about 20 percent to gases (re-
mzinder ash) (Table 3). Projected demonstration-scale plant operating
conditions include 560 °C, 39 atmospheres, 25 minutes solids residence,
and 25 seconds gas residence time.l?9

Developmental work on this process ceased in the early 1960s. At
that time studies of the hydrocarbonization process had been conducted
at a bench scale of 1 pound of coal per hour and at two scale-ups of
about 0.15 and 20 toms per day with a subbituminous coal from Lake de
Smet, Wyoming. The process has been operated only with noncaking coal
to date, and the ability to use caking coal in the fluidized bed without
loss of fluidization is yet to be established.
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In mid-1974 the Chemical Construction Corporation and the Union
Carbide Corporation formed Coalcon, and in January 1975 Coalcon contracted
with ERDA to develop a process and, if feasible, to design, construct,
and operate a Clean Boiler Fuel Demonstration Plaut to comvert 2,600 tous
per day of high—sulfur coal to 3,900 barrels of clean liquid fuel and 22
million cubic feet of high-Btu synthetic pipeline gas without any char
by-products. The project is being conducted in four phases: (a) pre-
liminary conceptual commercial process designs and engineering and site
selection; (b) detailed final demonstration plant design, plant engineer—
ing and planning activities, and preparation of detailed specifications,
drawings, and a construction bid; (¢) plant site preparation, construction,
equipment purchase, field erection, and plant acceptance and checkout;
and (d) plant operation to produce synthetic products to obtain data for
evaluating the potential of this process for commercial development. The
first and second phases are proceeding, and two alternate designs——a high-
pressure and a low-pressure reactor system——are being considered. The
process design for the high-pressure system was proposed in a response
to the request for proposal. Efforts are concentrated on developing a
preliminary design for the low-pressure system, which is more attractive
from an operation and economic standpoint. Selection and approval of
a plant site at New Athens, Illinois, were completed at the end of 1975.
Procurement of equipment requiring long lead times was initiated at the
start of the fourth quarter of 1975.

Development studies are being conducted at Tomawanda, New York, and
in South Charleston, West Virgimia. In Tonawanda, a 2-ton-per—day pilot
plant is being used to develop kinetics and yield data for agglomerating
high—sulfur bituminous coals (Pittsburgh Seam No. 8, Tllinois Seam No.
6. and Kentucky Seam No. 11). Imn South Charlestomn tests are being comn-
ducted to evaluzte alternative methods for deagglomerating high-sulfur
bituminous coals for use in the hydrocarbonization process.

7. Other Processes

a. CSIROD

CSIRO (The Commonwealth Scientific and Industrial Research Organiza-
tion) of Australia has developed a process using a fluidized-bed reactor
and recirculating a gas of high hydrogen content at pressures up to 52
atmospheres absolute. Nomcaking brown coal has been successfully car—
bonized in a 0.5-ton—-per—day process development unit.

The pracesszo’21 considered a two principal systems: a hydrogenation
unit for the production of predominantly methane from Yallourn brown coal,
and a low-temperature pyrolysis unit designed to maximize yields of char
and/or liquids from Wallarah Seam, New South Wales coal. The crushed
coal in suspension in the fluidizing gas was introduced continuously at
the base of the fluidized bed, where rapid heat—up and pyrolysis occurred;
for weakly caking coals the feed coal was blended with char to prevent
defluidization. Char was removed from the top of the bed, and pyrolysis

gases were passed through cyclone dust collectors, condensers, and scrubbers
for product recovery. A1




When the reactor was operated in the pyrolysis mode alone, atmospheric
pressure air was used as the fluidizing medium and as a source of heat
through combustion. The product mix was then about 8 percent liquids;
the remainder was char. The gases were largely oxidized. During hydro-
carbonization operation, which was at 20 to 52 atmospheres H, pressure
and 450 to 750 °C, the optimum product yield was about 10 percent liquids,
3 percent gases, and 83 percent char; the gas was mainly methane and
light hydrocarbons.

The process has been tested in a 0.5-ton-per—day unit and larger scale
tests were conducted with a 20-foot-~deep fluidized-bed reactor. All re-
ported work was completed by 1960.

b. Rapid Hydrocarbonization

The Rocketdyne Division of Rockwell International is working (with
ERDA support) on a hydrocarbonization process based on the same concepts
used in Occidental's processes (i.e., rapid heating to high temperature
with short residence times) except that pyrolysis is carried out in
the presence of hydrogen. Injection and mixing techniques originally
developed for liquid propellent rocket engines will be used. The reactor
rapidly mixes pulverized coal with a minimum amount of hydrogen heated
to about 815 °C. The reaction period is expected to be in the 10 to
1,000 milliseconds range at 1,000 °C and 69 atmospheres; the products are
quenched immediately thereafter by a water spray. The program is in a
very early developmental stage and no results are available.

c. Miscellaneous

A number of other pyrolysis processes have been developed but are not
being worked on at present for various reasonms. One example was a
fluidized-bed process for coal carbonization developed by the U.S. Bureau
of Mines in the 1950s.22 It was concerned with the production of in-
dustrial carbons for thermal power and for blending material for metal-
lurgical-coke manufacture from Wyoming noncaking or slightly caking coals.
Emphasis was centered on the processing of fine and lump coal in ex-
ternally heated fluidized-bed reactors at atmospheric pressure and tem-
peratures up to 750 °C. Average residence time of the coal was about
12 minutes; gas residence time was on the order of 1 second. The char,
liquids, and gases were separated and cleaned by a series of cyclone
separators, precipitators, condensers, and scrubbers. The yield of
liquid oils varied from 11 percent for Lake de Smet to 22 percent for
Hanna area coal and with the rate of heating but not with temperatures
above 500 °C. No further work has been done on this process. A second
example was the Consolidation Coal Company development of a low-tempera-
ture coal carbonization process23 in the late 1950s. The results in-
dicated that the yields were too low to make the process economic.

A number of other pyrolysis processes are under study that have not
been reported in any detail or are in very early stages of development.
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Among these are the CECO process developed by Atlantic Richfield, high-
hydrogen-pressure hydrocarbonization studies carried out by Arthur Squires
at New York University, and rapid heating hydrocarbonization studies

under way at the Institute of Gas Techmology.

C. SOLVENT EXTRACTION

Solvent extraction designates a liquefaction process in which coal
is mixed with a solvent capable of tramnsferring relatively loosely bound
hydrogen atoms to the coal at temperatures up to 500 °C and pressures to
275 atmospheres absolute. Heating first breaks many of the physical
interactions in the cozl such as van der Waals forces and hydrogen
bonding and promotes swelling and solvation. Heat also breaks weak
chemical bonds in the coal structure, and the domor solvent transfers
hydrogen atoms to the broken bonds, thereby helping to terminate the
combination of free radicals and to. prevent repolymerization. if
molecular hydrogen is present, it may attached directly to the free
radicals, but the rate is thought to be low. Molecular hydregen may
also hydrogenate donor solvent molecules that then can transfer hydrogen
atoms to the cozl. These processes involving molecular hydrogen are
probably affected significantly by the mineral matter in the coal, but
the mechanisms generzlly are not well understood.

Extraction of coal in the presence of a recycle solvent has been de—
veloped in three different configurations: (1) extraction in the absence
of hydrogen using z recycle solvent that has been hydrogenated inm a
separate step., (2) extraction in the presence of hydrogen with a recycle
solvent that has not been hydrogenated, and (3) extraction in the presence
of hydrogen with z hydrogenated recycle solvent. Im all three cases,
middle oil distillates of process~derived liquids have been successfully
used as the recycle solvent. The recyele solvent is recovered continuously
and recycled to the extraction step; rehydrogenation takes place in a
separate step over a metal sulfide hydroprocessing catalyst in two of the
process configurations but also may occur in the extraction step.

Solvent extraction can be operated under "milder" conditions to result
in a product containing about 1 percent sulfur from a coal containing about
3 percent sulfur; however, the nitrogen content of the product is not
significantly reduced, and the product is a solid below 100 °C or a very
heavy oil along with some lighter oils and gases. More severe conditions
result in more effective sulfur removal and produce a lighter liquid pro-
duct that is wmore zmenable to handling like crude oils and heavy fuel
oils. The liquids may be further hydrogenated to produce lighter oils
and to remove sulfur and nitrogen.

The processes, identified in terms of the above configurations, cur-
rently under active development are the Comsol synthetic fuel (CSF) pro-
cesg (Configuration 1), solvent—refined coal(SRC) process (Configuration
2), solvent-refined lignite (SRL) process (Configuration 2), Costeam
process (Configuration 2), and Exxon donor solvent (EDS) process (Con—

{iguration 3). The important elements of these processes are summarized
in Table 4.
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Table 4 Summary of Solvent Extraction Processes

Exxon
Process Conspl Synthetic Fuel Solvent Refined Coal Solvent Refined Lignite Costeam Donor Solvent
(CSF) (SRCH (SRL) (EDS)

Developer Cenoco Coal Pittsburgh & Midway Univ. cf North Dakota u.s. Exxon Research

Development Co. Coal Mining Co. Bureau & Engineering
of Mines Co.
(ERDA)

Ceal Lignite Subbituminous Lignite Lignite Subbituminous
Subbituminous Bituminous Subbitumi- Bituminous

nous

Reactor Stirrec-tank (CFSTR) Vertical tubular Tubular plug flow Stirred Tubular plug

Tvpe extractor; ehbullated- plug flow tank flow
bed catalvtic (CFSTR)
hydrotreater

Reacztion L00 450 370-480 375-450 425-480

Temp.” °C

Reactiom 10-30 extractor; 69-103 69-20¢ 137-275 100-140

Pressure 205 hydrotreater

atm abs

Residence

Time,” nr <1 <1 ~lLd 1-2 0.25-2.0

a

Praduct Yield, per ton

Crar or 492 1b char 1,400 1b product 1,100-1,400 1b SRL 550 1b ~400 1b

Product product char char

0il 3.5 bbl ~0.75 bbl (2270 1b) No net production 1,200 1b 3.0 bbl

Gas 4,600 scf 80 1b 200-500 b 250 1b 600 1b
(933 Bty [scf))

Recvcle Heavy middle cut frac- Fraction distilled Fraction distilled Anthra- Middle cut
tion of hydrogenated from SRC product from SRL product cene process
producr not hydrogenated not hvdrogenated 0il derived oil,

solvent balance not hydrogenated
closed yet before return

Hydrogen 7,300 scf in extractor 3,000-7,000 scf H; equivalent contained -—= About 15,000 scf

Consumn- 15,000 scf in hydro- Bi-gas gasifier 1.5 to 2.5 we % added H, from Flexi-

tion per treater, to coal MAF coking process

ton of Lurgi gasificatien but mainly re-

Coal Re- forming of

acred & product gases

Source

Current 20-ton-per-day plant 6-ton-per—day plant 0.5-ton-per-day Bench 1-ton

Status operated at Cresap, operating at pilot plant in scale per-day auto-
W. Va. until 1970. Wilsonville, Ala. start-up stage contin- mated pilot
Revanmped plant to 50 ton per day uous plant operated;
restart in 1977 plant at Fr. Lewis, flow 250-ton-per-day

Washington unit plant designed

©

Exact cprrating conditions and yield will depend on coal being processed and on products desired.

Yields are typical values observed or ranges reported: ylelds are based on moisture- and ash-free (MAF) coal fed to the
reaction zone. Yields based on coal fed to a self-sufficient integrated plant would be significantly lower and yields
will vary with the coal fed.
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1. Consol Synthetic Fuel (CSF) Process

The CSF process, under development by the Conoco Coal Development
Compzany (formerly the Comsolidation Coal Company), produces either a low-
sulfur boiler fuel of less than 0.9 percent sulfur or a distillate fuel
of less than 0.3 percent sulfur, depending on the extent of treatment.

It is based on technology developed as parit of Project Gasoline, which
was supported by the Office of Coal Research in a 20-ton-per—day pilot
plant from 1967 to 1970 at Cresap, West Virginia. WNumerous techmical
and operational problems caused shutdown of the plant.

The CSF or hydrogen-donor solvent process4=599=24 is represented
schematically in Figure 12. The coal feed is crushed, dried, and pre—
heated to about 250 °C in a fluidized-bed reactor and then slurried with
a2 process—derived recycle oil in a stirred extraction vessel (CFSTR) op-
erated at about 400 °C and 11 to 30 atmospheres with an average residence
time of less than 1 hour. Hydrogen transfer from solvent to coal is
between 1.0 and 2.5 percent to liquefy about 75 percent of the cozl.

The slurry then passes to a separation step (typically hydroclones) where
unreacted coal znd ash are removed at temperatures above 200 °C. Filtering,
centrifuging, hydrocloning, and solvent precipitation have been tried for
this sepzrztion step.

Mixed solid liquid residue from the separation is conveyed to a low—
pressure pyrolyzer (450 to 500 °C) for solvent recovery and char oil
separation. The heavy liquids are further treated to produce residuum,
distillate, and fuel gas. The liquid is fractionated to recover recycle
solvent, synthetic crude, and extract.

The extract from the separation step, still containing about 25 per-
cent of the solvent, flows to a catalytic hydrotreater counsisting of an
ebullating-bed reactor operating at 205 atmospheres and 425 to 450 °C,
where the distiliste product and recycle sclvent are produced. These
materials then may be separated and further refined from a possible
product mix from & Pittsburgh Seam coal (Table 5).

Table 5 Typical Products from CSF Process Using Pittsburgh Seam Coal
(Ireland Mine) ‘

Characteristics of Products

Product/Ton of Raw % of Total
Product Coal Processed? APT Gravity Btu Product
Gas 3.424 mscE 933/scf
Naphtha 0.52 1b 58° 5.22x106/bbl 5.6
Fuel 0il 1.52 1b lO,3° A 6.43106/bb1 12.8

Ammonia  11.00 1b
Sulfur 71.00 1b
Ash 213.60 1b
Coal contained 14.4 weight percent moisture and 10.8 weight percent ash.
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The process has been developed from bench-scale studies started in
1963 under =z contract between Consolidation Coal Company and the Office
of Coal Research through comstruction of the 2Z20-ton-per-day pilot plant
at Cresap, West Virginia. The plant currently (mid-1976) is being re—
vamped by the Fluor Corporation for operation to produce clean boiler
fuel and distillate vather than gasoline and to evaluate several coal
liquefaction processes including components that are critical to a number
of the processes.

2. Solvent Refined Coal (SRC) Process

The solvent refined coal (SRC) processg’25 (or PAMCO process) is a
noncatalytic hydrogenation developed by the Pittsburgh and Midway Coal
Mining Company, a subsidiary of Gulf 0il Corporation. Coal is first
crushed, dried, and slurried with an unhydrogenated process—derived
solvent (Figure 13). Gaseous hydrogen is added to the slurry, and the
mixture is preheated to 450 °C and pumped into a tubular plug-flow ex-
tractor—-dissolver at 69 to 137 atmospheres, where extraction-hydrogena-
tion takes place at about 450 °C. The pressure in the extracted solution
then is reduced in a flash separator, which also separates gases from
liquids. Hydrogen is recovered from the gas stream. Make-up hydrogen
(about 1.5 to 3.0 percent is added to the coal during dissolution) is
zdded to the recycle gas stream and the stream is returned to the pre~
heater. Bottoms from the gas-liquid separator are f£iltered to separate
solids from liquid. The liquid is sent to a vacuum flash evaporator to
remove solvent for recyele to slurry preparation. The SRC product
(16,000 Btu/lb), which melts at 150 to 200 °C, is allowed to solidify
and may then be transported. Approximately 65 percent of the original
coal is converted to SRC product, about 15 percent to distillable liguids,
and the remainder to ash and gases.

Table 6 gives a typical composition for the SRC product as compared
with the cozl from which it originated. The process removes almost all
of the inorganic material, including the pyritic sulfur. A small amount
of organically bound sulfur is removed, giving a total removal of about
65 to 75 percent. None of the nitrogen is removed.

The process has been developed from the bench scale through a 0.6-
ton-per~day pilot plant under a research and development program beginmning
in 1966 under the Office of Coal Research. This program culminated in
the design. construction, and successful operation of a 50~ton-per-day
plant at Fort Lewis, Washington. It currently is being operated to make
3,000 to 4,000 tons of SRC product for commercial-scale boiler tests on
& 22.5-MiT boiler of the CGeorgia Power Company in the summer of 1977.

The Fort Lewlis plant also is being used to evaluate the effects of process
variasbles on operation and product quality and to assess solids separation
problems.

Modifications that will permit recycle of unconverted coal and ash
will be completed on the Fort Lewis plant in 1977. It is hoped this may
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TABLE 6 Typical Product Composition from the Solvent
Refined Coal Process

Typical Analysis, weight percent

Component Raw Coal SRC Product
Carbon 70.7 88.2
Hydrogen 4.7 5.2
Nitrogen 1.1 1.5
Sulfur 3.4 1.2
Oxygen 10.3 3.4
Ash 7.1 0.5
Moisture 2.7 0.0
100.0 100.0
Volatile matter 38.7 36.5
Fixed Carbon 51.5 63.0
Ash 7.1 0.5
Moisture 2.7 0.0
100.0 100.0
12,821 Btu/1b 15,768 Btu/lb
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increase the hydrogen addition from 3.0 to 3.5 weight percent to yield
an oil of higher fluidity (essentially a No. 6 furnace oil) that can
be further hydrotreated to reduce the sulfur concentration.

A 6-ton-per-day SRC pilot plant under the joint sponsorship of the
Electric Power Research Institute and Southern Services, Inc., was con-
structed at Wilsonville, Alabama, and started up in January 1974. The
plant has operated successfully and is being used as a pilot plant to
test equipment operation, particularly in the filtration step.

A number of laboratories are investigating the properties and process-
ibility of the SRC product to evaluate its potential for other fuel and
feedstock applications. Southern Services, Inc., and Wheelabrator-Frye
have announced plans to study the feasibility of construction and opera-
tion of a 1,000-ton-per-day plant expandable to 10,000 tons per day.

3. Solvent-Refined Lignite (SRL) Process

The solvent-refined lignite process (University of North Dakota) is
a noncatalytic solvent extraction-hydrogenation process being developed
by the University of North Dakota Engineering Experiment Station under
contract to ERDA. This process is based on technology derived from the
PAMCO-SRC program and the studies of the Costeam process in order to pro-
duce a low-ash, low-moisture, high-heating-value fuel. The process re-
covers about 70 percent of the lignite feed as a 150~ to 200 °C-melting-
point solvent-refined lignite as well as additional quantities of lighter
liquids and gases. It is possible the SRL products can be used as boiler
fuel or can be catalytically upgraded to lower boiling fuel oils. The
primary difference between the SRC and SRL processes is the SRL option
of utilizing synthesis gas (H, + CO) in place of the hydrogen. Synthesis
gas is an ideal application since the low-rank, high-moisture coals pro-
vide the necessary steam for the in-situ production of hydrogen by the
water-gas shift reaction (CO + H, * CO + Hy). A flow plan for the
SRL process is shown in Figure 14.

Pulverized lignite with its retained moisture is slurried with re-
cycle solvent at pressures up to 205 atmospheres and at 480 °C in the
presence of H, or H, and CO. Optimum liquefaction was obtained at 400
°Cc, 171 atmospheres at a liquid hourly space velocity of 1.4 ft3 and a
gas space velocity 330 ft3 per cubic foot of reactor space with a 50 per-

cent H, and 50 percent CO mixture.?®

The products from the dissolver or hydrogenation reactor are sub-
jected to a series of pressure letdowns that first flash off the high-
pressure gases, which are purified, then the light condensates, and
finally recycle solvent from the SRL product containing unconverted
lignite and mineral matter. The final flash separation step is operated
under vacuum and recovers the remaining volatile liquids and solvent.

The vacuum tower bottoms are pumped to a surge vessel and mixed with
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benzene or toluene as a deashing solvent. The resulting mixture is

pumped to a gravity settling tower that operates above the critical
pressure but below the critical temperature of the deashing solvent.

The tower is operated countercurrently to recover dissolved SRL and de-
ashing solvent as overhead and unconverted lignite and mineral matter
residue as underflow. Deashing solvent is recovered from both streams

and recycled to the gravity settling tower. The SRL product after removal
of deashing solvent is solidified or maintained in its liquid state. The
dried residue can contain up to 40 weight percent unconverted lignite in
addition to mineral matter. Table 7 summarizes the results of two typical
runs.

At the University of North Dakota, bench-scale laboratory research
to determine optimum operating parameters has been completed. A 0.5-ton-
per—-day production-development unit is in its initial operating phases
at Grand Forks, North Dakota. Start-up was in mid-1975, and progress to
date has not resulted in solvent-balanced operation. Operation is in-
tended to establish sufficient data to allow specification of conditions
for a projected run with lignite in the SRC process at Fort Lewis,
Washington.

4. Costeam Process

Coal can be liquefied by treatment with CO and water, probably by
way of reaction with hydrogen formed in the water-gas shift reaction, 27>
28 yhich appears to be more ''reactive' or at least as active as molecular
hydrogen. For example, at 380 °C and 100 atmospheres in the presence of
phenanthrene-a-naphthol solvent, a CO-water mixture caused liquefaction
of coal faster than did hydrogen.2?’ The ultimate analysis and physical
appearance of the product for 140 atmospheres were nearly the same
whether hydrogen was used directly or formed from CO and water. These
reactions form the basis of the ERDA (U.S. Bureau of Mines) Costeam
process.

A slurry of pulverized coal in recycle product oil is pumped with
CO or CO-rich synthesis gas into a stirred reactor at about 425 °C
and 275 atmospheres (Figure 15). The steam for the reaction is derived
from the moisture of the coal. Products from the reactor go to a re-
ceiver, where the raw oil is separated from the product gas. Unreacted
coal and mineral matter are removed from the product oil by centrifuga-
tion or filtration, although flash distillation may be more attractive
in the future. The process is specifically designed for coals with high
reactivities and high moisture contents, such as lignite, since no
catalyst may be required.

The Costeam process has been under development at ERDA in small-scale
bench units (2.25 gal) since 1968. Further testing is planned to provide
sufficient data for the design and fabrication of a 10-ton-per-day pilot
plant.
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Table 7 Yields From Solvent Refined Lignite (SRL) Process -

Run Number

M~1C M-9C
At End of Yield Period
Hours on Coal During Run 62 43
Cumulative Hours on Coal 62 422
Liquid Hourly Space Velocity 0.90 1.41
Gas Hourly Space Velocity 164 321
Solvent/Coal Ratio 2.30 1.91
Coal Charged, lb/hr/cu ft Reactor 18.6 32.9
Gas Charged, scf/ton Coal 17,700 19,500
Hy Equivalent Consumed, Wt % MAF Coal 2.35 1.50
Yields, Wt % MAF Coal
Net Gas 10.4 15.9
Net Liquefied 69.4 66.8
(Light 0il) - (9.5)
(SRL) (69.4) (57.3)
Net H20 & Ash -6.5 ~4.4
Unconverted MAF Coal 26.7 21.7
Solvent Recycle, 7 85.9 89.2
Conditions
Temperatures, °C
Preheater Outlet 370 400
Reactor Exit Temperature 395 410
Vacuum Flash 310 314
Pressures
Dissolver, atm abs 103 171
Inter. Sept., atm abs 24.8 28,2
Vac. Flash, atm abs 0.013 0.020
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5. Exxon Donor Solvent Process

The Fxxon donor solvent (EDS) proce5529 involves the liquefaction of
coal in a hydrogen—donor solvent with subsequent separation of solids
from liquides and hydroprocessing of the liquids to provide regenerated
donor solvent and improved quality products. A flow diagram is shown in
Figure 16, and operating conditions are summarized in Table 4. Crushed
coal in recycle donor solvent is mixed with hot hydrogen at about 100
atmospheres and passed through the liquefaction reactor at 425 to 480
°C and 100 to 140 ztmospheres Ho with a residence time of 0.5 to 1.5 hour
to produce gas, raw coal liquids, and heavy bottoms that contains the
unreacted coal and mineral matter.

The 1iquefaétion step effluent is separated via flash distillationm,
and the recycle solvent is catalytically hydrogenated in a trickle-bed
reactor over commercially available metal sulfide hydrotreating catalysts
at 260 to 450 °C and 80 to 210 atmospheres H, pressure with a weight
hourly space velocity of 0.2 to 4.9 to produce rejuvenated solvent. The
quzlity of the donor solvent has a major effect on the liquefaction
behavior.

The heavy bottoms from the distillation section are further processed
by coking or gasification to produce additional 1liquids and hydrogen or
fuel gas for the process. The gas generated from the process can be used
as fuel but probably will be used in H, manufacture. Depending on the
ultimate product utilization, the raw coal liquids may be catalytically
hydrotreated.

Solids separation is achieved by vacuum distillation, thus avoiding
the problems of other separation techniques. The bottoms from the distilia—
tion tower contain all the solid residue from liquefaction and some very
high boiling hydrocarboms but very little material boiling below 540 °C.

Liquefaction conditions strongly influence the success of the vacuum
distillation step. Table 8 gives typical yield data for an Tllinois
bituminous coal, and Table 9 gives maximum yields for a self-sufficient
plant. The amount of naphtha produced can be varied from 5 percent to
at least 25 percent on a dry coal basis. The process utilizes steps that
involve engineering and design techunology similar to that practiced in
the petroleum industry. The processing sequence was designed to allow
for feeding different coals and to allow product distribution to be varied
based on market demand.

Research, which began in 1966, is now at the l-ton~per—day pilot-plant
stage and has been financed by Exxon. Current operations are 50 percent
supported by ERDA, The basic design specifications for a 250-ton-per-day
pilot plant, which is sized to provide the critical engimeering data to
allow scele—up directly to commercial size, have been completed. The
nexi step is preparation of the detailed mechanical design and comstruction
of the unit involving multiparty sponsorship.
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Table 8 Typical Yields for Liquefaction of Illimois No. 6 Bituminous
Coal in Exxon Donor Solvent Process

High Naphtha

_ Liquefaction (Liquefaction
Wt % on Dry Coal? Liquefaction Plus Coking Plus Coking)
H, -3.1 -3.0 -4.0
H,0, C0,, CO 10 10 11
H>S, NH3 4 ' 4 A
Cy1-C3 6 9 12
Cq, CS 3 ll- 5
Naphtha (0.455, 0.21)P 15 16 21
Fuel oil (0.455, 0.65M)P 17 25 19
Liquefaction Btms. L8 - . -
Coke and ash - 35 31
100 100 100
Liquid Yield
wt 7% on dry coal 35 45 45
bbl/ton dry coal 2.1 2.6 2.7
H, Consumption
scf/bbl liquid 5,600 4,100 5,500215,000
scf Hz
ton coal

dBasis of yields is dry coal fed to the integrated self-sufficient EDS
plant. Ash content of dry coal was 9.58 wt 7%.
As received coal was ~&.5 wt % sulfur (about 2.0 wt % organic sulfur)
and 1.5 wt % nitrogen: composition, wt % basis; of liquids is indicated.

Table 9 WMaximum Practical Yields for Self-Sufficient Liquefaction Plant
Using Exxon Donor Solvent Process

Percent of Dry

Coal Feed

Feed coal energy 100
flydrogen production 10-15
Process heat and power 15-20
Feed energy available for liquids production 65-75
Overall process efficiency, percent 65-75
Meximum practical liquid yield, wt percent 46-54
Barrels/ton of dry coal fed to integrated plant 2.7-3.1
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6. Other Processes

a. Extractive Coking Process

Arthur D. Little, Inc., has developed an extractive coking process
that is a modification of delayed coking.30 It involves the use of a
hydrogen—donor solvent under mild conditions to achieve liquefaction
and of delayed coking to separate the product as an overhead vapor from
the coal ash and the heavy oils.

Coal is crushed and ground and then added to a coke drum along with
mildly hydrogenated recycle solvent whose boiling range is approximately
930 to 400 °C. The coal and solvent react in the drum at about 400 °C
for approximately 1 hour under enough pressure to maintain most of the
solvent as a liquid (approximately 7 atmospheres). During this period,
hot solvent vapor passes through the drum continuously to support heat
and agiation. The drum pressure is reduced gradually to flash-off sol-
vent and light ends; incoming hot solvent vapor supplies the latent heat
of vaporization. The drum contents are subsequently heated with more
hot vapor to about 450 °C and allowed to coke. Coking results in a
complete separation of liquids from ash and unreacted coal, which offers
advantages over mechanical separation. The drum is cooled and decoked
hvdraulically while a second drum goes through the extraction-coking cycle.

The vapors from the coke drum are fractionated to separate recycle
solvent, which is hydrotreated and stored for use as hydrogen donor sol-
vent. The other portion is revaporized and superheated to provide heat
to the coke drum. The fractionation tower further separates the pro-
ducts into gases, light extract (C,-230 °C), and middle boiling range
material (230-400 °C).

The light and middle boiling material would require mild hydro-
cracking or hydrotreating to qualify as a low-sulfur premium distillate
that could be subsequently processed into such typical refinery "white
products" as jet fuel, household heating oil, and gasoline. The heavy
extract from the fractionation tower probably will require too much
hydrogen to justify conversion to suitable feed for further refining;
it could go to a fluid coker to produce ash-free coke, be recycled to
the delayed coker, or be blended with the lighter fraction to meet the
viscosity specifications for residual fuel oil. The process concept is
being tested on the bench scale.

b. Extraction by Supercritical Fluids

The Coal Research Establishment in England has been evaluating the
use of supercritical fluids to dissolve and remove coal from the mineral
matter 1)1'esent.5’3l’32 Pulverized coal is treated with compressed gases
(H2 and CO) at temperatures of from 175 to 200 °C, causing a portion of
the coal to go into solution in the compressed gas. The coal solution
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is transferred to a second vessel, leaving the mineral matter (ash) and
undissolved cozl behind. The pressure on the second vessel is released,
precipitating the extract, and the gas is recompressed and recycled to

the extraction vessel. The coal extract produced by this process is
richer in hydrogen than that produced by liquid-solvent extraction and,
thus, is more suitazble for the production of hydrocarbon oils and chemicals.

Results have indicated that this process has certain advantages over
liquid~solvent extraction in that: (1) filtering to remove insoluble
residue may not be necessary, (2) recovery of gaseous solvent is virtually
complete, (3) the extraction residue is a porous solid suitable for gas—
ification, and (&) more mobile liquids of higher hydrogen content are
obtained. On the other hand, there are some accompanying disadvantages,
including the facts that the yield of extract is comsiderably less than
in liquid-solvent extraction and operation at high pressure involves
more costly equipment and higher operating costs. This process may be
better suited to the production of high-quality special products than to
the production of fuels.

Experimental gas extraction units for the preparation and recovery
of coal extract have been operated successfully to investigate the pro-
cesses controlling the rate of extraction and to obtain design data for
a pilot plant; another unit has been operated to investigate extraction
in the presence of reducing gases such as hydrogen or carbon monoxide
and steam.

c. QoP

Universal 0il Products has developed a process similar to the Exxon
donor solvent process in which coal undergoes solvent extraction in a
flow reactor at 400 to 450 °C and 100 to 200 atmospheres with a liquid
hourly space velocity of 0.5 to 2.0. After filtration for solids sepa-
ration, the entire liquid product stream undergoes hydrotreating to pro-
duce a liquid product (200 to 540 °C boiling range) that is low in sulfur
(0.15 percent from =z 3.8 percent sulfur coal) and accounts for about 70
percent of the coal (moisture and ash-free) fed to the reactor. C; to
C. gases account for about § percent and Cg light oils account for about
5 percent of the coal. The process has been operated for about two years
at the pilot—plant scale and is awaiting further investigation. No
further details are available.

d. Pott—Broche Process

In the Pott-Eroche process,33 bituminous coal was dissolved im a
process—derived solvent at about 150 atmospheres and 450 °C to extract
75 percent of the carbon in the feed coal. Part of the make-up solvent
was supplied by hydrocracking to produce a solvent with hydrogen—donor
capabilities. Products consisted of light oil, heavy oil, and electrode-—
grade carbon for the aluminum industry. The process is not under current
development although several of the processes described above utilize
basic Pott-Broche concepts.
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D. CATALYTIC LIQUEFACTION

Catalytic liquefaction covers those hydrogenation processes in which
the coal comes into direct contact with a catalyst other than the mineral
matter originally present in the coal. It has the advantage of eliminating
the need for a catalytic reactor where the hydrogen-donor solvent is re-
hydrogenated. Disadvantages of the process are catalyst deactivation
caused by action of the mineral matter, tar, and reactive coke-forming
fragments from the coal. In some cases, separating the catalyst from the
unconverted coal and ash is a problem.

From the beginning of coal liquefaction technology, there has been
interest in catalysis by Lewis acids such as ZnCl,, SnCl,, NiCl,, FeSOy,
and others.3“ The chemistry of the hydrogenation, hydrocracking, and
other reactions of coal that these acids catalyze is still not well under-
stood, and the recent literature contains little information to add to
what has long been available. Studies have involved almost every material
that might show catalytic promise, and attempts recently have been made
to apply catalysts that have shown high hydrogenation activity in petroleum
refining. %"

To achieve rapid direct hydrogenation of coal, the catalyst and the
coal must be in intimate contact or the transfer of hydrogen to the coal
must be accomplished with the aid of a hydrogenated solvent. Intimate
contact can be achieved by impregnating the coal with the catalyst or by
mixing the coal with a catalyst that has sufficient vapor pressure to
deposit on the coal surface at the reactor temperature. If the coal
and the catalyst are not in intimate contact, as is the case when par-
ticulate catalyst is present with coal particles in a liquefaction re-
actor, the transfer of hydrogen to the coal occurs largely through hydro-
genation of solvent molecules on the catalyst and diffusion of these
hydrogenated donor solvent molecules to the reacting coal particles where
they give up the hydrogen atoms to dissolving coal fragments.

When coal is converted by passing it through a catalyst bed, it is
suspended in a heavy oil to form a slurry. In this case, the opportunity
for intimate contact between coal and catalyst is much less, and the heavy
oil is chosen for its capacity to act as a hydrogen-donor solveat to
facilitate the transfer of hydrogen from gas-phase hydrogen to the coal.
Examples of processes in which conversion is carried out in a catalyst
bed are the H-Coal, Synthoil, Gulf-CCL, and C-E Lummus. Table 10 sum-
marizes the characteristics of these processes.

Processes in which the catalyst is in intimate contact with the coal
and in which liquefaction cccurs in the presence of hydrogen gas are re-
ferred to as solid—-gas catalytic liquefaction and also have been called
catalytic hydrocarbonization or dry coal hydrogenation. The key features
of these processes are rapid heating to temperatures of 450 to 600 °C,
short residence times, and quenching of the reactor effluent. For some
time it has appeared that gas-solid catalytic liquefaction may have
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canle 10 Zummary of Catalvrlc Liquefaction Processes

Clean Fuel from

Process -Coal” synthofl’ oL Coal, CFFC

Developer Rydrocarban Research ERDA==PLRE Gulf 011 Corp. €. E. Lummus

Caal Lipnits Lignite Lignite Lignite
Subbirumninons Subbltuminons Subbituminous Subbituminous
Bituminous Altuminous Bltuminous

Gatalyst Co-Mo/ALz03 or Co-Mo/AL,0, ox Co-Mo/Al,05 or Co-Mo/Al,04 related

Reactor Type

Heactgan
Temp,” °C

Reaction
Prossure
atm abs

Product Yield®

gimilar

Ebullated Bed

150-205

bper ton

Char
01l

Hydrogen
Consumption
per ton &
H, Source

Remarks

Current
Status

110 1b
1,480 (>4.0 bbl)

13,000-18,000 scf
HRI-developed mulgi-
bed gasifier for H
via steam-oxygen

two operating modes,
lower H, consumption
yields low-sulfur
fuel oll, higher H,
figure yields the 15°
API synerude, rapid
catalyst deactiva-—
tion based on H-oll
technology

successfully tested

in 3 TPD plant,
Kentucky site selected
for construction of
600 TPD demonstration
plant

similar

Figed Bed

450

135-275

140 1b (17,000 Btu/lb)
1,453 1b (4.0 bbl)

~15,000 scf, unspeci-
fied gasification
scheme

long preheater resi-
dence time, very short
residence time required
in reactor, short
catalyst life

1/4 TPL pilot plant

with 1.0 bbl/day oil
output in operation,
8 TPD pilot plant is

in design and engineering

stages

similar
Fixed Bed
=400
135+

not available
3.0 bbl low sulfur oil

consumption not
available,
reforming of prod-
uet gas for Ha,

reactor design and
new catalyst claimed
key to process, low
catalyst deactivation
rates, proprietary
technology

1 TPD pilot unit
started up Janvary,
1975,

Expanded Bed

400-430

68+

not available
2,5-3,0 bbl oil

not avallable

gasification of
residue

solvent deashing

for solids separa-
tion, staged coal
dissolution and hydro-
treating of dissolved
coal~ash slurry without
solids separation

small pilot plant

scale teste, Lummus
holds patents on solvent
separation technique

OLxact operating conditions and yield will depend on coal being processed and on products desired.

Yields are typilcal values observed or ranges veported; yields are based on molsture- and ash-free (MAF) coal fed

to the reaction zone.

lower, and ylelds will vary with the coal fed.
¢Yields are for an Illinois coal, synthetic erude oll mode of operatiom.
dSynthoil yields ineclude gas and liquids obtained from pyrolysis of solids residue ana uce for a Western Kentucky coal,

Yields based on coal fed to a self-sufficlent integrated plant would be significantly




significant advantages over liquid-phase hydrogenation.37-39 Similar
catalysts also may be brought into intimate contact with coal in a liquid-
phase environment.

Examples of processes in which coal is mixed or impregnated with
catalyst before conversion are the Bergius, University of Utah, Schroeder,
and liquid-phase zinc chloride (Conoco). Table 11 summarizes these pro-
cesses. In the Bergius process, the coal and catalyst are mixed with a
heavy recycle oil to form a paste. In the second and third processes,
the coal and catalyst are fed into the reactor dry in a stream of hot
hydrogen. 1In the zinc chloride process, a slurry of coal in recycle
oil and a stream of molten catalyst are fed simultaneously to the reactor.

1. Bergius Process

The conversion of coal into oil by the action of hydrogen under
pressure was first achieved by Bergius in 1913.40 The process involved
treating a paste of coal, heavy recycle oil, and a small amount of iromn
oxide catalyst with hydrogen in the liquid phase at 450 to 500 °C and
205 to 680 atmospheres absolute in a stirred autoclave. Later it was
developed commercially by I. G. Farbenindustrie A.G. to give good quality
gasoline as the chief product. Between 1927 and 1943, 12 plants were
built by the Germans, 2 by the British, and 1 by the Koreans, all of
which were operated during World War 1I.4! The German plants produced
almost all of Germany's aviation fuel requirements.

A number of other catalysts were found to be active with various coals
(e.g., molybdenum oxide, stannous oxalate, and iodine); however, iron
oxide continued to be used because of its low cost. Pressures up to
700 atmospheres gave better yields, especially on high-rank coals. In
general, the products were separated into light, middle, and bottom
fractions. The middle distillate fraction was treated further over a
hydrotreating catalyst in the vapor phase and under relatively mild con-
ditions to produce petroleum-like products. The bottoms fraction was
filtered or centrifuged to remove solids (unreacted coal, catalyst, and
ash), and the remaining liquid was utilized as recycle oil to mix with
fresh coal.

Because a shortage of petroleum was expected in the United States
after World War II, a demonstration plant using updated German technology
was constructed at Louisiana, Missouri, to hydrogenate 50 tons of coal
per day (feed coal to the reactor, hydrogen, and all utilities were
supplied from external fuel sources) and was operated from 1949 to 1953.
The plant produced 200 barrels of oil per day and permitted testing of
various American coals. Cost studies showed that the process was not
competitive with products derived from petroleum, and since the increase
in imported petroleum cost certainly was not then anticipated, operation
was discontinued in 1953. For the same reasons, none of the coal hydro-
genation plants in Germany and Great Britain currently are being used.
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table 11 summary of Tirece Cazaiycis dydecpe-ition Processes

Liquid-phase

Process Nerplus University of Ukah” Schrouderl Zine Chiaride’
Doveloper Fo Berplus Ve Wisor W, SBchroeder Conpee 011 Co.
Crial suhbituminong subhltumlinous subbituminous subhituminous
tirominous hituminous bituminons bicuminous
Catalyst feon oxide, molybdecam ZnCln, SnCly ammanium molyhdato zdne chloride

Reactor typeb

Reaﬂt%on
Temp.” °C

Reactien
b

Pressurs
atm abs

sSolid
Residence
Time

Product Yieldee

per ton
Char

0il
Gas

Remarks

Current Status

oxida, lodlne skannous
oxalace

tubular plag flow

480

205-680

1 hr

iron oxide used because
of low cost, severe
operating conditions
lead to very high costs,
conceptual forerunner

of ecurrent sclvent ex-
traction and catalytie
hydrogenation technology.

15 plants were
operating during
World War 11, none
are now aperating

rubular entrained flow

500-550

100-170

5-15 seec

600 1b unconverted
1,200 1b
200 1b

dry coal mixed with 3
wt % catalyst is carried
through eoiled-tube
reactor by high-pres—
sure high-temperature
hydrogen plow, catalyst
impregnated coal due to
high vapor pressure af
reaction temp., short
centact times mean
small reactor size,
catalyst recovery
required.

bench scale 50/1b
hr process develop-
ment unit.

tubulay entrained flow

500

137

30 sec

100 1b
1,300  1b
600 1b

dry coal impregnated
with 1 wt % catalyst,
catalyst recaovery
necessary, complete
conversilon of carbon
in 20 sec longer time
eracked liquids to gas,
entire process at op-
erating pressure to
reduce coste, small
reactor silze.

bench scale tests
completed

Jiquid phase

360-440

100-240

406 1b
1,098 1b
260 1b

coal slurry and molten

%nCl, catalyst fed to

reac%or, product is mainly
light fuel oil and gasoline
(high octane), catalyst recovery
by vaporization from residue

in fluid-bed combustor.

small scale studies done
2-5 1b/hr bench scale
unit under design and
construction

Inry coal is fed directly ta the
Exact operating conditions and y
©yields are typical values observed
to the reaction zone.

process, recycle oill is mot used.
ield will depend on coal heing processed and on products desired.
or ranges xeported; ylelds are based on molsture- and ash-free (MAT) coal fed

\

lower, and yields will vary with the coal fed.
dyield data from "Quarterly Technical Progreas Report," May 1l-July 31, 1976, ERDA FE-1743-24;
August 15, 1976.

Yields based on coal féd to a self~sufficient integrated plant would be significantly




Although the Bergius process is obsolete, it represents a milestone in
coal conversion technology and many of its concepts are employed in
modified form in the coal liquefaction processes under development today.

2. B-Coal Process

The H~Coal process®s5s9s42 (Figure 17) being developed by Hydrocarbon
Research, Inc. (HRI), is a liquid-phase process in which coal suspended
in recycle solvent is contacted with particulate catalyst in a fluidized-
or ebullating-bed reactor (Figure 4b). It is a modification of the H-
0il process designed to hydrotreat heavy fuel oils.

The process can be operated to produce a low-sulfur heavy fuel oil
or a synthetic crude oil. Coal is dried, pulverized, and slurried with
coal-derived recycle oil for charging to the coal hydroprocessing reactor.
The slurry is mixed with hydrogen, preheated, and fed to the reactor,
where it is contacted with catalyst at about 450 °C and 150 to 205
atmospheres. The ebullating-bed reactor contains the particulate
catalyst with the liquid, gaseous, and solid materials passing upward
through it. The coal is partly dissolved and both the coal and solvent
are hydrogenated. The relative sizes of the catalyst and coal particles
are such that only the unconverted coal, ash, liquid, and gaseous pro-
ducts leave the reactor.

Rates of catalyst deactivation are reported to be very rapid, and
provision is made to withdraw and add catalyst continuously to maintain
constant activity. The reactor provides nearly uniform temperature,
effective contact between reacting species and the catalyst, and con~
tinuous removal of heavy liquid as well as ash without carrying out
the catalyst.

Reactor products are separated in flash drums into gas, distillate,
and bottoms, which contain unconverted coal, ash, and heavy oil. The re-
cycle gas stream is scrubbed to remove light hydrocarbons, ammonia, and
hydrogen sulfide. The distillate is separated into light and heavy
distillates in an atmospheric tower, and the bottoms are processed in a
hydroclone from which a clarified recycle stream is returned to the
slurry tank; the remaining unconverted coal, ash, and heavy oil are sent
to a vacuum tower that yields a heavy distillate and a concentrated
slurry. Some of the heavy distillates may also be returned to the slurry
tank to control the quality of the recycle stream. The concentrated
slurry may be sent to a coker to recover the remaining oil.

As shown in Figure 17, the liquid product from the reactor is a
synthetic crude oil that can be converted to gasoline and furnace oil
by conventional refining processes. Operating under milder conditioms
to produce predominantly a low-sulfur heavy fuel oil requires filtration
or some other means for separating liquids from unconverted coal and
ash. The desired sulfur level in the heavy oil product largely dictates
the required operating conditions; this, in turn, determines the relative
amounts of desired products and the hydrogen consumption.
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Product yields and specifications are given in Table 12. The pro-
cess produces about 3.5 to 4.0 barrels of liquids per ton of coal (MAF)
fed to the reactor. This yield does not take into account process energy
and hydrogen that must be supplied (probably by coal or other fuels) and
that reduce the overall liquid yield per ton of coal. The overall thermal
efficiency of a self-sufficient plant is about 64 percent. Catalyst re-
placement costs have been reported to be $1.00 to $1.50 per ton of coal
due to the high deactivation rates encountered.

Table 1?2 Effect of Froressing Mode and Coal on Product Composition
from H-Coal Process

Coal Illinois Wyodak
Desired Product Synthetic Low-sulfur Synthetic
Crude Fuel 0il Crude

Normalized Product Distribution,a wt 7%

C,~C. Hydrocarbons 10.7 5.4 10.2
C,-200 °C Distillate 17.2 12.1 26.1
200-340 °C Distillate 28.2 19.3 19.8
340-525 °C Distillate 18.6 17.3 6.5
525 °C+ Residual 0il 10.0 29.5 11.1
Unreacted Ash-Free Coal 5.2 6.8 9.8
H,0, NH;, H,S, CO, CO, 15.0 12.8 22.7
Total (100.0 + H2 reacted) 104.9 103.2 106.2
Conversion, 7% 4.8 93.2 90.2
Hydrogen Consumption, scf/ton 18,600 12,200 23,600

Ayjeld based on moisture~ and ash-free coal fed to the reactor, yields
based on a self-sufficient plant would be significantly lower.

For about 12 years, HRI developed the H-Coal process in a 25-pound-
per-day bench-scale unit. This was followed by a process—development
unit handling 3 tons of coal per day that was built with support from
the Office of Coal Research and a private industry consortium.

In 1974, prior to the formation of ERDA, the Office of Coal Research
awarded a l4-month contract to HRI for the engineering portion of a
multiphase project for design, construction, and operation of a 600~-ton-~
per-day pilot plant that was to produce low-sulfur fuel oil and synthetic
crude suitable for refinery processing into gasoline, kerosene, diesel
fuel, fuel oil, and petrochemical feedstocks. It now is planned that
this plant be located in Cattletsburg, Kentucky, and the final design is
to be completed by mid-1977. It currently is contemplated that the cost
of constructing and operating the pilot plant will be shared by ERDA and
an industry team including Ashland 0il Company, Standard 0il of Indiana,
the Electric Power Research Institute (EPRI), and possibly others.
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3. Svynthoil Process

The Synthoil process“’5’43>““ being developed by the ERDA Pittsburgh
Energy Research Center passes a mixture of coal, recycle liquid, and
hydrogen through a fixed bed of catalyst at high velocity (Figure 18).
Cozl, siurried with process-derived oil, flows concurrently with hydrogen
upward through a preheater, reaching a temperature of about 450 °C at a
pressure of 135 to 175 atmospheres. The coal particles soften and (ex-
cept for the inorganic compoments) are largely liquefied or dispersed im
the preheater. The gas-liquid-solid mixture then flows upward through
a hydrogenation reactor containing a packed bed of cobalt-molybdate
catalyst where the liquids and solids undergo hydrogenation including
reduction of sulfur and nitrogen. The flow is highly turbulent, the ob-
jective of the design being to prevent plugging of the catalyst bed by
deposited inorganic material, coke, or uncomverted coal. Thus, the pro-
cess somewhat resembles a two-stage process involving solvent extraction
followed by hydrotreating after a solids separation step between stages.

The reactor product is cooled and collected in high-pressure separa-
tors. The gas, largely hydrogen, is scrubbed and recycled to the re-
actor. The liquid-solid product is centrifuged to remove unconverted
cozl aznd ash. Other solids separation schemes very likely will require
evaluation. The liquid product is in part recycled and mixed with coal
to produce the feed slurry; the remaining liquid is the product, a low-
sulfur liguid fuel. The process yields as much as 4.0 barrels of oil
per tom of coal (MAF) fed to the reactor. Typical processing conditions
znd product specifications are shown in Table 13. Process yields for a
self-sufficient integrated plant will be significantly lower. Projected
overall process thermal efficiency of a self-sufficient plant is about
70 percent.

The process has been developed in a 5-pound-per-hour bench-scale
unit and a 0.25-ton~per—day pilot plant at the Pittsburgh Energy Research
Center. Recent results have shown that the 1ife of the fixed-bed catalyst
was considerably shorter than originally anticipated. Foster-Wheeler
Corporation has been awarded a contract for the design and engineering
services for a 10-ton-per—day pilot plant to be constructed in Bruceton,
Pennsylvania. Start-up is scheduled for late 1977, and Bethlehem Steel
is scheduled to operate the plant.

L., Culf Catalytic Coal Liquids (CCL) Process

The catalytic cosl liquefaction (CCL) processLPS is a proprietary
cozl liquefaction development of the Gulf 0il Corporation. It inmvolves
the fixed-bed catalytic hydrogenation of a coal slurry with gaseous hy-
drogen. A simplified flow diagram is shown in Figure 19.

The process is similar in concept to the Synthoil process. It in—

volves a fixed-bed radiasi-flow reactor containing a hydrogeneration
catalyst such as cobalt molybdate. The reactor design involves catalyst
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Table 13 Synthoil Process Data for the Liquefaction of Kentucky Coal

Experimental Conditions:

Liquid Feed Throughout:
Slurry Feed:
Hydrogen Recycle Rate:
Pressure: 273 atm abs
Temperature: 450 °C

Sulfur in feed coal, wt %

140 1b/hr/ft3 reactor volume

45 coal + 55 recycle oil (weight)

125 secf/hr

Sulfur in recycle oil (product oil), wt %

Yield:

bbl oil/ton coal MAF

Solvent analysis of product oil, wt 7

0il (pentane soluble)
Asphaltene

Organic benzene insolubles

Ash

Elemental analysis of product oil (ash-free), wt 7%

Carbon
Hydrogen
Nitrogen
Sulfur

Viscosity of product oil, SSF at 82 °C
Czlorific value of product oil, Btu/lb

0.19
21.30
17,700

\j -
0il yield does not take into account the process energy requirements
or hydrogen requirements of an independent integrated plamnt.

69




{) !

[~ Compressor |

( Reactor ) Station
_ | Gas H, Plant w
! Flash - ater
__—ES—\J Handling 2
Water o
Coal Feed | Storage
@———-— Grinding
Slurrying
~1
© L.P. Flash
Water
Recycle Recycle
Solvent Recovery
= Filter ] »{ Distillation
Product
=i Coker = Coke

Figure 19 Process schematic of Gulf CCL process.



held in spzced, radially placed baskets. The pilot-plant uwnit is fed
with & 40 percent slurry of coal in oil. The preheater residence time
is iess than 2 minutes, the average reactor temperature is greater than
400 °C, and the operating pressure is greater than 135 atmospheres. The
key to the CCL process is the reactor design and the catalyst, which is
claimed to have high resistance to carbon depositiomn, prolonged high
activity, and tolerance to metallic compounds in the coal. Product
specifications are probably similar to those for the Synthoil process.
Liquid yvields have been reported to be 2 to 3 barrels per ton of coal
(MAF) fed to a self-sufficient plant depending on operating conditions.

Culf Research and Development Company has been developing this pro-
cess for 8 years on an experimental bench-scale level. In January 1975,
operation of a l-ton—per-day pilot plant designed to produce 3 barrels
of oil per tom of coal was begun. The pilot plant, located at Harmar-
ville, Pennsylvania, will provide design data for a larger demomstration
plant, a conceptual design of which is currently being prepared.

5. C-E Lummus Clean Fuel from Coal (CFFC) Process

The Clean Fuel from Coal (CFFC) process developed by C-E Lummus *6
is designed to convert coal into a low-sulfur liquid similar in many
respects to No. 6 fuel oil. The main features of this process are:
(a) catalytic hydrodesulfurization of coal integrated with its dissolution
to produce a refined liquid product containing 0.5 percent sulfur or less,
and (b) special ash separation to produce a product. containing less than
0.1 percent ash. The clean fuel oil would be suited for use in both new
and existing power plants and as a feed to a refinery for production of
other products. A simplified schematic flow diagram of the C-E Lummus
process is shown in Figure 20.

After crushing and drying, coal is slurried and liquefied or dis-
persed in the presence of an aromatic recycle solvent. The coal slurry
is hydrogenated in the presence of a catalyst at elevated pressure and
temperature. Sulfur levels of 0.3 weight percent can be achieved even
with coals having sulfur contents as high as 3 to 4 weight percent. GCon-
current with desulfurization, other constituents of the coal, such as
nitrogen and oxygen, also are partially removed, the extent depending
on the type of catalyst used and the severity of the treatment. The
material leaving the hydrodesulfurization section is processed to remove
the ash. The clean fuel product can be produced with an ash content of
lesg than 0.1 percent.

One of the main objectives of the Clean Fuel from Coal program was
to develop an improved trouble-free method to separate ash and solids
from heavy liguids. An anti-solvent—promoted gravity-settling technigue
developed by Tummes®® is being studied and may offer advantages over the
mechanical separation techniques previously considered.
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Figure 20 Simplified flow diagram of the C-E Lummus CFFC process.
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Prior to deashing, the feedstock solution from the coal hydropro-
cessing steps is distilled to remove compomnents boiling below 315 °C.
This topped feedstock for the deashing process (consisting of recycle
solvent, cozl liquids, unconverted coal, and ash) is mixed with anti~
solvent, and the resulting mixture flows continually to a gravity settler
operating in the 150 to 300 °C range and at a pressure sufficient to
maintain its contents in liquid state. An overflow stream containing
substantially no ash and an ash-enriched underflow stream are simul-
taneously and continuously withdrawn from the gravity settler. Operating
requirements vary somewhat with the feedstock. High—ash bituminous
cozls, containing as much as 23 weight percent ash, have been success-
fully processed by the above scheme to yield a fuel containing less
then 0.1 weight percent ash.

Both the overflow and underflow streams generated in the deashing
process are distilled to recover anti~solvent, slurry solvent, and clean
fuel. Ash~containing underflow from the deashing process is vacuum
fractionated, znd anti-solvent, slurry solvent, and some clean fuel
blend components are distilled overhead. An ash-rich residual product
is withdrawvm as bottoms from the distillation. This material can be
gasified with steam and oxygen to produce synthesis gas (H, + CO).

C~E Lummus holds a pumber of patents“7"49 on the process and has
developed it to the small pilot-plant scale. Kerr—McGee and Comnsol
also have carried out precipitation deashing tests of SRC product.

6. University of Utah Process

For about 7 years researchers at the University of Utah have been
developing a process (Figure 21) for direct gas—solid hydrogenation of
cozl.Ys5l Crushed coal is screened and can be impregnated with the
ZuCls, catalyst to the extent of about 3 pounds of zinc per 100 pounds
of coal. The cozl then is dried and fed from lock hoppers to a preheater.
Altermatively, dry coal and ZnCl, also can be mixed to provide a uniform
mixture leading to equally satisfactory results due to the high vapor
pressure of ZnCl, at reaction conditions. The coal is fed from pressurized
lock hoppers by a star feeder into a fast-moving stream of hydrogen that
carries it through the preheater and through a coiled-tube reactor at
a temperature of 500 to 550 °C and pressure of 110 to 140 atmospheres.
The solids residence time in the reactor is regulated by the length of
coiled tube and characteristically is under 12 seconds. About 60 per-
cent conmversion of coal (MAF) to liquids and 10 percent to gases is
achieved. Space utilization rates in excess of 500 pounds of coal per
cubic foot per hour are realized.

The zinc is zbout equally divided between the liquid and solid pro-
duct phases. About 85 percent of the zinc is recovered by a water wash
of the char. An HC1 wash is reported to increase zinc recovery to 95
percent and a hot HNO; wash to 99 percent.
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Figure 21 Block diagram of direct gas-solid hydrogenation process being developed at the
University of Utah.




The process has been operated with a 5/16-inch I.D. coiled tube
reactor, with which the design feed rate of 50 pounds of coal per hour
has been achieved. Discussions with potential developers are under way.

7. Schroeder Process

Prior to 1964, Schroeder39:52553 reported that pulverized dry coal
is hydrogenated at pressures and temperatures of about 135 atmospheres
and 500 °C entrained in a hydrogen stream with less than 1 minute reactor
residence time to produce as much as 30 perceunt distillable liquid, 35
percent residuzl liquids, 5 percent char, and 30 percent gas based on
MAF Coal (Figure 22). Residence time affects only product composition
after about 20 to 30 seconds (Figure 23) since essentially all carbom
is converted by this time. The reaction is accelerated by use of an
ammonium molybdate catalyst impregnated on the coal to the extent of
1 percent.

Dry coal is fed from pressurized feeders to the hydrogenation re-—
actor along with hot hydrogen from the reformer to bring the coal feed
to the reaction temperature. Products from the reactor are cocled aund
seperated; heavy oil is further hydrotreated to distillable oils and
ges. Hydrotreated products from heavy 0il hydrogenation are separated
in 2 cyclone separator to remove ash and unreacted coal. Distillable
oils are combined and cooled before removal of oil from the pressurized
system. This two-step hydrogenation produces distillable products di-
rectly. Hydrogen, methane, and higher hydrocarbon gases are purified
uncer pressure and are reformed with oxygen and steam to make hydrogen.
The entire cycle including operation of the reformer is conducted with-—
out pressure letdown, and compression is necessary only to overcome
system pressure drop.

The process was evaluated in small bench-scale studies in 1962,
and a preliminary economic evaluation based on these data indicates that
it may offer lower capital and operating costs than other processes now
being considered.

8. Ligquid-Phase Zinc Chloride Processes

The liquid~phase ZnCl, catalyst processes being studied by Contimental
0il Compeuny are designed to convert bituminous and subbitumious coal into
distillates (in the gasoline range) by severe catalytic cracking under
hydrogen pressure (Figure 24). The process may be applied either to coal
in & one-step operation or to coal and coal extract in a two-step operatiom.
The process configuration will be set by economic comsiderations related
primarily to the extent of catalyst recovery.

Coal is dried and pulverized before introduction to a feed tank where
it is slurried with a process-derived recyele o0il. TIn the reactor the
slurry feed is mixed with hydrogen and the ZnCl_ catalyst at 360 to 400
°C and 100 to 240 atmospheres. The products aré distillates in the
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gasoline and light fuel oil range and go to a receiver, where gas is
separated from the liquid and the solids are settled out. Typical results
with Colstrip subbituminous coal indicate a 55 to 65 weight C, + distillate
yield (MAF) containing about 0.02 percent nitrogen and 0.02 percent sulfur.
The gasoline fraction of this product is 75 to 80 percent of the total

and has a research octane number of about 90.

Spent catalyst residue that contains nitrogen and sulfur compounds,
ash, and carbonaceous residue is fed to a fluidized-bed combustor that
operates at 980 °C and 1.1 atmospheres for recovery. The ZnCl, is
separated from the residue as a vapor, is condensed, and is recycled back
to the reactor section. Supplementary ZnCl, is added to the reactor as
required.

The research and development program is being conducted by Con—
tinental 0il Company's subsidiary, Conoco Coal Development Division, at
Library, Pennsylvania, utilizing a bench-scale continuous hydrocracking
unit and a fluidized-bed combustion unit for regeneration of the zinc
chloride catalyst in the first stage of the program. The second phase
of the program will involve construction and operation of a 1.2-ton—-per-
day process—demonstration unit. Conoco, Shell Development Corporation,
and ERDA are funding the work.

9. Other Processes

Many other concepts similar to those discussed here are undoubtedly
vader study in the private sector and at the preliminary small bench
scale in universities and in the nation's energy laboratories. Much of
this work is in suoport of the processes discussed or has not been re-
ported quantitatively enough to allow evaluatiomn.

E. INDIRECT LIQUEFACTION

Processes for indirect liquefaction of cozal involve the selective
catalytic production of hydrocarbons and oxygenated compounds from syn—
thesis gas composed of CO and H, produced via coal gasification. Histor-
ically, the concept of catalytlcally combining CO and H, dates back to
1902 when Sabatier and Senderens®% synthesized methane using a nickel
catalyst.

Coal initially is gasified with steam and oxygen at temperatures
zhove 800 °C and at moderate pressures to produce a synthesis gas com-
posed primarily of hydrogen and carbon monoxide:

C + H,0 + CO + H,.
The gasification may be carried out in one of the several existing
gaesification processes or those being developed or it may be carried

out in the future by underground processes. The synthesis gas then is
shift~converted to adjust the hydrogen/carbon momoxide ratio to the
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desired level utilizing the water gas shift reaction:
CO + H,0 -~ CO, + H,.

This step is followed by the removal of acid gases such as HS and CO;

as well as other impurities. Then, depending on the selection of catalyst
and operating conditions, the mixture can be converted into a wide variety
of hydrocarbon liquids or methane.

In the conventional Fischer-Tropsch synthesis route, the reactions:

n H.O,

+ (2n+ 1) H Cn H +
co (2n ) 2 - n (20 + 2) 5

and

nCO+2H, ~» Cn HZn + n H,0,

result primarily in low and medium boiling aliphatic compounds. Thermo-
dynamic considerations drive both reactions to the right and release a
large amount of heat. Reactor engineering for the process is largely
concerned with removal of this heat. Operating conditions generally are
set to emphasize the production of gasoline or light hydrocarbons.

Of current interest are the successful commercial applications that
produce straight chain paraffinic, olefinic, and oxygenated hydrocarbons.
These efforts have been directed primarily toward production of light
and heavy hydrocarbons ranging from gasoline to heavy oils and waxes.

1. Fischer-Tropsch Process

In the Fischer-Tropsch process for coal liquefaction, a synthesis
gas is initially produced via the steam and oxygen gasification of coal.
Gasification can be accomplished in commercially available reactors (e.g.
Lurgi, Winkler, Koppers-Totzek, or Wellman—-Galusha types) or in any of
the various coal gasification reactor configurations being developed for
low-, medium~-, and high-Btu gasification processes. It possibly can be
accomplished in situ, assuming that a gas of consistent composition and
purity can ultimately be produced.

The synthesis gas (CO + H,) then is converted to liquid hydrocarbons,
waxes, and smaller quantities %5 to 15 volume percent) of alcohols and
ketones over an iron or a cobalt catalyst. The reaction may be carried
out in fixed- or entrained-bed reactors. Total process thermal efficien-
cies including gasification have been in the range of 40 percent, which

is considered a major disadvantage of the Fischer-Tropsch process.

Table 14 gives a typical product slate.
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Table 14 Typical Product Composition from Fischer-Tropsch Process at
SASOL

Composition, vol %
Fixed-bed Entrai:gd—bed
Reactor® Reacto

Liquefied petroleum gas

(C3 = Cu) 5.6 7.7
Petrol (CS - Gll) 33-4 72.3
Middle oils (diesel, furnace, ete,) 16.6 3.4
Waxy oil or gatsch 10.3 3.0
Medium wax, mp 90-99 °C 11.8 -
Hard wax, mp 90-99 °C 18.0 -
Alcohols and ketones 4.3 12.6
Organic acids traces 1.0

“Operating conditions of fixed-bed reactors: iron catalyst, 25.5

tm abs, 220-255 °C, H,/CO ratio = 2.0.

‘Operating conditions of entrained-bed reactor: iron catalyst, 25.2
atm abs, 315-330 °C, H,/CO ratio = 3.0.

The fixed-bed reactor system developed by Lurgi-Ruhrchemie requires
many small tubes filled with catalyst to achieve the required heat re-
moval. The reactors are essentially large multi-tube heat exchangers
with a coolant on the outside. The product from the reactors consists
primerily of aliphatic, high boiling hydrocarbons, medium boiling oils,
diesel o0il, and liquid petroleum gas. The system may use a pelletized,
iron~base catalyst in vertical tube reactors operating at 25.5 atmospheres
and 220 to 255 °C. The ratio of Hz to CO is maintained at 2.0 with a
recycle gas ratio of 2.4. The maximum production achieved® is 550 barrels
per day per reactor of this type. This production rate is not of prac-—
tical interest, and since such reactors cannot be easily scaled to much
larger sizes, the fixed-bed synthesis is probably not of further engi-
neering interest.

The entrained-bed catalytic reactor (Figure 4c) operates at 25.5
atmospheres and 315 to 330 °C. A cyclone separates the catalyst from
the off-gas, which is recycled to the reactor. The gas is combined with
a recycle gas stream so that the feed to the entrained-bed reactors enters

a 3:1 ratio of H, to CO. Products from this unit are mainly olefimic
gaqollne fractions, Wlth the remainder divided between low boiling ali-
phatic hydrocarbons, aromatics, and oxygenated compounds. Production of
about 2,000 barrels per day is achieved from the entrained-bed reactor
currently being operated at SASOL. The unit can be scaled to larger
sizes, meking this reactor one of primary engineering interest.

The process was operated successfully in Germany during World War
11 and has been operated commercially by SASOL in South Africa since 1956.

*At SASOL, zn operating plant 30 miles south of Johamnsburg, South Africa.

81



Current production is 2.5 million tons per year of petrochemicals and 1.68
million tons per year of gasoline. A new facility is under construction
and will increase capacity for gasoline and fuel oil to the point of
supplying 40,000 barrels per day of gasoline and fuel oil. This repre-
sents about 30 percent of South Africa's automotive fuels market.

Immediately following World War II there was a period of interest
in the Fischer-Tropsch process in the United States because of declining
availability of crude oil and large discoveries of natural gas. The
Bureau of Mines built a demonstration plant at Louisiana, Missouri,
which produced 50 to 55 barrels per day of liquid product from coal
using a Koppers-Totzek gasification process. The synthesis process
used a fixed bed of alkali-promoted iron oxide catalyst with oil circu-
lation for heat removal. Although operating problems were encountered,
progress toward satisfactory solutions had been made when cost studies
showed that synthetic fuels were not then competitive with petroleum,
and operations were discontinued. >>

A commercial plant using a fixed fluidized-bed reactor producing
7,000 barrels per day of hydrocarbon liquids was developed by Hydrocarbon
Research, Inc., and built at Brownsville, Texas, for a consortium of
companies under the name of Carthage Hydrocol, Inc.°® Synthesis gas
produced by partial combustion of natural gas with oxygen and steam was
introduced through distributors into a fluidized bed containing a catalyst
prepared by impregenating mill scale with alkali (K2 CO3) followed by
reduction with hydrogen. The heat of reaction was removed by steam tubes
placed vertically in the reactor. Operating conditions were 24 to 30
atmospheres and 300 to 330 °C, with a H, to CO ratio of 1.8:2.1. Products
were intermediate between those listed in Table 14 and consisted of about
50 to 60 percent gasoline and about 10 percent oxygenated chemical. 57

When crude oil became more abundant and the cost of natural gas
increased because of increased demand, the process became uneconomic and
the plant was shut down. Recently, however, there has been a renewed
interest in the United States in the Fischer-Tropsch process in con-
nection with current schemes for coal liquefaction. The process eco-
nomics were dictated to a large extent by the gasification system;
therefore, improvements in synthesis gas production or development of
viable underground gasification schemes and improved efficiency of
subsequent conversion steps could substantially improve the overall
process economics and the overall thermal efficiency of the process.

Improvements of this nature are currently under investigation. For
example, in a Fischer-Tropsch conceptual design developed by Parsons>8
for ERDA, the use of a medium—-pressure entrained slagging gasifier is
proposed. Also under ERDA sponsorship, Exxon Research and Engineering
Company has undertaken development of improved Fischer-Tropsch catalysts.>?
The specific objective of the program is to investigate the effects of
sulfur on Fischer-Tropsch catalysts and to establish the existence of any
sulfur promotional effects leading to increased liquid yields in the
synthesis reaction.
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2. Methanol Synthesis

Methanol synthesis occurs according to either of the following
reactions:

co+H, = CH, OH,
or
o, + 3, + CH30E + HJO.

Conversion is thermodymamically favored by relatively low temperatures
znd hich pressures and early commercial processes have operated at 300
to 375 °C and 270 to 350 atmospheres; however, with improved catalysts,
it has been possible to operate at pressures as low as 35 to 100 atmo-
spheres.

While numerous metals and their oxides as well as salts have been
claimed as catalysts for this reaction, those that appear to_be most
satisfactory are based on mixed oxides of zinc and chromium®’ or on
copper stabilized by oxides of aluminum and zinc. The methods of pre-
paring the improved catalysts are proprietary.

Methanol has been produced from coal in several commerciazl-scale
plants mainly abroad.§0 Syanthesis gas is produced from various steam—
carbon—~oxygen gasification processes, purified, and then converted to
crude methanol. Even though the process is highly selective, the crude
methanol must be purified by distillation or other techmiques to remove
dimethyl ether, methyl formate, water, and higher alcohols. The com—
mercial catzlysts employed, particularly those based on copper, are very
vulnerable to sulfur poisoning; therefore, an efficient synthesis gas
purification step is essential. The exothermic heat of reaction 1ib-
erated during methanol conversion is controlled by recycling cooled con~
version geses.

More efficient coal gasification processes producing high-purity
synthesis gas could reduce the cost of producing methancl substantially.
lmproved synthesis catalysts, which are more tolerant to sulfur concen-

tratioms in the synthesis gas, also would have a favorable impact on the
overall economics.

Methanol synthesis technology is readily available and may be con~
sidered off-the-shelf technology. However, work has recently been carried
out on a liquid-phase process that simplifies the problem of heat removal
and reduces the size of the equipment required.®!

3. 1Methenol to Gasoline

Mobil 0il Corporation is working on a process for the conversion
of methenol to aromatic gasoline.62:63 The chemistry involves dehydration
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of methanol over a zeolite catalyst to form hydrocarbons that are highly
aromatic in character. Operating temperatures are from 280 to 450 °C
and pressures from 0 to several atmospheres. Because the reaction is
highly exothermic, reactor design must be somewhat similar to that of
Fischer-Tropsch reactors.

A more recent patente“ claims the conversion of synthesis gas
(CO + Hy) to gasoline in one step by use of a mixture of methanol synthesis
catalyst and a zeolite dehydration catalyst. Operating temperature is
probably similar to that above (280 to 450 °C), but operating pressures
could be expected to be higher (e.g., 50 atmospheres). These processes
are being evaluated at the process-development-unit scale by Mobil with
ERDA support.
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