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ABSTRACT 

 

The project aimed at developing and characterizing a low temperature (<150 
o
C) non 

catalytic process using a hydrogen transfer agent (instead of molecular hydrogen) for coal 

dissolution in supercritical CO2.  The key idea behind the proposed project is that one 

hydrogen atom from water and one hydrogen atom from a hydrogen transfer agent (HTA) 

will be used to hydrogenate the coal.  Since the products of coal dissolution are expected 

to be non-polar and polar while the supercritical CO2, which is expected to promote 

disruption the coal structure, enhance the rates of hydrogenation and dissolution of the 

non-polar molecules and removal from the reaction site, is non polar, a polar modifier 

(PM) for CO2 was utilized to aid in the dissolution and removal of the polar components.  

In addition, to allow a seamless transport of the HTA and byproduct (HTAO) between 

the aqueous and organic phases, a phase transfer agent (PTA) was added.  Incidentally, 

the chosen PTA is also an effective phase transfer catalyst and is expected to aid the coal 

dissolution process.  The attractive feature of this process is that the chemicals are 

obtained without the requirement to first convert the coal to CO and H2 units. The overall 

goal of the project was to establish the feasibility of the process by a thorough evaluation 

of the process variables.  The specific objectives were to a) evaluate the feasibility of 

transfer hydrogenation of coal in supercritical CO2, b) evaluate the effects of pressure, 

temperature and feed composition (coal/HTA/water/PM/PTA) on the liquid yield and 

composition, c) evaluate the improvement of transfer hydrogenation of coal in 

supercritical CO2 by introducing a structure disruption stage and d) evaluate the effects of 

pressure, CO2 soak time on the effectiveness of disruption on coal conversion. The results 

of the coal dissolution experiments show that the process can extract chemicals from coal 

at temperatures ranging between 80 – 140 
o
C.  The results also show that straight chain 

hydrocarbons for transportation fuels as well as chemical that are needed as chemical 

precursors for commercial organics, can be extracted from coal by this process.  The 

amount of liquid produced was found to be enhanced if a coal structure disruption step is 

carried out before the coal hydrogenation step.  It was noted that the extraction of liquids 

during the disruption stage adversely affected the extent of coal dissolution in the 

subsequent liquefaction process.  This was achieved by the sudden expansion of the 

supercritical CO2.  Incidentally the use of supercritical CO2 not only provides high 

dissolution strength but also allows for easy separation of the chemicals from the solvent 

(normally gaseous under room conditions).   
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EXECUTIVE SUMMARY 

 

This research addressed the feasibility of a relatively inexpensive but efficient, low 

temperature, direct dissolution technology for coal applications.  The overall goal of the 

research project was to establish the feasibility of the process by a thorough evaluation of 

the process variables.  The developed technology is a low temperature (<150 
o
C) non 

catalytic process using a hydrogen transfer agent (instead of molecular hydrogen) for coal 

dissolution in supercritical CO2.  Fossil fuels have been the key driver for the industrial 

revolution and the rapid economic and technological growth seen since the 1700s.  

However, fossil fuels are deemed non-renewable due to the long time it requires for its 

formation.  Nonetheless, in the near-term, fossil fuels will continue to play a prominent 

role in both the developed and developing countries.  Unabated and inefficient use of 

these resources will definitely render the growth unsustainable not only due to the rapid 

depletion of the said resources but also due to the release of pollutants into the air and 

water necessary for human life.  In order to place fossil fuels like coal as a part of the 

sustainable development, one needs to reduce emissions from their usage by pre and post 

utility treatments and extend its availability by improving efficiency.  Even though coal 

has a dominant (over 50 %) share in the electricity market, it is deemed “too dirty”.  

Thus, for a fossil fuel, like coal, to be a part of the sustainable future, new processes, like 

the one developed, are needed.  In the present scope, it can compete with petroleum and 

biomass for the industrial and household chemicals market and the transportation fuels 

market. 

The key idea behind the technology is that one hydrogen atom from water and one 

hydrogen atom from the hydrogen transfer agent (HTA) will be used to hydrogenate the 

coal.  Since the products of coal dissolution are expected to be non-polar and polar while 

the supercritical CO2 is non-polar, a polar modifier (PM) for CO2, was added to aid in the 

dissolution and removal of the polar components.  In addition, to allow a seamless 

transport of the HTA and hydrogen depleted byproduct (HTAO) between the aqueous 

and organic phases, a phase transfer agent (PTA) was added.  The following reactions 

depict the overall hydrogenation mechanism.   

COAL + HTA +H2O   COAL.H2 + HTAO
- 

The attractive feature of this process is that the chemicals are obtained without the 

requirement to first convert the coal to CO and H2 units. The specific objectives were to 

a) evaluate the feasibility of transfer hydrogenation of coal in supercritical CO2, b) 

evaluate the effects of pressure, temperature and feed composition 

(coal/HTA/water/PM/PTA) on the liquid yield and composition, c) evaluate the 

improvement of transfer hydrogenation of coal in supercritical CO2 by introducing a 

structure disruption stage and d) evaluate the effects of pressure, CO2 soak time on the 

effectiveness of disruption on coal conversion.   

An upstream coal structure disruption by sudden expansion of the liquid CO2 was 

successfully demonstrated.  It was found the in the absence of a liquid product extraction 

after this stage and prior to transfer hydrogenation improved the conversion.  Conversion 

is dependent on the coal source and the optimized feed conditions. 
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In summary, the results of the coal dissolution experiments show that the process can 

extract chemicals from coal at temperatures ranging between 80 – 140 
o
C.  The results 

also show that straight chain hydrocarbons for transportation fuels as well as chemical 

that are needed as chemical precursors for commercial organics, can be extracted from 

coal by this process.  The amount of liquid produced was found to be enhanced if a coal 

structure disruption step is carried out before the coal hydrogenation step.  It was noted 

that the extraction of liquids during the disruption stage adversely affected the extent of 

coal dissolution in the subsequent liquefaction process.  This was achieved by the sudden 

expansion of the supercritical CO2.  Incidentally the use of supercritical CO2 not only 

provides high dissolution strength but also allows for easy separation of the chemicals 

from the solvent (normally gaseous under room conditions).   
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OBJECTIVES 

 

The overall goal of the research project was to establish the feasibility of the process by a 

thorough evaluation of the process variables.  The specific objectives were to a) evaluate 

the feasibility of transfer hydrogenation of coal in supercritical CO2, b) evaluate the 

effects of pressure, temperature and feed composition (varied between coal, HTA, water, 

PM and PTA) on the liquid yield and composition, c) evaluate the improvement of 

transfer hydrogenation of coal in supercritical CO2 by introducing a structure disruption 

stage and d) evaluate the effects of pressure, CO2 soak time on the effectiveness of 

disruption on coal conversion.  To accomplish the objectives, the research was conducted 

under three tasks.  The specific tasks were divided into two parts.  The first was the study 

of process variable effects on the coal conversion, product distribution and kinetics, and 

the second part was the sequential disruption of coal structure by sudden expansion of 

supercritical CO2, followed by non-catalytic transfer hydrogenation.   

Task 1 Materials Acquisition and Reactor Setup:  Illinois No.5 and No.6 coals were 

acquired.  System components were acquired, assembled and tested. 

Task 2 Coal Liquefaction Studies:  The effect of pressure, temperature and feed 

composition were evaluated. 

Task 3 Sequential Coal Structure Disruption followed by Coal Liquefaction:  An 

upstream coal structure disruption by sudden expansion of the liquid CO2.  It was found 

the in the absence of a liquid product extraction after this stage and prior to transfer 

hydrogenation improved the conversion.  Conversion is dependent on the coal source and 

the optimized feed conditions. 

 

INTRODUCTION AND BACKGROUND 

 

Fossil fuels have been the key driver for the industrial revolution and the rapid economic 

and technological growth seen since the 1700s.  However, fossil fuels are deemed non-

renewable due to the long time it requires for its formation.  Nonetheless, in the near 

term, fossil fuels will continue to play a prominent role in both the developed and 

developing countries.  Unabated and inefficient use of these resources will definitely 

render the growth unsustainable not only due to the rapid depletion of the said resources 

but also due to the release of pollutants into the air and water necessary for human life.  

In order to place fossil fuels like coal as a part of the sustainable development, one needs 

to reduce emissions from their usage by pre and post utility treatments and extend its 

availability by improving efficiency.  Even though coal has a dominant (over 50 %) share 

in the electricity market, it is deemed “too dirty” and is expected to see a decline in its 

share in the electricity market from 2016-2025 timeframe with natural gas picking up 

most of the slack.  Thus, for a fossil fuel, like coal to be a part of the sustainable future,  

new processes that reduce the environmental impact of the utilization of coal are needed.   

Coal liquefaction has seen a number of surges and declines in the last century.  The last 

big surge came in the 1970s due to the oil embargos that reinforced the need for an 

alternate source for transportation fuel.  This issue was truly acute for countries like 

Germany, Japan and South Africa who have no oil resources.  However, the decline in oil 

prices over the next two decades reduced the drive for an economical coal liquefaction 

technology in the US.  Now, with the increased awareness regarding the sustainability of 
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oil supply, environmental issues, energy security and insurance against instability in the 

oil producing region (especially with issues developing in Ukraine and Iraq), there is 

renewed interest in coal liquefaction – not only for transportation fuels but also for a 

myriad of other chemicals normally derived from petroleum resources and for the 

production of clean burning, solid reactive carbon (SRC).   

Coal liquefaction is essentially a process of increasing the hydrogen to carbon ratio.  To 

achieve this, one needs to either add hydrogen or reject carbon.  Most pyrolysis processes 

reject carbon (produces char and liquid pyrolysis products).  On the other hand, in order 

to increase the hydrogen content, one may add the hydrogen into the coal matrix either in 

the dry phase or with the use of a solvent.  This would be the direct route.  The other 

route is to break down the coal to CO and H2 and add additional hydrogen to react in the 

gas phase followed by polymerization to form long chain hydrocarbons.  This is the 

indirect route.  The indirect route is strongly dependent on the catalyst used and its 

products do not originate from the chemical structure of coal.  On the other hand, direct 

liquefaction obtains products that have its origins in the chemical compounds present in 

coal. Since the 1970s to the mid 1990s, direct coal liquefaction studies were either single 

step (SRCII, H-Coal, EDS) or dual stage (NTSL, ITSL, RITSL, DITSL, CTSL, CMSL). 

The single stage processes were performed by contacting coal with a solvent with 

hydrogen or hydrogenated solvent at temperatures around 450 
o
C.  The primary issue 

with this process was the low yield and difficulty to liquefy sub-bituminous or higher 

rank coals.  It was found that the dissolution itself was not the issue, however, the rates 

were low.  Increasing the temperature to enhance the rate led to higher gas yields, which 

in turn hurt the process economics which needed the maximization of the production of 

liquids.  On the other hand, increasing the residence time to increase conversion was also 

found to be detrimental to the process.  This led to the development of the two stage 

process which has a short contact time thermal treatment followed by solids removal and 

the solids which contained coke was gasified while the liquid was hydrotreated.  A 

comparison of the processes show that the two stage processes led to higher liquid yields, 

lower gas formation and lower amounts of soluble rejects for similar levels of hydrogen 

consumption.  Nonetheless, both types of processes were capital intensive but not cost 

prohibitive.  In fact the Shenhua project for coal liquefaction in China was launched in 

2007.   

The years of research on coal liquefaction and mechanism studies have shown that  

a) solvent plays a major role in hydrogenolysis and thus the selection of 

solvent is crucial, 

b) thermal efficiency of coal to oil is about 65 % vs 95 % for oil refining,  

c) aromatics in coal mobilize the H in the residue and thereby increase 

conversion and thus the release of the aromatics is necessary, and 

d) milder processes with high coal to oil yields must be developed to make 

the technology competitive. 
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The following paragraphs explain the above four in greater details. 

One of the key factors in effective coal dissolution is the choice of the right solvent.  In 

effective solvents such as pyridine, coal particles swell and fracture as solubilization 

progresses (although not to a great extent) that would significantly enhance the 

conversion rates. Painter et al
1
 showed that certain ionic liquids (ILs) are capable of 

solubilizing, disintegrating, and dispersing certain coals as very fine particles to a 

noteworthy extent.  The nature of coal/solvent interactions and their effect on swelling 

and solubility provides important insights into the physical and chemical structure of 

coal.  The disintegration of the coal particles has a more applied effect in coal dissolution.  

Hydrogenation and hydrogenolysis in the early stages of coal liquefaction is 

hindered/limited until coal particles have been fragmented and partially solubilized, thus 

allowing a more intimate contact with catalysts.
2-4

  Herein lies the importance of a 

solvent. 

Low- and medium-rank coals are polar, interacting through hydrogen bonds involving 

phenolic OH, carboxylic acids (in lower rank coals), and other groups containing 

heteroatoms. Ionic interactions also appear to play an important role in coal cohesion.
5, 6

 

Non-polar hydrocarbon solvents, such as toluene or hexane, have limited ability to swell 

coals and extract only small amounts of soluble material.  It is only those solvents that 

have acceptor groups that form strong hydrogen bonds, such as pyridine or N-

methylpyrrolidinone (NMP) that swell coal particles and dissolve a portion that appears 

to vary systematically with rank.  During coal dissolution, coal free radicals generated 

from cracking of the macromolecular structure react with hydrogen to produce the liquid 

products and to reduce the degree of 'repolymerization' of the free radicals
7
.  The position 

of the balance between the competing reactions of hydrogenation and condensation is 

important. Factors such as hydrogen source, temperature, residence time and coal 

characteristics strongly influence the balance of the reactions.  Depending on the rates of 

generation and hydrogenation of coal derived radicals, there exists some optimum 

operating conditions for coal dissolution. Hydrogen reacting with coal radical fragments 

may come from hydrogen-rich hydroaromatic constituents of the coal
8
. However, in an 

industrial coal liquefaction process, hydrogen is mainly supplied from an external source 

such as gaseous hydrogen and/or hydrogen-donor solvents.  Dissolution of hydrogen gas 

in the solvent would limit and would thus make the process limited by this step.  An 

alternate is to use hydrogen donor molecules that are easily soluble in the solvent or use 

donor solvents.  In this research, donor molecules were employed.   

The use of donor molecules for hydrogenation is often termed as “transfer 

hydrogenation” where the hydrogen is transferred from the donor molecule to the 

substrate.  The advantages of this approach involving hydrogen transfer agent are that 

high pressure and high temperature operations are not necessary.  The other major 

advantage is that the rates of deleterious reactions are reduced due to the lower 

temperatures.  Formate ion is a commonly used hydrogen transfer agent in several 

catalytic transfer hydrogenation reactions.  It is easily soluble in water and during the 

hydrogenation one hydrogen atom from water and one from the formate ion is transferred 

to the substrate.  This has been demonstrated through isotopic studies conducted on 

simpler organic molecules.  The products are hydrogenated substrate and the bicarbonate 
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ion.  The PI has shown in his patented past work that the bicarbonate ion can be easily 

regenerated by an electrochemical pathway.  Thus, instead of electrolytically 

hydrogenating a complex material such as coal, only the bicarbonate ion is hydrogenated 

electrolytically.  The mechanism of transfer hydrogenation, catalytic – (reactions a + b)  

or non-catalytic (c) can be explained by the following.  

   32 HCOHCatHCatOHHCOO     [a] 

 CatAHAHCatH  2       [b] 

   322 HCOAHAOHHCOO      [c] 

In previous studies
9-11 

a low temperature and ambient pressure process for 

electrochemical hydrogenation of edible oils (canola, soybean) was developed.  

Microemulsion of oil in water containing formate ion and nickel hydrogenation catalyst 

placed in the cathode compartment subjected to an electrical current undergoes 

hydrogenation at temperatures as low as 45
o
C.  Formate ion was used as a shuttle for 

transferring hydrogen to the surface of a hydrogenation catalyst (7 % Ni/SiO2) where the 

oil (soybean, canola) was reduced with significantly low levels of isomerization (the 

production of deleterious trans-fatty acid was greatly reduced).  The formate ion was 

regenerated at the cathode and thus acted as a mediator for the hydrogenation process.  

The redox behavior of the formate/bicarbonate couple was studied.  At these low 

temperatures of hydrogenation, the trans-fatty acid content of the hydrogenated oil is 

found to very low as compared to that of the edible oils hydrogenated by commercial 

processes using high temperature and high partial pressure of hydrogen gas. The effect of 

temperature, pH, and applied potential (current) on the fatty acid profile of the 

hydrogenated soybean oil was determined.  The effects of oil and catalyst loadings on the 

final product quality were also determined.  The application of a current density of 10 

mA.cm
-2

 resulted in hydrogenated product with desired fatty acid composition.  Kinetic 

studies were also performed for experiments conducted at constant potential conditions.  

A model that assumes: (i) the rate of regeneration of formate from its oxidized form 

(bicarbonate ion) is limited by the mass transport effects, and (ii) second order 

elementary reaction rate expression, was developed to describe the hydrogenation 

reaction was developed and tested.  A good correlation between the model predictions 

and experimental data was observed.   

In another research by the PI, a novel low temperature (25-45
o
C) electrochemical 

process
12, 13

 for the hydrogenation of α-methylstyrene which is accomplished by the 

reduction of alkene group via a chemical pathway using hydrogen donor that also acts as 

a mediator was achieved.  The reduced form of the oxidized mediator was regenerated 

electrochemically at the cathode. Industrial hydrogenation of α-methylstyrene is carried 

out at high temperatures and pressures in the presence of hydrogen gas with 

approximately 1% α-methylstyrene in cyclohexane.  A 30% mixture of 10% α-

methylstyrene in cyclohexane and distilled water was emulsified.  The mixture was 

subjected to electro-reduction in the presence of a suitable electrocatalyst (also the 

hydrogen donor) and Pd/Al2O3 catalyst.  Reactions were carried out at temperatures equal 
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to or lower than 45
o
C under ambient pressure.  The reductions of double bonds took place 

in the bulk via hydrogen transfer from the electrocatalyst and water according to the 

following equation: 

A + DH2 → AH2 + D [d] 

The mediators were chosen such that they are relatively mild in nature and are easily 

available. The oxidized form of the mediator should also be easily separated. The 

oxidized donor is hydrogenated in situ via the following cathodic reaction. 

D + 2H
+
+ 2e

-
 → DH2 [e] 

The regeneration of the mediator plays a key role in reducing the cost of operation and 

controlling the rate of hydrogenation. The corresponding reaction at the anode is often the 

oxidation of water: 

H2O → 0.5 O2 +2H
+
 + 2e

-
 [f] 

As a result, the bulk pH of the reaction medium remained unchanged with time.  The 

catalytic transfer hydrogenation using 1M hydrogen donor resulted in complete 

conversion of α-methylstyrene using 20 g/L of the catalyst.  In the electrocatalytic 

process described above, the complete conversion was achievable at 0.5M donor 

concentration.  It should be mentioned that the gaseous hydrogenation process achieves 

the same at much higher pressures and with 25 g/L catalyst.  In addition, much lower 

throughputs are obtained by the gaseous hydrogenation process. 

Non-Catalytic transfer hydrogenation using formate as the hydrogenating agent 

significantly reduces the severity necessary for solubilizing coal
14

.  In fact, Horvath and 

Siskin
15

 showed that hydrogenating coal with CO and water proceeds through the 

formation of the formate ion prior to hydrogenation.  CO-promoted hydrothermal 

treatment of low-rank coals has been found by several groups to be quite effective for 

converting these coals to soluble products.  A group at Exxon
16

 reported that 

hydrothermal treatment of a Wyoming subbituminous coal in the presence of CO at 345 
o
C for 6 hours produced a material that was largely soluble in THF and was more soluble 

than material produced by hydrothermal treatment in the absence of CO.  Treating the 

coal under the same conditions in decalin failed to increase the solubility relative to that 

of the raw coal. Hydrothermal treatment substantially depolymerized the coal making it 

more reactive for producing distillate product in a hydrogen donor solvent.
17

  The 

hydrothermal product was enriched in hydrogen and had reduced oxygen content.  The 

CO-aqueous system presumably promotes decarboxylation of oxygen-containing 

constituents and cleavage of ether and ester groups attached to aromatic ring systems. 

The key idea behind the presented technology is that one hydrogen atom from water and 

one hydrogen atom from the HTA will be used to hydrogenate the coal.  Since the 

products of coal dissolution are expected to be non-polar and polar while the supercritical 

CO2 is non polar, a polar modifier (PM) for CO2, will be added to aid in the dissolution 

and removal of the polar components.  In addition, to allow a seamless transport of the 

HTA and byproduct (HTAO) between the aqueous and organic phases, a phase transfer 
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agent (PTA), was added.  Incidentally, the selected PTA is also an effective phase 

transformation catalyst and is expected to aid the coal dissolution process.  The following 

reactions depict the expected hydrogenation mechanism.   

COAL + HTA +H2O   COAL.H2 + HTAO
-
 

 

EXPERIMENTAL PROCEDURES 

 

The overall goal of the research project was to establish the feasibility of the process by a 

thorough evaluation of the process variables.  The specific tasks are divided into two 

parts.  The first is the study of process variable effects on the coal conversion, product 

distribution and kinetics and the second is the sequential disruption of coal structure by 

sudden expansion of supercritical CO2 followed by non-catalytic transfer hydrogenation.  

Figure 1, is a schematic of the overall research approach.  At the end of the project, the PI 

expected to demonstrate over 90 % dissolution of the organic matter to liquid chemicals. 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Research Approach. 

MATERIALS:  Illinois basin coal samples were acquired.  Both, Illinois No.5 seam and 

Illinois No.6 seam coals were evaluated.  Table 1 contains the seam and mine 

designations.  Southern IL-5-A is Illinois No.5 coal from mine A.  Samples from three 

mines in Illinois, two from Indiana and one from Kentucky were evaluated.  All the 

chemicals were acquired from Alfa Aesar and the hydrogen gas (for one experiment) and 

the CO2 tank with a dip stick were obtained from Airgas (Benton, IL).  The key 

chemicals obtained were the hydrogen transfer agent, phase transfer agent and polar 

modifier. 
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COAL LIQUEFACTION REACTOR SETUP.  Figure 2 is the schematic of the reactor 

used for coal liquefaction studies while the reactor was modified (Figure 3) for the 

sequential coal disruption and liquefaction studies.  The reactor components are 

summarized below. 

 Reactor  -  Parr High Pressure Vessel - 100 mL – 3 ports 

 Stainless Steel Tubing  -  ¼” thick walled 

 Shutoff Valves -  6000 psi – 4; – 3000 psi – 1  

 Three Way Valves – 6000 psi – 3  

 Tescom Back Pressure Regulator  - 2700 psi 

 In house fabricated collectors 

 Rheostat type Heater, Heating tapes and K Type Thermocouple 

 Supercritical CO2 pump -  Supercritical Fluid Technologies 

 

Table 1.  Coal Sample Description and Corresponding Ash Content. 

 

Sample Ash Content (%) 

IL-5-A 17.83 

IL-5-B 12.11 

IL-6-C 15.02 

IN-6-A 15.03 

IN-6-B 14.78 

KY-6-A 15.54 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.  Coal Liquefaction Experimental Setup (Original Design). 

 

COAL LIQUEFACTION STUDIES: Coal liquefaction experiments were conducted 

according to the following steps (also shown in Figure 4).   

 

The feed mixture is prepared according to predetermined composition. The coal slurry 

was inserted into the reactor and the reactor pressure is raised to a desired pressure (for 

example 950 
o
C for a final pressure of 2600 psi at 80 

o
C).  The temperature is the raised.  

Care is taken that the final pressure and temperature are reached simultaneously.  

However, if the pressure at the predetermined temperature is higher than the set pressure, 

then part of the CO2 is bled off to achieve the final pressure.  The reactor is then held at 

the temperature and pressure for a predetermined reaction time.  Once the reaction is 
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over, the CO2 is slowly released and the gases are analyzed on a microGC (Agilent 490).  

The coal slurry sample is collected and then mixed with dichloromethane to separate the 

organics.  The organic fraction is sent for analysis to an external laboratory.  The residual 

coal sample is filtered dried (at 105 
o
C for 24 hrs) and ashed at 700 

o
C for 10 hrs. 

 
C collector     SV Shutoff valve 

R reactor      BPR Back Pressure Reactor 

 

Figure 3.  Modified setup for sequential coal disruption and liquefaction studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.  Schematic of the process for coal liquefaction experiments. 

 

The experiments for coal liquefaction were carried out in four steps.  In the first step, 

baseline experiments at atmospheric conditions and at 3000 psi without the addition of 

the HTA were conducted.  In addition, a set of baseline experiments at atmospheric 

pressure and room temperature were carried out with the coal slurry containing all the 

components.  Then, experiments were conducted to evaluate the effect of temperature and 
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pressure.  In the third phase, experiments were conducted to evaluate the effect of coal 

content in the slurry as well as the HTA:coal, water:coal and water:PM ratios were 

evaluated at the pressure and temperature selected in the previous studies.  A Box 

Behnken design for three factors was employed for the latter.  In the final leg, coal 

dissolution kinetics study was conducted. 

COAL DISRUPTION STUDIES: Coal Disruption was carried out at 60 
o
C.  Dry coal 

was added to the reactor.  CO2 was then added at 960 
o
C.  The temperature was then 

increased to 60 
o
C.  Once the pressure equilibrated, additional CO2 was pumped to 

increase the pressure to 2700 psig.  The reactor was then held for 1 hr or 2 hrs as 

predetermined.  At the end of this soak time, the pressure was suddenly released.  The 

reactor outlets were filled with quartz wool such that all the coal could be recovered. 

Experiments were also conducted to evaluate the effect of coal:CO2 volume on the extent 

of liquid recovery at this stage. 

COAL DISRUPTION AND LIQUEFACTION STUDIES: The sequential disruption and 

liquefaction were carried out in two modes.  In the first mode, the reactants in their 

predetermined ratios were added to the coal and liquefaction studies were conducted.  In 

the second mode, the liquids produced in the disruption stage were recovered by 

extraction with dichloromethane and then the reactants in their predetermined ratios were 

added to the dried coal sample. 

DATA ANALYSIS:  The primary method of calculation of the conversion of coal was 

based on dry-ash free basis organic conversion.  The following equation was used for the 

calculations. 

  Conversion = (Mass of coal remaining*(1-Ashfinal)) /(Mass of coal fed*(1-Ashfinal)) 

And by 

  Conversion = (1-Ashfinal/Ashinitial)/(1-Ashinitial) 

The latter equation is used on the assumption that no or negligible amount of the 

inorganics are converted to liquids.   

The moisture content was evaluated by drying the coals (both untreated and treated) at 

105 
o
C for 24 hrs and measuring the weight loss. The ash content in the as-received and 

treated coals were obtained by the mass loss after calcination at 700 
o
C for 10 hrs. 

The gas analysis was conducted on an online GC (Agilent 490) with the response time of 

1 minute.  The liquids were sent out to an external laboratory (Department of Geology) to 

be analyzed on a GC/MS. 
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RESULTS AND DISCUSSION 

 

The data obtained from these studies show promising results.  Table 2 below contains the 

general class of chemicals obtained from all the experiments conducted.   

 

Table 2.  Class of compounds obtained from all the experiments conducted under this 

project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 on the following page is a sample GC chromatogram along with the table of 

specific compounds present in the liquid obtained from one of the experiments conducted 

in the course of the research.  It is seen from the data in the figure that both aromatic 

hydrocarbons and straight chain dominate the product spectrum. 
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Figure 5.  GC Chromatogram (right) and compounds identified (left) on a CDL product. 

 

Initial baseline experiments were conducted to observe the effect of treating the coal with 

CO2 alone, with CO2 and water and CO2 and PM.  All the experiments were conducted at 

80
o
C and 3000 psig.   The results from this study are shown in Figure 6.  It should be 

noted that the high pressures results in the release of some of the compounds –especially 

aromatics.  The aromatics are essential for efficient liquefaction.  The overall carbon 

removal from the original coal (IL-5-A) was found to range from 16 to 25 %.  In 

addition, two experiments were conducted at room temperature and atmospheric pressure 

–one without the addition of any chemicals and one with water, PM, HTA, and PTA 

added.  The conversions of both these experiments were found to be within experimental 

errors.  Following these baseline tests, experiments were conducted at temperatures 

ranging from 80-140 
°
C.  Increasing the temperature was found to improve the carbon 

conversion from 30 % to 58 %.  The data is shown in Figure 7.  It was found that 

increasing the contact time could increase the extent of conversion to values over 90 %. 

 

 

 

 

 

 

 

 

 

    

Retention Time Name Mole %

8.702 2,3,3-Trimethyl-Pentane 0.85

9.147 Toluene 2.91

11.752 2,4-Dimethyl-1-Heptene 0.76

12.725 Ethyl-Benzene 0.24

13.081 1,3-Dimethyl-Benzene 1.02

14.028 1,2-Dimethyl-Benzene 0.97

15.323 Cumene 0.23

16.568 Propyl-Benzene 1.45

16.878 1-Ethyl-3-Methyl-Benzene 7.43

17.018 1-Ethyl-4-Methyl-Benzene 2.89

17.233 1,2,4-Trimethyl-Benzene 5.17

17.471 Octamethyl-Cyclotetrasiloxane 2.58

17.603 1-Ethyl-3-Methyl-Benzene 2.96

18.279 1,2,4-Trimethyl-Benzene 14.33

19.408 1,2,4-Trimethyl-Benzene 2.90

20.009 2-Propenyl-Benzene 0.46

20.854 4-Ethyl-1,2-Dimethyl-Benzene 0.79

23.56 Decamethyl-Cyclopentasiloxane 1.48

28.125 1,3-Bis(1,1-Dimethylethyl)-Benzene 4.69

29.652 Dodecamethyl-Cyclohexasiloxane 1.40

33.255 C14 1.11

36.429 C15 1.72

39.231 1-Hexadecene 2.61

39.434 C16 2.37

42.307 C17 6.44

44.827 1-Octadecene 4.30

44.997 C18 3.62

47.579 C19 2.17

49.886 1-Eicosene 1.99

50.023 C20 1.09

52.368 C21 0.85

54.497 1-Docosene 1.03

54.616 C22 0.65

69.219 Hexadecanoic Acid, Eicosyl Ester 3.45

72.416 Octadecanoic Acid, Dodecyl Ester 11.09
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Figure 6.  Baseline Experiments. 
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Figure 7.  Effect of Temperature. 

 

Having evaluated the effect of temperature and pressure, the efforts to identify the 

optimal feed composition was undertaken.  Prior to evaluating the relative ratios of the 

reactants, a set of experiments were conducted to evaluate the effect of the coal content in 

the slurry.  The two hydrogen donors, (HTA and water) were introduced at the same ratio 

of water:HTA=5.25:1).  The coal conversion data as well as the liquid distribution in the 

product are shown in Figure 8.  It is clearly seen that decreasing the coal loading 

improves the conversion.  However, the effect is greatly diminished at coal loading in the 

slurry at values lower than 7 %.  Two additional experiments were conducted at coal 

loading values of 3.33 and 2.5 % to confirm this hypothesis.  The liquid distribution of 

the experiment conducted with 3.33 % coal content is shown in Table 3.  The conversions 

at these conditions appeared to be constant at around 88 %.  Thus all the subsequent 

studies were conducted at a coal loading of around 7 %. 
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Figure 8.  Effect of coal content in the slurry. 

Table 3.  Liquid product composition for Coal content in slurry of 3.33 %. 

 

Ethyl acetate 0.488

2-Methyl-3-butanone 0.079

1,1-Diethoxymethane 0.228

C7 0.155

2,3,3-Trimethylpentane 0.478

4-Methylheptane 0.097

Toluene 9.774

C8 0.130

2,4-Dimethyl-1-heptene 0.474

Ethylbenzene 0.609

1,4-Dimethylbenzene 1.598

1,3-Dimethylbenzene 2.541

Cumene 0.648

Propylbenzene 3.093

3-Ethyltoluene 15.248

4-Ethyltoluene 7.436

1,2,3-Trimethylbenzene 12.814

2-Ethyltoluene 6.762

1,2,4-Trimethylbenzene 30.609

1,3,5-Trimethylbenzene 5.038

1-Phenylpropene 0.891

1-Isopropyl-4-methylbenzene 0.427

1,3-Ditertiarybutylbenzene 0.200

2,5-Di-tert-butylphenol 0.182
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The next set of experiments conducted was to evaluate the effect of the feed composition.  

A Box Behnken design was adopted for three variables – Water:PM, HTA:Coal, 

Water:Coal ratios.  The PTA was kept constant (0.0016 g/g of coal) and the experiments 

were conducted at 5400 psig and 120 
o
C.  The experimental conditions are shown in 

Table 4.  It should be noted that two additional experiments were conducted in this set to 

evaluate the effect of PM addition and experiment without the addition of water.  The 

results from experiments conducted on IL-5-B are shown in Table 5.  Experiments were 

conducted in duplicates.  The data from the duplicates show that the procedure adopted is 

quite repeatable.  The data from these experiments show that more than 90 % conversion 

can be achieved by this process.  The analysis of the data show no dependence on factor 

A -  Water:PM vol ratio.  A 3-D plot of the dependence of conversion on the other two 

factors is shown in Figure 9.  In addition, some of the sample were analyzed and the data 

is shown in Figure 10.  It should be noted that the plot of “Direct” is obtained from the 

experiment conducted in CO2 alone.  It is observed that the feed composition affects the 

product class extracted and thus it is concluded that selective extraction of particular 

organics can be realized by alteration of the feed composition.  An additional set of 

experiments under same conditions were conducted with Coal sample IL-5-A.  As 

opposed to the results found in the experiments with Sample IL-5-B, the conversion data 

for sample IL-5-A show dependence of conversion on all three factors including the 

Water:PM volumetric ratio.  The 3-D plots conversion at 2 different values for Water:PM 

ratio are shown in Figure 11. 

Table 4.  Parameters for Experimental Set with Sample IL-5-A and IL-5-B. 

Exp Water:PM HTA:Coal Water:Coal 

1 3 1 5.4 

2 3 1 9.6 

3 7 1 5.4 

4 7 1 9.6 

5 5 0.6 5.4 

6 5 0.6 9.6 

7 5 1.4 5.4 

8 5 1.4 9.6 

9 3 0.6 7.5 

10 3 1.4 7.5 

11 7 0.6 7.5 

12 7 1.4 7.5 

13 5 1 7.5 

14 5 1 7.5 

15 5 1 7.5 
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Table 5.  Results from DOE studies on Sample IL-5-B. 

 

 

Figure 9.  3-D Conversion Plot for studies on Sample IL-5-B. 
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Figure 10.  Product Distribution of the Coal Liquefaction Studies on Sample IL-5-B. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  3-D Conversion Plot for studies on Sample IL-5-A at two different Water:PM 

volumetric ratios. 
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Kinetic studies (Figure 12) have also been conducted on IN-6-A sample obtained from a 

mine in Indiana.  First order kinetics appeared to explain the conversion rather 

sufficiently with the R
2
 value for ln(1-X) vs t of 0.97 (where X is the conversion in 

fractions).  The corresponding reaction rate constant was found to be 0.0697 hr
-1

.  The 

data from these studies were used to design a new reactor that could operate as a slurry 

plug flow reactor or a semi-batch (coal pre-loaded) plug flow reactor. 

 
 

Figure 12.  Conversion as a function of time (120 
o
C, 5400 psig,  Optimal condition 

obtained from Feed Conditions Studies). 

 

The next phase of this study was to evaluate sequential disruption and coal liquefaction.  

In this phase, the effect of disruption of coal particle size and conversion were evaluated.  

In addition, the effect of intermediate liquids extraction after disruption (i.e. staging of 

liquids  collector) was also evaluated.  The data from these experiments on IL-6-C 

sample is provided in Table 6.  Particle size analyses for the original coal, coal after 

structure disruption and coal after liquefaction were analyzed.  Although a small change 

in the mean (20.55, 18.17 and 17.72 µm, respectively) and median diameters (39.68, 

29.19 and 29.06, respectively), it is believed that the surface area analysis will provide a 

bigger change.  The solid residue was analyzed.  The ash content was found to increase 

from 15 to 17 %.  Based on the mass and the ash content, it was found that 13.62 % of the 

coal was extracted during the coal disruption stage.  When the residue from the coal 

disruption stage was subjected to coal liquefaction conditions, a 44.8 % conversion was 

observed, resulting in a total conversion of 52.3 %.  The conversion values are based on 
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the assumption that all of the Na added into the coal was recovered in the residue.  If 

some of the Na was lost due to dissolution during filtration, then the actual conversion 

will be higher.  While the value obtained in this study was lower than those found with 

Sample IL-5-B (conducted earlier), it should be noted that Sample IL-6-C was not only a 

different coal but also that the original size of the coal was -325mesh.   

 

Table 6.  Sequential Coal Disruption and Coal Liquefaction with intermediate liquid 

product removal. 

 

Mean Size 

micron 

D50 

micron 

Coal IL-6-C Conversion 

(%) 

Original 20.55 39.68 - 

Disruption 18.17 29.19 13.62 

Liquefaction 17.72 29.06 38.68 

Total 

  

52.41 

 

Three different coals were evaluated for estimating the effect of disruption (with liquid 

extraction) on subsequent coal liquefaction.  It was generally observed (Table 7) that the 

Illinois No.5 seam coals were more amenable to liquefaction compared to Illinois No.6 

coals.  The amount of liquids extracted due to CO2 treatment alone was also found to be 

higher for the IL-5-A coal.  All the coals were -325 mesh.  The analysis of the KY-6-A 

sample showed that some of the inorganics were found to be extracted in the coal 

disruption stage resulting in a lowering of the ash content from 15.5 % to 14.6 %.  In 

addition, only 11.3 % of the coal was extracted as liquid products at this stage.  When 

subjected to the coal liquefaction conditions, 67.2 % of the residue was liquefied 

resulting in a total conversion of 70.9 %.  The GC/MS data of the liquefied product from 

the coal disruption stage for Sample KY-6-A showed that the overwhelming majority of 

the product is cyclohexene (47%) followed by nitrogen containing compounds (>12 %). 

Table 7.  Sequential Coal Disruption and Coal Liquefaction with intermediate liquid 

product removal.  Evaluation of three coal sources. 

 
Coal KY 6-A Coal IL-5-A Coal IL-6-C 

Disruption 11.3 17.14 13.62 

Liquefaction 67.2 93.91 44.78 

Overall 70.9 94.95 52.41 
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In order to design the staging of the two processes, two approaches were evaluated.  The 

first approach was the disruption followed by liquid extraction and then conducting the 

coal liquefaction using the slurry (D-L).  The second approach was that of sequential coal 

disruption and liquefaction without intermediate liquid extraction (D&L).  It was 

expected that the second approach will result in higher conversion since the aromatics 

released in the disruption stage is expected to assist in the H transfer.  The data in table 8 

justifies the hypothesis wherein the D&L approach resulted in an overall conversion of 

85.21 % while the D-L approach resulted in only 52.41 %.   

Table 8.  Effect of process staging on conversion. 

 
Coal IL-6-C - D&L Coal IL-6-C – D-L 

Disruption - 13.62 

Liquefaction 85.21 44.78 

Overall 85.21 52.41 

 

Finally, the effect of Coal:CO2 volumetric ratio was evaluated for the disruption stage.  

The higher the coal volume (as expected with higher loadings) will reduce the amount of 

CO2 available and the total volume for expansion.  The data in Table 9 contain the effect 

of this ratio at the disruption stage.  It was clear from the data on  IL-5-A that coal 

loading in a batch system has a significant effect.  When 1 g of coal was used, the carbon 

conversion was found to be 11.79 %.  However, when the loading was doubled, the 

carbon conversion was found to be only 6.2 %.  Thus a flow system is necessary for 

achieving high conversion to improve mass transfer characteristics.  As expected, the 

Illinois No.5 coal resulted in higher amount of liquids released as compared to the Illinois 

No.6 coal.  However, the increase in the coal loading resulted in a decrease in the 

conversion in both cases.  While the impact was a reduction by a factor of two as the coal 

loading was increased by a factor of two for the IL No.5 coal, the reduction was found to 

be six times when using IL No.6 coal.  It is quite likely that IL No.6 coal has a low 

liptinite content which affects the release of liquid organics at the disruption stage.  

Another significant finding was that during the coal disruption stage, 0.93 % and 1.4 % of 

the mineral matter was also dissolved when 1g and 2g coal loadings were applied.   This 

finding would explain the siloxanes that were detected only during studies without HTA 

and water added. 

Table 9.  Effect of coal loading on conversion during the disruption stage. 

 

1 g 2 g 

IL-5-A 11.79 6.2 

IN-6-A 6.08 0.78 
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Finally all the coals used in this study was treated by the D&L method. The HTA:coal 

ratio was 0.6:1, the water:coal ratio was 5.6:1 and the water:PM ratio used was 5.00.  1 g 

coal was loaded for these studies.  Please note that these conditions are not optimized 

condition for any of the coals used.  The overall conversion obtained from these coal 

studies is shown in Table 10. 

 

Table 10.  Summary of coal disruption and liquefaction without intermediate liquid 

extraction. 

D&L Sample Conversion, % 

IN-6-A 52.34 

IL-5-A 76.18 

IL-5-B 52.55 

IL-6-C 53.34 

IN-6-B 35.15 
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CONCLUSIONS AND RECOMMENDATIONS 

 

The data clearly show that bituminous coal can be liquefied by hydrogenation using a 

hydrogen transfer agent as opposed to gaseous hydrogen and that the resulting process 

takes place at low temperatures (120 
o
C vs >400 

o
C in other CDL processes).  However, 

the kinetics of the process was slow primarily due to the stagnant batch system used.  A 

continuous flow reactor would increase the throughput of liquids by enhancing the mass 

transfer rates which in turn would increase the reaction rates.  In summary, the following 

conclusion can be made: 

1. Non catalytic coal liquefaction at high conversions is feasible by the process at 

temperatures <140 
o
C by the use of transfer hydrogenation in supercritical CO2.  It 

was also found that 

a. The conversions are dependent on coal source. 

b. The process needs to be optimized for each coal source. 

c. Increasing the reaction temperature and pressure improved the conversion.   

2. It was found that only 3.004 % conversion was achieved with H2 gas at 120 
o
C 

which is within experimental error. 

3. The effect of feed composition was evaluated and it was concluded that each coal 

needs to be optimized. 

4. The kinetics was evaluated in a batch system.  The data show that the conversion 

follows first order kinetics with respect to combustible content. 

5. Two different modes of sequential structure disruption and coal liquefaction was 

evaluated.  In general, this was found to improve conversion although the 

conversion was significantly higher if the intermediate product extraction after the 

disruption stage was eliminated. 

 

The primary recommendation at this stage is that it should be evaluated under a 

continuous flow system which is expected to improve the kinetics.  The high variability 

in the data may be a result of operator error and thus higher loadings will help the 

process economics and consistency. 
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APPENDIX I 
A 

Note the sample name. 

 

B 

Weigh the sample.  Measure out 0.5 g and separate it. 

 

C 

Take the remainder and put it in a ceramic crucible 

Place it in the reactor and shut the reactor. (Make sure that there are quartz wool filters on all outlets (2 of 

them). 

Keep the bottom line open and the top outlet line shut.   

Set BPR pressure at 2700 psi. 

Run for ½ hr. 

Shut off all the shut-off valves (including CO2 feed) and let it sit for another  ½  hr. 

Now open the BPR to atmospheric ad then open the top shut off valve completely and suddenly. 

 

D 

Once all the CO2 has been let out, open the reactor and collect the sample.  Wash the walls with methanol 

to ensure that the entire sample has been collected.   

 

E 

Try and collect any liquids from the collectors (in some cases).  The mass of the sample is too small so you 

may have to just rinse the collectors with minimal dichloromethane and collect the rinse liquid (mix the 

rinsed liquid from all collectors). 

 

F 

Take the sample methanol suspension and add 3 mL of dichloromethane and centrifuge it. Remove the 

supernatant liquid and store it separately.  Dry the remainder of the solids from the centrifuged sample. 

 

G 

Take the main sample collected from the crucible and was with 3 mL of dichloromethane and centrifuge it.  

Remove the supernatant liquid and store it separately.  Dry the remainder of the solids from the centrifuged 

sample and mix it with the sample from the previous stage.  Take 1 gm or half of the dried solid whichever 

is lower and separate it.   

Take the remainder of the solid and make the following suspension 

Make a mixture of 12 ml of water and 4 ml of ethanol per gm of coal. 

Add 7 g of sodium formate/ g of coal to the solution. 

Add 0.005 g of DDAB. 

Now add the coal and make sure it is thoroughly mixed. 

 

Put the mixture in the reactor.  Keep all the shut off valves closed.  This will be run in a batch system. 

Pressurize the reactor with CO2 to 950 psi.    

Stop the CO2 flow and close the inlet CO2 shut off valve. 

Increase the temperature to 120 C and let it sit for 1 day. 

At the end of 24 hrs reduce the temperature and release the gas slowly.  

Follow the sample recovery procedure as before, along with the liquid collection and extraction. 

Perform additional analysis on the samples. 


