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ABSTRACT

The enhancement of coal conversion to THF solubles using 

selective pretreatment methods was investigated. Wyodak 

subbituminous and Illinois #6 bituminous coals were pre

treated with three different methods : oxygen alkylation,

reductive alkylation, and chlorine catalyst/mild alkylation 

pretreatment (CC/MAP). Pretreated coals were liquefied 

under both direct liquefaction (DHP solvent) and co

processing (Cold Lake atmospheric residuum solvent) condi

tions. Low severity (350 °C) and high severity (425 °C)

experiments were conducted at 5 and 3 0 minute reaction 

times. Pretreated coal conversion at each set of reactivity 

conditions was compared to coal conversion for the untreated 

parent coal in order to observe the degree of reactivity 

enhancement due to the pretreatment process. Under direct 

liquefaction conditions, Wyodak coal showed the greatest 

increase in reactivity enhancement for all reaction times, 

reaction temperatures, and pretreatment methods. The effect 

of coal pretreatment on reactivity was less significant at 

high severity liquefaction conditions, where high ultimate 

coal conversions were observed prior to pretreatment. Co

processing of coal in Cold Lake atmospheric residuum at low 

temperature and 5 minute reaction time resulted in nega-
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tive coal conversions due to retrogressive coal/residuum 

interactions. For all pretreatment methods, low temperature 

co-processing of Wyodak coal at the 3 0 minute reaction time 

showed greater reactivity enhancement than Illinois #6 coal. 
For all pretreatment methods, high temperature co-processing 

of Wyodak coal resulted in a significant enhancement in 

reactivity at the 5 minute reaction time, but no significant 

enhancement at the 3 0 minute reaction time. Reductive alky

lation was the only pretreatment which showed a significant 

increase in high temperature co-processing of Illinois #6 
coal at both 5 and 3 0 minute reaction times.
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INTRODUCTION

1. INTRODUCTION

When the United States experienced the effects of the 

oil embargo of the 19701s, many questions were raised con

cerning how the energy needs of the nation would be met in 

the upcoming century. Although the oil embargo has passed, 

the United States has yet to fully address ways of reducing 

its dependence upon foreign oil producers in order to sat

isfy domestic energy needs. 1989 marked the first time in 

U.S. history that the amount of oil imported to meet domes

tic needs exceeded 50%, indicating that the problem of 

reducing foreign oil dependence has yet to be resolved (1). 
Developing alternate energy sources would greatly reduce the 

nation's dependence upon foreign oil. One alternate energy 

source which has potential is the production of synthetic 

liquid fuels from coal liquefaction.

Coal liquefaction is the process of converting solid 

coal into liquid hydrocarbons (2). When solid coal is dis

integrated, the product of the converted coal is commonly a 

mixture of both liquids and gases. Liquid hydrocarbons have 

a higher energy density than gaseous hydrocarbons, making 

coal liquids the preferred products in processes where con

verting solid coal to a more versatile energy source is the
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goal.

Coal liquefaction occurs when the hydrogen-to-carbon 

ratio (H/C) in the coal is increased so that the ratio falls 

within the range of H/C ratios found in hydrocarbon liquids. 

This ratio can be increased in two ways: by either adding

hydrogen to the coal structure, or by rejecting carbon. For 

the majority of coal liquefaction processes which have been 

investigated and developed, hydrogen addition (also known as 

direct hydrogenation, or hydrogenation), has been the pre

ferred method of coal liquefaction.

One type of coal liquefaction process is referred to as 

solvent extraction. Solvent extraction produces a rela

tively clean burning fuel from coal with a minimum amount of 

treatment by means of a solvent which helps to hydrogenate 

the coal. The hydrogen necessary for solvent extraction is 

supplied by an overpressure of hydrogen gas which reaches 

the coal both by direct contacting, and by the solvent which 

enhances the hydrogenation process by shuttling hydrogen 

from the gas phase to the reactive coal sites. Solvent 

extraction results in a low degree of hydrogenation, and was 

initially developed as a tool for studying the composition 

of coal by analysis of the liquefaction products which were 

artifacts of the original coal structure.

When a catalyst is used in the direct hydrogenation of
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coal, the process is referred to as direct catalytic 

hydrogenation. Under direct catalytic hydrogenation, a 

larger extent of hydrogenation of the coal structure is 

achieved, but more gases are formed from the solid coal than 

in the non-catalytic solvent extraction process. Direct 

catalytic hydrogenation also relies upon an overpressure of 

hydrogen gas within the process as the source of hydrogen 

for either the solvent or for coal conversion directly.

The idea of transforming coal into liquid hydrocarbons 

is not new. In the early 19001s the Bergius process was 

developed and used in Germany for producing synthetic trans

portation fuels and heating oils until the end of World War 

II (3). This high severity liquefaction process used high 

temperatures (c.a. 500 °C), and pressures (up to 140 MPa) to 

thermally degrade the coal in the presence of a catalyst, 

yielding total conversions close to 100 wt. %. Of this 

total conversion, a large fraction was light hydrocarbon gas 

yield, and conversion to gas as high as 25 wt. % was not 

uncommon. After World War II, the discovery of large oil 

fields in the U.S. and abroad initiated the phase-out of 

coal liquefaction processes as less expensive energy alter

natives were developed.

Although the application of coal liquefaction processes 

was curtailed after World War II, the Liquid Fuels Act of
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1944 kept research and development on coal liquefaction pro

cesses alive as a response to the growing concern over the 

incredible increase in the rate of U.S. energy consumption. 

From the mid 1940 * s through the 1950's, a large amount of 

research and development based primarily upon the German 

liquefaction designs was carried out by the U.S. Bureau of 

Mines, and several private companies (2).

In the early 1970's, the commercial development of sev

eral new coal liquefaction processes involving the use of 

petroleum feedstocks as solvents was undertaken by a number 

of large U.S. oil companies. This new form of liquefaction 

was referred to as coal/oil co-processing, or simply co

processing. When coal was hydrogenated using petroleum 

resid as a hydrogenation solvent, the process was found to 

be beneficial for both the coal and the petroleum resid. 

Most liquefaction solvents used in direct liquefaction pro

cesses were operated as recycle streams: the solvent was 

used solely to hydrogenate the coal, and was then separated, 

rehydrogenated and passed through the process again with 

fresh feed coal.

Under co-processing conditions, the direct liquefaction 

process not only liquefied the coal, but also upgraded the 

petroleum resid solvent to lower molecular weight hydrocar

bons. This meant that the liquefaction solvents used for



T-3714 5

co-processing processes were upgraded in once-through oper

ation, and were then used in applications downstream, 

instead of being continually recycled.

Most present liquefaction processes developed in the 

last 20 years are a combination of both direct liquefaction 
techniques and the newer co-processing techniques. The 

H-Coal process developed in the 1960's, which is a catalytic 

hydrogenation process, catalytically liquefies coal at high 

temperatures (c.a. 440 °C) and pressures (17.4 MPa) in order 

to achieve favorable coal conversion. The Exxon Donor Sol

vent process (EDS), and Gulf Oil's Solvent Refined Coal pro

cess (SRC-II) both rely upon high temperatures and pressures 

to achieve favorable coal conversion in non-catalytic pro

cesses .

Chevron Oil's Co-Refining Process is a two-stage 

coal/oil co-processing process which has achieved coal con

versions of up to 90 wt. % (4). The coal is thermally

degraded in the first stage of the process, and then is sent 

to a second stage for subsequent upgrading in a catalytic 

coal/oil co-processing mode. Although high conversions are 

attained, both stages are designed to operate at moderate to 

high severities.

In order to make coal liquefaction an acceptable energy 

source, liquefaction processes must be developed which can
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compete economically with energy sources presently in use. 

Developing low severity (temperature, pressure and reaction 

time) liquefaction processes is one manner in which coal can 

be used as a viable alternate energy source (5). Liquefac

tion processes which operate at lower temperatures and pres

sures (temperatures below 350 °C and pressures below 10 MPa) 

require lower capital costs to operate while maintaining a 

high degree of selectivity to liquid products. The produc

tion of undesired hydrocarbon gases is minimized, resulting 

in improved economics over high severity liquefaction pro

cesses (6). The main disadvantage of using single stage low 

severity liquefaction processes is the increased residence 

time due to the fact that at lower severity the rate of coal 

dissolution is slower. This results in longer residence 

times in order to achieve the same ultimate conversion 

because the rate of coal dissolution is dependent upon the 

molecular structure of the coal that is to be liquefied (3).

Maximization of ultimate coal conversion is not the pri

mary concern when low severity liquefaction is employed as 

the first stage of a two stage liquefaction process. In two 

stage processes, the first stage is geared towards obtaining 

a liquid yield where asphaltenes are preferred over less 

reactive preasphaltenes. This results in a product which 

is less refractory and more amenable to subsequent upgrading
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in a higher severity second stage process.

Development of a process which enhances coal dissolution 

at low severity conditions would result in increased ulti

mate conversions in two stage liquefaction processes. The 

disadvantages of low severity liquefaction in terms of coal 

reactivity would be offset by pretreatment of the coal prior 

to first stage processing. This would result in improved 

economics for the first stage process while still maintain

ing the product composition required for subsequent upgrad

ing in the second stage process.
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2. PROJECT OBJECTIVE

The purpose of this thesis was to investigate the effect 

of selected pretreatment methods upon the reactivity of 

coal. Different liquefaction conditions were used in order 

to determine which pretreatment methods would be most suit

able as precursors to first stage, low severity liquefaction 

processes. Both bituminous and subbituminous coal samples 

were chosen in order to observe how the effectiveness of 

different pretreatment methods varied with coal rank. Two 

different liquefaction solvents were used, resulting in two 

separate sets of reactivity data. The first solvent was 

dihydrophenanthrene (DHP), which was chosen in order to mea

sure coal reactivity under direct hydrogenation conditions. 

The second solvent chosen was Cold Lake atmospheric resi

duum, which is a petroleum residuum used to measure coal 

reactivity under coal/oil co-processing conditions. The 

pretreated samples were liquefied under different combina

tions of reaction variables, resulting in two sets of lique

faction data for different ranks of coal, times, and temper

atures. Coal reactivities were compared in terms of the 

extent to which the coal was converted to THF soluble mate

rial during liquefaction. Comparisons were also made 

between the pretreated and the untreated coals at each set 

of liquefaction conditions.
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LITERATURE SURVEY

1. LOW SEVERITY LIQUEFACTION

Liquefying coal using low severity conditions has a 

number advantages over processes which operate at more 

severe conditions (5). These advantages include:

1) Reduced hydrogen consumption due to;

2) Reduced production of undesirable light hydrocarbon 

gases.

3) Less char and coke formation due to the suppression 

of retrogressive reactions.

4) Liquefaction products more amenable to upgrading.

5) Reduced capital costs for process equipment.

This means that low severity liquefaction processes can 

be developed with reduced capital and operating costs as 

compared to the more severe processes, while converting a 

larger fraction of the feedstock to the desired products by 

maintaining the same degree of selectivity (6).
The major disadvantage of liquefaction processes which 

operate at mild conditions is a reduction in the dissolution 

rate of solid coal into liquids. At lower severity, the 

temperature and pressure are both lower, resulting in less 

energy being available to help dissolve the coal structure 

thermally. Because of these milder conditions, the lique
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faction process and/or the reactivity of the feedstocks must 

be modified in order to obtain favorable liquefaction rates 

and ultimate conversion to liquids (7).

2. REACTIVITY ENHANCEMENT METHODS

2.1 Promoter Compound Addition

One method that enhances reactivity at lower severities 

involves the addition of promoter compounds which aid in 

dissolution on a molecular level. Cronauer (8) found that 

many nitrogen containing compounds such as tetrahydroquino- 

line aided in low severity coal liquefaction. The nitrogen 

compound acts as a hydrogen radical transfer vehicle, aiding 

in the rate of dissolution by shuttling hydrogen radicals 

from the process solvent to coal radical sites, where the 

radicals can react to form hydrogen bonds. This "capping" of 

coal radicals is beneficial in two ways: the coal radicals 

are prevented from forming more refractory products via 

retrogressive polymerization reactions; and the gas make due 

to over-cracking is reduced since radical sites are quenched 

before the cracking reactions are taken too far.

Nitrogen compounds also have a number of key disadvan

tages which have prevented their inclusion in the develop

ment of liquefaction processes (6,9,10). Many nitrogen 

compounds become irreversibly incorporated into liquefaction
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products, both chemically and physically. McHugh (11) found 

that under co-processing liquefaction conditions, the total 

amount of nitrogen compound adducted into reaction products 

increased with increasing reaction severity. Giacomelli (7) 

determined that even under low severity co-processing condi

tions using model nitrogen compounds such as 4-piperidino- 

pyridine, adduction losses as high as 14.0% by weight to the 

liquefaction products occurred. Losses of this magnitude 

render process development economically unfeasible due to 

the fact that large amounts of the process solvent would be 

lost to the final liquefaction products. It is also a well 

known fact that many nitrogen containing compounds are also 

catalyst poisons, where even ppm concentrations can effec

tively poison a catalyst (12). This would make nitrogen 

compounds unsuitable for processes that involve subsequent 

catalytic upgrading stages.

2.2 Catalytic Reactivity Enhancement

Catalysts themselves can be used to aid in coal dissolu

tion via reactivity enhancement (13). It has been shown 

that if the right catalyst is selected, conversion to a 

low boiling point range of hydrocarbon liquids can be main

tained. Wu and Storch (14) showed that the liquefaction 

products of a bituminous coal increased in benzene soluble
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products from 33.4% to 82.3% with the addition of powdered 

SnCl2 to the feed coal. For their experiments, no solvents 

were used, and the reactor was heated to 450 °C for 1 h 

after being charged with 6.9 MPa hydrogen.

The disadvantages in the use of catalysts lie in the

cost of most catalysts. Post reaction separation of the

catalyst from the unreacted coal may be difficult. The

activity of the catalyst may be hard to control due to cok

ing, and the large variation in the size and nature of mole

cules found in the structure of coal can often prevent the 

desired selectivity from being maintained (12).

2.3 Raw Coal Pretreatment

Another method which can be used to enhance liquefaction 

rates at low severity is to pretreat the coal in a separate 

process prior to the liquefaction process itself. Alkyla

tion is one method of coal pretreatment, where certain bonds 

are mildly and selectively cleaved in a separate chemical 

process prior to liquefaction (15,16,17). When the alky

lated sample is liquefied, coal dissolution is faster, since 

certain bonds have already been cleaved. One disadvantage 

to alkylation is that some of the alkylation methods that 

are effective also involve long reaction times and reagents 

which would be difficult to manage on an industrial level
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(16) .

Pretreatment methods can also be in the form of dispers

ing a catalyst within the coal that is used in subsequent 

liquefaction processes. In low severity processes, the 

lower dissolution rates may in part be caused by mass trans

port limitations between the reagents and catalyst within 

the liquefaction process. If a pretreatment process can be 

developed which results in a high degree of catalyst disper

sion throughout the feed coal, then reactivity will be 

enhanced in the liquefaction stage (13,18).

For this study, chemically pretreating the coal was 

decided upon as the method of reactivity enhancement with 

the most promise. Many studies have been conducted analyz

ing the extent and effectiveness of various pretreatment 

methods on coal (17,19,20,21,22), but few experiments have 

been published concerning how coals pretreated by these 

methods behave under actual liquefaction conditions. Lique

faction experiments performed on the pretreated coals using 

different process conditions can be used to directly relate 

the enhancement in low severity reactivity of a coal to the 

pretreatment method used.
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3. EVALUATION OF REACTIVITY ENHANCEMENT

When a coal has been pretreated, the extent, or effec

tiveness of the pretreatment must be measured and quantified 

in order to make valid comparisons between different pre

treatment methods. In most liquefaction enhancement 

studies, the amount of coal dissolved in a given organic 

solvent is frequently used as an indication of the degree of 

pretreatment. For studies where the coal has only been 

pretreated, the effectiveness of the method usually chosen 

is determined by solvent extraction of the treated coal. 

When a pretreatment method has effectively altered the 

internal structure of a coal, that structure is more easily 

interrupted, making that coal more soluble in a given sol

vent (2) .
For studies where the coal has been pretreated and sub

sequently liquefied, the extent to which the liquefaction 

products are soluble in a given solvent is used as an indi

cation of the degree of hydrogenation achieved during the 

coal liquefaction. Insoluble reaction products are consid

ered unhydrogenated residue. For both solvent extraction 

of just a pretreated coal, and of a coal which has undergone 

liquefaction, the fraction of the coal soluble in certain 

solvents corresponds to organic residues with known pro

perties. Materials soluble in hexane are referred to as



T-3714 15

oils. Material insoluble in hexane, but soluble in benzene 

is known as asphaltenes, while material insoluble in benzene 

but soluble in pyridine or THE is referred to as preasphal- 

tenes. Benzene and toluene, and hexane and cyclohexane are 

often used interchangeably since each pair of solvents are 

similar in regard to their ability to solvate organic mate

rial .

4. COAL PRETREATMENT METHODS

4.1 Friedel-Crafts Alkvlation

Friedel-Crafts alkylation is the first alkylation method 

that was developed for the pretreatment of coal. The alky

lation process is actually a carbon alkylation which is 

initiated with the use of AICI3 and an alkyl chloride. 

Kroger (13) studied this system using isopropyl chloride, 

and concluded that the alkylation process actually increases 

the aromaticity of the coal structure, as seen in the fol

lowing reaction:

+ c3h 7ci Al Cl 3
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Kroger's studies revealed that alkylation of a vitrinite 

coal produced a weight increase of 20.3% along with an 

increase of 62.6% in the pyridine extraction yield for the 

coal sample. Kroger also investigated the acid catalyzed 

addition of olefins to coal, using propylene as shown below:

COAL + c h2= chch3
AICI.

COAL

Once again, a weight increase was observed in the alkylated 

coal corresponding to an increase in pyridine solubility.

Larsen (23) studied the Friedel-Crafts alkylation of 

several coals with isobutylene catalyzed with sulfuric acid. 

Larsen observed that pyridine solubilities actually 

decreased as the extent of group addition increased, leading 

him to conclude that an external cross-linking alkylation of 

the coal was occurring which increased as the extent of 

group addition increased. It was concluded that as the 

extent of group addition increased, any increase in solubil

ity enhancement was offset by a corresponding increase in 

external cross-linking, resulting in a net decrease in solu-
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bility.

Schlosberg (24) alkylated two different coals under 

Friedel-Crafts conditions, using both isopropyl and methyl 

halides as reagents. The treated coals were then liquefied 

using tetralin and a hydrogen overpressure of 10.3 MPa 

(cold) for 130 min at 425 °C. For Illinois #6 coal, methyl 

group addition to the coal appeared to have about the same 

effect on liquefaction as an equimolar amount of added iso

propyl groups. Conversion to cyclohexane solubles increased 

by 17.2% with the addition of 4.Ig of methyl groups per 100 

g coal, and by 18.4% with the addition of 11.2 g isopropyl 

groups per 100 g coal. The second coal, Wyodak was alky

lated using only isopropyl group addition, so no like com

parison could be made.

With Illinois #6 coal Schlosberg showed that increasing 

the number of isopropyl groups added during alkylation had 

little effect upon incrementally increasing the coal conver

sion to cyclohexane solubles via liquefaction, as shown 

below:
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COAL 
Illinois #6

ALKYL GROUPS ADDED 0.0 4.6 11.2 12.6
(g/100g alk. coal)
LIQUEFACTION CONVERSION 60.2 72.5 71.9 76.2
(to cyclohexane sol.)

Wyodak
ALKYL GROUPS ADDED 0.0 7.1 11.0 12.8
(g/100g alk. coal)
LIQUEFACTION CONVERSION 66.8 78.0 84.3 85.8
(to cyclohexane sol.)

The Wyodak coal however, exhibited a progressive 

increase in liquid yields upon liquefaction corresponding to 

an increase in the number of isopropyl groups added to the 

coal during alkylation.

Schlosberg explained the increase in liquefaction yields 

upon alkylation with the premise that alkylation disrupts 

the coal structure sufficiently to allow improved contacting 

between the coal and tertralin solvent during liquefaction. 

No explanation was offered however, on why Wyodak coal 

exhibited an incremental increase in liquefaction yields 

with increasing degree of alkyl group addition, while Illi

nois #6 coal did not.
Flores et al (25) studied the Friedel-Crafts alkylation

ARTHUR LAKES LIBRAS* 
COLORADO SCHOOL ai MINËb 
GOLDEN, COLORADO 80401
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of a Pittsburgh hvb coal using several different alcohols as 

alkylating agents in the presence of anhydrous HF. It was 

observed that THF solubility of the coal increased from 8% 
to 59% upon alkylation using butyl alcohol. However, this 

increase in solubility was achieved using a molar ratio of 

HF/carbon/alcohol of 10/1/1. Flores also determined that 

condensation side reactions involving the alcohol resulted 

in large amounts of polymer-like byproducts which counter

acted the alkylation effects upon THF solubility. The div

ersion of alcohol to polymer byproducts coupled with the 

uneconomically high ratio of HF required for the reaction 

make this alkylation process infeasible.

4.2 Friedel-Crafts Acvlation

The Acylation of coal using Friedel-Crafts reagents has 

been studied as a method for pretreating coal in a number of 

different experiments. Studies performed by Hodek and Rol

ling (26) acylated coals using carboxylic acid chlorides in 

the presence of an aluminum chloride catalyst. The proposed 

reaction is as follows:
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COALCOAL

0
IICR

+- HC1

Hodek and Rolling determined that the reaction resulted in 

the formation of acyl chains upon the surface of the coal 

and that coal was being solubilized by the favorable inter

action of these chains with the solvent, resulting in 

increased solubilization of the coal in the solvent. The 

study also found that benzene extractability of certain 

coals upon acylation was a function of acyl chain length.

Although acylation results in increased benzene extract- 

ability for the coal, the manner in which the acylation 

process alters the coal can have detrimental effects upon 

the pretreated coal during subsequent liquefaction. The 

addition of the acyl chains to the coal during acylation 

gives rise to solvent extracts which have very high molecu

lar weights as compared to extracts of coals which have 

undergone other pretreatment methods. Under liquefaction 

conditions, such high molecular weight species may be much 

more susceptible to retrogressive polymerization reactions.



T-3714 21

resulting in lower liquefaction yields and more refractory 

liquefaction products (26).

4.3 Mild Oxidation

The study of mild oxidation as a way of pretreating coal 

has been undertaken by a number of different people (27,28). 

Although oxidation results in enhanced extractability of the 

coal, there are many reasons why oxidation would not be a 

favorable liquefaction pretreatment. Oxidation destroys the 

oxygen functionalities in the coal, resulting in a pre

treated coal which has a much lower degree of chemical reac

tivity under liquefaction conditions. Neither chemical or 

hydrogen bonds within the coal are broken during oxidation, 

resulting in negligible alteration of the coal structure 

during the process. The process of oxidation also can be 

prohibitive economically due to the fact that excessive 

hydrogen consumption occurs. These factors combine to make 

oxidation ineffective as a liquefaction pretreatment method.

4.4 Coal as an Alkvlatinq Agent

The use of coal as an alkylating agent has been deter

mined as one way to effectively pretreat the coal. Heredy 

and Neuworth (23) were the first to explore this method of 

coal pretreatment, using phenol as a solvent in the presence
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of a BF3 catalyst in order to alkylate coal. They deter

mined that partial depolymerization of the coal occurred 

when the alkylation process cleaved methlylene chains 

between adjoining aromatic structures. The cleaved methy

lene groups were then free to alkylate other aromatic sub

strates, thus resulting in shorter aromatic chains within 

the coal structure.

Darlage (23) built on the work developed earlier by 

first treating the coal in 2M nitric acid, alkylating the 

coal as was done by Heredy and Neuworth, and subsequently 

treating the alkylated coal with acetic anhydride. Dar

lage 1s process enhanced the solubility of the coal by con

verting phenolic hydroxides to acetate. ' Darlage is ambigu

ous in terms of his explanation for the action of the nitric 

acid upon the coal chemically, but one explanation set forth 

by Larsen (23) assumes that either nitration or oxidation of 

the coal occurs.

4.5 Reductive Alkvlation

One method used to pretreat coal is by reductive alkyla

tion, which is the basis of the process developed by Stern

berg (15,19). In the Sternberg method, coal is reacted with 

an alkali metal in the presence of an electron transfer 

agent to form anions at aromatic coal sites. When the aro
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matic site contains no additional functionalities, the reac

tion is initiated as follows :

COAL
Naphthalene

COAL +  K

An alkyl halide is then reacted with the anionic coal 

solution, replacing the anions with relatively nonpolar 

alkyl groups ;

COAL +  CH,I
T H F v

CH.

COAL +

The reaction also occurs at aromatic oxygen functionalities, 

converting them to less polar alkyl groups:

OR

COAL COAL
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COAL + ChUl
THFv

OCH

COAL + I

The net effect upon the coal is a mild, but non- 

selective alkylation which occurs at polar coal sites such 

as hydroxyl and carboxylic functionalities, greatly reducing 

the extent of hydrogen bonding within the coal structure. 

Reduction and alkylation also occurs at ether linkages, and 

at aromatic sites, decreasing the degree of aromatic label

ler type attractions (16).

Many studies have used infra-red spectroscopy as a tool 

for studying coals which have been pretreated using reduc

tive alkylation by observing the addition of alkyl groups to 

the coal structure. Sternberg (19) used radioactively 

labelled isotopes and combustion analysis to determine that 

the addition of 8.1 methyl groups/ 100 C atoms had been made 

to a Pocahontas (Ivb) vitrain sample. Infra-red spectro

scopy of the alkylated coal confirmed the methyl group addi

tion to this coal sample via detection of the carbon- 

hydrogen stretch which appeared only after the coal had been 

pretreated. When Sternberg repeated the process using butyl 

groups, infra-red spectroscopy confirmed the addition 7.4
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butyl groups/100 C atoms which had been calculated using 

quantitative methods.

Sharma (16) also used Infra-red spectroscopy to verify 

alkylation in coals he pretreated using the Sternberg 

method. Here, Sharma calculated the addition of 8g butyl 

groups/100g carbon to a sample of Assam coal. Infra-red 

spectroscopy of the alkylated sample indicated the presence 

of a carbon-carbon stretch which could be attributed to the 

butyl groups which had been added upon alkylation.

Vassallo (20) also used radioactive isotopes as a method 

of tracking the fate of 13C labelled alkyl groups in a coal 

which had been alkylated using the Sternberg Method. Using 

13C enriched butyl halides, Vassallo reductively alkylated a 

Ivb coal from Liddell, Australia. Analysis of the alkylated 

coal confirmed the chemical incorporation of the 13C 

labelled butyl groups into the coal structure.

Studies which used radioactive isotopes and infra-red 

spectroscopy as analytical tools upon more than one rank of 

coal all indicated a higher degree of alkyl group addition 

to subbituminous coals than to coals of higher rank 

(16,19,20). This is to be expected due to the fact that 

subbituminous coals exhibit a higher oxygen content than 

coals which are of higher rank, and oxygen functionalities 

are the sites where reductive alkylation occurs.
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Experiments with the pretreated coal were also performed 

where coal solubility in certain solvents was used as a 

measure of reactivity enhancement. Sternberg (14) reported 

that for a low volatile bituminous coal, méthylation and 

butylation resulted in 47 and 92 percent increases in solu

bilities for each respective alkylation process. Both Date

(29) and Lazarov (30) concluded that the change in coal 

solubility in benzene and THF upon alkylation increased with 

increasing coal rank.

4.6 Oxygen Alkvlation

A different method of coal pretreatment which also uses 

alkylation is the procedure developed by Liotta (17). 

Liotta1s procedure selectively alkylates polar hydroxyl 

sites within the coal structure, converting them to less 

polar alkyl groups. Since the alkylation only effects 

hydroxylic oxygen atoms, the procedure is often referred to 

as O-alkylation.

The coal is first reacted with a quaternary ammonium 

hydroxide, displacing the acidic protons with the quaternary 

ammonium ion:
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< +

OH

Bu4N0H COAL

v^xn\ -/0NBU4 
COAL (  ) +  H 20

An alkyl halide is then introduced into the mixture, 

replacing the quaternary ammonium group with an alkyl group :

The end result is that the coal is alkylated via selec

tive hydroxyl and carboxyl hydrogen displacement with a less 

polar alkyl group (30). This reduces the degree of hydrogen 

bonding within the coal by reducing the number of hydroxyl 

and phenolic groups available to participate in hydrogen 

bonding.

Several studies of O-alkylation have used both infra-red 

spectroscopy and quantitative analyses to measure the extent 

of alkylation. Liotta alkylated both bituminous and subb-

COAL

,0NBu4

+  RX COAL
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ituminous coals using the procedure which he developed. 

Analysis showed that approximately 5 methyl groups/100 C 

atoms were added to a sample of Illinois #6 coal, and that 

approximately 8 methyl groups/100 C atoms were added to a 

sample of Rawhide subbituminous coal. Infra-red spectroscopy 

confirmed the removal of hydroxyl groups and that carboxylic 

acid functionalities had been converted to O-methylcarbox- 

ylic ester derivatives. Mahasay (21) also used infra-red 

spectroscopy to confirm the addition of 5 methyl groups/100 

C atoms of an alkylated sample of Illinois #6 coal. 

Ettinger (22) also used infra-red spectroscopy to confirm 

alkyl group addition to different samples of coals which 

were alkylated in his study using Liotta1s procedure.

Radioactive isotopes were used by Liotta in order to 

track the fate of the reagents used in O-alkylation. Liotta 

used deuterated methyl groups in a study where Illinois #6 
coal was alkylated in the same manner that methyl groups 

were used previously (17). Infra-red spectroscopy confirmed 

the addition of 5 deuterated methyl groups/100 C atoms by 

the detection of the carbon-deuterium stretch detected in 

the coal which had undergone O-alkylation. This addition of 

5 deuterated methyl groups/100 C atoms was identical to the 

corresponding case where 5 methyl groups/100 C atoms were 

introduced via O-alkylation. The radioactive isotopes
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served to confirm Liotta * s estimation of the number of alkyl 

groups introduced during alkylation.

The increase in reactivity enhancement upon alkylation 

was also determined for the Liotta procedure by measuring 

the increase in solubility of the pretreated coals. Lazarov

(30) reported that for bituminous coals, the increase in THF 

solubility upon butylation was roughly proportional to the 

number of butyl groups added to the coal. The addition of

0.02 butyl groups per 100 carbon atoms increased the coal's 

THF solubility by only 1.2%, whereas the addition of 1.4 

butyl groups per 100 carbon atoms enhanced the coal1s solu

bility by 15.3%. Date (29) reported that low ranked coals 

showed a higher degree of solubility enhancement upon O-al

kylation over high ranked coals, which is logical since low 

rank coals contain more oxygen than high rank coals.

4.7 Chlorine Catalvst/Mild Alkvlation Pretreatment

Coal pretreatment by a process which mildly alkylated 

the coal while simultaneously incorporating a highly dis

persed liquefaction catalyst into the coal structure was 

carried out using the procedure developed by Armstrong (18). 

The chlorine catalyst/mild alkylation procedure (CC/MAP) 

involved slurrying the coal sample in a solution of metha

nol/1 . 0% hydrochloric acid, followed by solvent recovery via
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rotoevaporation and vacuum drying. The pretreatment method 

results in a mildy alkylated coal which is coated with a 

highly dispersed layer of chlorine. Under liquefaction 

conditions, the chlorine is converted to hydrochloric acid, 

which promotes acid-catalyzed bond scission during liquefac

tion (31) .

The CC/MAP procedure was originally developed with the 

aim of pretreating the coal by very mildly alkylating its 

polar oxygen functionalities, not by introducing chlorine 

into the coal structure. Quantitative analysis of Wyodak 

coal that was pretreated indicated that only 0.67 methyl 

groups per 100 carbon atoms were introduced into the coal 
structure. Yet, the liquefaction conversion enhancement of 

11.7% to liquids under very mild conditions seemed too large 

for such a small degree of alkylation alone.

Akylation does occur during CC/MAP pretreatment as 

demonstrated by infra-red and ultimate analyses, but not 

enough to account for the degree of reactivity enhancement 

observed under liquefaction conditions. Subsequent chlorine 

analyses revealed that a small but significant amount of 

chlorine was being incorporated into the coal structure by 

the pretreatment method.
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5. TWO-STAGE COAL LIQUEFACTION

Coal pretreatment methods also have direct application 

to two-stage coal liquefaction processes. Most two stage 

processes attain their conversion by using the first stage 

of the process to thermally degrade the coal or coal/oil 

slurry, exposing more of the coal's surface area as dissolu

tion starts to occur. The degraded coal is then injected 

into a second stage where it is catalytically upgraded to 

the desired liquids (4). By pretreating the feed coal to 

the two stage process, either one, or both of the stages can 

be operated at less severe conditions while still attaining 

the same degree of conversion to liquids. For example, if 

the dissolution process in the first stage is aided by the 

pretreatment method, the severity of the stage can be 

reduced while achieving the same degree of coal dissolution.

Many two-stage processes have been developed for coal 

liquefaction which upgrade two feedstocks in one process 

(4,32). In one variation, the coal is slurried with a 

residual petroleum vehicle and the slurry is fed to the two 

stage liquefaction process where both feedstocks are simul

taneously upgraded. The simultaneous coal/solvent liquefac

tion results in a synergistic interaction between the feeds, 

resulting in higher net liquid yields that if the co

processed feedstocks were liquefied individually.
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This synergistic effect upon the coal by the petroleum 

solvent only occurs if the solvent selected has properties 

which beneficially interact with the coal. The desired 

properties include: the ability for the solvent to donate 

and transfer hydrogen radicals to coal sites where they can 

"cap" radicals formed during bond scission, the ability for 

the solvent to dissolve the coal, and the ability to swell 

the coal. Although these are the most desired properties, a 

petroleum solvent can still be effective in the liquefaction 

of coal even if not all of the properties are present.
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EXPERIMENTAL PROCEDURE

1. EXPERIMENTAL DESIGN

The objective of this thesis was to investigate the 

manner in which selected pretreatment methods affect the 

reactivity enhancement of differently ranked coals. Reac

tivity enhancement was measured by liquefaction of the pre

treated coal at both low and high severity reaction condi

tions using both co-processing and direct liquefaction sol

vents. As shown in Table I, each combination of reaction 

severity and mode of processing (direct liquefaction or co

processing) was run at short and longer reaction times to 

observe how the enhancement by pretreatment varied with 

reaction time.

Two coals, Illinois #6 bituminous and Wyodak sub

bituminous, were selected so that pretreatment effects could 

be compared as a function of coal rank. A matrix of reac

tivity experiments, shown in Table II, was completed to 

evaluate the effect of each variable listed in Table I. 

Both pretreated and untreated coals were used in completing 

the matrix so that the effect of the pretreatment method at 

each combination of liquefaction conditions could be direct

ly determined.
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TABLE I
Liquefaction Reaction Conditions

Fixed Parameters 

Reactor: 

Volume:

Mixing Medium:

Feed Gas:

Cold Pressure: 

Feed Coal: 

Solvent/Coal:

MicroAutoclave Tubing-Bomb 

18 cm 3

Reciprocating arm with two 
stainless steel mixing balls

Hydrogen

1000 psig
1.0 g
2/1 by weight

Variable Parameters 

Coal :

Solvent:

Temperature:

Time:

1) Wyodak Subbituminous
2) Illinois #6 HVB

1) Dihydrophenanthrene (DHP)
2) Cold Lake Petroleum Residuum

1) 350 °C
2) 425 °C

1) 5 min
2) 30 min
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TABLE II
Matrix of Liquefaction Reaction Parameters

REACTION REACTION
COAL : SOLVENT TEMP TIME

( c ) (min)

5
350

30
: DHP

5
425

30
WYODAK :--------

5
: COLD 350
: LAKE 30
: ATM.
.•RESIDUUM 5

425
30
5

350
30

: DHP
5

425
ILLINOIS: 30

#6
5

: COLD 350
: LAKE 30
: ATM.
:RESIDUUM 5

425
30
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2. MATERIALS

2.1 Coals

The experimental design used involved using Illinois #6 
bituminous and Wyodak subbituminous coals. An analysis of 

the coal properties is shown in Table III. All coal 

samples used in the pretreatment experiments and subsequent 

liquefaction experiments were obtained from the Argonne Pre

mium Coal Bank in 5 g ampoules of -100 mesh coal. Each 

ampoule was nitrogen purged to prevent oxidation of the 

sample prior to use. Ampoules were kept intact until the 

instant they were needed; any coal left beyond the amount 

required for each pretreatment process was discarded. This 

procedure assured that the coals used in all experimental 

work were essentially free of oxidation.

2.2 Solvents

Two different solvents were used in the liquefaction 

reactivity experiments. Dihydrophenanthrene (DHP) was cho

sen as the liquefaction solvent based upon its excellent 

hydrogen donor capabilities. The DHP sample used was 

obtained from the Aldrich Chemical Co., with a purity of 

94.0% by weight. Cold Lake atmospheric petroleum residuum 

(A-8) was used to simulate coal reactivity liquefaction per

formance under co-processing conditions. Cold Lake residuum



T-3714 37

TABLE III 

Feed Coal Properties

Ultimate Analysis Illinois #6 Wyodak
(wt% maf basis) Bituminous Subbituminous

Carbon 77.7 75.0
Hydrogen 5.0 5.4
Nitrogen 1.4 1.1
Organic Sulfur 2.4 0.5
Chlorine 0.1 0.0
Fluorine 0.0 0.0
Oxygen 13.4 18.0
Total 100.0 100.0
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is a low grade petroleum solvent, containing about 85 wt% 

455 °C material as shown in Table IV. In order to facili

tate its use in the coal liquefaction experiments, 100 g

samples of Cold Lake residuum were hydrotreated using an 

Autoclave Magnedrive II 300 cm3 batch reactor. Hydrotreat- 

ing involved the addition of 10.0 g of Shell 324 Ni/Mo cata

lyst which was sulfided in-situ by the addition of 2.00 g of 
methyl sulfide. The reactor was then charged with 15.5 MPa 

hydrogen gas, and heated to 400 °C for 1 hr. After hydro- 

treating, the catalyst was separated via centrifugation, 

resulting in a less viscous and more manageable co

processing solvent. The hydrotreated Cold Lake residuum was 

distilled using a micro-spinning band distillation column; 

distillation data are listed in Table IV.

2.3 Reaction Gas

The reaction gas used for the coal liquefaction exper

iment was hydrogen, which was obtained in industrial grade 

from General Air Services, Inc.

3. COAL PRETREATMENT METHODS

For each of the pretreatment methods used, the quantity 

of coal pretreated and scheduling of the pretreatment pro

cess were chosen to minimize coal waste and aging prior to
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TABLE IV
Properties of Cold Lake Atmospheric Residuum

Distillate Yields

Distillate
Boiling
Range

WEIGHT PERCENT DISTILLED 

As Received After Hvdrotreatment

Water 0.0 0.0
IBP - 177 °C 0.0 0.0
177 - 455 °C 25.1 32.0
455 + °C 74 . 9 68 . 0
Total 100.0 100.0

Ultimate Analysis

Component

Carbon
Hydrogen
Nitrogen
Oxygen
Sulfur
Ash
Total

WEIGHT PERCENT 

As Received After Hvdrotreatment

88.3
8.1
1.0
1.7
0.9
0.0

100.0
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the liquefaction experiments. Pretreated coals were ana

lyzed using Fourier transform infra-red spectroscopy (FTIR) 

and elemental analysis. Each pretreatment procedure and 

FTIR analysis of the pretreated coal was performed by 

Ms. Onranong Nguanprasert. Elemental analysis of each pre

treated sample was performed by Huffman Laboratories, of 

Golden, Colorado.

Prior to liquefaction studies using pretreated coals, 

each method was repeated a number of times and the 

subsequent coal samples analyzed. Once the pretreatment 

process was deemed reproducible, a fresh batch of coal was 

pretreated, samples were withdrawn for analysis and the bal

ance of the pretreated coal was stored under vacuum for use 

in liquefaction reactivity experiments.

3.1 Determination Of Extent Of Alkvlation

The extent of alkylation for each pretreatment method 

was determined by elemental analysis of the alkylated coal 

in order to determine the hydrogen to carbon ratio. 

Hydrogen to carbon ratios of the untreated coals were deter

mined using information supplied by the Argonne National 

Laboratory (33). The extent of alkylation due to the pre

treatment method was calculated using the following equa

tion:
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X = 100*(C3 - Cl)/ (C2 - C3)

where :

X is the extent of alkylation (grains of alkyl groups 

added per 100 grains of parent MAP coal) ,

Cl is the normalized weight fraction of carbon in the 

untreated feed coal {(wt % C)/(wt %C + wt %H)},

C2 is the normalized weight fraction of carbon in the 

alkyl group being introduced into the coal,

C3 is the normalized weight fraction of carbon in the 

alkylated coal.

The extent of alkylation can also be defined in terms of the 

number of alkyl groups added per 100 carbon atoms of mois

ture and ash free (MAP) coal:

A = (X * MWC)/ (MWA * MFC)

where:

A is the extent of alkylation in terms of number of

alkyl groups added per 100 carbon atoms of MAP coal, 

X is the extent of alkylation (grams of alkyl groups 

added per 100 grams of MAP coal),

MWC is the molecular weight of carbon (12.01),

MWA is the molecular weight of the alkyl group being 

incorporated into the coal,

MFC is the mass fraction of carbon in the untreated coal 

on a MAP basis.
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An example of how these equations are used is shown below, 

given the elemental analysis data for the raw and alkylated 

coal in the following table:

MAP BASIS
WT % WT % C/(C+H)

SAMPLE CARBON HYDROGEN RATIO
RAW WYODAK 75.01 5.35 0.9334 < Cl

METHYL GROUP 12.01 3.03 0.7985 < C2
TREATED WYODAK 72.33 5.36 0.9310 < C3

X = 1.82 A = 1.94

The untreated Wyodak coal has a composition of 75.01 weight 

percent carbon and 5.35 weight percent hydrogen, as seen in 

the first row. The third column uses these two values to 

calculate the normalized weight percent carbon (Cl). For 

methyl group addition, the normalized weight percent carbon 

for a methyl (-CH3) group is shown in the second row (C2). 

Using the carbon and hydrogen analysis results from the 

treated coal sample, C3 is calculated in the third row. 

These values are then used to calculate the extent of alky

lation (X), with the resulting value of 1.82 grams of alkyl 

groups per 100 grams of MAE coal.

The extent of alkylation in terms of alkyl groups added 

per 100 carbon atoms (A), can be calculated using 75.01 

weight percent carbon as the value for MFC in the untreated
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coal, 12.01 for the value of MWC, and 15.04 for the value of 

MWA. The resulting value for A is 1.94 methyl groups added 

per 100 carbon atoms.

3.2 Reductive Alkvlation

Coal pretreatment by reductive alkylation was based upon 

the work of Sternberg (15). The recipe used was based upon 

approximately 5 g of raw coal. If 2 ampoules of feed coal 

were required (10 g), then all of the accompanying reagents 

required to alkylate a 5 g batch of coal were doubled. The 

most coal alkylated at any one time was 4 ampoules (about 2 0 

g) in a single alkylation experiment. For each 5 g of coal 

to be alkylated, 12 0 ml of tetrahydrofuran (THF) were added 

to a round-bottomed, three necked flask. Approximately 4.4 

g of potassium metal and 0.3 04 g of naphthalene were added 

to the THF, the flask was sealed and purged continually with 

a stream of nitrogen, and the mixture was magnetically 

stirred for 24 hr. The observation was made that soon after 

the addition of the potassium and naphthalene, the slurry 

took on a dark olive-green hue. This result was expected 

according to Sternberg's paper, and it was found that if the 

slurry remained clear, the reagents had been added in the 

wrong proportions and the subsequent alkylation experiment 

would be unsuccessful.
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After the 24 hr digestion period, 5 g of coal was added 

to the THF slurry directly from a newly opened ampoule. The 

flask was then resealed and the mixture was magnetically 

stirred for another 72 hr under a nitrogen blanket. At that 

time, the flask containing the slurry was removed from the 

magnetic stirrer, and any undissolved lumps of potassium 

were removed from the slurry using a metal spatula. A mix

ture of 10 ml of ethyl iodide in 30 ml of THF was then added 

drop-wise over a 30 minute period while the flask was 

stirred. Once the drop-wise addition had been completed, 

the flask was magnetically stirred for 2 hr.
The mixture in the flask was then roto-evaporated to 

remove a majority of the THF. The coal residue was then 

transferred to centrifuge tubes where it was slurried with 

methanol and then centrifuged at high speed for 30 min. The 

methanol was decanted off, and the slurrying and subsequent 

centrifugation were repeated three more times to insure that 

the ethyl iodide had been completely washed away.

The remaining treated coal was then extracted with water 

using a soxhlet extractor for 24 hr in order to remove any 

remnant water soluble reagent ions. The treated coal was 

dried in a vacuum oven overnight at 50 °C at a vacuum of 

less than 10 torr, followed by further drying at 100 °C at a 

high vacuum (less than 0.1 torr) for 24 hr. The alkylated
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coal sample was then transferred to a sample jar and stored 

in a vacuum desiccator for future use.

3.3 Oxygen Alkvlation

Coal pretreatment via oxygen alkylation (O-alkylation) 

was conducted using the method first developed by Liotta 

(17). Coal was O-alkylated in batches of 5, 10, or 20 g and 

the treated coal samples were used promptly in liquefaction 

studies so as to minimize storage time after alkylation.

To alkylate 5 g of raw, undried coal, 120 ml of THF was 

added to a round-bottomed, three necked flask which was mag

netically stirred. Fresh coal was slowly added to form a 

coal-THF slurry A mixture of 40 percent aqueous tetrabu- 

tyl-ammonium hydroxide was then added drop-wise until the pH 

of the slurry was neutral (pH = 7.0). The slurry was

stirred for 2 hr under a nitrogen blanket, at which time 

methyl iodide was added to the flask in a molar amount equal 

to twice the number of moles of tetrabutylammonium iodide 

added previously. The slurry was then stirred overnight 

under a nitrogen blanket.

The slurry was roto-evaporated under vacuum in order to 

remove all of the volatiles, leaving only alkylated coal 

behind. The pretreated coal was soxhlet extracted with 

water for 24 hr in order to remove all traces of water sol
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uble reagents. The extracted coal was dried overnight in a

vacuum oven at 50 0C and a vacuum of less than 10 torr, 
followed by subsequent high vacuum drying at 100 °C for 

another 24 hr at a vacuum of less than 0.1 torr. The O-al

kylated coal was bottled and stored in a vacuum desiccator 

for future use.

3.4 Chlorine Catalvst/Mild Alkvlation Pretreatment

For pretreatment by catalyst dispersion, the procedure 

developed by Armstrong (18) was used as a guideline. Depend

ing upon the quantity of coal needed, the quantity of coal 

pretreated in any one batch varied between 5 g and 20 g. As 

stated in the previous two pretreatment procedures, the rec

ipe developed was for 5 g of raw coal.

For each 5 g of coal pretreated, 40 ml of methanol and

0.40 ml of concentrated hydrochloric acid were mixed 

together in a three necked, round bottomed flask. The coal 

sample was then slowly added to the methanol/hydrochloric 

acid solution and the slurry was magnetically stirred for 3 

hr. Next, the slurry was roto-evaporated, removing the 

majority of the methanol from the coal. The coal sample was 

then dried at 50 °C in a vacuum oven overnight at a vacuum 

of less than 10 torr, followed by vacuum drying at 100 °C 

for 24 hr under a vacuum of less than 0.1 torr. The pre
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treated coal was then transferred to a sample jar, and 

stored in a vacuum desiccator for future use.

4. COAL LIQUEFACTION MEASUREMENTS

4.1 Equipment Description

Reactivity enhancement of the pretreated coals was moni

tored by measuring coal conversion to THF soluble products 

in a pair of microautoclave tubing bomb reactors. Two iden

tical reactors were built and configured so that two lique

faction experiments could be conducted simultaneously under 

the same reactivity conditions. This set-up assured that 

the only true variable between the two liquefaction runs was 

the pretreatment method used for the coal being liquefied 

within the tubing bomb reactors ; all other variables such as 

reaction time and temperature would be exactly matched.

Each of the reactors consisted of a body constructed 

from a 5" length of 1/2" O.D. 316 stainless steel tubing 

which was sealed on the bottom with a Swagelock 1/2" nut and 

end plug, as shown in Figure 1. The top of the reactor body 

consisted of a Cajon VCR female gland fitting welded to the 

tubing body. The fitting was designed for repeated sealing 

by means of a sacrificial nickel gasket. All welding of the 

stainless steel components was performed by Russell D. 

White, of Boulder, Colorado.
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FIGURE 1 

Liquefaction Reactor Assembly
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The reactor head consisted of a Cajon VCR male gland 

fitting to which a 1/8" Swagelock male run-tee was threaded. 

The stem of the male run-tee protruding normal to the reac

tor head was connected to an Autoclave model 10V-2 071 severe 

service valve via a short length of 1/8" stainless steel 
tubing. The stem of the male run-tee protruding parallel 

from the reactor head was connected to a Swagelock 

l/8"-l/16" reduction fitting which in turn held a Supelco 

type K thermocouple. When the reactor head and body were 

connected at the VCR fitting, the tip of the thermocouple 

was located within the reactor's liquid contents.

Each reactor was then connected to the reciprocating arm 

as shown in Figure 2. The reactor apparatus consisted of 

three main components: a reciprocating arm which served to 

agitate the reactor and its contents, a fluidized sand bath 

used to heat the reactors, and reactor pressurization lines 

which were fed by gas cylinders. The reciprocating arm was 

used to shake the reactors during liquefaction via a vari

able speed electric motor linked to the top of the arm. 

Once linked to the reciprocating arm, the reactors were both 

connected to individual gas feed lines and were pressurized 

using the internal cylinder pressure to provide the desired 

reactor pressure. Once pressurized, the valve on each reac

tor was closed, isolating the pressurized reactor from the
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FIGURE 2

Liquefaction Reactor System
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gas delivery system.

Heating the two reactors was accomplished with the use 

of a Tecam model SBL-20 fluidized sand bath which was posi

tioned on an adjustable hoist below the reciprocating arm. 

The hoist could be raised or lowered as needed, giving good 

control over the exact amount of time the reactors were 

immersed in the sand bath. Each reactor's thermocouple was 

connected to the thermocouple readout, which provided a con

tinuous temperature reading of the reactor contents during 

the liquefaction run. Initially, both reactor thermocouples 

were connected during the liquefaction runs. It was soon 

observed that the temperature between the two reactors never 

varied by more than 1 °C, so subsequent runs used a thermo

couple readout from only one of the reactors and assumed 

that this single temperature reading was representative of 

the internal temperature of both reactors.

During the experimental program, a new pair of reactor 

heads and ten additional reactor bodies had to be fabri

cated. A question arose as to whether or not the replace

ment reactor components would impart a catalytic wall effect 

to the liquefaction process because of the new stainless 

steel components. The new reactor components were used in 

parallel with the old reactor components for three baseline 

runs where the contents of both reactors were identical.
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The liquefaction conversions for the runs are shown in Table 

V. Liquefaction conversions under the same conditions using 

the same feed coal were essentially identical for both old 

and new reactor assemblies, indicating that switching reac

tor components had no effect upon the outcome of the lique

faction experiments.

4.2 Experimental Procedure

For a typical liquefaction or co-processing run, the 

reactor body was first pre-weighed, and then approximately 1 
g of coal and 2 g of solvent were added to the reactor. Two 

stainless steel mixing balls were also added to the reactor 

in order to promote mixing during liquefaction. The reactor 

top and bottom were then threaded together using a VCR 

nickel gasket to seal the gland fittings. The reactor 

assembly was then weighed, and hooked up to the reciprocat

ing arm. The thermocouple connecting wire was plugged in 

and the gas feed line attached to the valve mounted on the 

reactor assembly. The reactor was purged with hydrogen 

three times and brought up to the desired cold starting 

pressure; the reactor assembly and pressure gauge lines were 

then isolated by closing the gas feed line valves.

If no pressure loss was noticed once the reactor came to 

thermal equilibrium, it was assumed that the reactor had

AKTH.UK LAiLhS LIBRARY 
COLORADO SCHOOL of 

GOLDEN. COLORADO 8040*
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TABLE V

Liquefaction Conversions for Old and New Reactors

THF COAL 
CONVERSION

REACTION REACTION ( WEIGHT %)
COAL SOLVENT TEMP

( c )
TIME
(min) OLD

REACTOR
NEW

REACTOR
WYODAK DHP 425 5 66.2 % 66.2 %
WYODAK A - 8 425 5 29.6 % 30.9 %
ILL. #6 DHP 350 30 83.6 % 82.6 %
ILL. #6 DHP 425 5 89.2 % 89.9 %
ILL. #6 A - 8 425 5 45.5 % 43.5 %
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properly sealed, and the valve on the reactor assembly was 

closed. If a continual pressure drop was observed, applying 

liquid leak detector to the joints of the reactor assembly 

usually divulged the location of the leak. Once the leak 

was sealed, the reactor was hooked up again, and repressur

ized until it was properly sealed. After the reactor valve 

was closed, the pressurized reactor was removed from the 

system and reweighed to estimate the mass of hydrogen added 

to the reactor. The second reactor was then loaded, pres

surized and weighed following the same procedure.

Once both reactors were loaded, they were re-attached to 

the reciprocating arm using adjustable hose clamps. The 

reactor valves were also secured to the arm by means of a 

horizontal flange around the arm to which bolts from the 

valve bodies were attached. The thermocouple was then 

attached to the reciprocating arm by means of a short 

length of wire. If any part of either reactor assembly 

exhibited excessive play, the loose part was reattached and 

tightened prior to the start of the run.

At this point, the reciprocating motor was started, the 

sand bath hoist was raised, immersing the reactors in the 

fluidized bath, and the timer was started. The time 

required for the reactor contents to rise to reaction tem

perature was usually less than 2 min. for low severity runs
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(350 °C) and less than 3 min. for high severity runs (425 

°C). At the end of the desired reaction time, the sand bath 

was lowered and the reactors were cooled with compressed air 

followed by immersion into a cold water bath. The reactors 

were then detached from the reciprocating arm, and blown 

free of water and fluidizing sand with compressed air. At 

this point, each reactor was weighed, degassed under a hood, 

or into an appropriate gas sampling cylinder, and reweighed 

to estimate the mass of gas removed.

4.3 Liquefaction Product Recovery

In order to calculate the extent of coal liquefaction 

based upon conversion to tetrahydrofuran soluble products, 

all reaction products had to be quantitatively recovered 

from the reactor assembly and washed with tetrahydrofuran 

(THF). This enabled the use of THF as wash solvent for 

cleaning the reactor head and body. The reactor body was 

repeatedly rinsed and agitated with THF, and the THF/product 

slurry was collected into a pre-weighed centrifuge tube. 

This process was repeated with both the body and if neces

sary, the head of the reactor, until any THF removed from 

the reactor parts remained clear. The centrifuge tubes for 

each reactor were then filled to equal levels with addi

tional THF, and centrifuged at 2000 rpm for 15 min. Excess
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THF was decanted from each of the tubes and fresh THF added. 

The tubes were then sonically agitated in a water bath for 

10 min. to promote complete mixing of the fresh THF with the 

centrifuge residue. This centrifugation process was 

repeated until THF decanted from the tubes remained clear. 

Three washes with THF were usually sufficient to obtain 

clear THF upon décantation. The centrifuge tubes and each 

clean reactor body were then placed in a 125 °C oven over

night, to remove all residual traces of THF.

Once the reactor body and the centrifuge tubes were 

dried, they were removed from the oven, and were allowed to 

cool. The centrifuge tubes were weighed in order to deter

mine the mass of THF insoluble products. The reactor body 

was also weighed, and any gained weight was assumed to be 

due to traces of THF insoluble material left behind from the 

reactor cleanout process. For the majority of liquefaction 

experiments, the weight gain of the reactor body was zero, 

indicating that the reactor had been thoroughly rinsed. If 

any weight gain was recorded, it was added to the weight of 

THF insolubles collected in the centrifuge tubes.

5. MOISTURE FRACTION DETERMINATION

The amount of moisture present in the feed coal was 

determined by taking a representative sample of the coal
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charged to the reactor, and performing a weight loss upon 

drying analysis. Weight lost upon drying was determined by 

weighing a sample of coal placed in a crucible of known 

mass. The crucible was placed in a 125 °C oven overnight, 

removed, and cooled in a vacuum desiccator. The crucible 

was reweighed and the loss in weight upon drying was divided 

by the starting weight of coal, giving a weight fraction 

loss upon drying which was assumed to be moisture loss. The 

weight loss analysis was performed in duplicate in order to 

minimize error in the moisture content calculation; it was 

found that the two samples always agreed within 2.0 wt%. 
The moisture content of the THF insoluble material was 

assumed to be zero due to the drying of the THF insoluble 

material overnight at 125 °C.

6 . ASH FRACTION DETERMINATION

Coal conversion for all samples liquefied or co

processed is calculated on a moisture and ash free basis, 

resulting in the need to have an accurate measurement of the 

ash fraction in each coal. The ash fractions of all coal 

samples used in the study are listed in Table VI. Ash frac

tions for the untreated coals were determined by Argonne 

National Laboratories, which supplied the coal used in this 

study (33) . Ash fraction of pretreated coal samples were
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determined by Huffman Laboratories, of Golden, Colorado.
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TABLE VI

Ash Fractions Of Untreated and Pretreated 

On A Moisture Free Basis

PRETREATMENT METHOD 
COAL UNTREATED CC/MAP LIOTTA

WYODAK 0.0877 0.0783 0.0656

ILLINOIS 0.1548 0.1590 0.1434
#6

Coals

STERNBERG

0.1268

0.1487

CC/MAP: Chlorine Catalyst/Mild Alkylation Pretreatment
LIOTTA: Oxygen Alkylation Pretreatment
STERNBERG: Reductive Alkylation Pretreatment
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DISCUSSION OF RESULTS

1. COAL PRETREATMENT

Pretreatment of both bituminous and subbituminous coal 

samples was carried out using the methods described in the 

Procedure section. Preteated coal samples were subjected to 

ultimate analysis in order to quantify the extent to which 

each coal was chemically changed by the pretreatment pro

cess. Photo-acoustic Fourier Transform Infrared analysis 

(FTIR) was also used to qualitatively confirm these chemical 

changes by observing the nature and location of the alkyl 

groups added to the coal.

Extent of pretreatment was measured in terms of alkyl 

groups added per 100 carbon atoms of feed coal (groups/100 C 

atoms), as seen in Table VII. For each pretreatment proce

dure, the extent of alkylation was used to determine the 

degree of reproducibility which could be expected when the 

procedure was repeated. Throughout the experimental pro

gram, pretreated coal samples that didn't show the same 

extent of pretreatment were not used in liquefaction expe

riments .
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TABLE VII

Number Of Alkyl Groups Added To Parent Coal 
By Mild Pretreatment

PRETREATMENT METHOD 
(alkyl groups/100 c atoms)

COAL CC/MAP (1) STERNBERG (2) LIOTTA (1)

WYODAK 1.5 5.7 8.0

ILL. #6   6.7 4.7

(1) methyl group addition
(2) ethyl group addition
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1.1 Oxygen Alkvlation

Oxygen alkylation using the Liotta procedure resulted in 
the addition of 8.0 methyl (CH3) groups/100 C atoms for the 

subbituminous coal and 4.7 methyl groups/100 C atoms for the 

bituminous coal. Subbituminous coal has a higher oxygen 

content with more oxygen functionalities present within the 

coal as compared to the bituminous coal. Because O-alkyla- 

tion is oxygen selective, the coal with more oxygen under

goes a greater extent of alkylation during the Liotta pre

treatment process.

1.2 Reductive Alkvlation

Reductive alkylation using Sternberg's procedure added

5.7 ethyl groups/100 C atoms to the subbituminous coal and

6.7 ethyl groups/100 C atoms to the bituminous coal. Reduc

tive alkylation is a non-selective alkylation occurring 

primarily at polar chemical sites within the coal, which is 

confirmed by the small difference in the extent of alkyla

tion for the coals of different rank. Some oxygen alkyla

tion does occur because of the polar nature of most oxygen 

functionalities, but its effect is not significant when 

compared to the reductive alkylation of carbon sites in the 

coal structure.
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1.3 Chlorine Catalvst/Mild Alkylation Pretreatment
1.3.1 Extent Of Alkvlation

Selected coals which were pretreated via the chlorine 

catalyst/mild alkylation pretreatment (CC/MAP) procedure 
were also subjected to ultimate analysis in order to deter

mine the extent of alkylation during pretreatment. The 

CC/MAP procedure resulted in the addition of 1.5 methyl 

groups/100 C atoms to the subbituminous coal. This small 

extent of alkylation is indicative of the very mild reaction 

conditions used in this procedure. Although alkylation does 

take place, the magnitude of alkyl group incorporation is 

much lower than in the other procedures where alkylation is 

the sole means of coal pretreatment. The extent of alkyla

tion attained in the bituminous coal using this procedure 

was not measured.

1.3.2 Extent Of Dispersed Chlorine Incorporation

The amount of chlorine incorporation into the coal 

structure during chlorine catalyst/mild alkylation pretreat

ment procedure is shown below:
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CHLORINE CONTENT OF WYODAK COAL (WT %)
MF COAL ASH

RAW COAL 0.18 % 0.24 %
TREATED COAL 2.41 % 0.62 %

Untreated Wyodak coal has a chlorine content of 0.18% by 

weight, but the chlorine content of the pretreated coal was 

found to be 2.41% by weight. This shows that pretreatment 

via the chlorine catalyst/mild alkylation procedure does 

result in the incorporation of a small but significant 

amount of chlorine into the coal structure. During lique

faction, chlorine is possibly converted to hydrochloric acid 

(HC1) which acts as a strong hydrocracking catalyst. 

Although the amount of chlorine initially present is small, 

the subsequent HC1 formed may have a significant impact upon 

coal conversion under liquefaction conditions. The amount 

of chlorine present in pretreated Illinois #6 coal was not 
measured, but may be assumed equivalent in proportion to the 

concentration incorporated into the Wyodak coal samples.

2. INTRINSIC THF SOLUBILITY OF UNTREATED AND TREATED COALS 

In order to use coal conversion to THF soluble products 

as a measure of coal reactivity, the intrinsic THF solubil

ity of both untreated and pretreated coals had to be deter
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mined. The intrinsic THF solubility of each coal was deter

mined on a moisture and ash free (MAF) basis (Table VIII). 

These solubilities were determined by adding a known mass of 

coal to a centrifuge tube and applying the same THF extrac

tion process used in Section 4.3 of the Experimental Proce

dure. The fraction of the original coal sample lost to THF 

extraction represented the intrinsic THF soluble portion of 

the coal.

The difference between the intrinsic THF solubility of a 

raw coal and the same coal after pretreatment reflects the 

effect of the pretreatment process upon the coal. Untreated 

Wyodak coal had an intrinsic THF solubility of 1.63 wt. %, 

but after pretreatment using the Liotta procedure, the 

intrinsic THF solubility was 13.59 wt. %. The difference 

between these two values represents the effect of Liotta1s 

oxygen alkylation upon Wyodak coal prior to liquefaction. 

The effect of Sternberg's method upon the treated coal can

not be determined, because Sternberg's procedure involves 

rinsing the coal with THF during the alkylation procedure. 

Any increase in THF solubility brought about by the pre

treatment is washed away by THF. Table VIII reflects this 

fact, where the intrinsic THF solubility of both Wyodak and 

Illinois #6 coal after pretreatment with Sternberg's proce

dure is lower than the THF solubility of the untreated coal.
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TABLE VIII 
Intrinsic THF Solubilities Of Untreated 

And Pretreated Coals 

(wt fraction on a MAF basis)

COAL
PRETREATMENT METHOD 

UNTREATED CC/MAP LIOTTA

WYODAK 0.0163 0.0586 0.1359

ILLINOIS
#6

0.1193 0.1172 0.2532

STERNBERG

0.0000

0.0648

CC/MAP: Chlorine Catalyst/Mild Alkylation Pretreatment
LIOTTA: Oxygen Alkylation Pretreatment
STERNBERG: Reductive Alkylation Pretreatment



T-3714 67

3. CALCULATION OF COAL CONVERSION
Coal reactivity was based upon the conversion of THF 

insoluble coal to THF soluble products on a moisture and ash 
free basis using the following equation:

(I - 0)
THF Coal Conversion  -------- * 100%

I
where:
I = (g of coal in)* (1-ash fraction)*(1-moisture fraction)

*(1-intrinsic THF soluble fraction of feed coal)
O = (g of THF insoluble material recovered)*(1-ash fraction)

Intrinsic THF soluble matter in the feed coal was estimated 

using the intrinsic THF solubilities shown in Table VIII. 

Because intrinsic THF solubilities are accounted for, the 

conversion equation above estimates the effect of pretreat

ment upon coal reactivity under liquefaction or co

processing conditions.

4. REACTIVITY PARAMETER MATRIX

Coal conversion results for the reactivity parameter 

matrix studied are shown in Table IX. The non-alkylated THF 

coal conversions are for liquefaction/co-processing of the 

untreated coal samples at each set of reactivity conditions. 

For each of the pretreatment methods listed (including no 

pretreatment), the THF coal conversion represents a mean
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TABLE IX
Completed Reactivity Parameter Matrix

I. . . . . . I......
I I
| COAL | SOLVENT
I I 
I I

TEMP 
deg C

TIME
min

NON- 
ALKYLATED 
THF COAL 
CONVERSION

CC/MAP METHOD LIOTTA METHOD STERNBERG METHOD)

THF | 
CONV. |

% I NCR. 
IN CONV.

THF
CONV.

% I NCR. 
IN CONV.

THF
CONV.

% INCR. j 
IN CONV.|

|------ 1------
I I

350
5 14.6

----- 1
25.6 |

_____ I
74.8 32.1 119.2 30.1 105.3 |

I I 
I I
| | DHP
I I

30 38.7
I

51.4 | 33.0 53.6 38.5 64.7 67.2 1

425
5 65.4

..... 1
82.6 | 26.2 76.8 17.5 79.6 21.6 |

I I 
I I 30 87.9

..... 1
89.7 |____ 1 2.0 88.9 1.1 90.0 2.4 |

| WTUUAn  | -
I I
| I COLD 
| I LAKE 
| | ATM.
I | RESID

350
5 -0.2

1
5.4 | 0.0 -2.4 0.0 10.2 0.0 |

30 15.0
..... 1
20.3 | 35.7 28.5 90.6 32.8 118.9 j

425
5 28.4

..... 1
39.0 | 37.2 49.1 72.6 59.5 109.1 |

I I 
I I 30 69.3

..... 1
59.1 | -14.7 71.6 3.3 63.3 -8.7 j

I------ 1 =_==_==
I I

350
5 37.1

-=----1
48.2 | 29.7 46.1 24.0 47.5 27.9 |

I I 
I I 30 81.3

..... I
86.5 |

_____ I
6.4 84.6 4.0 83.2 2.3 |

I I
425

5 87.7
I

91.0 | 3.8 89.0 1.4 86.8 -1.1 j
I I
|ILLINOIS) 30 89.8

I
88.0 |

____ _ 1
-2.0 90.9 1.3 84.9 -5.4 j

I I
| | COLD 
| | LAKE j j ATM.
| | RESID
I I

350
5 -1.0

1
7.0 | 0.0 -18.5 0.0 11.4 0.0 |

30 28.7
..... 1
34.6 | 20.5 10.6 -63.3 40.4 40.8 j

5 38.5
..... 1
38.5 | 0.1 32.6 -15.2 65.2 69.5 |

1 1 
1 1 30 38.0

..... 1
56.8 | 49.4 28.2 -25.9 59.4 56.1 |

CC/MAP
DHP
Cold Lake atmospheric residuum
Reaction Gas
Pressure

Chlorine Catalyst/Mi Id Alkylation Pretreatment
Liquefaction Solvent
Co-Processing solvent
Hydrogen
1000 psig cold
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value of repeated reactivity experiments. The percent 

increase in conversion shown in Table IX was calculated with 

respect to the corresponding untreated coal conversion.

The raw data used to generate the values listed in the 

reactivity parameter matrix can be found in Appendix A. Mean 

values were calculated from repeated trials for each set of 

reactivity conditions. In situations where repeated trials 

showed a large difference in the coal conversion values, 

additional trials at the same conditions were conducted. 

All trials were then used to calculate an estimate of the 

mean.

Trials which were suspected as outlying data points 

were subjected to a one tailed t-test. Mean coal conversion 

was calculated without the suspect point, and the probabil

ity of the conversion being less or equal than the suspect 

point, given the "new" mean conversion, was calculated. If 

this probability was < 5 wt. %, then the suspect point was 

not used in the estimate of the mean, and the "new" mean 

conversion was used.

A five factor analysis of variance (ANOVA) was conducted 

using reactivity runs for the untreated and the CC/MAP pre

treated coals at all combinations of reactivity conditions 

(Appendix B). It was found that the standard deviation 

between repeated trials at any one set of conditions was +/-
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4.3 wt. %. This means that the amount of random error 
between trials for any set of conditions is +/- 4.3 wt. %. 

Although only data from the untreated coal and chlorine 

catalyst/mild alkylation treated coal samples were used in 

this analysis, it is assumed that the random error calcu

lated in the analysis of variance also applies to runs made 

using the Liotta and Sternberg treated coals.

All values used in the subsequent discussion of lique

faction and co-processing reactivity experiments are taken 

from mean values tabulated in Table IX.

5. LIQUEFACTION REACTIVITY EXPERIMENTS

Prior to performing liquefaction experiments involving 

pretreated coal samples, the baseline reactivity data for 

untreated coal using dihydrophenanthrene (DHP) as a lique

faction solvent was determined. In the following discus

sion, the different combinations of liquefaction reactivity 

conditions are divided into two groups: low severity parame

ter combinations (350 °C) and high severity parameter

combinations (425 °C). The individual contributions of coal 

rank and reaction time are more easily observed at each 

level of severity when this distinction is made.

Baseline reactivity data for both low and high severity
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liquefaction of untreated coal is shown in Figure 3. At 

both low and high severity conditions, coal conversion is a 

function of coal rank, with bituminous coal (Illinois #6) 
exhibiting a higher conversion to THF solubles than subbitu

minous coal (Wyodak) for all combinations of time and tem

perature. These results agree with other coal liquefaction 

studies where bituminous coal was found to have a higher 

baseline conversion than subbituminous coal (2).
At low severity liquefaction conditions reaction time is 

an important factor, more than doubling the THF conversion 

of both ranks of coal when the reaction time is increased 

from 5 to 30 min. Conversion of Wyodak coal increases from

14.6 to 38.7 wt. % while conversion of the Illinois #6 coal 
increases from 37.1 to 81.3 wt. %.

At high severity liquefaction conditions. Figure 3 shows 

that the baseline coal conversions for the untreated coals 

are higher for all coal ranks and reaction times when com

pared to the conversions observed at low severity. The 

conversion for the Wyodak coal increases from 65.4 to 87.9 

wt. % as the reaction time is increased from 5 min to 30 

min. The conversion for the Illinois #6 coal increases from
87.7 to 89.8 wt. % for the same corresponding increase in 

reaction time.

This suggests that for high severity liquefaction using

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
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DHP as a solvent, the maximum attainable limit for conver

sion is close to 90 wt. %. The high rank coal approaches 

this conversion limit after only 5 min of liquefaction time. 

Increasing the liquefaction time beyond 5 min results in a 

negligible increase in coal conversion. For the low rank 

coal, the conversion attained in 5 min of reaction time is

65.4 wt. %. However, when the reaction time is increased to 

3 0 min, conversion of the low rank coal also approaches this 

conversion limit of about 90%.

5.1 Oxygen Alkvlation Liquefaction Experiments

For coal reactivity experiments involving liquefaction 

of coal pretreated with the Liotta method, THF coal conver

sions are shown in Figure 4. For each combination of 

severity, coal, and reaction time, the first bar in each 

group represents the baseline coal conversion while the 

second bar represents the coal conversion obtained the 

Liotta method was used to pretreat the feed coal prior to 

liquefaction. Figure 5 shows the increase in conversion of 

the pretreated coal compared with the untreated conversion 

on a percentage basis for each combination of reaction con

ditions.

For low severity liquefaction (350 °C), Figure 5 shows 

that Wyodak coal exhibits a greater increase in conversion
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due to oxygen alkylation pretreatment than Illinois #6 at 

reaction times of both 5 and 30 min. A reaction time of 5 
min resulted in a 119% increase in conversion compared with 

the untreated coal for Wyodak coal, while Illinois #6 coal 
showed a 24% increase in conversion. Likewise, at a reac

tion time of 30 min, Wyodak experienced a 39% increase in 

conversion with respect to the untreated coal, while Illi

nois #6 coal showed a 4% increase in conversion.
The greater increase in conversion for the subbituminous 

coal may be a result of the Wyodak coal having more phenolic 

oxygen functionalities which are converted to less polar 

ether linkages, perhaps preventing the phenolic functionali

ties from participating in retrogressive reactions. In a 

model compound study, McMillen showed that hydroxyl coupling 

reactions resulted in peroxide bond formation, hence gener

ating reaction products which were highly refractory (34).

R^-OH + R2 —OH ---> R^—O—O—R2 + H2

McMillen observed that these coupling reactions were 

strongly promoted at 400 °C. The formation of these prod

ucts can be considered representative of the retrogressive 

reactions observed in low rank coal under certain liquefac

tion conditions. Even though low severity liquefaction
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experiments were carried out at a lower temperature (350 °C) 
than the conditions used by McMillen (400 °C), pretreatment 

via oxygen alkylation may still result in a greater degree 
of reactivity enhancement in the low rank coal by chemically 

altering the coal functionalities which are prone to retro

gressive reactions.

High severity liquefaction (425 °C) of coal pretreated 

with Liotta1s procedure shows a lesser degree of reactivity 

enhancement with respect to the untreated coal as compared 

to low severity liquefaction (Figure 5). Liquefaction of 

Wyodak coal at 5 min reaction time was the only case where 

a significant increase in reactivity relative to the 

untreated coal was observed with a 17.1% increase in conver

sion. Within experimental error, the 30 min liquefaction of 

Wyodak and both liquefaction times of Illinois #6 coal 

resulted in no coal reactivity enhancement.

This result can be attributed to the fact that at high 

severity liquefaction conditions the coal conversion is 

close to the attainable limit. Pretreatment of the feed 

coal results in a negligible reactivity enhancement because 

the maximum coal conversion has already been reached. The 5 

min liquefaction of the Wyodak coal did result in a signifi

cant reactivity increase because the untreated conversion of

65.4 wt. % was well below the point where the limit of con
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version is reached.

5.2 Reductive Alkvlation Liquefaction Experiments

Data for reactivity studies of coal pretreated using 

Sternberg's reductive alkylation procedure are shown in 

Figure 6 along with the baseline coal conversion for each 

set of reaction conditions. Figure 7 shows the percent 

increase in conversion for the pretreated coal with respect 

to the untreated coal for the same sets of reaction condi

tions.

In Figure 1, low severity liquefaction (3 50 °C) at a 

reaction time of 5 min results in a 105.3% increase in con

version for Wyodak coal while Illinois #6 coal shows an 
increase in conversion of only 27.9%. For a reaction time 

of 30 min, low severity liquefaction of Wyodak results in a 

67.2% increase in conversion while Illinois #6 coal shows 

only a 2.3% increase in conversion. For both reaction 

times, Wyodak coal exhibits the greater percent increase in 

conversion when compared to Illinois #6 coal. The same 

trend is observed at high severity liquefaction conditions 

(425 °C). At a reaction time of 5 min, the percent increase 

in conversion for Wyodak coal (21.6%) is larger than the 

percent change for Illinois #6 coal (-1.1%). At a reaction 

time of 30 min, the percent increase in conversion for
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Wyodak coal (2.4%) is greater than the percent increase in 
conversion for Illinois #6 coal (-5.4).

These trends indicate that Sternberg's reductive alky

lation imparts a higher degree of reactivity enhancement to 

Wyodak coal than to Illinois #6 coal for all combinations of 
liquefaction reactivity conditions studied. Since reductive 

alkylation occurs at polar coal sites, resulting in a mild 

but non-selective alkylation of the coal, the larger concen

tration of oxygen functionalities in the Wyodak coal doesn't 

account for the significantly higher degree of reactivity 

enhancement. Instead, these trends may be due to the fact 

that the untreated Wyodak coal has a lower inherent reactiv

ity than that seen in the untreated Illinois #6 coal. 

Because the untreated Wyodak coal has a lower baseline con

version than the untreated Illinois #6 coal, pretreatment of 
both coals by the same non-selective method may result in a 

more significant reactivity enhancement in the Wyodak coal.

5.3 Chlorine Catalvst/Mild Alkvlation Liquefaction Exper

iments

Liquefaction conversion data for coal samples pretreated 

with the chlorine catalyst/mild alkylation pretreatment 

procedure developed by Armstrong are shown in Figure 8 . For 

each combination of reaction conditions, the baseline con-
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version for the untreated coal is also displayed. The per
cent increase in conversion for the pretreated coal compar

ed to the baseline conversion for the untreated coal is 

shown in Figure 9 for all combinations of reaction condi
tions .

Conversion data for low severity liquefaction conditions 

(3 50 °C) in Figure 9 indicate that, at both 5 and 3 0 min

reaction times, Wyodak coal exhibits a larger percent 

increase in conversion than Illinois #6 coal. This result 

again suggests that the lower the baseline conversion of the 

untreated coal, the more significant the liquefaction 

enhancement due to the pretreatment process.

For both Wyodak and Illinois #6 coal, the percent 

increase in conversion is larger at 5 min reaction time than 

at 3 0 min reaction time. This non-linear increase in con

version could be considered a catalytic effect where the 

activity of HC1 catalyst at short reaction times results in 

an a high degree of initial reactivity enhancement which is 

obscured at longer reaction times.

Runs at high severity liquefaction conditions (425 °C)

indicate that only Wyodak coal at the 5 min reaction time 

exhibits a significant increase in reactivity enhancement, 

with a 26.2% increase in conversion over the untreated base

line conversion. Within experimental error, conversion



% 
IN

CR
EA

SE
 
IN 

CO
NV

ER
SI

ON
 

(T
HF
 
SO

LU
BL

ES
)

T-3714 84

Pe
rc
en
t 

In
cr
ea
se
 

In 
Li
qu
ef
ac
ti
on
 

Co
nv

er
si

on
, 

CC
/M
AP
 

Pr
oc

ed
ur

e



T-3714 85

levels in the other three reaction combinations are identi
cal. This result indicates that under high severity lique

faction conditions, coal pretreatment imparts no reactivity 

enhancement because coal conversion is already nearly maxim

ized.

6 . CO-PROCESSING REACTIVITY EXPERIMENTS

Conversion to THF soluble products was determined for 

the untreated coal to determine the baseline coal conversion 

for each combination of co-processing reaction conditions. 

Mildly hydrotreated Cold Lake atmospheric residuum (A-8 ) was 

used as the co-processing solvent in all experiments. In 

the following discussion, the different combinations of 

co-processing reactivity experiments are divided into low 

and high severity (350 °C and 425 °C) conditions so that the 

effect of reaction time and coal rank upon reactivity can be 

more easily appraised at each level of severity.

Figure 10 shows the baseline coal conversion for each 

combination of low and high severity reaction conditions. 

For the low severity baseline conversions, the 5 min reac

tion time resulted in a negative coal conversion for both 

Wyodak and Illinois #6 coals. These negative conversions 

may be attributed to adduction of the co-processing solvent 

into the primary liquefaction products, forming high molecu-
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lar weight coal/solvent adducts that are insoluble in THF. 
This results in a mass gain for the THF insoluble prod

ucts. As the reaction time is increased to 30 min, negative 

coal conversions are no longer observed. The low rank coal

shows a baseline conversion of 15.0 wt. % while the high

rank coal shows a baseline conversion of 28.7 wt. %. This

trend of increased baseline conversion in the bituminous

coal over the subbituminous coal has been observed in num

erous liquefaction studies (2).
At high severity co-processing conditions (425 °C), 

solvent incorporation does not appear to be a significant 

factor. The baseline conversion for untreated Wyodak coal 

is 28.4 wt. % for a reaction time of 5 min, and 69.3 wt. % 

for a reaction time of 30 min. This indicates that for low 

rank coals, reactivity is still significant at longer reac

tion times, where the conversion increases as a function of 

time. The baseline conversions for untreated Illinois #6 
coal are identical within experimental error for both the 5 

and 30 min reaction times (38.5 wt. %, 38.0 wt. %).

Although no evidence exists, speculation suggests that coal 

reactivity at longer reaction times for the high rank coal 

may be offset by solvent-coal reactions which could be pro

moted by the higher severity co-processing conditions. The 

result is that increases in coal conversion due to the
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higher severity and longer reaction time may be offset by 
solvent-coal adduction reactions which become more pro
nounced at longer reaction times, adding mass to the THF 
insoluble portion of the reaction products.

6.1 Oxvaen Alkvlation Co-Processing Experiments

Co-processing conversion data for coal pretreated using 

Liotta's oxygen alkylation method are shown in Figure 11 for 

each combination of reaction conditions. The percent 

increase in conversion with respect to the baseline conver

sion for each combination is shown in Figure 12. At low 

severity co-processing conditions (350°C) solvent incorpora

tion is significant for both coals at the 5 min reaction 

time. Coal pretreatment enhances the solvent incorporation 

effect, further decreasing coal conversion for both Wyodak 

and Illinois #6 coals. At 30 min reaction time, Wyodak coal 

exhibits a large conversion increase indicating that pre

treatment does result in a significant coal reactivity 

enhancement. Co-processing of Illinois #6 coal at the 3 0 
min reaction time resulted in a 63.3% decrease in conver

sion, suggesting that pretreatment enhances the solvent 

incorporation tendency of the system at longer reaction 

times.

High severity co-processing (425 °C) of Wyodak coal
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resulted in a significant increase in reactivity enhancement 
at a reaction time of 5 min, but negligible reactivity 

enhancement at 30 min. This suggests that, at shorter reac

tion times, coal pretreatment is beneficial to coal conver

sion, but at longer reaction times the high severity condi

tions are sufficient to maximize coal conversion, without 

the aid of the pretreatment. For both 5 and 30 min reaction 

times, Illinois #6 coal showed a percent decrease in conver
sion. This indicates that pretreatment of Illinois #6 coal 

is counterproductive at high severity where retrogressive 

reactions may be enhanced by the pretreatment process.

6.2 Reductive Alkvlation Co-Processina Experiments

Coal conversion data for coal pretreated via Sternberg's 

reductive alkylation process are shown in Figure 13. Base

line conversion for co-processing of untreated coal is also 

included in this Figure at each combination of reaction 

conditions. The percent increase in conversion with respect 

to the untreated coal at each combination of reaction condi

tions is shown in Figure 14. At low severity reaction con

ditions (350 °C), alkylation of Wyodak coal results in an

increase in reactivity enhancement at reaction times of both 

5 and 30 min (Figure 13). Alkylation of Illinois #6 coal 
results in a similar increase in reactivity enhancement for



% 
CO

NV
ER

SI
ON

 
(T
HF
 
SO

LU
BL

ES
, 

CO
RR

EC
TE

D)
T-3714 92

1

<ooo
LU

<C
LU
ÛC
H
LU
ÛC
Û.

m

o coo %

§ co
< 5
ÛC z

3u
■

Ef
fe
ct
 

Of 
Pr
et
re
at
me
nt
 

On 
Co

—P
ro

ce
ss

in
g,

 
St
er
nb
er
g 

Pr
oc

ed
ur

e



% 
IN

CR
EA

SE
 
IN 

CO
NV

ER
SI

ON
 

(T
HF
 
SO

LU
BL

ES
)

T-3714

Pe
rc
en
t 

In
cr
ea
se
 

In 
Co

-P
ro
ce

ss
in

g 
Co

nv
er

si
on

, 
St
er
nb
er
g 

Pr
oc

ed
ur

e



T-3714 94

both reaction times. Although the Illinois #6 coal achieves 
a higher ultimate conversion of 40.4 wt. %, Wyodak coal has 

a lower baseline coal conversion, resulting in a 118.9% 

increase in conversion while Illinois #6 coal showed only a 

40.8% increase in coal conversion (Figure 14).

High severity co-processing (425 °C) of Wyodak coal

resulted in a significant increase in reactivity enhancement 

at 5 min reaction time, but a slight decrease in reactivity 

enhancement at 30 min reaction time. Once again, the pre

treatment process is most beneficial in situations where the 

baseline coal conversion is low. For 5 and 30 min co

processing experiments using Illinois #6 coal, increases in 

conversion of 69.5% and 56.1% were observed. This indicates 

that for these particular co-processing conditions, reduc

tive alkylation results in a significant increase in reac

tivity enhancement as reflected in the increase in coal 

conversion to THF solubles.

6.3 Chlorine Catalvst/Mild Alkvlation Co-Processina Exper
iments

Co-processing reactivity experiments using coal samples 

pretreated with the chlorine catalyst/mild alkylation pre

treatment developed by Armstrong are shown in Figure 15. 

Baseline conversion of untreated coal at each combination of
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reaction conditions are also shown for comparison. The
percent increase in treated coal conversion with respect to

the baseline conversion for each combination of reaction 

conditions is shown in Figure 16. At low severity co

processing conditions (350 °C) Wyodak coal shows a modest

increase in conversion at both 5 and 30 min reaction times. 

Illinois #6 coal also showed modest increases in conversion 
at 5 and 30 min reaction times. In Figure 16, the percent

increase in conversion for Wyodak at 30 min is higher that

the value for Illinois #6 at 30 min because Wyodak has a

lower baseline coal conversion. Percent increases for the 5

min reaction times were omitted in Figure 16 because of

solvent incorporation in baselihe conversions.

At high severity co-processing conditions (425 °C)

Wyodak coal showed a 37.2% increase in conversion at a reac

tion time of 5 min, but a 14.7% decrease in conversion at 

3 0 min reaction time. Pretreatment at the shorter reaction 

time enhances coal reactivity but at longer reaction times, 

the small amount of alkylation which occurs during pretreat

ment may promote retrogressive coal-solvent interactions. 

At the 5 min reaction time, pretreatment of Illinois #6 coal 
shows no enhancement in coal reactivity, while at 3 0 min 

reaction time a 49.4% increase in conversion is observed. 

This may be due to a lesser tendency for the high rank coal
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to participate in retrogressive reactions after pretreat
ment .

7. OPTIMIZATION OF LIQUEFACTION CONDITIONS

High severity conditions are normally utilized in coal 

liquefaction processes because baseline coal conversion 

increases with increasing temperature. Low severity lique

faction conditions, coupled with pretreatment for reactivity 

enhancement, can be beneficial for coal liquefaction pro

cesses. This is because the most significant increase in 

reactivity enhancement due to coal pretreatment occurs at 

low temperature, as shown in this thesis. This effect how

ever, decreases with increasing temperature. These two 

opposing trends were observed for all combinations of pre

treatment, coal rank, and reaction time, as shown in Figure 

17 for Liotta pretreated coal liquefied for 30 min.

Because low temperature favors reactivity enhancement 

while high temperature favors high ultimate conversion, the 

most economically effective enhancement in reactivity will 

occur at some intermediate temperature, where both effects 

are significant. The determination of this optimal tempera

ture could be made by measuring conversion data at a number 

of temperature levels between the two extremes utilized in 

this study. A diagram such as that shown in Figure 18 could
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then be constructed for each coal and pretreatment combina
tion in order to locate the optimum temperature. Repeated 

liquefaction experiments where coal, pretreatment method, 

and reaction time are held constant while reaction tempera

ture is varied would provide the data necessary to construct 

such a diagram. In the diagram, the intersection of the two 

curves represents the optimal temperature where the baseline 

coal conversion is maximized while the percent increase in 

conversion due to coal pretreatment is still significant for 

this combination of reactivity parameters. Optimization of 

the temperature in this manner results in maximization of 

the reactivity enhancement of the pretreatment process while 

still maintaining the first stage coal dissolution tempera

ture at a sufficiently low value to avoid regressive reac

tions and excessive hydrocarbon gas make.
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CONCLUSIONS

The objective of this research program was to investi
gate the effect of selective pretreatment methods upon coal 

reactivity at different liquefaction and co-processing 

conditions. The conclusions which can be drawn from this 

thesis are:

1. The chlorine catalyst/mild alkylation pretreatment 

method developed by Armstrong slightly alkylates the coal 

and incorporates a small, but significant amount of chlo

rine into the coal structure. Reactivity enhancement seen 

for this pretreatment method is a combination of the effect 

of alkylation with catalysis caused by the added chlorine.

2. Wyodak coal shows the greatest increase in reactivity 

enhancement as measured by conversion to THF soluble prod

ucts under liquefaction conditions for all reaction times, 

reaction temperatures, and pretreatment methods.

3. The effect of coal pretreatment on reactivity is less 

significant at high severity (425 °C) liquefaction condi

tions, where high ultimate coal conversions are observed 

prior to any pretreatment. Baseline coal conversion to THF
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solubles increases with increasing temperature, but the 
enhancement in reactivity due to pretreatment decreases 

with increasing temperature. Determination of an optimum 

reactivity temperature between the two temperature extremes 

could result in a maximization of reactivity enhancement 

for the pretreatment process while still maintaining a 

significant baseline coal conversion.

4. Co-processing of coal in Cold Lake atmospheric residuum 

at low severity and short reaction times (5 min) results in 

significant coal-oil adduct formation which prevents the 

effects of coal pretreatment upon reactivity from being 

observed.

5. Low severity co-processing of Wyodak coal shows a 

greater increase in THF coal conversion than Illinois #6 
coal for all pretreatment methods at the 30 min reaction 

time.

6 . Reductive alkylation results in the greatest percent 

increase in reactivity enhancement for both high and low 

rank coals which are co-processed for 30 min at low sever

ity conditions.
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7. For all pretreatment methods, high severity co

processing of Wyodak coal results in a significant enhance

ment in THF conversion at a reaction time of 5 min, but no 
significant enhancement at a reaction time of 30 min.

8 . Reductive alkylation was the only pretreatment which 

showed a significant increase in the high severity co

processing reactivity of Illinois #6 coal at both 5 and 30 

min reaction times.
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RECOMMENDATIONS

Based upon the work that has been completed in this 

thesis, the following areas of liquefaction/co-processing 

work are recommended for further study:

1. More detailed investigation of coal pretreated with the 

chlorine catalyst/mild alkylation procedure should be 

undertaken to determine the relative importance of alkyla

tion and chlorine deposition upon reactivity enhancement.

2. Additional co-processing solvents should be selected 

for use in reactivity experiments so that potential sol- 

vent-pretreatment interactions can be studied.

3. Second stage reactivity experiments under co-processing 

conditions would indicate the degree to which coal pre

treatment enhances the yield of distillable material in 

two stage processes.

4. Liquefaction experiments at intermediate temperatures 

would determine the optimal reaction severity in a coal- 

pretreatment system that shows significant reactivity 

enhancements.
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TABLE A-l
Reaction Conditions Reference For Untreated Coals

A T SOLVENT TEMP 
deg C

1 c n

TIME
min

5

UNTREATED COAL
U U A L i

RUN NUMBER OF 
REACTIVITY EXPERIMENT
6 6  1 1 5

DHP
J  D U

3 0 6 8  1 1 7

4 2 5
5 7 0  8 3  1 1 9

WYODAK
3 0 8 5  1 2 1

COLD
LAKE
ATM.
RESID

3 5 0
5 5 6  5 8  1 2 9  1 3 2

3 0 5 9  1 2 7

4 2 5
5 6 1  8 7  1 2 3  1 3 5

3 0 6 3  1 2 5  1 3 7  1 4 1  1 4 2

3 5 0
5 4 8  7 5  9 6

DHP
3 0 5 0  9 8

4 2 5
5 5 2  1 0 0

ILL.
# 6

3 0 5 4  1 0 2

COLD
LAKE
ATM.
RESID

3 5 0
5 3 9  1 0 4

3 0 4 1  1 0 7

4 2 5
5 4 3  7 7  9 5  1 0 9

3 0 4 7  7 9  1 1 1
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TABLE A-2
Reactivity Runs For Untreated Wyodak Coal

WYODAK COAL FRACTION
INTRINSIC ADJUSTED ADJUSTED

MF COAL FRACTION GRAMS ASH MAF COAL MF THF MA F THF THF INSOLS MAF COAL THF COAL MEAN
RUN IN ASH IN IN IN INSOL OUT INSOL OUT IN FEED IN CONV. CONV.
# ( 9 ) C 9 ) C 9 ) ( 9 ) ( 9 ) COAL < g > ( % ) ( % )

66 0.9956 0.0877 0.0873 0.9083 0.8600 0.7727 0.9837 0.8935 13.5 14.6
115 0.9483 0.0877 0.0832 0.8651 0.8000 0.7168 0.9837 0.8510 15.8

68 0.9858 0.0877 0.0865 0.8993 0.6200 0.5335 0.9837 0.8847 39.7 38.7
117 0.9579 0.0877 0.0840 0.8739 0.6200 0.5360 0.9837 0.8596 37.6

70 0.4831 0.0877 0.0424 0.4407 0.2000 0.1576 0.9837 0.4335 63.6 65.4
83 0.9495 0.0877 0.0833 0.8662 0.3700 0.2867 0.9837 0.8521 66.4
119 0.9483 0.0877 0.0832 0.8651 0.3700 0.2868 0.9837 0.8510 66.3

85 0.9788 0.0877 0.0858 0.8930 0.1900 0.1042 0.9837 0.8784 88.1 87.9
121 1.0064 0.0877 0.0883 0.9181 0.2000 0.1117 0.9837 0.9032 87.6

56 0.9759 0.0877 0.0856 0.8903 0.9600 0.8744 0.9837 0.8758 0.2 -0.2
58 0.9858 0.0877 0.0865 0.8993 0.9600 0.8735 0.9837 0.8847 1.3
129 0.9579 0.0877 0.0840 0.8739 0.8900 0.8060 0.9837 0.8596 6.2
132 0.9340 0.0877 0.0819 0.8521 0.9900 0.9081 0.9837 0.8382 -8.3

59 0.9759 0.0877 0.0856 0.8903 0.8300 0.7444 0.9837 0.8758 15.0 15.0
127 0.9870 0.0877 0.0866 0.9004 0.8400 0.7534 0.9837 0.8858 14.9

61 0.9858 0.0877 0.0865 0.8993 0.7200 0.6335 0.9837 0.8847 28.4 28.4
87 0.9396 0.0877 0.0824 0.8572 0.6700 0.5876 0.9837 0.8432 30.3
123* 0.9773 0.0877 0.0857 0.8916 0.6500 0.5643 0.9837 0.8771 35.7
135 0.9247 0.0877 0.0811 0.8436 0.6900 0.6089 0.9837 0.8299 26.6

137 0.9247 0.0877 0.0811 0.8436 0.3700 0.2889 0.9837 0.8299 65.2 69.3
141 0.7747 0.0877 0.0679 0.7068 0.3300 0.2621 0.9837 0.6952 62.3
142 0.9587 0.0877 0.0841 0.8746 0.3100 0.2259 0.9837 0.8604 73.7
125 0.9579 0.0877 0.0840 0.8739 0.2900 0.2060 0.9837 0.8596 76.0
63* 0.9660 0.0877 0.0847 0.8813 0.4500 0.3653 0.9837 0.8669 57.9

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION
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TABLE A-3
Reactivity Runs For Untreated Illinois #6 Coal

ILLINOIS #6 COAL

MF COAL FRACTION GRAMS ASH MAF COAL MF THF
RUN IN ASH IN IN IN INSOL OUT
# C 9 > C 9 ) < 9 ) ( g )

48 0.9500 0.1548 0.1471 0.8029 0.6000
75 0.9976 0.1548 0.1544 0.8432 0.6200
96 1.0082 0.1548 0.1561 0.8521 0.6200

50 0.9400 0.1548 0.1455 0.7945 0.2700
98 0.9982 0.1548 0.1545 0.8437 0.3000

52 0.9419 0.1548 0.1458 0.7961 0.2300
100 1.0082 0.1548 0.1561 0.8521 0.2500

54 0.9500 0.1548 0.1471 0.8029 0.2200
102 0.9982 0.1548 0.1545 0.8437 0.2300

39 1.0200 0.1548 0.1579 0.8621 0.9300
104 0.9982 0.1548 0.1545 0.8437 0.9000

41 1.0000 0.1548 0.1548 0.8452 0.6900
107 1.0282 0.1548 0.1592 0.8690 0.7000

43* 0.9600 0.1548 0.1486 0.8114 0.5100
77 0.9776 0.1548 0.1513 0.8263 0.5900
95 1.0000 0.1548 0.1548 0.8452 0.6100
109 1.0082 0.1548 0.1561 0.8521 0.6300

47 0.9976 0.1548 0.1544 0.8432 0.6000
79 0.9976 0.1548 0.1544 0.8432 0.6300
111 1.0082 0.1548 0.1561 0.8521 0.6200
* INDICATES OUTLYING VALUE NOT USED IN CALCULATION

FRACTION
INTRINSIC ADJUSTED ADJUSTED

MAF THF THF INSOLS MAF COAL THF COAL MEAN
INSOL OUT IN FEED IN CONV. CONV.
( g ) COAL c g ) ( % ) C % )

0.4529 0.8807 0.7071 35.9 37.1
0.4656 0.8807 0.7426 37.3
0.4639 0.8807 0.7505 38.2

0.1245 0.8807 0.6997 82.2 81.3
0.1455 0.8807 0.7430 80.4

0.0842 0.8807 0.7011 88.0 87.7
0.0939 0.8807 0.7505 87.5

0.0729 0.8807 0.7071 89.7 89.8
0.0755 0.8807 0.7430 89.8

0.7721 0.8807 0.7593 -1.7 -1.0
0.7455 0.8807 0.7430 -0.3

0.5352 0.8807 0.7444 28.1 28.7
0.5408 0.8807 0.7654 29.3

0.3614 0.8807 0.7146 49.4 38.5
0.4387 0.8807 0.7277 39.7
0.4552 0.8807 0.7444 38.8
0.4739 0.8807 0.7505 36.8

0.4456 0.8807 0.7426 40.0 38.0
0.4756 0.8807 0.7426 36.0
0.4639 0.8807 0.7505 38.2

OF MEAN CONVERSION
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TABLE A-4
Reaction Conditions Reference For Liotta Pretreated Coals

zi/'i a T C O T  TTTXTT
LIOTTA METHOD

v U A J -i a U l j V C jW I TEMP deg C TIME
min

5

RUN NUMBER OF 
REACTIVITY EXPERIMENT
N1

n w o

J  o u
30 N2 N3

unir
5 N4

4Z0
30 N5

WXUUAJx
COLDLAKE 350

5 N6
30 N7 N10

AIM.RESID
A O K

5 N8
30 N9
5 134

DHP
350

30 99

A o c:
5 101

ILL.
#6

4  Z  5
30 103

COLD
LAKEATM.RESID

3  c  n
5 105 106

O w
30 108
5 110

42D
30 112
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TABLE A-5
Reactivity Runs For Liotta Pretreated Wyodak Coal

WYOOAK COAL FRACTION
INTRINSIC ADJUSTED ADJUSTED

RUN
#

MF COAL 
IN 

( 9 )

FRACTION 
ASH IN

GRAMS ASH 
IN 
< 9 )

MAF COAL 
IN 
( 9 )

MF THF 
INSOL OUT 
< 9 )

MAF THF 
INSOL OUT
( g )

THF INSOLS 
IN FEED 
COAL

MAF COAL 
IN 

C 9 )

THF COAL 
CONV.
C % )

MEAN 
CONV. 
( % )

N1 1.0100 0.0656 0.0663 0.9437 0.6200 0.5537 0.8641 0.8155 32.1 32.1

N2
N3

1.0100
1.0100

0.0656
0.0656

0.0663
0.0663

0.9437
0.9437

0.4200
0.4700

0.3537
0.4037

0.8641
0.8641

0.8155
0.8155

56.6
50.5

53.6

N4 0.9900 0.0656 0.0649 0.9251 0.2500 0.1851 0.8641 0.7993 76.8 76.8

N5 1.0300 0.0656 0.0676 0.9624 0.1600 0.0924 0.8641 0.8316 88.9 88.9

N6 1.0200 0.0656 0.0669 0.9531 0.9100 0.8431 0.8641 0.8236 -2.4 -2.4

N7
N10

1.0300
1.0400

0.0656
0.0656

0.0676
0.0682

0.9624
0.9718

0.6900
0.6400

0.6224
0.5718

0.8641
0.8641

0.8316
0.8397

25.2
31.9

28.5

N8 1.0700 0.0656 0.0702 0.9998 0.5100 0.4398 0.8641 0.8639 49.1 49.1

N9 1.1200 0.0656 0.0735 1.0465 0.3300 0.2565 0.8641 0.9043 71.6 71.6
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TABLE A-6
Reactivity Runs For Liotta Pretreated Illinois #6 Coal

ILLINOIS #6 COAL FRACTION
INTRINSIC ADJUSTED ADJUSTED

MF COAL FRACTION GRAMS ASH MAF COAL MF THF MAF THF THF INSOLS MAF COAL THF COAL MEAN
RUN IN ASH IN IN IN INSOL OUT INSOL OUT IN FEED IN CONV. CONV.
# ( 9 ) C 9 ) C 9 ) < 9 ) c g ) COAL ( g ) ( % ) ( % )

134 0.9624 0.1434 0.1380 0.8244 0.4700 0.3320 0.7468 0.6157 46.1 46.1

99 0.9922 0.1434 0.1423 0.8499 0.2400 0.0977 0.7468 0.6347 84.6 84.6

101 0.9823 0.1434 0.1409 0.8414 0.2100 0.0691 0.7468 . 0.6284 89.0 89.0

103 0.9922 0.1434 0.1423 0.8499 0.2000 0.0577 0.7468 0.6347 90.9 90.9

105 0.9823 0.1434 0.1409 0.8414 0.8900 0.7491 0.7468 0.6284 *19.2 -18.5
106 0.9922 0.1434 . 0.1423 0.8499 0.8900 0.7477 0.7468 0.6347 -17.8

108 0.9128 0.1434 0.1309 0.7819 0.6700 0.5391 0.7468 0.5839 7.7 10.6
N262 1.0086 0.1434 0.1446 0.8640 0.7300 0.5854 0.7468 0.6452 9.3
N263 1.0885 0.1434 0.1561 0.9324 0.7500 0.5939 0.7468 0.6963 14.7

110 0.9922 0.1434 0.1423 0.8499 0.5700 0.4277 0.7468 0.6347 32.6 32.6

112 1.0616 0.1434 0.1522 0.9094 0.6400 0.4878 0.7468 0.6791 28.2 28.2
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TABLE A-7
Reaction Conditions Reference For Sternberg Pretreated Coals

COAL SOLVENT TEMP 
deg C

-i c n

TIME
min

5

STERNBERG METHOD
RUN NUMBER OF 

REACTIVITY EXPERIMENT
155 163 183 184 207

DHP
J 3 U

30 153 185 205

425
5 157 189 208

WYODAK
30 159 187

COLD
LAKE
ATM.
RESID

350
5 156 164

30 154 186 206

425

o c n

5 158 190 209

II 
i 

II w 
| 

Ul 
II 
O 

1
: 

i

160 188 
154 180

nuo
J DU

30 178 184
Utlir

425
5 149

ILL.
#6

30 151

COLD
LAKE
A rtT |u r

350
5 148 181

30 147 162 174 175 179
AIM.
RESID

425
5 150 173 183

,-T 30 152 161 176 177 182
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TABLE A-8
Reactivity Runs For Sternberg Pretreated Wyodak Coal

WYODAK COAL 

MF COAL FRACTION GRAMS ASH MAF COAL MF THF MAP THF

FRACTION 
INTRINSIC 

THF INSOLS
ADJUSTED 
MAP COAL

ADJUSTED 
THF COAL MEAN

RUN IN ASH IN IN IN INSOL OUT INSOL OUT IN FEED IN CONV. CONV.
# ( 9 ) < 9 ) C 9 ) C 9 ) C 9 ) COAL ( 9 ) ( % ) ( % )

155 0.9362 0.1268 0.1187 0.8175 0.6600 0.5413 1.0000 0.8175 33.8 30.1
163 0.7899 0.1268 0.1002 0.6897 0.6600 0.5598 1.0000 0.6897 18.8
183* 0.7800 0.1268 0.0989 0.6811 0.3300 0.2311 1.0000 0.6811 66.1
184 1.0101 0.1268 0.1281 0.8820 0.6200 0.4919 1.0000 0.8820 44.2
207 0.8796 0.1268 0.11-15 0.7681 0.7000 0.5885 1.0000 0.7681 23.4

153* 0.8874 0.1268 0.1125 0.7749 0.5200 0.4075 1.0000 0.7749 47.4 64.7
185 0.9906 0.1268 0.1256 0.8650 0.4300 0.3044 1.0000 0.8650 64.8
205 0.8015 0.1268 0.1016 0.6999 0.3500 0.2484 1.0000 0.6999 64.5

157 0.8777 0.1268 0.1113 0.7664 0.3000 0.1887 1.0000 0.7664 75.4 79.6
189 0.9615 0.1268 0.1219 0.8396 0.2600 0.1381 1.0000 0.8396 83.6
208 0.8894 0.1268 0.1128 0.7766 0.2700 0.1572 1.0000 0.7766 79.8

159 0.8679 0.1268 0.1100 0.7579 0.1800 0.0700 1.0000 0.7579 90.8 90.0
187 0.9518 0.1268 0.1207 0.8311 0.2100 0.0893 1.0000 0.8311 89.3

156 0.8777 0.1268 0.1113 0.7664 0.7900 0.6787 1.0000 0.7664 11.4 10.2
164 0.7704 0.1268 0.0977 0.6727 0.7100 0.6123 1.0000 0.6727 9.0

154 0.9069 0.1268 0.1150 0.7919 0.7200 0.6050 1.0000 0.7919 23.6 32.8
186 0.9906 0.1268 0.1256 0.8650 0.6300 0.5044 1.0000 0.8650 41.7
206 0.8992 0.1268 0.1140 0.7852 0.6400 0.5260 1.0000 0.7852 33.0

158* 0.8972 0.1268 0.1138 0.7834 0.5800 0.4662 1.0000 0.7834 40.5 59.5
190 0.9712 0.1268 0.1231 0.8481 0.4700 0.3469 1.0000 0.8481 59.1
209 0.8796 0.1268 0.1115 0.7681 0.4200 0.3085 1.0000 0.7681 59.8

160 0.8972 0.1268 0.1138 0.7834 0.4100 0.2962 1.0000 0.7834 62.2 63.3
188 0.9809 0.1268 0.1244 0.8565 0.4300 0.3056 1.0000 0.8565 64.3

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION
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TABLE A-9
Reactivity Runs For Sternberg Pretreated Illinois #6 Coal

ILLINOIS #6 

MF COAL

COAL

FRACTION GRAMS ASH MAF COAL MF THF MAF THF

FRACTION 
INTRINSIC 
THF INSOLS

ADJUSTED 
MAF COAL

ADJUSTED 
THF COAL MEAN

RUN IN ASH IN IN IN INSOL OUT INSOL OUT IN FEED IN CONV. CONV.
# ( 9 > ( 9 ) C 9 ) C 9 ) ( 9 ) COAL ( 9 ) ( % ) ( % )

143 0.9746 0.1487 0.1449 0.8297 0.5300 0.3851 0.9352 0.7759 50.4 47.5
180 0.7801 0.1487 0.1160 0.6641 0.4600 0.3440 0.9352 0.6211 44.6

146 0.9746 0.1487 0.1449 0.8297 0.2700 0.1251 0.9352 0.7759 83.9 83.2
178 0.8000 0.1487 0.1190 0.6810 0.2300 0.1110 0.9352 0.6369 82.6

149 0.9845 0.1487 0.1464 0.8381 0.2500 0.1036 0.9352 0.7838 86.8 86.8

151 1.0041 0.1487 0.1493 0.8548 0.2700 0.1207 0.9352 0.7994 84.9 84.9

148 0.9647 0.1487 0.1435 0.8212 0.8400 0.6965 0.9352 0.7680 9.3 11.4
181 0.8000 0.1487 0.1190 0.6810 0.6700 0.5510 0.9352 0.6369 13.5

147 1.0140 0.1487 0.1508 0.8632 0.5500 0.3992 0.9352 0.8073 50.5 40.4
162 0.7875 0.1487 0.1171 0.6704 0.5700 0.4529 0.9352 0.6270 27.8
174 0.9800 0.1487 0.1457 0.8343 0.6000 0.4543 0.9352 0.7802 41.8
175 1.0600 0.1487 0.1576 0.9024 0.6300 0.4724 0.9352 0.8439 44.0
179 0.8100 0.1487 0.1204 0.6896 0.5200 0.3996 0.9352 0.6449 38.0

150* 0.9844 0.1487 0.1464 0.8380 0.5500 0.4036 0.9352 0.7837 48.5 65.2
173 0.9800 0.1487 0.1457 0.8343 0.4200 0.2743 0.9352 0.7802 64.8
183 0.7801 0.1487 0.1160 0.6641 0.3300 0.2140 0.9352 0.6211 65.5

152 0.9647 0.1487 0.1435 0.8212 0.5500 0.4065 0.9352 0.7680 47.1 59.4
161 0.7875 0.1487 0.1171 0.6704 0.2900 0.1729 0.9352 0.6270 72.4
176 0.9600 0.1487 0.1428 0.8172 0.4200 0.2772 0.9352 0.7643 63.7
177 1.0101 0.1487 0.1502 0.8599 0.5400 0.3898 0.9352 0.8042 51.5
182 0.8000 0.1487 0.1190 0.6810 0.3600 0.2410 0.9352 0.6369 62.2

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION
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TABLE A-10
Reaction Conditions Reference For CC/MAP Pretreated Coals

COAL SOLVENT TEMP 
deg C

TIME
min

CC/MAP METHOD
RUN NUMBER OF 

REACTIVITY EXPERIMENT

350
5 67 201

DHP
30 69 199

425
5 71 84 93

WYODAK
30 86 203

COLD
LAKE
ATM.
RESID

350
5 57 202

30 60 200

425
5 62 65 88 94

30 64 204

350
5 49 76

DHP
30 51 191

425
5 53 194

ILL.
#6

30 55 195

COLD
LAKE

350
5 40 193 196 197

30 42 192
AIM.
RESID

425
5 44 78 113

30 46 80 114
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TABLE A-11
Reactivity Runs for CC/MAP Pretreated Wyodak Coal

WYOOAK COAL

MF COAL FRACTION GRAMS ASH MAF COAL MF THF
RUN IN ASH IN IN IN INSOL OUT
# ( g ) < 9 ) < 9 ) c g )

67 0.9758 0.0783 0.0764 0.8994 0.7200
201 0.9719 0.0783 0.0761 0.8958 0.6900

69 0.4784 0.0783 0.0375 0.4409 0.2500
199 0.9435 0.0783 0.0739 0.8696 0.4500

71 0.4784 0.0783 0.0375 0.4409 0.1500
84 0.9591 0.0783 0.0751 0.8840 0.2000
93 0.7844 0.0783 0.0614 0.7230 0.1300

86 0.8727 0.0783 0.0683 0.8044 0.1600
203 0.9816 0.0783 0.0769 0.9047 0.1500

202 0.9341 0.0783 0.0731 0.8610 0.8400
57 0.9566 0.0783 0.0749 0.8817 0.8600

60 0.9566 0.0783 0.0749 0.8817 0.7500
200 0.9531 0.0783 0.0746 0.8785 0.7200

62 0.9566 0.0783 0.0749 0.8817 0.4900
65 0.9566 0.0783 0.0749 0.8817 0.6700
88 0.7768 0.0783 0.0608 0.7160 0.4800
94 0.7844 0.0783 0.0614 0.7230 0.4700

64 0.9374 0.0783 0.0734 0.8640 0.4200
204 0.9814 0.0783 0.0768 0.9046 0.4100

FRACTION
INTRINSIC ADJUSTED ADJUSTED

MAF THF THF INSOLS MAF COAL THF CCAL MEAN
INSOL OUT IN FEED IN CONV. CONV.
< 9 ) COAL ( 9 > ( % ) ( % )

0.6436 0.9414 0.8467 24.0 25.6
0.6139 0.9414 0.8433 27.2

0.2125 0.9414 0.4151 48.8 51.4
0.3761 0.9414 0.8187 54.1

0.1125 0.9414 0.4151 72.9 82.6
0.1249 0.9414 0.8322 85.0
0.0686 0.9414 0.6806 89.9

0.0917 0.9414 0.7572 87.9 89.7
0.0731 0.9414 0.8517 91.4

0.7669 0.9414 0.8105 5.4 5.4
0.7851 0.9414 0.8300 5.4

0.6751 0.9414 0.8300 18.7 20.3
0.6454 0.9414 0.8270 22.0

0.4151 0.9414 0.8300 50.0 39.0
0.5951 0.9414 0.8300 28.3
0.4192 0.9414 0.6740 37.8
0.4086 0.9414 0.6806 40.0

0.3466 0.9414 0.8134 57.4 59.1
0.3332 0.9414 0.8515 60.9
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TABLE A-12
Reactivity Runs For CC/MAP Pretreated Illinois #6 Coal

ILLINOIS #6 COAL

MF COAL FRACTION GRAMS ASH MAF COAL MF THF
RUN IN ASH IN IN IN INSOL OUT
# < 9 ) C 9 ) ( 9 > C 9 )

49 0.9424 0.1590 0.1498 0.7926 0.5000
76 0.9699 0.1590 0.1542 0.8157 0.5400

51 0.9225 0.1590 0.1467 0.7758 0.2500
191 0.9718 0.1590 0.1545 0.8173 0.2400

53 0.9621 0.1590 0.1530 0.8091 0.2300
194 0.9912 0.1590 0.1576 0.8336 0.2100

55 1.0019 0.1590 0.1593 0.8426 0.2600
195 0.9718 0.1590 0.1545 0.8173 0.2300

40 0.9423 0.1590 0.1498 0.7925 0.8600
193 0.9718 0.1590 0.1545 0.8173 0.7700
196 0.9815 0.1590 0.1561 0.8254 0.8300
197 1.0035 0.1590 0.1596 0.8439 0.8500

42 0.9225 0.1590 0.1467 0.7758 0.6100
192 0.9718 0.1590 0.1545 0.8173 0.6100

44 0.9225 0.1590 0.1467 0.7758 0.5700
78* 0.9699 0.1590 0.1542 0.8157 0.6800
113 0.9455 0.1590 0.1503 0.7952 0.5800

46 0.9424 0.1590 0.1498 0.7926 0.4500
80 1.0000 0.1590 0.1590 0.8410 0.5000
114 0.9552 0.1590 0.1519 0.8033 0.4400

FRACTION
INTRINSIC ADJUSTED ADJUSTED

MAF THF THF INSOLS MAF COAL THF COAL MEAN
INSOL OUT IN FEED IN CONV. CONV.
C 9 ) COAL ( 9 ) ( % ) ( % )

0.3502 0.8828 0.6997 50.0 48.2
0.3858 0.8828 0.7201 46.4

0.1033 0.8828 0.6849 84.9 86.5
0.0855 0.8828 0.7215 88.2

0.0770 0.8828 0.7143 89.2 91.0
0.0524 0.8828 0.7359 92.9

0.1007 0.8828 0.7438 86.5 88.0
0.0755 0.8828 0.7215 89.5

0.7102 0.8828 0.6996 *1.5 7.0
0.6155 0.8828 0.7215 14.7
0.6739 0.8828 0.7287 7.5
0.6904 0.8828 0.7450 7.3

0.4633 0.8828 0.6849 32.4 34.6
0.4555 0.8828 0.7215 36.9

0.4233 0.8828 0.6849 38.2 38.5
0.5258 0.8828 0.7201 27.0
0.4297 0.8828 0.7020 38.8

0.3002 0.8828 0.6997 57.1 56.8
0.3410 0.8828 0.7424 54.1
0.2881 0.8828 0.7092 59.4

* INDICATES OUTLYING VALUE NOT USED IN CALCULATION OF MEAN CONVERSION
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APPENDIX B 

Analysis Of Variance
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TABLE B-l 
Five Factor Analysis Of Variance

TREATMENT LOW HIGH ERROR > 605.2 32 18.91

A = COAL (1) WYOOAK CA) ILL. #6 TOTAL > 57321 58254
8 = SOLVENT CD COLD LAKE CB) DHP
C = TEMP CD 350 C CC) 425 C STD DEV OF RUNS 4.3 X
0 = TIME CD 5 MIN CD) 30 MIN
E = TREAT CD UNTREATED CE) CC/MAP DEG

SUM OF OF MEAN
COMBO RUN 1 RUN 2 TOTAL CD C2) C3) C4) C5) SQUARES FR SQUARE

(1) 6.2 -8.3 -2.1 -4.1 99.3 538.3 1430.8 3097.0
A -1.7 -0.3 -2.0 103.4 439.0 892.5 1666.1 303.3 1437.3 1 1437
8 13.5 15.8 29.3 133.5 327.3 693.4 168.7 1183.0 21865.6 1 21866
AB 35.9 38.2 74.1 305.5 565.2 972.8 134.6 294.0 1350.5 1 1351
C 26.6 30.3 56.9 87.4 171.6 110.0 577.5 1129.0 19916.0 1 19916
AC 39.7 36.8 76.6 240.0 521.8 58.6 605.5 -304.9 1452.5 1 1453
BC 63.6 66.4 130.0 209.9 385.8 44.0 190.1 83.4 108.7 1 109
ABC 88.0 87.5 175.5 355.3 587.0 90.7 103.9 -79.9 99.8 1 100
0 15.0 14.9 29.9 24.0 44.9 279.5 577.5 633.7 6274.3 1 6274
AO 28.1 29.3 57.4 147.6 65.1 298.0 551.5 -4.7 0.3 1 0
80 39.7 37.6 77.3 164.8 112.8 315.8 -146.7 -7.6 0.9 1 1
ABO 82.2 80.4 162.6 357.0 -54.1 289.7 -158.2 31.2 15.2 1 15
CD 76.0 57.9 133.9 109.8 47.6 70.6 57.2 -250.8 982.9 1 983
ACO 40.0 36.0 76.0 275.9 -3.6 119.5 26.2 -242.8 921.4 1 921
BCD 88.1 87.6 175.8 231.7 98.8 60.8 -15.0 -182.7 521.8 1 522
ABCO 89.7 89.8 179.5 355.3 -8.1 43.1 -64.9 7.5 0.9 1 1

E 5.4 5.4 10.8 0.1 107.5 339.7 354.3 235.3 865.3 1 865
AE -1.5 14.7 13.2 44.8 172.0 237.8 279.4 -34.0 18.1 1 18
BE 24.0 27.2 51.2 19.6 152.6 350.2 -51.4 28.0 12.2 1 12
ABE 50.0 46.4 96.4 45.5 145.4 201.2 46.7 -86.2 116.0 1 116
CE 37.8 50.0 87.8 27.5 123.6 20.2 18.5 -26.1 10.6 1 11
ACE 38.2 38.8 77.0 85.3 192.2 -166.9 -26.1 -11.4 2.0 1 2
BCE 85.0 89.9 174.9 -57.9 166.1 -51.2 48.8 -31.0 15.1 1 15
ABCE 89.2 92.9 182.1 3.8 123.6 -106.9 -17.7 -49.8 38.8 1 39
OE 18.7 22.0 40.6 2.4 44.8 64.4 -101.8 -74.8 87.5 1 88
ADE 32.4 36.9 69.2 45.2 25.9 -7.2 -149.0 98.1 150.4 1 150
BOE 48.8 54.1 102.9 -10.8 57.8 68.7 -187.1 -44.6 31.1 1 31
ABOE 84.9 88.2 173.1 7.2 61.7 -42.5 -55.7 -66.5 69.1 1 69
COE 57.4 60.9 118.3 28.6 42.8 -18.9 -71.6 -47.2 34.7 1 35
ACDE 54.1 59.4 113.4 70.2 18.0 3.9 -111.1 131.4 269.8 1 270
BCDE 87.9 91.4 179.3 -4.8 41.6 -24.8 22.8 -39.5 24.4 1 24
ABCDE 86.5 89.5 176.0 -3.3 1.5 -40.1 -15.3 -38.1 22.7 1 23


