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O(57) Abstract: The present invention relates to a process for direct liquefaction of coal. The process comprises: (1) preparing 
a coal slurry; (2) performing liquefaction reaction in a reaction system after the pre-treatment of the slurry; (3) subjecting the 

liquefaction product to gas-liquid separation in a separator, wherein the liquid phase is separated in a distillation tower to 
form light oil and bottom stream; (4) transferring the bottom stream to another distillation tower to separate into distilled oil 

Oand residues; (5) mixing the light oil and the distilled oil and transferring the mixture to a hydrogenation reactor to perform 
catalytic hydrogenation; (6) separating the product obtained from the hydrogenation reaction in a fractionating tower into 

Product oil and other hydrogen- supplying recirculating solvent. The present process could be operated steady over a long 
Period of time, with higher reactor efficiency and treatment quantity. It could prevent mineral substance from precipitating, 

and provide a mild reaction condition, therefore increasing liquid yield to maximum level, and simultaneously, providing 

Ohigh-quality materials for further process of liquefaction product.  
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Process for Direct Coal Liquefaction 

Technical field 

The present invention relates to a process for direct coal liquefaction.  

5 

Background of the invention 

In 1913, Dr. Bergius in Germany engaged in the research of producing liquid 

fuel from coal or coal tar through hydrogenation under high pressure and high 

temperature, subsequently, he was granted a patent concerning direct coal 

10 liquefaction technology, which was the first patent in the field and laid the 

foundation of direct coal liquefaction. In 1927, the first direct coal liquefaction 

plant in the world was built in Leuna by a German fuel company 

(I.G.Farbenindustrie). During World War 11, there were altogether 12 such kind of 
4 

plants built and operated with a total capacity of 423 x 10 t/year, which supplied 2/3 

15 aviation fuel, 50% of motor fuel and 50% of tank fuel for the German Army. The 

direct coal liquefaction process of that time adopted: bubble type liquefaction 

reactor, filter or centrifuge for solid-liquid separation, iron containing natural ore 

catalyst. As the recycling solvent separated from the step of filtration or 

centrifugation contained less reactive asphaltene together with the low activity of 

20 the liquefaction catalyst, the operating conditions of liquefaction reaction were very 

severe, the operating pressure was about 70MPa and the operating temperature 

about 480*C.  

After World War II, all of the coal liquefaction plants in Germany were shut 

down. The early 70's oil crisis compelled the developed countries to pay great 

25 attention to searching for oil substitutes, thus many new technologies for direct coal 

liquefaction were studied and developed.  

In the early stage of 80's, H-COAL process was developed in USA. In 

H-COAL process, suspended bed reactor with forced circulation was employed, the 

operating pressure was about 20MPa and the operating temperature about 4550C 
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The catalyst used was Ni-Mo or Co-Mo with y-A120 3 as carrier, which was the 

same as hydrotreating catalyst used in petroleum processing. Recycling solvent was 

separated by hydrocyclone and vacuum distillation. By virtue of suspended bed 

reactor with forced circulation and the hydrotreating catalyst employed in the 

process, the reaction temperature could be easily controlled and the quality of 

products stabilized. However, in the coal liquefaction reaction system the 

hydrotreating catalyst, originally used for petroleum processing, was quickly 

deactivated, and had to be replaced at a short period of time, which resulted in high 

cost of the liquid oil products.  

IGOR process was developed in the late 80's in Germany. It employed a 

bubble type reactor, a vacuum tower to recover the recycle solvent and an on-line 

fixed bed hydrotreating reactor to hydrogenate both the recycle solvent and 

products at different levels. Red mud was used as the catalyst of the process. Since 

the process employed hydrogenated recycle solvent, coal slurry thus prepared had a 

stable property and a high coal concentration. Moreover, it could be easily 

preheated and could exchange heat with gases from high temperature separator, 

thus a high heat recovery rate was attained. However, due to the low catalyst 

activity of the red mud, the operating parameters adopted were still rather severe.  

The typical operating conditions were as follows: reaction pressure 30MPa, 

reaction temperature 470*C. The fixed bed on-line hydrotreating reactor was still at 

the risk of short operating cycle due to catalyst deactivation by coking. In addition, 

the precipitation of calcium salts in the bubble type reactor was unavoidable, if the 

calcium content of the coal feed was high.  

In the late of 90's, NEDOL process was developed in Japan. In NEDOL 

process, bubble type reactor was also used, the recycle solvent was prepared by 

vacuum distillation and hydrotreated in an off-line fixed bed hydrogenation reactor, 

and ultrafine pyrite (0. 7pt) was used as liquefaction catalyst. In the process, all 

recycling hydrogen donor solvent was hydrogenated, thus coal slurry properties 

were stable and it could be prepared with high coal concentration. Moreover, the 
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coal slurry could be easily preheated and could exchange heat with gases from the 

high temperature separator. Therefore a high heat recovery rate was attained.  

Additionally, the operation conditions of the process were relatively mild, for 

example, the typical operating conditions were as follows: reaction pressure 17MPa, 

5 reaction temperature 4500C. However, owing to the hardness of the pyrite ore, it 

was quite difficult to pulverize into super-fine powder, thus the cost of catalyst 

preparation was high. For bubble type reactor, due to its high gas holdup factor, its 

reactor volume utilization rate was low. Besides, due to low liquid velocity in the 

reactor, precipitation of organic minerals might occur, and for the fixed bed 

1o hydrotreating reactor employed in the process the risk of short operating cycle still 

existed.  

Reference to any prior art in the specification is not, and should not be taken 

as, an acknowledgment, or any form of suggestion, that this prior art forms part of 

the common general knowledge in Australia or any other jurisdiction or that this 

15 prior art could reasonably be expected to be ascertained, understood and regarded 

as relevant by a person skilled in the art.  

Summary of the invention 

The objective of the invention is to provide a direct coal liquefaction process 

which could be operated steadily with high utilization rate of the reactor volume.  

20 Moreover, it could be operated under mild reaction conditions with maximum yield 

of liquid products which are of high qualities for further processing.  

The process for direct coal liquefaction comprises the following steps: 

(1) preparing a coal slurry from raw coal; 

(2) pretreating the coal slurry, then feeding it to a reaction system to undergo 

25 liquefaction reaction; 

(3) separating reaction effluent in a separator to form a liquid phase and a gas 

phase, wherein the liquid phase is fractionated in an atmospheric tower 

into a light oil fraction and a bottom product; 

(4) feeding the bottom product to a vacuum tower to separate it into distillate 
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and residue; 

(5) mixing the light oil fraction and the distillate to form a mixture, then 

feeding the mixture to a suspended bed hydrotreating reactor with forced 

circulation for hydrogenation; 

5 (6) fractionating hydrogenation products into oil products and a hydrogen 

donor recycling solvent.  

In a preferred embodiment of the invention, the coal slurry preparation further 

comprises the following steps: (a) after being dried and pulverizd in a pretreatment 

unit, the raw coal is processed into a coal powder with designated particle size; (b) 

10 the coal powder and a catalyst feedstock are processed in the catalyst preparation 

unit to prepare a superfine coal liquefaction catalyst; (c) the coal liquefaction 

catalyst and the coal powder are mixed with the hydrogen-donor solvent to form a 

coal slurry in a slurry preparation unit.  

According to the process of the invention, the liquefaction reaction of coal 

15 comprises the following steps: (a) after mixing with hydrogen and preheating the 

coal slurry enters into a first suspended bed reactor with forced circulation to 

undergo liquefaction reaction to get an outlet effluent; (b) the outlet effluent from 

the first suspended bed reactor after mixing with make-up hydrogen enters into a 

second suspended bed reactor with forced circulation to undergo further 

20 liquefaction reaction, wherein the aforesaid liquefaction reaction conditions are as 

follows: 

reaction temperature: 430 - 465'C; 

reaction pressure: 15 - 19MPa; 

gas/liquid ratio: 600 - 1000NL/kg; 
3 

25 space velocity of coal slurry: 0.7 - 1.0t/m -h; 

catalyst addition rate: Fe/dry coal = 0.5-1.0 wt %.  

According to the process, the gas liquid separation of step (3) further 

comprises the following steps: (a) the reaction effluent is sent to a high temperature 

separator to separate into a gas phase and a liquid phase, wherein, the temperature 
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of the high temperature separator is controlled at 420'C; (b) the gas phase from the 

high temperature separator is sent to a low temperature separator for further 

separation into gas and liquid, wherein the low temperature separator is kept at 

room temperature.  

5 According to a preferred embodiment of the invention, the particle size of the 

liquefaction catalyst (-y - FeOOH) has a diameter of 20 - 30 nm, and a length of 

100 - 180 nm; S is contained in the catalyst and S/Fe=2 (mole ratio).  

According to the process, the hydrotreating operating conditions in step (5) are 

as follows: 

10 reaction temperature: 330 - 390'C; 

reaction pressure: 10 - 15MPa; 

gas/liquid ratio: 600 - 1000NL/kg; 

space velocity: 0.8 - 2.5 h - .  

The aforesaid hydrogen donor solvent is derived from hydrogenated 

15 liquefaction oil product, with a boiling range of 220 - 450'C.  

The vacuum residue has a solid content of 50 - 55wt%.  

The boiling range of the mixture of the light oil fraction from the atmospheric 

tower and the vacuum tower distillates is C5 - 530'C.  

Moreover, the suspended bed hydrotreating reactor with forced circulation is 

20 equipped with internals and a circulation pump is equipped adjacent to the bottom 

of the reactor. The catalyst in the reactor can be replaced in operation.  

The present invention provides a direct coal liquefaction process with the 

following features: the liquefaction catalyst adopted is of high activity; hydrogen 

donor recycling solvent, suspended bed reactor with forced circulation and 

25 suspended bed hydrotreating reactor with forced circulation are adopted in the 

process; asphaltene and solid are separated out by vacuum distillation. Therefore, 

stable and long term operation and a high utilization rate of reactor volume could 

be achieved in the process. In addition, the process could be operated at a mild 

reaction conditions, effectively preventing mineral material sedimentation, and the 
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objectives of maximization of liquid oil yield and provision of high quality 

feedstock for further processing could be attained simultaneously.  

As used herein, except where the context requires otherwise, the term 

"comprise" and variations of the term, such as "comprising", "comprises" and 

5 "comprised", are not intended to exclude other additives, components, integers or 

steps.  

Description of figures 

Referring to the attached figure, it is easier to understand the technical solution 

of the invention.  

10 Fig. 1 is a flow chart of an embodiment of the invention.  

Detailed description of the invention 

The reference numerals presented in figure 1 represent respectively: 1. Raw 

coal feed; 2. Coal pretreatment unit; 3. Catalyst feedstock; 4. Catalyst preparation 

15 unit; 5. Slurry preparation unit; 6. Hydrogen; 7. First suspended bed reactor with 

forced circulation; 8. Second suspended bed reactor with forced circulation; 9. High 

temperature separator; 10. Low temperature separator; 11. Atmospheric fractionator; 

12. Vacuum fractionator; 13. Suspended bed hydrotreating reactor with forced 

circulation; 14. Gas-liquid separator; 15. Product fractionator; 16. Hydrogen donor 

20 solvent.  

Referring to figure 1, raw coal feed 1 is dried and pulverized in the coal 

pretreating unit 2 to form a coal powder with a designated particle size. Catalyst 

feedstock 3 is processed to prepare the required catalyst with superfine particles in 

catalyst preparation unit 4. The coal powder and the catalyst together with the 

25 hydrogen donor solvent 16 are mixed to form the coal slurry in the coal slurry 

preparation unit 5. The coal slurry and hydrogen 6 after mixing and preheating enter 

into the first suspended bed reactor 7 with forced circulation. The outlet effluent 

from the first reactor after mixing with the make-up hydrogen enters into the second 

suspended bed reactor 8 with forced circulation. The reaction effluent from the 
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second reactor 8 enters into the high temperature separator 9 and is separated into 

gas and liquid. The temperature of the high temperature separator 9 is controlled at 

420C. The gas phase from the high temperature separator 9 enters into the low 

temperature separator 10 to further separate into gas and liquid, wherein the low 

5 temperature separator is operated at room temperature. The gas from the low 

temperature separator 10 is mixed with hydrogen and recycled for reuse, while the 

waste gas is discharged from the system. The liquids from both the high temperature 

separator 9 and the low temperature separator 10 enter into the atmospheric tower 11 

to separate out the light fractions. The tower bottom is sent to the vacuum tower 12 

10 to remove asphaltene and solids. The vacuum tower bottom is the so-called vacuum 

residue. In order to discharge the bottom residue freely under certain temperature, 

generally the solid content of the residue is controlled at 50 - 55wt%. The distillates 

from both the atmospheric tower 11 and vacuum tower 12 after mixing with 

hydrogen 6 are sent into the suspended bed hydrotreating reactor 13 with forced 

15 circulation to upgrade the hydrogen donor property of the solvent through 

hydrogenation. Because of the high content of polynuclear aromatics and 

heterogeneous atoms and complexity in structure of the coal liquid oil, the 

liquefaction catalyst is deactivated easily by coking. By using the suspended bed 

hydrotreating reactor with forced circulation, catalyst could be displaced 

20 periodically and the on-stream time could be prolonged indefinitely, the risk of 

pressure drop increase due to coking could be avoided. The outlet material from the 

suspended bed hydrotreating reactor 13 with forced circulation enters into the 

separator 14 to separate into gas and liquid. The gas phase from separator 14 after 

mixing with hydrogen is recycled and the waste gas is discharged from the system.  

25 The liquid phase from separator 14 enters into the product fractionator 15, in which 

products and hydrogen donor solvent are separated out. Gasoline and diesel 

distillates are the final products.  

The aforesaid coal powder is either brown coal or low rank bituminous coal 

with water content of 0.5-4.Owt%, and particle size 0.15mm.  
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In the process, the catalyst used is superfine y - FeOOH, with a diameter of 

20-30nm and a length of 100-180nm. Sulfur is added simultaneously, S/Fe=2 (molar 

ratio). Because of the high activity of the catalyst, its addition rate is low, Fe/dry 

coal = 0.5-1.Owt%, the conversion rate of coal of the process is high. Since there is 

5 less oil carried out by the catalyst contained in the residue, oil yield could be 

increased correspondingly.  

The hydrogen donor recycling solvent in the process comes from 

hydrogenated coal liquid oil with a boiling rang of 220 - 450'C. Since the solvent 

is hydrogenated, it is quite stable and easy to form a slurry with high coal 

10 concentration (45 - 55wt%), good fluidity and low viscosity (<400CP at 60'C). By 

hydrogenation, the solvent has a very good hydrogen donor property. In addition, 

the use of highly active liquefaction catalyst results in mild reaction conditions, 

such as reaction pressure 17-19MPa, and reaction temperature 440-465*C. Since 

the recycling solvent is hydrotreated, it possesses a very good hydrogen donor 

15 property and could prevent condensation of free radical fragments during pyrolysis 

of coal, and therefore coke formation is avoided, the operating cycle prolonged and 

simultaneously the heat utilization rate increased.  

In the process, the use of suspended bed reactor with forced circulation results 

in low gas holdup and high utilization rate of reactor liquid volume. Moreover, 

20 owing to the application of a forced circulation pump, high liquid velocity is 

maintained and no precipitation of mineral salts will occur. According to a 

preferred embodiment of the invention, two suspended reactors with forced 

circulation are adopted. Due to reactant back mixing within the two reactors, the 

axial temperature profiles of the reactors could be quite uniform, and the reaction 

25 temperature could be easily controlled with no need to use quenching hydrogen 

injected from reactor side streams. Also, the product qualities of the process are 

quite stable. Because of the low gas holdup of the suspended bed reactor with 

forced circulation, reactor liquid volume utilization rate is high. Due to its high 

liquid velocity, there will be no deposits of mineral salts in the reactor.  
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According to another preferred embodiment of the invention, asphaltene and 

solids could be effectively removed through vacuum distillation. Vacuum 

distillation is a mature and effective method to remove asphaltene and solids.  

Vacuum distillate does not contain asphaltene and could be a qualified feedstock for 

5 preparing recycling solvent with high hydrogen donating property after 

hydrogenation. The vacuum residue has a solid content of 50-55wt%. Since the 

employed catalyst is of high activity, the catalyst addition rate of the process is low, 

the oil content of the residue is also low and more the diesel fractions could be 

obtained.  

10 According to another preferred embodiment of the invention, the recycling 

solvent and oil products are hydrogenated in a suspended bed hydrotreating reactor 

with forced circulation. Since the hydrotreating reactor belongs to up-flow type 

reactor, the catalyst in the reactor could be replaced periodically, which will lead to 

a good hydrogen donating property of the recycling solvent after hydrogenation and 

15 a stable product qualities. Moreover, the operating cycle could be prolonged 

indefinitely and the risk of pressure drop build-up due to coking could be 

eliminated.  

According to a preferred embodiment of the invention, a test of direct coal 

liquefaction is performed using a low rank bituminous coal as feedstock, and the 

20 operation conditions and test results are as follows: 

Test operation conditions: 

Reactor temperature: 1" reactor 455'C, 2nd reactor 455'C; 

Reactor pressure: 1" reactor 19.OMPa, 2nd reactor 19.OMPa; 

Slurry coal concentration: 45/55(dry coal/solvent, mass ratio); 

25 Catalyst addition rate: Liquefaction catalyst: 1.Owt %( Fe/dry coal); 

Sulfur addition rate: S/Fe=2(molar ratio); 
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Gas/liquid: 1OOONL/Kg slurry; 

Hydrogen in the recycle gas: 85vol %.  

The results of direct coal liquefaction of a low rank bituminous coal in a CFU 

test unit of the invention is shown in Table 1, wherein the figures in the table are 

s based on MAF coal. The results of the same kind of coal tested in another direct 

coal liquefaction CFU is shown in Table 2, wherein the figures in table 2 are also 

based on MAF coal.  
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Table 1. Direct coal liquefaction results of a low rank bituminous coal in a CFU unit 

Conversion Oil yield Gas yield H2 0 yield Organic H2 consumption 

% % % % residue % % 

Process of the 
91.22 57.17 13.11 12.51 23.99 6.8 

invention 

Table 2. Direct coal liquefaction results of a low rank bituminous coal in a CFU unit 

Conversion Oil yield Gas yield H20 yield Organic H2 consumption 

% % % % residue % % 

Process of the 
89.69 52.84 17.89 7.3 28.1 6.75 

prior art 

By comparison of Table 1 and Table 2, it is clear that both the conversion rate 

and oil yield of the invention is higher than that of the prior art. A lower organic 

residue yield and a better liquefaction effect could also be achieved.  
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What is claimed is: 

1. A direct coal liquefaction process, wherein the process comprises the 

5 following steps: 

(1) preparing a coal slurry from raw coal; 

(2) pretreating the coal slurry, then feeding it to a reaction system to undergo 

liquefaction reaction; 

(3) separating reaction effluent from the reaction system in a separator to form 

10 a liquid phase and a gas phase, wherein the liquid phase is fractionated in 

an atmospheric tower into a light oil fraction and a bottom product; 

(4) feeding the atmospheric tower bottom product to a vacuum tower to 

separate it into distillate and residue; 

(5) mixing the light oil fraction and the distillate to form a mixture, then 

15 feeding the mixture to a suspended bed hydrotreating reactor with forced 

circulation for hydrogenation; 

(6) fractionating hydrogenation products into oil products and a hydrogen 

donor recycling solvent.  

2. The process according to claim 1, wherein step (1) comprises the following 

20 steps: 

(a) after being dried and pulverized in a pretreatment unit, the raw coal is 

processed into a coal powder with designated particle size; 

(b) a catalyst feedstock and the coal powder are used to prepare a superfine 

coal liquefaction catalyst in a catalyst preparation unit; 

25 (c) the coal liquefaction catalyst and the coal powder are mixed with the 

hydrogen-donor solvent to form a coal slurry in a slurry preparation unit.  

3. The process according to claim 1 or 2, wherein the coal liquefaction 

reaction step comprises the following steps: 

(a) the coal slurry and hydrogen are mixed together and after preheating enter 
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into a 1" suspended bed reactor with forced circulation to undergo 

liquefaction reaction to get an outlet effluent; 

(b) the outlet effluent from the 1" suspended bed reactor is mixed with 

make-up hydrogen and then enters into a 2"d suspended bed reactor with 

5 forced circulation to undergo further liquefaction reaction; 

wherein, the suspended bed reactors are operated at the following conditions: 

reaction temperature: 430-465*C; 

reaction pressure: 15-19MPa; 

gas/liquid ratio: 600-1000NL/Kg; 

10 slurry space velocity: 0.7-1.0 t/m 3 h; 

catalyst addition rate: Fe/Dry coal=0.5-1.Owt%.  

4. The process according to any one of the preceding claims, wherein step (3) 

comprises the following steps: 

(a) sending the reaction effluent to a high temperature separator to separate 

15 into a gas phase and a liquid phase, wherein the temperature of the high 

temperature separator is controlled at 420'C; 

(b) sending the gas phase from the high temperature separator to a low 

temperature separator for further separation into gas and liquid, wherein 

the temperature of the low temperature separator is controlled at room 

20 temperature.  

5. The process according to claim 2, wherein the liquefaction catalyst is 

-y-FeOOH, with a diameter of 20-30 nm, length of 100-180 nm; sulfur is contained 

in the catalyst with a ratio of S/Fe=2 (molar ratio).  

6. The process according to any one of the preceding claims, wherein the 

25 reaction conditions of hydrogenation in step (5) are as follows: 

reaction temperature: 330-390'C; 

reaction pressure: 10-1 5MPa; 

gas/liquid ratio: 600-1000NL/Kg; 

space velocity: 0.8-2.5h-.  
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7. The process according to any one of the preceding claims, wherein the 

recycling hydrogen donor solvent is a hydrogenated liquefied oil product with a 

boiling range of 220-450*C.  

8. The process according to any one of the preceding claims, wherein the 

5 residue from the vacuum tower has a solid content of 50-55wt%.  

9. The process according to any one of the preceding claims, wherein the 

mixture of the light oil fraction from the atmospheric tower and the vacuum 

distillate has a boiling range of C5-530*C.  

10. The process according to any one of the preceding claims, wherein the 

10 suspended bed hydrotreating reactor with forced circulation is a reactor equipped 

with internals, a circulating pump is equipped adjacent to the bottom of the reactor 

and the catalyst in the reactor can be replaced in operation.  

11. A direct coal liquefaction process substantially as herein described with 

reference to the accompanying Figures.  

15 
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