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ACTION Of SOLVENTS ON SUI3BITill-1lNOUS COAL BELO\\' 
PYROLYSIS TE\fPEl<A'l1mE 

* Dean Clise Draemel and E. Grens II 

Lawrence Berkeley Laboratory, University.of Califon1ia 
Berkeley, California 94720 

ABSTRACT 

The interaction of a Western subbituminous coal with solvents 

of four representative types, vts;, hexane, benzene,tetralin, and phe

nol, has been studied at the equilibrium pressure of each solvent in 

the temperature range of from 150°C to 350°C. Extractions by reflux 

liquid were conducted at times varying from 4 to 200 hours. The 

aroount extracted in 4 hours ranged from less than 2 wt. -% with hexane 

at 150°C up to 57.4 wt.-% with phenol at 300°C. Nt.nnber ave1·age mol-

ecular weights for the benzene soluble fractions of the extracts were 

detenrined by vapor pressure osmometry using benzene as the medium. 

The benzene solubles, or asphaltenes, from benzene and tetralin ex

tractions at 200°C for 4 hours had an average molecular weight of 

near 800, while the phenol extract asphaltenes.from a 200°C, 4 hour 

extraction had an average molecular. weight of roughly 600. The ex

tracts were found to be hydrogen-rich convared to the raw coal; the 

extent of enrichment varied inversely with yield, i.e., with amount 

extracted. Consistent with these higher hydrogen contents, the shal

low extracts USing tetra lin as a SOl VCI1t shmved very low ClrOIMtici ty 
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in proton M',m analysis. No hydrogen transfer fTom tetra lin to the 

coal \'las evidenced (by naphthalene in the solvent) for contacting t Clll-· 

peratures up to 300° C, but tr<msfer of 0. 5 to 0. 7% hydrogen per tm it 

weight of dry ash free coal occurred at 350° C. TI1e lOi\' aromaticity of 

extracts, along with the generally higher yields <md strong increases 

in yield \vith increasing temperatures suggest possible differences 111 

the coal/solvent interaction behavior with subbituminous cml com

pared to higher rank coals. 

- . 
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I • INTRODUCI'ION 

Coal represents one of this coWl try's Jll..'lj or natural resources 

which has the potential for supplying a part of our increasing need 

for energy and hydrocarbons. Basic research is needed to develop 

a better understanding of coal and coal derived hydrocarbons ru1d 

to develop the most efficient processes and programs for the utiliza

tion of this resource. A large percentage of the recoverable reserves 

are bitumiilous and subbituninous coals which have received relatively 

little study in the past. ·. 

The need for coal conversion process development and the eventual 

widespread use of our coal resources is pointed out in almost every 

study made by industry and government (1-4). The time frame over 

which this must be accomplished and the ultimate direction and 

goals of the process development efforts are subject to continuing 

debate. Although development efforts are in an evolutionary state, 

recent trends in coal conversion process development objectives may 

be sLimmed up briefly. There is relatively urgent short tenn need 

for both high and low BTU gas from coal. There is a long range need 

for the development of processes to produce hydrocarbon liquids from 

coal, both to fill in where oil must be diverted to other uses and 

to supply this nation's long range needs for liquid hydrocarbons. 

The primary reason for the current lack of tecl1nically practical 

and economically acceptable coal conversion processes is the lack 

of fundamental understanding of the relevant chemistry, physical 

chemistry and engineering phenomena associated with coal conversion 
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processes. In the conversion of coal to liquid products, there nre 

four general conceptual approaches. TI1cse approaches are: the 

production of HziCO mixtures from coal followed by a catalytic 

-synthesis of higher hydrocarbons from this synthesis gas; partial 

dissolution with solvents without significant hydrogenation; 

partial dissolution with solvents with catalyzed or w1catalyzed 

hydrogenation; and staged pyrolysis. Even though a number of process 

conceptualizations have been developed, along with considerable 

general technology for coal conversion to liquid products, these 

processes remain largely unproven and uneconomical in the current 

technical and economic environment. The application of coal conver

sion technology to produce liquid products requires the improvement 

and optimization of existing processing schemes and the development 

of completely new processes. These developments require a greatly 

increased w1derstanding of the fundamental chemical and physical 

phenomena occurring in coal conversion. 

Coal/solvent interactions play a significant role in almost 

all coal conversion process conceptualizations. The interaction 

of solid coal and liquid hydrocarbons is alinost intrinsic to a process 

which produces liquid products from coal, since the coal derived 

liquids arc themsel vcs capable of significant interaction \...-i t11 solid 

coal. In addition, an organic liquid is an obvious possibility as 

a carrier or vehicle for homogeneous or heterogeneous catalytic 

· reactions. TI1e use of an organic liquid is often proposed as a 

carrier \\'hen coal is to be handled as a slurry, as in feeding raw 

coal to a process, and this again might involve significant coal/solvent 

. . 



. . 

00dUt:f40~~·365 

-3-

interactions. fvlany process conceptualizations are based on the use of 

a solvent to liquify coal partially either by simple dissolution or 

decomposition and solution with or \vithout hydrogen transfer. 

The objective of this work was to characterize some of the 

chemical and physical effects on subbituminous coal of a number of 

solvents at temperatures below the pyrolysis temperature of coal 

(350°C). 111e interaction of a given solvent and a given coal is a 

function of both the chemical and physical structl.lre of the coal as 

well as the nature of the solvent and the conditions under which the 

contacting occurs. 

A. Backgrmmd 

The chemical and physical characterization of coal has received 

much study in recent years. The concept of a "coal molecule" has been 

presented, not to imply a single unique molecular structtire for coal, 

but to illustrate how the atoms. and molecular arrangements that have 

been defined in coal might be incorporated into a solid which exhibits 

the behavior of coal. A representative chemical structure for a 

bituminous coal has been developed by Wiser' (5). 

Chemically, coal is composed mainly of carbon, hydrogen, and 

oxygen with lesser amounts of nitrogen and sulfur. In addition, coal 

contains inorganic mineral.matter, or ash, and significant amounts of 

moisture. TI1e oxygen and nitrogen occur in rings, linkages, and 

functional groups, while the sulfur exists in both organic and inorganic 

fonns (such as· pyrites, FeS2)(6). About 70% of the carbon atoms in coal 

are in highly substituted aromatic or hydro-aromatic rings such tlwt the 
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mnnber of aromatic hydrogens per ring average about one (7). The 

munber of rings in a cluster is believed by Given (8) to be on the 

order of three to five. TI1e total structure is highly cross linked and 

hydrogen bonded. 

Coals are ranked from brown coal and lignite through subbituminous 

(3 grades), bituminous (5 grades), and anthracite (3 grades). A higher 

rank coal with a high carbon content (anthracite) is relatively inert 

to the action of many solvents while lower rank coals such as high 

volatile bituminous and subbituminous coals with higher oxygen contents 

and a wide range of pore structures (porosities, surface areas, etc.) 

often interact more strongly with most solvents (9). The pore structure 

of coals vary widely, both in pore size distribution and total pore 

volume, or porosity (10). The exact relationships between physical 

and chemical characteristics of a coal and the coal/solvent interactions 

are not well understood, especially for the less often studied high

volatile bituminous and subbituminous coals. 

Organic liquids may be derived from coal in a number of ways, but 

the problem is basically to generate products lvhich are enriched in -

hydrogen, either through hydrogen addition,--rejection of a carbon rich 

fraction, or both. The hydrogen content of bituminous and subbituminous 

coals is generally about 5 wt-%, corresponding to an H/C molecular 

ratio of about 1.0. Tile hydrogen content of a t}~ical gasoline is on 

the order of 14 wt-%, or an H/C molecular ratio of 2.0+. Intermediate 

petroleum fractions lie between these two extremes. In addition to this 

required hydrogen enrichment, the N, S, 0 and inorganic mineral content 

nrust be reduced in coal conversion since these "impurities" ere 

. . 

.. 
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undesirable in hydrocarbon processing and in most hydrocarbon end uses. 

B. Previous Work 

A great deal of literature exists concerning coal/solvent inter

actions, although much of the information that has been generated is of 

little value in resolving this country's current coal utilization needs. 

In the 1920's and 30's for example, much effort was directed towards 

the isolation and definition of a hypothetical "coking principle". 

Much of the work on coal/solvent interactions has been conducted 

simply at nonnal solvent boiling points. A significant amount of 

coal/solvent interaction research has also been conducted at temperatures 

above coal pyrolysis temperatures (350°C). Some of the more recent 

. ,work done since 1950 .has been concerned with studying the types of 

compounds generated from coal through various processing techniques, 

such as solvent extraction and catalytic and non-catalytic hydrogenations 

in the presence of solvents. Recent use of relatively new analytical 

tools such as gas-liquid chromatography, mass spectrometry, nuclear 

magnetic resonance, isotopic tracers, and x-ray fluorescence have 

provided additional information on compoundS obtained from coal, 

hydrogen transfer and exchange, and trace elements. 

General views of the literature of coal/solvent interaction have 

been presented by Lowry (11) to 1948 and by vru1 Krevelen (12) to 1961~ 

A good solvent almost always contains a nitrogen or oxygen atom 

possessing an unshared pair of electrons and interacting with the coal 

in an acid-base manner (13, 14). Some solvents, such as tetralin, 

act as hydrogen donors and may transfer hydrogen to the coal and 
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dissolved nia terial. Much infonnation has been generated by perfonning 

coal/solvent contacting tmder pressure, allowing comparisons at temper-

atures other than the no11nal boiling point of a solvent. Two baslc 

types of pressure contacting equipment have been used: an autoclave 

or bomb (15), or a pressurized Sox.hlet type of apparatus (16). TI1e 

Soxhlet type of apparatus offers the advantage of separating the coal 

and extracted materials and thus restricting additional polymerization 

and condensation reactions. 

Detailed studies have been made on a great number of contacting 

parameters and the effects of these variables on coal/solvent inter

actions. A number of the effects studied by previous investigators 

have direct and indirect significance to this work. N_o significant 

effect of particle size on the ultimate yield has been noted except · 

in studies \d1ere the coal was grot.md to "micron size" (17). The rate 

of coal dissolution with a solvent, however, is a strong function of 

particle size. The percent of material extracted, or yield, usually 

defined as the percent of dry, ash free (DAF) coal dissolved*, is a 

strong function, of the temperature of the coal/solvent contacting (18). 

An extensive study sho\ved that the yield increases with temperature up 

to a maxin!llln .at a point just below the decomposition temperature of 

the coal being contacted. Above these temperatures (300-350°C) the 

yield decreases, probably because of rapid polymerization and conden-

sation of reactive fragments fanned by thermal decomposition (18). 

*Dry, ash free (DAF) yield is the conventional definition although a 
more proper definition would be dry, mineral matter free, since ash 
represents a residue from coal after bun1ing while the mineral matter 
is an actual coal constituent (44). 

·• 

,. . 
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It \vas also shown that the decomposition temperature of the 

residue, or w1dissolved coal, increases as the extent of the reaction 

increases. Thus,if the coal is solubilized by stagewise solvent 

contacting, the temperature for maximum yield increases as the decom

position tenqJerature of the remaining residue increases. Unfortunately, 

three of the most comprehensive studies relating coal rank, coal 

composition, yield, temperature, and extract characteristics were 

conducted only on high rank coals with fixed carbon contents generally 

above 75% (18, 19, 20). Very little infonnation of this type exists 

for lower rank bituminous and subbituminous coals. 

Many of the factors affecting the dissolution of a coal when 

contacted with a solvent are not well quantified. Several recent 

. papers (21, 22) have .been concerned with dissolution kinetics of coal 

in solvents. These kinetics studies are generally concerned with 

contacting temperatures above 350°C, i.e. the thermal cracking region, 

although some mention of diffusion controlled solution kinetics is 

mentioned below 250°C. It is generally felt by many investigators that, 

under a given set of contacting conditions, an ultimate or absolute 

yield will be approached at very long contacting times (23). A plot 

of yield versus time asymptotically approaches this'ultimate value. 

With most contacting techniques, on the order of 70-90% of the ultimate 

amotmt of dissolution will occur in a matter of hours (17). Using a 

pressurized Soxhlet type of contacting device, it has been shown that 

a graph of time versus yield divided by time (for times greater than 

roughly 30 hours) produces a straight line whose slope corresponds to 

the ultimate yield under the coal/solvent contacting conditions used (24). 



-8-

This relationship must be cJ1ecked with any coal/solvent pair but has 

proven valid in many cases (18). 

The physical nature of. the solubilized materials has been the 

subject of mucl1 debate. A general discussion of this subject area with 
. 

detailed references, is given by van Krevelen (25). Apparently, the 

extract/solvent solutions exhibit both colloid and true solution 

behavior. The extract/solvent solutions generally contain a very 

broa,d molecular weight distribution with particle~.ranging from 

molecules with molecular weights on the order of 100-200 to particles 
0 

with sizes on the order of 100 A (19). The larger particles are 

probably agglomerates and not true macromolecules. Many different 

investigative and analytical techniques have been used to measure 

, , ~xtract molecular weights and molecular weight distributions. The 

different analytical tedmiques ·used, such as vapor pressure osmometry, 

osmotic pressure, viscosity, light scattering or ultracentrifugation 

often measure slightly different solute properties and are thus liable 

to be affected differently when the solute, such as a coal eA~ract, is 
f 

a mixture of many different kinds of molecular species (26). TI1e 

range of molecular weights causes a great difference between the 

weight average and m.nnber average molecular weights and thus partially 

accounts for the difficulties in measurement and disagreements between 

various measurement techniques. Rather extensive studies of extract 

molecular weight as a functio~ of numerous coal/solvent contacting 

variables have been conducted by \~e-Jones (19) and more recently 

by Dormans and van Krevelen (20). 

The study of the chemical nature of the nmterials produced from 

•. 
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coal by coal/solvent contacting has benefitted from the application 

of more advanced analytical techniques such as nuclear magnetic 

resonance (27, 28, 29), infrared spectroscopy (30), and mass spectra-:. 

metry (29). Extremely detailed studies of coal...:derived compounds have 

also been done using more conventional organic and analytical chemistry 

techniques (32, 33). 

An additional area of study regarding coal/solvent interactions is 

that of hydrogen transfer or donation by a solvent. Hydrogen addition 

through coal/solvent interaction is important since, in the broadest 

sense, the problem in coal conversion processing is the efficient 

addition of hydrogen and/or the rejection of carbon. This area has 

been recently investigated by Orchin (34), Weller (35), Curran (36), 

and Liebenberg (15), among-others. Generally, thermal decomposition to 

reactive fragments must occur before significant hydrogen transfer 

takes place. Solvents such as tetralin, naphthols, and anthracene oil 

have been used as hydrogen donors. Hydrogen transfer from the solvent 

may be detected with gas-liquid chromatography, deuterium labeling 

and mass spectrometry, basic analytical chenristry, or spectrophotmetry. 

C. Scope 

The lack of fundamental understanding of the chemical, physical 

and engineering phenomena occurring in coal/solvent interactions is 

a hindrance to the development of both programs and processes for the 

conversion of coal to liquid products. Relatively little study has 

been done on coal/solvent interactions with high volatile (lower-rank) 

bituminous and subbitwninous coals at or below coal pyrolysis tempera-
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tures or above nonnal solvent boiling points. Much of the more current 

work has been concerned with coal/solvent contacting at temperatures 

of from 350°C to above S00°C with H2 pressures of up to SOOO,psi or 

more. As mentioned previously, current process conceptualizations 

utilizing these extreme temperatures and pressures are presently 

neither practical nor economical. The temperature range used in this 

work for coal/solvent contacting was, therefore,. chosen to be from 

150°C to 350°C. This range covers, and overlaps slightly with, the 

0 0 general ranges of normal solvent boiling points (100 - 200 C) and 

0 0 coal pyrolysis temperatures (300 - 350 C). 

The study of hydrogen transfer phenomena in the temperature range 

below pyrolysis temperatures (250° - 350°C) has received little 

investigation. The literatu.re generally reporis experimental results 

indicating 0.25 wt-% or more hydrogen transfer (based on the weight of 

dry, ash free coal) at temperatures of 350°C or Inore. The stated 

rationale for the low temperature limit is that the hydrogen transfer 

is a purely thern~l process and thus only occurs above pyrolysis 

temperatures. This neglects the fact that as little as 0.1 wt-% 

hydrogen transfer may represent significant·extract hydrogen enrichment 

if a relatively small amount of coal has been dissolved. This study, 

therefore, included experiments with a hydrogen donor solvent (tetralin) 

over the temperature range of from 150°C to 350°C with sensitive 

measurements to detect possible hydrogen transfer of as little as 

0.1 wt-%. 

Another area of limited study has been that of extract composition 

from high-volatile bitt.nninous and subbituminous coals as a function of 
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coal/solvent contacting parameters. Characterizatio:n of dissolved 

coal material from the coal studied in terms of H/C molecular ratio, 

approximate ash content, number average molecular weight, aliphatic 

and aromatic proton distribution, and g~neral observations of physical 

properties as functions of coal/solvent contacting conditions was done. 

Mass balances Here perfonned on coal carbon and hydrogen. 

Solvent was chosen as a variable, since, with a limited number 

of characteristic solvents, a great deal of useful_ information could 

be obtained. Previous investigators have generally placed solvents 

and coal/solvent interactions into categories or groups (13, 37). 

The classification of coal/solvent interactions depends mainly upon 

the solvent used and the temperature of contacting. Representative 

--sol vents can provide information about the types of effects lvhich 

will probably occur with coal and other solvents in these general 

catagories. The use of coal/solvent contacting and the selection of 

specific solvents for use in coal conversion requires additional 
' 
study and understanding of the interaction bebveen coals and these 

different types of solvents. 

Most work in the literature on coal/solvent contacting has been 

near equilibrium contacting conditions. Depending on the type of 

contacting equipment apd conditions used, a reasonable approach to 

equilibrium contacting requires times on the order of from 1 to 300 

hours. Since almost any practical coal processing step would not 

involve these extremely long equilibrium contacting times, it was 

decided to conduct experiments for relatively.short times giving 

about 70% of the ultimate interaction and also to conduct some 
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experiments for longer times to serve as references with equilibriwn 

contacting. 

D. Stmnnary 

Although considerable infonnation exists concerning coal/solvent 

interactions, high rank bituminous and anthracitic coals have been 

studied most extensively and very little information has been generated 

using Western subbittuninous coal. The eventual need for utilization 

of Western subbittunin6us coals and the lack of understanding of both 

these coals and their coal/solvent interactions is a serious problem. 

The study of these coals and their behavior towards solvents may 

indicate trends or properties which may be important in their conversion 

or utilization. 
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I I. EQUIPMr:Nr AND PROCEDURES 

The objectives of this work lvere to contact coal with pure sol

vents at temperatures below 350°C and to characterize quantitatively 

the effects of this contacting. It was desired to perfonn this con-

tacting for extended periods of time without an operator in attendance. 

It was thus necessary to conduct experiments in a coal/solvent contact-

ing device which would automatically control the coal/solvent contact-

ing conditions, i.e. temperature, solvent purity, and coal/solvent con-

tacting hydrodynamics. The requirements for contact with pure solvent 

led to, the choice of a Soxhlet type of contacting device, i.e. a de-

vice in which pure solvent is vaporized from a solvent-extract mixture, 

.and the pure condensed sol vent. flows continuously over the coal. The 

use of pure refluxed liquid solvent for contacting reduces or elim

inates the possibility of reactions between the coal and the previous

ly dissolved material. Some change in the dissolved material contained 

in the boiling solvent is possible, although it should not be signif-

icant considering the dilute concentrations and relatively low temper

atures and short times used in this study. '"Stagewise contacting with. 

new batches of fresh solvent has been reported in literature references 

to reduce any further reactions although this technique was not used 

in this study (17) . The main disadvantage of a Soxhlet type of device 

is that longer times are required for equilibrium contacting than with 

a well mixed device such as a stirred autoclave which has more inti-

mate coal/solvent contacting with violent mixing. 
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Since the solvent was to be boiled,with the condensed liquid Te

fluxed over the coal, and .relatively precise temperature control was 

required for the study of temperature as a major variable, the pres-· 

sure of the system was automatically controlled to maintain a desired 

solvent boiling te1nperature. Quantitative characterization of the ef

fects of coal/solvent contacting required that the provision be made 

for sampling all or part of the bulk solvent or the solvent in immedi

ate contact \vi th the coal. 

A. Equipment 

The pressure extraction apparatus used in this work consists 

basically of a heated 2-liter vessel for boiling the solvent, a water 

cooled condenser and a 4-liter vapor surge volume for pressure (temper

ature) control. This apparatus is shown in Figure 1. The pure con

densed solvent flows dawn the condenser walls and into a cup contain

ing the coal. This contacting cup fills up to a fixed level and the 

solvent is then dumped back into the main solvent vessel by overflow 

through a siphon. The cup containing the coal to be contacted is sus

pended from the top flange of the solvent v~ssel. 1bis cup and the flanged 

head to whicJ1 it is attached are shown in greater detail in Figure 2. 

The stainless steel cup is of 200 cm3 capacity with a 150 cm3 siphon 

overflow level. The necessity of using pulverized coal to provide ad

equate coal/solvent contacting requires that the coal be contained in 

either a conventional cellulose extraction thimble for temperatures 

belmv 250° C or in a 200 mesh stainless steel basket for higher temper

atures. Since it is desirable to monitor extraction rates and solvent 
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Recording pressure controller 

Rupture disc vent 

N
2 

or vent __ ...., 

-~--...... -

Temperature 

sensor 
switches 

Heater control relay 

P.ressure transducer 

Automatic control valve 

, Vacuum or N2 

4 liter surge vessel 

Insulation 

liter solvent vessel 

X BL757- 3604 

Figure 1. High Pressure Coal/Solvent Contacting Apparatus. 

Operating Ranges: 0-500 psia, 50-370°C. 



Top flange_ 

Solvent vessel 
flange 

-16-
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0.237 inch 

XBL757- 3605 

Figure 2. Detail of Coal/Solvent Contacting Cup and Solvent Vessel 
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composition versus time, samples of all or part of the liquid in _the · 

cup or the solvent vessel can be removed through sampling lines. The 

entire apparatus is constructed of 304 or 316 stainless steel and pro

visions have been made for either Viton (R) or copper gaskets depend-

ing on solvents and temperatures used~ The apparatus is designed to 

operate at ten~eratures up to 700°F (370°C) ru1d over a pressure rru1ge 

of 0 to 700 psia. It is protected against excessive pressures by a 

rupture disc assembly and vent line on the top flange of the vapor 

surge VO~tnne. Iron-constantan or copper-constantan thennocouples are 

placed in the boiling solvent cup, condenser, inlet cooling water 

and outlet cooling water,and temperatures continuously recorded on a 

multipoint recorder (Leeds and Northrup Speedomax H-AZAR). The sol-

. vent vessel is heated by a 750 watt hot plate and a 564 watt heat tape 

1 controlled by a variable transformer. 

The control of the coal/solvent contacting temperature is ac

complished by controlling the system pressure, since the, boiling point 

of a liquid is a direct function of the pressure. The control system 

is therefore constructed to monitor and control the pressure, with 

short term stability improved by the 4-liter surge volume above the 

reflux condenser and long term stability provided by an automatically 

controlled nitrogen bleed stream through. the surge volume. 

The advantage of using pressure control to maintain a fixed tern

perature is that pressure changes can be accomplished in seconds with 

consequent very rapid temperature response. The more conventional 

method of temperature control using thennostatic heater control is sub

ject to much greater lag times for control because of the thermal 
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inertia of a heavy metal pressure vessel. TI1e heat capacity of the 

vessel and the solvent is on the order of 1400 calories per degree cen-

tigrade. The heat energy corresponding to small temperature (or pres

sure) changes can be rejected to the water cooled condenser or added 

by the continuously operating heaters in relatively short times as com-

pared to the longer response times inherent in a system which thenno

staiically controls power to heaters. 

The pressure control system consists of a strain gage pressure 

transducer (Teledyne Taber Mbdel 2801-A-0500-0, 0 to 500 psia range) 

which provides a 4 to 20 milliampere signal to a recording pressure 

controller (Robertshaw Microsen ~bdel 221 recorder and Model 321 Con-

troller), \~hich in turn may be used to either vent or pressurize the 

system through an electropneumatic transducer (Robertshaw ~1icrosen 

~bdel 445B7, 4 to 20 milliamperes converted to 3 to 15 psia) and a 

pnelUilatic· valve (Cashco Type 563). The two modes of operation used 

are shmvn in Figure 3. When the system is under positive pressure, a 
continuous flow of nitrogen is run into the surge vollUile and the auto-

' 
matic control valve vents the system to control pressure. \Vhen the 

system is under less than atmospheric pressure, a continuotB bleed from 

the surge volume to vaculUil is maintained and the automatic control valve 

controls the flmv of nitrogen into the system to control pressure. The 

system can be set to control pressure any where in the rru1ge of from 

0 to 500 psia. An identical transducer with a range of from 0 to 200 

psia is used for low pressure operation. A deviation fron1 the set 

point of 3% of full scale (0 to 200 psia.or 0 to 500 psia) causes the 
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control system to fully open the control valve. TI1e discharge co

efficient (Cv) of the control valve can be adjusted to set the maximum 

flmv through the valve and thus the rate at which pressure (or temper

ature) may be changed. With the system operating in the range of from 

20 to 250psia the system can be adjusted to give temperature control 

within a range of SoC of the desired temperature with any of the sol

vents used. 

An emergency shutdmvn system is provided for. extended untended 

operation. This system is shown in Figure 4. The heaters on the sol

vent vessel are connected in series with two thermally activated 

switches which are placed above the condenser and on the rupture disc 

vertt line. The bimetallic, thermally activated switches open on tem

perature rise (above 175°C) in the event of condenser coolant loss or 

rupture disc blowout to shut off power to the heaters. A manual reset 

is required to re-activate the system. The system is also equipped to 

control thennostatically the temperature of the cooling water being 

circulated to the reflux condenser. The cqoling water is circulated in 

a closed loop system through a thermostatically controlled bath. This 

.allows operation of the coal/solvent contacting system with solvents 

which are solids at normal cooling water temperatures (20° to 25°C) 

such as phenol and naphthalene. 

B. Procedures 

The experimental procedures described in the following section 

were generally used for all experiments, with modifications made as 

noted when required for special experiments or extreme conditions. 
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TI1e bulk coal as received (Roland Seam, Wyodak Mine, Gillette, 

Wyoming) was crushe.d to -3/4" by a jaw crusher. One half of the bulk 

sample was separated by the altel?late shovel teclmique and further pro

cessed by a roll crusher to -1/32". The -1/32" coal was separated by 

alternate shovels to 15 pound portions which were sealed in plastic 

bags and stored in a 55 gallon drum. Representative samples from the 

bags of -1/ 32" coal were taken as needed with a riffler, and tllis coal 

was further reduced in a ball mill to -28 Tyler mesl1 (30 U.S. mesh) and 

placed in a dessicator under vacuum or 100-300nun He pressure. This ball 

milled coal was used for solvent extractions reported in this paper. 

A sample of coal was removed from the desiccator prioJ;" to each 

run and dried in a vacuum oven for 24 hours under flowing N2 at 100°-

1100 C and 200 mrn Hg. A cellulose extraction thimble, when used, was 

dried along with the coal~ The coal and thimble were removed from the 

oven, covered, and allowed to cool in air. The thinilile was then rap

idly weighed, charged with roughly 10-15 grams of coal, and weighed 

again as rapidly as possible to limit water absorption from the ao~

sphere. For extractions at 250°C and above, a 200 mesh stainless steel 

screen basket with a close fitting top was used because of thermal de

gradation of a cellulose thiniDle, and a -28 + 150 mesh coal sample 

was used. Separate A~1 ultinlate analysis indicated the same convosi

tion for the -28 mesh and the -28 +150 mesh coal. TI-te coal sample and 

container were placed in the contacting cup, the apparatus was closed, 

and roughly a 20 mm Hg vacuum was drawn on the system. 
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Solvents used were tetralin (Eastman practical grade), phenol 

(Mallincrodt liquified phenol reagent), benzene (Fischer Scientific 

reagent), he.xane . (Fischer Scientific reagent), and decalin (Aldrich 

Chemical Company). 1he bulk of the coal/solvent contacting experiments 

were conducted with either tetralin, phenol or benzene. All solvents 

were purified by distillation at atmosphere pressure in laboratory 

glass\vare not more than 48 hours before an extraction. Reagent tetra-

lin, benzene and hexane were boiled and condensed in a separate vessel 

through a water cooled condenseL The first 10% and the last 10% of 

the condensate were discarded. The prepared solvents were placed in 

stoppered flasks until the coal/solvent contacting experiment was con

ducted. The phenol used was prepared from new stock reagent liquified 

phenol by distilling off the phenol-water azeotrope and roughly five 

percent of the phenol. The remaining phenol was immediately charged to 

the system and left in the closed solvent vessel under nitrogen pres

sure until the coal/solvent contacting experiment was conducted. 

Tetralin and benzene were separated from the extract/solvent 

mixture follmving an experiment by boiling in glass\vare at atmospheric 

pressure and condensing with a water cooled·condenser. The tetralin 

and benzene thus reclaimed were reused with fresh reagent makeup, since 

no degradation or contamination was indicated by gas-liquid chromatog

raphy or ultra-violet spectroscopy. Phenol was used once and discarded 

because of possible degradation of phenol without a preservative pres-

ent (Appendix C). 
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The solvent was measured volumetrically and charged to the sys

tem by either pouring it into the vessel prior, to assembly (phenol) or 

by pressuring it in through the solvent sampling line (all other sol

vents). A vacmnn of 2 to 20mm Hg was drawn for 5 to 10 minutes after 

the solvent was charged to degas and remove any traces of water ru1d ox-

ygen from the system. The system was then pressurized to the desired 

operating pressure with dry Ni. The heaters were tun1ed on and the tem

peratures monitored until the desired solvent temperature \vas reached. 

The pressure was then adjusted to give exactly the desired solvent tem

perature in the contacting cup and the nitrogen bleed through the surge 

volume (10 to 30 cm3/minute at system pressure) was adjusted to give 

smooth pressure control. The solvent vessel heaters were adjusted to 

provide roughly the desired solvent reflux rate (1500 to 1800 cm3 ;hour) 
< 

which was indicated by heater settings, condenser water flO\v rate and 

temperature increase, and by periodic fluctuations in the temperatures 

of the solvent in the cup and solvent vessel which occurrec.l when the 

siphon drained the cup into the solvent/extract mixture. 

During the operation of the equipment, liquid samples could be 

taken from the cup or the bulk solvent. This allowed for the study of ex-

traction rate versus time and extract composition versus time and also for 

the complete removal and replacement of the solvent in the system during 

the course of an experiment. The system pressure and coal/solvent con-

tacting temperature were continuously recorded during each experiment. 

Tennination of a run was accomplished by turning off the heat-

ers, removing the insulation from the solvent vessel, and increasing 
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the pressure slightly with N2 to stop solvent boiling .. The tenninatien 

of solvent reflux contacting with the coal was usually complete within 

two minutes. TI1e system was allowed to cool for 16 hours and was then 

vented through a trap or pressurized with N2 to 0 psig. The solvent 

and dissolved material were removed by opening the system and pouring 

the extract and solvent into a glass container. 

Yield of extract was detennined by volwnetrically measuring the 

total amount of solvent removed from the solvent vessel after a nm 

(excluding that retained with the coal and its container) , plpetting two 

3 10 em samples into weighed petri dishes, drying, and weighing again. 

The coal sample was also dried following an experiment. Tile conditions 

of drying \vere 130" C and 200 mm Hg for 24 hours. The vacuwn oven was 

. swept with 60 to 80 cc/minute of N2 during the drying. These conditions 

for yield determinations were chosen for simplicity, equipment avail-

able, and because of the observation that the petri dish weights became 

relatively stable after this treatment. These conditions were chosen to 

drive. off tetralin and were also used with the other solvents. Liter-

ature references cite almost innumerable definitions of yield based on 

atmospheric boiling point, vacuwn distillation cuts, solubility in var

ious additional solvents and combinations of the above (34,36,38). The 

technique used here is simple and quick, yet reproducible. Tile work of 

f\fyers (39,40) indicates that·corrtpounds boiling at approximately 130"C 

and 250 nun Hg would boil at about 190" C at 760 nnn Hg (39, 40). Almost 

all hydro<:arbon compounds with molecular weights of +225 have vapor 

·pressures of less than 10 nlffi Hg at 130" C, and atmospheric boiling points 

of +2SO"C. The. measured yields would thus include almost all extracted 
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material with molecular weights above 225. 

Extract yield was calculated by multiplying the total solvent 

removed following a· run (in cm3) by the extract concentration (in g/cm3) 

to give the total grams extracted. This m.nnber was divided by the total 

dry, ash free coal charged to give \veight percent extract yield on a dry 

ash free (DAF) basis or simply by the. weight of dry coal charged to gi vc 

weight percent yield on a dry basis. 

When changing solvents in the system, the vessel and cup \vere 

cleaned \vith steel wool and acetone to remove any traces of tar, char 

or solvent residue. Rtms were conducted with solvent alone charged to 

the system and all other conditions held constant. These blank runs 

were conducted with the solvents to measure the amount of solvent reac-

tion and residue formed when pure solvents were subject to the time

temperature conditions used for coal/solvent contacting. No signif

icant amount of solvent conversion was seen under any of the time

temperature conditions used and no further consideration \vas given to 

this effect. 

In addition to yield determinations it was desired to measure 

quantitatively and semi-quantitatively or q~alitatively effects of coal/ 

solvent interactions. Quantitatively it was necessary to measure hydr~ 

gen transfer from tetralin, and solvent purity. It was also desirable 

to measure semi-quantitatively the amount of solvent retained on coal 

residues, the molecular weight of extracted materials, and the low

molecular-weight materials generated from extraction or drying of coal. 

Although gas-liquid and gel permeation chromatography and mass spec:

·troscopy arc capable of providing much of the desired infonnation, the 
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lack of availability of suitable sophisticated equipment and the diff~-

culties. encountered when analyzing coal derived compounds with these 

techniques largely precluded their use. Hydrogen transfer from tetralin 

was measured by ultraviolet spectral detennination of naphthulene in 

tetralin. Solvent purity \vas checked \vith both ultraviolet spectres-

copy and gas-liquid chromatography. Solvent retention by coal residues 

was determined by thennal chromatography and mass balances from weigh-

ings. Low-molecular-weight compounds generated from extraction and dry

ing of coal were detected by gas-liquid chromatography and low resolu

tion mass spectroscopy. Number average molecular weights were deter-

mined by vapor pressure osmometry. Extract proton characteristics were 

briefly studied by nuclear magnetic resonance. Brief descriptions of 

sample preparation and measurement techniques are given in the follow-

ing section. 

1. Ultraviolet Spectroscopy - Hydrogen Transfer Studies 

A Cary 14 Ultraviolet spectrophotometer was used to examine 

tetra1in samples taken before and after coal/solvent contacting andmea

sure the naphthalene concentration in these tetralin samples. The 

freshly distilled tetralin was sampled just '"prior to charging th~ sys-_ 

tern. Following an experiment, the tetralin containing the dissolved 

coal material was removed from the system and placed in a round bottom 

glass flask. Approximately 90% of the solvent was then distilled from 

the glass vessel at atmospheric pressure and condensed in a separate 

flask. The remaining 10% of the solvent containing the dissolved coal 

material was stored li1 a glass stoppered bottle for further analysis. 
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111e 90% of solvent which had been distilled off was sampled. 

Since hydrogen donation from tetralin to coal mainly involves 

the conversion of tctralin, c10H12 , to naphthalene, c10t18, the detection 

of naphthalene fanned \vas assumed to quantitatively indicate hydrogen 

transfer. The distillation of 90% of the liquid from a mixture of tet

ralin (boiling point 203° to 205° C) , naphthalene (boiling point 210 .If C), 

and coal extract (boiling point +250° C) causes some separation of the 

tetralin and naphthalene, although the magnitude of this effect can be 

calculated (Appendix A) and does not represent a significant interfer

ence \vith this determination. The presence of naphthalene in tetralin 

was detected by the use of both gas-liquid chromatography and ultravi

olet spectroscopy. The ultraviolet spectrophotometer was chosen as the 

instrtDnent to be used for this study because of simplicity and avail

ability. 

It was necessary to detect changes in the naphthalene concentra

tion of 0. 1 ''rt-% with a total naphthalene concentration in the stock 

tetralin of roughly 1.0 \oft-%. More details on this technique and the 

spectral region which was studied are given in Appendix A. With the 

concentrations and procedures used, a change in the naphthalene concen

tration of 5 parts in 10,000 parts of tetralin (by treight) could be ac

curately measured. This allows very accurate determination of hydrogen 

transfer from tetralin i.e .,on the order of 0.1 wt-% hydrogen transfer 

based on the D,\F coal. 
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2. Thcnnal Chromatography 

Some analysis of solid cocil and residue samples was conducted 

with a thennal chromatograph, or thennal analysis coupled with gas-

liquid chromatography (GLC). Samples of solids were placed in a quartz 

tube with a flow of He gas passing through. An oven was placed around 

the tube and the sample was heated in a programmed manner over a preset 

temperature range. Volatiles and decomposition products were routed 

through a flan~ ionization detector (FID) and a thermal conductivity de-

tector (TCD) and a plot of gases· evolved versus temperature was produced . 
.. 

The evolved gases also flow into a controlled temperature trap from 

.. which they may subsequently be vaporized and flmv into a GLC. 

The instrument used was a Chromalytics Model MP-3 thennaJ chro-

rna to graph with helium carrier gas. The oven was progrannned to heat at 
-

40° C per minute up to either 300° C or 600° C. The GLC collunn was 1/8" X 

6' stainless steel containing 8% Dexsil 300 on 80-100 mesh 01rornasorb G 

HP. · Coal samples and residue samples were weighed (approximately 15 

mg) and analyzed as rapidly as possible. Some GLC peaks were identi-

fied ru1d calibrated by injecting known amounts of reference compounds 

(tetralin, phenol, water, etc.) directly into the GLC system. 

3. Vapor Pressure Osmometry 

. The measurement of nurnber average 100lecular weights of some of 

the coal extracts was performed with a vapor pressure osmometer. TI1e 

instnnnent (Hewlett-Packard Model 302B) uses a null technique to n~a

sure the temperature c!_lange caused by a solute (coal extract) in a sol

vent bead on a thermistor contained in a thermostated chamber saturated 
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with sol vent vapor. TI1e benzene soluble fraction of coal extract sam-

ples was dissolved and. recrystallized in benzene three t1JTies, \vith spe-

cial care taken to exclude all traces of water vapor. A weight concen-

tration series was then prepared and analyzed in the vapor pressure os-

mometer. J)uring the sample preparation, a detennination of the frac-

tions of benzene solubles and benzene insolubles in representative ben-

zene, tetralin, and phenol extracts was done by repeatedly washing and 

filtering a weighed amount of extract with benzene and 'weighing the in-

soluble fraction remaining. 

4. Low Resolution Mass Spectroscopy 

~~ss spectroscopy was used to analyze the gases evolved during 

coal/solvent contacting and during heating of a relatively drr raw coal 

sample. The use of mass spectroscopy to analyze coal extracts is pos

sible, but unless elaborate fractionations are performed prior to mass 

spectroscopic analysis, the complex nature of the coal extract mixtures · 

does not ailow meaningful interpretation of the results. A gas sample . 
was prepared by first placing a sample of raw coal which had been stored 

over a dessicant in a vacuum flask, drawing a 1 nnn Hg vacuurn on the 

flask, and placing it in a white oil bath at 105° to 110°C. A sample of 

the gases \vhich evolved in 1 hour was taken from the flask in a glass 

sample cell and analyzed in an AEI Model MS-12 70 electron volt low res-

elution mass. spectrometer. Since the u1 timate analysis of the same par

tially dried coal sample indicated roughly 3. 5 l\rt-% water, a comparison 

of other peaks with the water peak was possible. 
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A separate gas sample was taken from the top of the surge vol ~ 

tune during a coal/solvent contacting experiment. Coal and tetralin were 

charged to the system and a 1 to 2 rran Hg vacuum was drawn. The heaters 

were turned on and the system was allowed to come to equilibritun pressure 

and temperature and operate. The solvent began boiling at 140°C, and 

the pressure gradually rose from 100 nw Hg to about 125 mm Hg. After 1 

hour, a gas sample was taken by opening a stopcock to an evacuated sam

ple voltune which was cmmected to the surge voltune. This sample was an

alyzed by low res_olution mass spectroscopy. 

5. Gas Chromatography 

Gas chromatography can be used to analyze low boiling extract 

fractions and solvents. Literature references discuss this technique 

.applied to coal derived hydrocarbon analysis (36), and extensive use of 

this method has been made in the petroleum industry. As mentioned pre

viously, the quantitative resolution of naphthalene in tetralin can be 

accomplished using this method, although ultraviolet spectroscopy was 

used for the purpose in this study. Gas chromatography was used for 

the detection and partial analysis of low molecular weight (below 225°C) 

coal extract fractions in tetralin. 

Freshly distilled stock tetralin was used to extract coal. 

This tetralin was removed from the system and then slowly distilled. 

Samples were collected of the first 2 cm3 which were condensed, the 

bulk of the distilled tetralin, and 2 011
3 from the last 10 011

3 which 

boiled off at a temperature in the boiling liquid of roughly 2l5°C. 

These samples were then analyzed directly in a Varian Aerograph Hodel 
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1520 gas chromatograph using isothennal operation at 130° C. The instru-

ment contained a 1/8" X 10' stainless steel cohnnn with 3% Carbmvax on 

100-120 mesh Chromasorb G. 

6. Nuclear l\1agnetic Resonance 

Recent investigations (27,28,29) have shown that proton~~ can 

be successfully used to characterize coal derived compotmds. TI1e infor

mation generated allows the estimation of the relative amotmts of hydro-

gen (protons) in different types of chemical environments within a mix

ture of compounds. The work reported by Anderson (27) has suggested 

breaking the spectrum into four separate regions. The regions and the 

hydrogen types included in the regions are; from o 6.00 to o 8.33 repre

senting H aromatic, from o 2.00 to 5 3.33 representing Ha, from cS 1.00 

to cS Z.OO representing He and from cS 0.50 to cS 1.00 representing H~. Ha 

generally includes a hydrogen and a methyl groups. He gener~lly rep

resents paraffin, saturated ring and e hydrogen from hydroarornatic stru-

tures. H generally represents methyl groups on saturated compounds or 
-y 

methyl groups y or further from an aromatic ring. H aromatic represents 

all aromatic hydrogen. Mbre details regarding this approach are given 

in the reference. 

Proton NMR spectra of selected extracts were prepared. The ex

tracts were dried for roughly 60 hours under flowing N2 at 130° C. A 

saturated solution of an extract in deuterated toluene cc6n5cn3, 99.5%) 

was prepared and filtered through a fine glass frit to remove partic

ulates. TI1is sample was then analyzed with a Varian 60 MHz NMR instru

.ment. A blank was also run on the pure'c6n5cn3 solvent. 



0 0 0 8 0 

-33-

III. RESULTS AND DISUJSSION 

The variables and ranges of conditions studied in this \vork were 

chosen to be consistent with the objectives of characterizing some of 

the effects of solvents on .subbituminous coal below coal pyrolysis tem

perature and witJ1 the ultimate goal of developing practical coal conver-

sian processes. The major variables studied were solvent, temperature, 

and t:iJne. In addition, the limitations of t:iJne and equipment partially 

detennined the ranges of types of solvent, temperatures and times which 

were studied. 

Solvents vary widely in their ability to interact with coal. 

Even though there are a vast number of possible organic sol vents lvhich 

may be used for coal/solvent contacting' previous investigators have 

ordered most solvents and coal/solvent interactions into classes or 
'. 

groups (13,37). The three main solvents used were chosen to be repre

sentative of major groups or classes of solvents studied in coal/solvent 

interactions. The major classes of solvents and coal/solvent interac-

tions studied in this manner \vere non-specific extractions, specific 

extractions, extractive disintegrationand hydrogen donor or chemical 

disintegration extractions. Other factors that were also considered in-

eluded solvent vapor pressures in the temperature range to be studied. 

It was desirable to use relatively inexpensive and readily available 

solvents which had received a significant amotmt of study by other in"" 

vestigators using different types of coal than the coal studied in this 

work. 



-34-

Benzene, with no functional groups or hydrogen donor activity., 

was chosen as a simple non-specific solvent which generally shows only 

minor interuction with coal. Benzene also serves as a "reference point" 

'"ith respect to the literature and to the other solvents studied. Tet

ralin was chosen as a very corrononly used hydrogen donor solvent. Tetra

lin is stable at relatively high temperatures where hydrogen donation 

nonnally occurs. It is also a fairly good specific solvent for coal 

which does not interact chemically (i.e. no significant chenucal reac

tions occur) with the coal or extracted material under most conditions. 

At high temperatures, hydrogen may be transferred from tetralin to coal 

and extractive chemical disintegration occurs. Phenol was-chosen to 

study specific extractions at lower temperatures (200°C) and extractive 

disintegration at higher temperatures (250 and 300°C). Phenol is also 

a solvent that is thermally stable at relatively high temperatures 

(350°C). Phenol probably reacts as a base w1th the acid sites on coal. 

Phenol also supposedly tends to chemically break down the coal struc

ture and thus represents a different type of coal/solvent interaction 

than solvents such as benzene or tetralin below hydrogen donation tem

peratures. In addition, limited experiments were conducted using hex

ane. Hexane was used in an experiment in which a coal sample was ex

tracted successively with hexane, benzene, and tetralin to study the e~ 

fects of using a series of increasingly more active solvents. 

Since the temperature of coal/solvent contacting is known to 

have a very strong effect on the extent of interaction, experiments 

were conducted over the range of from 150°to 350°C at SOOC increments. 

The upper limit on temperature was roughly the temperature limit of the 
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equipment and was used to study hydrogen transfer with tetralin. 

The other variable studied was contacting time. For most con

dition studied, it was found that approximately 70% of the equilibrium 

amow1t of coal was dissolved in 4 hours. A 4 hour contact t~ne was also 

conveniel1t, since an experiment could be conducted in one day. Shorter 

times generated less reproductable results because of heatjng and cool

ing effects and longer times were less convenient. Some experiments 

were conducted with contacting times of from 25 to 200 hours to serve as 

a reference with equilibrium contacting data in the literature and to 

help ·est~te the approach to equilibrium with shorter contacting times. 

A summary of the experiments conducted is given in Table 1. 

These experbnents and the results will be discussed in sections basedon 

particular phenomena or responses of interest. The major subject areas 

which will be discussed are hydrogen and carbon mass balances, yield as 

a function of time, yield as a function of temperature, hydrogen donor 

solvent studies, and general characterization of extract properties. 

A single coal was used for this study. The coal was from the 

Roland Seam of the Wyodak Coal Company mine in Gillette, Wyoming and is 

felt to be a representative Western low sulfur subbituminous coal. 

Four separate proximate and ultimate analyses (ASTM Test D 271-70) of 

this/coal have been performed by the Commercial Testing and Engineering 

Company in Denver, Colorado. The range of values which resulted is 

given in Table 2. In addition, five samples of this coal have been an-

alyzed by the University of California at Berkeley 'Microanalysis Lab

oratory for elemental analysis of C and H. The range of values which 
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Table 1. Sunnnary of coal extractions conducted. 

Solvent Temperature 
('C) 

Benzene 
. 

150 
Benzene 200 
Benzene 250 
Benzene ·200 

Tetralin 150 
· Tetra! ina, b 200 

Tetralina 250 
Tetralina,b 300 
Tetralina 'b. 350 
Tetralinb 350 
Tetralin 200 
Tetralin 200 

Phenol 200 
Phenol a 250 
Phenol 300 
Phenol 200 

Hexanec 150 
Benzenec 150 
Tetralinc 150 

cumulative 

Decal in 200 

a Repeat rrn1(s) conducted. 
b Blank run(s) conducted. 

Yield Yieldd 
Time dry basis DAF basis 
(hr.) (wt. -%) (wt. -%) 

4 4.25 5.05 
4 3.56 4.23 
4 6.56 7.79 

72 6.99 8.30 

4 4. 77 5.66 
4 5.54 6.58 
4 7.30 8.67 
4 13.10 15.56 
4 26.78 31.72 
8.5 29.16 34.63 

67 7.96 9.45 
200 7.01 8.33 

4 16.00 19.01 
4 28.61 33.99 
4 48.34 57.46 

32 24.90 29.57 

100 1.84 2.18 
100 .98 1.17 
100 3.18 3.78 

6.00 7.13 

4 4.61 5.47 

c Successive extractions of a single sample. Cumulative extract 
yield= 6.00% dry basis. 

dAsh content 15.8% ba~ed on analysis of 28-150 mesh Roland Seam coal. 
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Table 2. Analysis of Roland Seam coal by the Corruncrcial Testing 
and Engineering Company. 

Proximate Analysis 

As recived 

% Moisture 23.43-23.83 

%Ash 10.40-11.49 
· % Volatile 29.04-35.52 

% Fixed Carbon 30.16-36.17 

mu 8,226-8,392 

% Sulfur .70- .94 

Ultimate Analysis 

As received 

% Moisture 23.43-23.83 

%Carbon 47.02-47.37 

%Hydrogen 3.79- 4.04 

%Nitrogen .73- .87 

% Chlorine 0 

%Sulfur .70- .94 

% Ash 10.40-11.49 

% Oxygen(difference) 13.35-11.72 

Dry basis 

13.64-15.08 

37.94-46.59 
39.60-47.23 

10,800-10,934 

.92- 1.23 

Dry basis 

61.67-62.19 

4.97- 5.30 

.96- 1.13 

0 

.92- 1.23 

13.64-15.08 

15.40-17.51 
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resulted is given in Table 3. The values of the dry basis ASTM ulti-

mate analyses (61.67 to 62.19 wt.-% C and 4.97 to 5.30 lvt.-9.; H) and the 

elemental analyses of the Roland Seam coal (58.8 to 60.6 \vt. -% C and 

5.3 to 5.4 wt.-% H) show an evident disagreement. The differences may 

he attributed to different laboratories using different analytical meth

ods. One major source of difference is probably the drying of the coal 

prior to analysis. TI1e ASTM u1 timate analysis for moisture involves 

drying for one hour at 104°tO ll0°C in an oven being flushed with dry 

air. The elemental ru1alyses for coal were performed on samples which 

had been dried for 24 hours at 105° to 110°C in a vacuum oven at 200mm 

Hg flushed with dry nitrogen. In order to determine the magnitude of 

this effect a raw coal sample was dried for 1 hour under conditions 

* corresponding roughly to the ASTI-1 ultimate analysis test; the weight 

loss was .217 grams per gram of coal, corresponding to 21.7 wt.-% mois

ture. The same sample was then further dried under the same conditions 

(105° to 110°C under flowing dry nitrogen) for 40 more hours and an ad

ditional weight loss of 0.03 grams per gram of initial coal was noted, 

indicating a total moisture content of 24.7 wt.-%. The effect of this 

difference in degree of drying is to include. the hydrogen from there

sidual moisture in the ASTM ultimate hydrogen analysis, which is per

formed by burning a lmown amount of 1 hour air dried coal and weighing 

* The ASIM moisture analysis involves drying in an oven at 104 to 110° C 
for 1 hour tmder flowing dry air at atmospheric pressure. The s~Jle 
for this test was dried in an oven at 105 to 110 C for 1 hour under 
flowing dry Nz at roughly 10" Hg abso1ute.pressure. The reduced pres
sure would increase moisture transport in pores slightly. 
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the water formed (or vaporized from the coal). Assuming 2.0 wt.-% Ha

ter analyzed with the coal, the ASTM dry basis ultimate aJialysis \voulJ 

show high H and 0 values (by roughly 0.2 and 1. 8 Nt. -% respectively) 

and the C value would be correspondingly low by roughly 2. 0 wt. -%. 

S:ince the ASI'M ultimate analyses and the local elemental analyses are 

not on the same basis and the AS1M analysis has only been applied to the 

coal, all further discussion and comparisons of hydrogen and carbon an-

alyses and balances will be confined to elemental analysis data gener

ated by the University of California Berkeley Microanalysis Laboratory. 

Table 3. Elemental analysis of Roland Seam coal by the University of 
California at Berkeley, Microanalysis Laboratory. · 

% Carbon (dry basis wt.-%) 58.8-60.6 

% Hydrogen (dry basis wt.-%) 5.3- 5.4 

H/C 1.05-1.08 

A. Hydrogen and Carbon Mass Balances 

Samples of the raw Roland Seam coal, as well as extracts and res-

idues (coal which has been treated with solvent) from all solvent extrac

tions were subjected to elemental analysis for carbon (C) and hydrogen 

~1). These analyses may be used to make mass balances on these elements 

ill the coal and to study hydrogen enrichment or changes in H/C molecular 

ratios of the extracts and residues as: functions of coal solvent contact-

ing parameters. 
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Elemental cmalyses of the raw coal were cond~'Cted, results of 

\V'hich are shown in Table 3. The analyses for extracts and residues 

shown in Table 4 represent average values where more than one experiment 

were conducted at a given set of conditions. There was no accurate anal-

ysis for ash, since the methods used were tmsuitable for this determina

tion. A very approximate ash detern1ination did indicate little or no 

ash in any of the extracts. The samples of coal residue and extract may 

be considered to be free of residual moisture, since they had been in 

contact with boiling hydrocarbons at temperatures of from 150°C to 

The calculation method for combined carbon and combined hydrogen 

balances was identical and is given by 

(Yie~d)[ (C,H) wt.-%]extract + (1-yield)[ (C,H)wt.-%]residue = (C,H)wt.-~ombined 

where yield is based on the dry coal charged to the system. ··.Extract yield 

(dry basis) is used for convenience in mass balance calculations only. All 

other reference to yield in this paper is to a dry ash~free(DAF) basis. 

These combined hydrogen and combined carbon values are given in Table 4. 

The rru1ge of combined carbon values for all but the last two phe

* nol extractions was from 59. 60 wt.-% to 65. 01 wt. -% , and the range of 

combined hydrogen values for the san~ experiments was from 4.70 wt.-% to 

5.55 wt.-%. These values may be compared to the elemental analyses of 

the Roland Seam coal given in Table 3 (58.8 to 60.6 wt.-% C and 5.3 to 

* TI1ese experiments will be discussed in more detail, but were not in-
cluded in the average values because they appear to deviate strongly. 
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Table 4. Hydrogen/carbOn ratios and II and C elemental analysis 

Contacting Conditions Extract Residue Extract Combined Calculated 
Temperature Time Yield Composition Composition Composition Solvent retention 

Sol vent ("C) (hour) (dry basis wt.-%) %C %H H/C %C %H H/C \C %11 H/C (wt. _, DAF Coa12 

Benzene 150 4 4.25 60.2 4.8 .96 79.2 11.2 1. 70 61.01 5.08 1.00 a .C 
Benzene 200 4 3.56 48.86 4.79 ... 98 79.76 10.97 1.65 59.60 5.01 1.00 b c Benzene 250 4 6.56 61.2 4.70 ... 92 79.26 10.51 1.59 62.39 5.08 .98 b 
Benzene 200 72 6.99 50.46 4.38 .87 77.15 10.46 1.62 61.34 4.70 .92 b . 

~;::,., .. 

Tetralin 150 4 4.77 62.25 5.10 .98 83.57 9.37 1.35 63.30 5.30 1.01. 6.2 Q Tetralin 200 4 5.54 63.24 4,95 .94 82.32 9. 72 1.42 64.29 5.21 .97 7.0 
Tetra lin 250 4 7.30 63.48 4.96 .94 80.45 9.69 1.44 64.93 5.29 .98 3.7 

.£:;.. Tetra lin 300 4 13.10 62.78 4.87 .93 81.45 9.11 1. 34 65.25 5.42 1.00 b 
Tetra lin 350 4 26.78 59.95 4.39 .88 78.~8 7.85 1.19 65.97 5.27 .96 1.6 

~ TetraUn 350 8.5 29.16 59.5 4.4 .89 78.75 7.57 1.15 65.11 5.33 .98 b 
Tetralin 200 67 7.96 63.7 5.2 .98 80.21 9.52 1.42 65.01 5.55 1.02 . a c Tetralin 200 200 7.01 62.4 4.7 .90 81.45 9.10 1. 34 63.74 5.01 .94 3.9 I 

~ 
1-'. lJ Phenol 200 4 16.00 61.0 4.67 .92 77.80 9.33 1.44 63.69 5.41 1.02 a I 

Phenol 250 4 28.61 56.8 4.6 .97 70.85 6.47 1.10 60.82 5.13 1.01 8.4 
~· Phenol 300 4 48.38- 59.7 3.9 .78 78.04 6.43 .99 68.58 5.12 .90 3.3 '· 

Phenol zoo 32 24.90 60.9 4.1 .81 74.25 6.81 1.10 64.24 4.78 .89 12.9 co-
Hexane 150 100 1.84 84.01 12.10 1.80 

.b~ Benzene 150 100 .985 73.16 8.77 1.44 
Tetralin 150 100 3.18 ; 65.92 6.12 1.11 
Cumulative results 6.00 61.9 5.0 .97 72.70 8.40 1.38 62.55 5.20 .97 a 

Decalin 200 4 4.61 60.9 5.0 .99 79.57 10.32 1.56 61.76 5.25 1.02 1.0 
' 

a) Not available. 
b) Net weight loss-handling or gas loss. 
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5.4 wt.-% H). In general the combined carbon values appear higher than 

the coal carbon by 1 to 2 wt.-% and the combined hydrogen values appear 

to be lower than for the coal. There arc a number of possible sources 

for the differences betllleen these sets of data. The·major part of the 

differences results because certain material from the coal is lost during 

processil1g and does not appear in either the residues or extracts, m1d 

because certain materials not in the coal may appear lllith the residues or 

extracts. Materials such as water, C02, CO , and light hydrocarbon gases 

may be lost from the system, while small amounts of retained solvent may 

be analyzed along with the residues and extracts. The loss of water, co2, 

CO, or light hydrocarbon gases before, during or after solvent treatment 

was measured very approximately by analysis of gases evolved and analysis 

of solvents before and after coal/solvents contacting. The retention of 

solvents with the residues or extracts was measured by thermal chron~

tographic analysis. 

1. C~ Evolution during Coal Drying 

The loss _of water, co2, 00, or light hydrocarbon gases during dry

illg of coal samples was measured using a mass spectrometer to analyze a 

gas sample which was co~lected from the illitially evacuated space above 

a raw coal sample held at 110° C for 1 hour. The coal sample had been 

stored over H2so4 at room temperature and had a moisture content of 

roughly 3.5 wt.-% (from ASTM analysis). 

The mass spectrum of the gases evolved from the coal during dry

illg at 110°C showed strong evidence for co2 and CO evolution, but no hy

drocarbon gases'were detected. Since the. water content of the coal was 
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3.5 wt.-%; the water content of the evolved gases must correspond to 

less than this ammmt of total water. The mass spectrum indicated five 

to ten times as much co2 and CO evolution as water. This data implies 

that coal which is dried at more severe conditions would tend to evolve 

co2 and CO, and would thus shmv .slightly decreased C and 0 analyses when 

compared to a less thoroughly dried coal. The conditions of a coal/sol

vent contacting experiment would also tend to drive off C02 and CO from 

the coal and thus effect the mass balances. 

2. Gas Evolution during Coal/Solvent Contacting 

The evolution of water, C02, CO, and light hydrocarbon gases dur

ing coal/solvent contacting was qualitatively demonstrated by a low-. 

resolution mass spectrum of the gases taken from the vapor surgevolume 

during a low temperature (140°C) 1-hour tetralin contacting experiment. 

The low-temperature was used because higher ten~erature operation re

quires high tetralin concentration (or inert gas) in the surge volume, 

which would u1terfere with the measurement and analysis of small amounts 

of gas evolution. The mass spectnnn indicated the presence of CH4, H2o, 

N2 (CO) , 02, Ar, Co2, and a mixture of light ~ydrocarbon gases. A rough 

estlinate of the amount of each gas present was attempted (Appendix B); 

the resulting estimates, based on the dry coal charged to the system,are 

* that 0.4 wt.-% cii4, 0.7 wt.-% co2, 0.35 wt.-% co and 2.0 wt.-% (CH2•5 ) ~ 
, 

were generated. The water generated could not be determined because of 

an inward air leak with unlmown humidity. The CO was estimated by 

* Estimated average composition for mass spectrum peaks from mass 45 to 
mass 97. 
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assuming the same co2;co ratio as was measured when drying raw coal (the 

ratio was 2/1). The amotmts and composition of the gases evolved at 

this relatively mild contacting condition (140° C with tetralin) jJ1dicate 

that this effect may have a strong influence on the mass bahmces, es-

pecially when operating at severe contacting conditions (+250°C or long 

times with tetralin or phenol). 

3. Light Hydrocarbon Losses during Extract/Solvent Processing 

The loss of light hydrocarbons (or extract compotmds boiling near 

tetralin) during processing of the extract/solvent mixtures was deter-

mined by gas-liquid chromatographic analysis of tetralin samples which 

were prepared from an extract/solvent mixture. Tetralin was contacted 

with coal at 200°C for 4 hours. The tetralin was removed from the sol-

vent vessel and boiled off of the extract material through a water cooled 

condenser.. A sample was taken of the first 2 an3 which were condensed, 

the bulk of the tetralin which was condensed (90% of the original extracV 

solvent mixture) and 2 an3 from the last 6 to 10 cm3 of extract/solvent 

mixture remaining. With the gas-liquid chromatograph (Varian Aerograph 

~bdel 1520) run isothermally at 130°C, chromatograms were generated on 

the tetralin charged to the system and the· three samples taken following 

coal/solvent contacting. There is no indication from the chromatograms 

that any significant amount of low boiling compounds are extracted from 

the coal and subsequently vaporized when tetralin is evaporated from the 
'-

extracts. 
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4. Solvent Retention with Coal Residues 

The retention of residual solvent with treated coal samples (res-

iducs) was measured by thennal chromatographic analysis mxl by mass bal-

ance data on the coal for individual coal/solvent contacting c:x.-perimcnts. 

A thennogram (Fit,JUre 5) was prepared for a residue from a 350° C, 8-1/2 

hour tetralin contacting experiment, subsequently dried at 130°C under 

flowing dry nitrogen for 48 hours~ Samples of the residue were heated 

to 300°C and to 600°C at a rate of 40°C/minute and the gases evolved 

were analyzed with a gas-liquid chromatograph (1/8" X 6' stainless steel, 

8% Dexsil 300 on 80-100 mesh Chromasorb GHP). 

The resulting chromatograms indicated that roughly 1.5 wt.-% tet

ralin was evolved from the dried residue when heated to 600°C (versus the 

·. 0.5 wt.-% when heating to 300°C). Both these tetralin concentrations are 

consistent with the mass balance on the coal for this coal/solvent con-

tacting experiment, which indicated about 1 wt.-% sol vent retained with 

the residue and extract. Since only a very small amount of tetralin is 

evolved from similarly analyzed raw coal samples, these data indicate 

that some residual solvent is retained with the residues and that tetra-

lin may not be completely removed by any drying conditions without res

idue degradation. 

The retention of residual solvent would have a varying effect on 

the mass balances, depending on the sol vent used and amotmt retained. 

Referring to Table 4 it can be seen that the residue analyses are on the 

order of 62 wt.-% carbon and 4-5 wt.-% hydrogen, while tetraljn is 

roughly 91 \vt. "% carbon and 9 wt.-% hydrogen. The retention of tetralin 

would cause high C and H values and H/C ratios from the elemental analyses. 
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In general, when using benzene or tetralin as solvents, the mass balance 

data from coal/solvent contacting experbnents indicated on the onlc r of 

5 wt.-%·solvcnt retained with the residues; the change intruducecl into 

the hydrogen and carbon analyses because of this effect \\\)ttl d be signi f-

icant although small. 

When phenol was used as a sol vent, the mass balance (b ta indica ted 

that up to 13 wt.-% phenol may be retained·withthe residul'S. TI1c com-

position of phenol (77 wt. -% C, 6 wt. -% H, and 17 Wt. -% 0) \\ould tend to 

generate high C and H values for coal residues, and slightly high 11/C 

ratios. However, the phenol carbon and hydrogen weight percents do not 

differ drastically from the coal, and this solvent retention would not 

have a strong effect on the carbon and hydrogen mass balm1ces. Tile gas 

evolution discussed previously probably has a much stronger effect on the 

mass balances, especially when more extreme time/temperature/solvent 

contacting conditions are used, as in the last two phenol extractions 

shown in Table 4 (300°C, 4 hours and 200°C, 32 hours). 

5. SlUlll11ary-Hydrogen and Carbon Mass Balances 

The main sources of difference in the mass balances for C and H 

are retention of solvent on the residues, and loss of some water, C02,. 

CO and light hydrocarbon gases from the system during coal/solvent con

tacting. Analyses of gases evolved during coal drying and coal/solvent 

contacting indicate a potential loss in the vapor of 1 to 2 wt.-% water, 

2 to 4 wt. -% co2 , 1 to 2 wt. -% CO, 1 to 2 wt. -% 014 , and 2 to 4 wt. -% 

(CH 2•5 ) {based on the DAF coal). Analyses of residues and mass balances 

on the coal from coal/solvent contacting experiments indicate retention 
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of 4 to 10 wt. -~ benzene or tctralin with residues and up to 10 or 20 

.wt. -% phenol. The magnitude of each of these effects is very probably 

a function of coal/solvent contacting time, temperature ~nd solvent used. 

The loss of the gases mentioned may accmmt for combined losses of up to 

6. 8 wt. -% carbon, 1. 4 lvt. -% hydrogen and 5. 8 wt. -% oxygen (based on the 

weight of the coal) with corresponding effects on the elemental and com

bined mass balances. Calculations shown in Appendix B show the effects 

of solvent retention on residue analyses and carbon and hydrogen mass 

b;:tlances for representative tetralin and phenol contacting experiments. 

TI1e effects discussed in this section can account for the discrepancies 

in the mass balance data which resulted from the coal/solvent contacting 

experiments. 

B. Yield as a Function of Time 

. The rate of solvent extraction as a function of time can be mea-

sured by taki11g solvent samples from the contacting cup and/or the bulk 

sol vent during the course of a coal/sol vent contacting experiment. This 

was done for an extraction using tetralin as the solvent. The data cru1 

be plotted as yield versus time to shmv the rate/time characteristics of 

coal/solvent contacting, or as yield versus time divided by yield to 

show the projected ultimate yield as mentioned in Chapter I. 

The values of yield measured from bulk solvent samples are plot

ted versus time for tetralin at 200° C in Figure 6. Most of the scatter 

in the data is due to the fact that, at a given moment when a sample is 

removed from the solvent vessel, some of the freshly refluxed solvent is 

retained in the contacting cup. Since the cup may contain up to 150 

cm3 of relatively pure solvent out of the total 550-700 cm3 of solvent 

.. 
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charged, the hulk sol vent is actually more concentrated 111 coJ.l extract 

than when all of the coal extract is contained in all of the solvent. 

111is tends to m::tke the apparent yields high. 'l11e final value of yield 

is accurate, since the apparatus is disassembled, and all the solvent 

is removed and measured following the e:>..-periment. 'The curve drawn 

through the points is drawn low to compensate for the bias of the,clata. 

From these data, a separate graph of yield versus time divided by yield 

has been prepared and is shmvn in Figure 7. The slope ,of the line in 

Figure 7 corresponds to the ultimate yield which may be obtained lmdcr 

these coal/solvent contacting conditions. The value of this slope, 10.6, 

is consistent with the extract yield values of 9.45 wt.-% obtained after 

67.75 hours at 200°C and 8.60 wt.-% obtained after 200 hours at 200°C. 

The plotting technique discussed may be used with yield data gen

erated after more than 30 hours of extraction. There are useful in~li

cations for e:>..-periments conducted at relatively short times, such as 4 

hours. One significant point which may be made is that roughly 70% of 

the ultimate yield is attained after 4 hours of extraction, and about 

90% of the ultimate yield is attained after 70 hours. This very grad

ual approach to equilibrium after an initially rapid extraction indi

cates that almost any conceivable processing step utilizing solvent ex

traction will be a non-equilibrium step and that a better understru1ding 

is needed of the kinetics of coal dissolution or extraction by solvents. 

C. Yield as a Function of Temperature 

The series of solvent extractions \vith benzene (Table 4) shows 

an increased extract yield with an increase in tcn~erature between 
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150°C and 250°C, Using tetraUn as a solvent over the tc;npcraturc rnJJf::C 

of from lC)(fC to 350° C shows a more pronotmccd temperature effect over the 

wider temperature r~mgc. Phenol sh01vs an even greatt'r in,·rc~ISC in yi ('1 d 

with temperature up to a maximwn occurring at the initial pyrolysis tcJ:l

perature of the coal or residue~being extracted (7 ,19). The thennogram 

of the Roland Scam coal shown in Figure 8 indicates an initial pyrolysis 

temperature of roughly 320° C. Detailed examination of yield as a ftmc

tion of temperature in the neighborhood of pyrolysis temperatures (300°C 

to 350°C) was not within the scope of this study. The rate at which 

yield increases with increasing temperature can be seen in Figure 9 

which ~hO\vS the tetralin and phenol,. data from Table 4. The yields rise 

sharply at higher temperatures which approach the coal pyrolysis temper

ature (320° C) . 

D. Hydrogen Donor Solvent Results 

Tetra lin \vas used as a hydrogen donor sol vent for a series of 4 

hour coal/solvent contacting experiments at temperatures of 250, 300, 

and 350°C. Samples were prepared from the freshly distilled tetralin 

charged to the system and of the tetralin which was recovered following 

the experiments by distillation of the solvent/extract mixtures. These 

samples were then examined by ultraviolet spectroscopy for increases in 

the naphthalene concentration of the tetralin. 

The ultraviolet spectra showed no change in the naphthalene con

centration (from the roughly 1 wt.-% present in the stock tetralin) 

when tetralin and coal were contacted at 250°C and 300°C, At 350°C an 

increase in the naphthalene concentration corresponding to the fonnation 



ro~~-~~-:_~~--~-~-1 . ··- -- -~----!·· .· 1-~:--,.~_; ···- . 
r-·~ . 
r~-- -~--~ ~~~~----~~1' 

I : I I (j) : I ' I i I I ! 
' I I I"""\ I . 

--·------· ------ ----· --
·--r ··- ':·--

·---·-··--------
- _! ___ ; -----

' ----------·---- . --·-··--.- ~ ---;-----

~~;-~T~:-~:~;l~ii~= . ·~-~- -~: . ~----+---i---,--r 

f· I _; - - ··-- . .... . -i ·- .. r····· I f- . 
I .~~=.f: : :· . .- . :~ ; ,3;: -T~so :.-:~, 1 sGo 
·o- 240 320 400 XBL 758-1905 

Temperature l C) 

Figure 8. Thermogram Showing Flame Ionization Detector Trace of Gas 

Evolved as a Function of Temperature for Untreated Roland Seam Coal 

c 
0 

c 
& 

& 

c 
I (Y .. 

U'l 
Vol 
I •CN 

..r;. 

0 



,...... 
u 
L, 

Q) 
!-< 
:::3 
+-1 

~ 
Q) 

! 

350 ....{!] 
/ 

/ 

// 
/ Coal Thermal Decomposition --------------- __, ________________________ _ 

300 

250 

[!] Tetralin 
;. 

0 Phenol 

200 

150--~--~~~--~~~----~----~~--~-L------~_j 
0 20 30 40 10 so 60 

Extracted Yield (wt.% DAF Coal) 

Figure 9. Yield as a Function of Temperature Using Tetralin or Phenol 

With Roland Seam Coal 

I 

~ 
A 

I 



0 0 

-55-

- ~ . 
of 4.17 X 10 - grams of naphthalene per gram of tctralin Has noted. The 

ul traviolct spectrograms for this experj men t are sh01vn in F i gu rc 1 0. 

Fonn this change in naphthalene concentration in the k:Jl0\\'11 ;mKnrnt of 

tetralin used in the system, the total "''eight of rwphthalc~nc formed can 

be calculated. Assuming 4 hydrogen atoms tr~msfctrccl per lilolccule of 

naphthalene formed, it can be calculated that roughly O.SS wt.-% (bascLl 

on the initial lveight of DAF coal) hydrogen Has transferred at 350° C. 

An additional coal/solvent contacting experiment using identical 

conditions except for an 8.5 hour contacting time indicated . 73 \\rt.-% 

hydrogen trailsfer (based on the DAF coal). 

It has been proposed in the literature that hydrogen transfer in 

coal/hydrogen donor solvent systems is a thermal process, m1d occurs 

only when free radicals are formed by the thermal decomposition of coal 

or extracted material (35,36). Thus, hydrogen transfer should not occur 

to a significant extent below coal pyrolysis temperatures, which for the 

* Rolaild Seam coal is 320°C. This proposed mechailism of hydrogen trans-

fer is seen to be consistent with the facts of this study which showed 

no detectable hydrogen trailsfer at temperatures of 300°C or below. 

The hydrogen enrichment of the extract and/or the residue with 

hydrogen transfer at 350° C for 4 hours amotmted to roughly 0. 055 

grams of hydrogen added to roughly 10 grams of DAF coal (11. 8 grams of 

dry coal). The dry coal contained roughly 5.3 wt.-% hydrogen originally, 

or 0.625 grams of hydrogen. TI1e increase in hydrogen content of 0.055 

* A thermogram shown in Figure 8 indicates primary gas evolution·as the 
t t h 310°·320° c . . empera ure reac cs -
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grams shouJd thus be detectable in the mass balance. Referring to Table 

4 for the cJ cmcntal analyses and mass balance data for the 350°C tetralill 

contacting both for 4 and 8.5 hours, shows no apparent increase in the 

residue, extract or combined hydrogen values. The apparent loss of hy

drogen thus shown by the elemental analyses is most probably due to the 

evolution and loss of light hydrocarbon gases during the extreme contacting 

conditions used. Gas ~volution can be expected to be more extreme at 3Scf C 

than at the 140°C temperature con<;litions used to measure the gas evolution. 

E. Characterization of Extract Properties 

The nature and character of the extracts obtained may be strongly 

·related to the solvents and contacting conditions used. The H/C molec

ular ratio, number average molecular weight, benzene solubility, proton 

envirorunents and distribution, and general physical characteristics of 

some of the extracts were studied to identify trends in extract proper

ties with chm1ges in the contacting conditions used in this work. 

Some important trends in the elemental analyses and H/C ratios 

can be seen from the data in Table 4. The H/C molecular ratio of the 

extracts appear to vary inversely with the amount extracted, regardless 

of solvent or contacting conditions used. The highest extract H/C ratio 

(1.80) occurs with hexane and a 2.18 wt.-% extract yield. The lowest ex

tract H/C ratio (.99) occurs with phenol and a 57.46 \vt.-% yield. The 

phenol and tetralin series provide an·interesting comparison of H/C ratios, 

temperature, and yield. Although, at a given tenverature, the yields ob

tained \vi th phenol are three to four times as great as those obtained \vi th 

tetralin, the H/C ratio appears to be a function mainly of yield and not o£ 
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. solvent. 11lis is important since a more active solvent ;1ppcars to g:ivc 

much higher liquifaction rates and yields \vhile produc.in~ an cxtrdct of 

similar 11/C ratio for a given yield. 

A weak solvent, giving a. relatively low yield, generates a rel-

atively small arnotmt of hydrogen rich extract with loh' aromaticity (see 

following discussion of proton nuclear magnetic resonance). Conversely, 

a "strong" solvent used with temperatures approaching the coal dccompo-

sition temperature gives a high extract yield with the extract properties 

near to those of the coal. 

Number average molecular weights were determined by vapor pres

sure osmometry using benzene as the solvent at 4<fC for the benzene sol

uble fractions of the zoctc, four hour extracts wi:t:h benzene., tetralin 

and phenol. The benzene soluble percentage of each extract and the cor

responding molecular weights are given in Table 5. 

* 

Table 5. Benzene solubles at 25°C and molecular weights for coal ex
tracts produced by 200°C, 4 hour contacting with selected solvents. 

Solvent 

Benzene 

Tetralin 

Phenol 

Benzene solubles 

(wt.-%) 

96.4 

82.0 

47.9 

* 

Number average molec
ular weight of benzene 
solubles (Asphaltenes) 

814 

778 

615 

TI1e apparent insoluble fraction may represent suspended ask, oxidized 
material or simply indissolved material filtered from a saturated solu
tion. 



0. ·U("c u 

-59-

111e mm1ber average molecular weights (H-) given arc in the range n . ,L 

of values Teported in the literature for similar materjals (19,20). 

Since a typical m.unber average molecular weight for a pyridine soluLJ c, 

benzene insoluble coal extract fraction is generally greater than 1000, 

the total extract mnnber average molecular weight probably increases 

slightly as the yield or solvent strength increases. TI1e benzene sol-

ubles, or asphaltenes, from benzene and tetralin extracts appear to have 

molecular weights that are extremely similar while the phenol extract 

contains an asphaltene fraction which has a considerably lower molecular 

\veight. These extracts were all prepared from zmfc coal/solvent con

tacting, so no significant cracking would occur. The sn~ller size of 

the phenol extract asphaltenes suggests that phenol may break bonds and 

create fragments smaller than the materials dissolved by relatively non-

reactive solvents such as benzene and tetralin. 

The proton NMR spectrum (60 megahertz) of a tetralin extract 

(200° C 4 hours) of the Roland Seam coal in c6n5m3 is shown in Figure J 1. 

Tile extract appeared to dissolve completely in the deuterated toluene 

NMR solvent. 1he background arising from solvent impurities can be es

timated from Figure 12, which is a blank s~lvent NMR spectnnn at approx

imately the same conditions. Using the method of Anderson (27), the 

spectrum was divided into four regions and the peak area in each region 

was measured directly. Tilis approach indicates approximately 9.0% 

Haromatic' 15.3% Ha' 57.4% H13 and 18.3% HY. The extract represents 

roughly a 7 wt.-% yield from the coal. Tile low aromatic hydrogen con-

tent (9.0%) and the high H
13 

content (57.4%) of the extract are not sur

prising considering the rank of the coal and the relatively small 

annunt of material extracted. The H8 range includes ring protons of 
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saturated structures and B protons of hydroaromatic stn1cturcs. 1l1c 

aromatic hydrogen content of a typical solvent refined coal or coal de-

rived oil was fOtmd by Anderson to be on the order of 30-50% (27). The 

lmv temperature tetralin extract is seen to have a low aromatici ty \vhcn 

compared to a hydrogenated coal liquid. 

An additional pTOtOn Nr.ffi. spectnun of a 350° C, 8. 5 hour tetralin 

extract in c6n5cn3 was prepared to examine the effect of extraction tem

perature and yield on the pToton distribution in the extract. A similar 

analysis of this spectnun indicates 6. 5% H t. , 20. 2% H , 51.9% H0 aroma 1c a .., 

and 21. 3% H . The yield for the tetralin extTaction was 34.6 wt.-%. This 
y 

last proton NMR must be interpreted only as the spectnnn of the toluene 

soluble frac:tion of the 350°C tetralin extract since complete dissolution 

of the extract in the deuterated toluene NMR solvent did not occur. A 

phenol extract from 200°C, 4 hour coal contacting did not dissolve sig-

nificantly in the deuterated toluene M.m solvent. 

The low aromatic hydrogen content of both samples is in general 

agreement with values reported in the literature for fractions of low 

rank coals which have been prepared and analyzed by a nunber of different 

teclmiques (28,29,41). As mentioned in Chapter I, the highly substi-

tuted nature of the aro111atic structures in coal results in an average of 

about one hydrogen atom per aromatic ring. lbe aromatic carbon content 

of these extracts is probably significantly higher than the aromatic hy

drogen conter1ts. This phenomena has been demonstrated by Retcofsk~ and 

Friedel using combined C-13 and proton NMR studies of a synthetic coal 

liquid blend (29). Some additional observations concerning the nature 

· of the extracts were made during the course of this stu~ly. The benzene 
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and tetraJin extracts lvere glassy black or brown-black solids \vhicli 

softened to a sticky, viscous consistency between 110° and 130° C. TI1e 

phenol extracts were black solids \vhich did not soften until a temper

ature of over 200° C was reached. No precipitates appeared to fonn in 

any of the extracts samples during storage in sealed bottles except for 

hexane extracts which, upon cooling, precipitated a very light brmvn 

material which appeared to be a wax. The series of 100 hour extractions 

at 200°C using hexane, benzene and tetralin in succession on the same 

coal sample produced a total yield of 3.35 wt.-% withhexane and benzene 

(as compared to an apparent 4.23 wt.-% yield with benzene at 200°C for 

4 hours) and a 7.13 wt.-% yield with all the solvents combined (as com

pared to a 6.58 wt.-% yield with tetralin at 200°C for 4 hours). 111ese 

data indicate no clear relation between the cumulative yield with a 

series of solvents and the yield attained with the most active solvent 

used. 
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IV. CONCLUSIONS 

TI1e behavior of subbittuninous coal tow;Jn1 solvents indicates be-

havioral and structural features of the coal 1·:hich may be cf importance 

in the future utilization of these coals. Very little information of 

this type has been available for wcsten1 subbittuninous coals. 

1. The yield as a function of temperature data indicates that 

more than SO wt.-% (DAF basis) of this coal can be dissolved by phenol 

l.Dlder relatively mild extraction conditions (300°C, 4 hours) such that 

there is no thennal cracking or change in the solvent. This high yield 

along with the extreme increase in yield with increasing temperature 

suggest very strong interaction with phenol o1vli1g to its polarity and 

hydroxyl group. 

2. Extracts dissolved in deuterated toluene and studied with proton 

NMR showed low aromaticity as compared to other coal derived liquids 

mentioned in the literature. This feature appears consistent with lim

ited data on low-rank coal structure (low aromatic,i ty of lignite and 

subbituminous coal) and on shallow extracts of low rank coals. This 

feature may be of importance in utilizing subbitun1inous coals if future 

studies show it to be a general property. 

4. The properties of the extracts and the extent of interaction 

with the solvents differed from that generally seen with higher rank 

coals. TI1e relatively high yields, lmv aromatici ties, gases evolved, 

and strong increase in yield with temperature may represent signific,mt 

differences when comparing subbitunlinous coal behavior to higher rank 

coals. These differences-may also be important in the processing and 

utilization of subbituminous coal. 
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Possible areas of investigation \vhich are indicated by this. study 

include more detailed studies of coal cxtract.propcrtics and studies of 

subbittmli.nous co:1l and its chemical and physical behavior during c;oal/ 

solvent contacting, possibly with catalyst present. 

A more detail~d investigation of extract aromatici ty by H1 and c13 

NMR may provide valuable information regarding important structural fea-

tures of the Western subbituminous coals and their extracts. Hydrogen 

donor solvents and chemically active solvents such as phenol or pyridine 

should be used to establish the effects of these solvents on extract 

aromaticity. 

The very high oxygen content of the Western subbituminous coals 

suggests the possibility of important interactions between oxygen func-

tiona! groups and different solvent types. The possible use of these 

interactions to influence extract properties such as oxygen, nitrogen, 

or tar acid content makes further study of this area worthwhile. 

The development of the thermal chromatograph as an analytical 

tool to study coal and the quantitative effects of different coal treat-

ments should be pursued. The analysis and identification of compounds 

present in the rmv- coal or generated by mild pyrolysis and their rela

tionship to the compow1ds present in solvent, melt, or chemically treat

ed coals may provide valuable information regarding the mechanisms of 

interaction of coal with these other materials. 

An additional area of importance relating to coal conversion is 

that of coal or residue surface area, porosity and pore structureas 

functions of solvent contacting parameters. TI1is is of great importance 
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both in the study of catalytic reactions and conversion of coal and ii1 

applying basic engineering principles to the processing of coal. The 

surface and pore structure of Western subbituninous coal may differ con

considerably from the structures of many of the more widely studied U.S. 

coals, and an understanding of these differences is necessary to optimize 

development efforts for the eventual utillzation of the Nestcn1 coals. 
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APPENDIX A 

TI1e separation of sol vent from the extract/ sol vent mixture folJ oH

ing a contacting experiment was accomplished by a batch or Rayleigh dis

tillation (42). A graphical integration of the Rayleigh equation indi

cates that the concentration of naphthalene in the 90% of the tetralin re

moved by batch distillation is 95% of the original concentration. This 

effect was not of significance since the percentage change caused by the 

tetralin separation was constant for all experiments. 

The ultraviolet spectra of naphthalene and tetralin published by 

the American PetroleLim Institute Research Project 44 are shmvn in Figures 

4 and 5 (43). The tetralin used had roughly 1% naphthalene as an impurity 

and to adequately detect naphthalene fonnation required quantitative de

termination of changes correspondent to .1% naphthalene or less. Given 

these relative concentrations, it is possible to very accurately measure 

naphthalene in tetralin by using the ultraviolet spectral region beuveen 

2800 and 2900 A. The naphthalene peak between 2850 and 2860 A corre

sponds to roughly 3012 units of peak height per gram per lHer of naph

thalene in isooctane. The tetralin spectrum between 2850 and 2860 A 

corresponds to roughly 1.33 units of amplitude per gram per liter of 

tetralin in isooctane. The stock tetralin used could be mixed in iso

octane to a concentration of roughly 3.3 gramsperliter giving a naph

thalene peak ampli'tude between 2850 and 2860 A of 100 w1its and a tetra-

lin amplitude of roughly 5 units. A d1ange in peak amplitude of 
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± 5 units js easily measured which corresponds to a change in the naph

thalene concentration by 5% or 5 parts in 10,000 parts of tctralin. 
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Wavelength (A) 

Figure 13a. Ultraviolet Spectrum of Naph

thalene Contributed by Shell Development 

Company to American Petroleum Institute 

Research Project 44 (43) 
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APPENDIX B 

Magnitudes of effects on elemental mass analyses by water,co2, 

CO, CH2 .5 and CI-14 losses and residual solvent retention. 

TI1e composition of ·the gases evolved during coal/solvent contact

ing (tetralin, 140°C) was determined by low resolution mass spectrometry. 

Since the resulting spectrum is printed as a series of peaks on light 

sensitive paper, it is not suitable for reproduction or inclusion in this 

report. The relative peak heights at the various masses were measured 

directly and are recorded and tentatively identified below: 

~ss Identification Intensity fvble percent Calculated 
of total weight (g) 

16 CH4 33 5.6 .037 

18 H20 7 1.2 .oo9· 

28 N2,co 368 62.2 

32 o2 92 15.6 

40 Ar 31 5.2 

44 C02 21 3.6 .065 

45-97 c;y 39 6.6 .177 

591 100.0 

The absence or prese11ce of characteristic crackillg patterns were used to 

help confirm the tentative identifications. 'fhe argon level is higher 

than might be expected because of its presence ii1 the instrument's base

. line readings before the gas san~le was ru1alyzed. 
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Because the gas volume in the closed system was roughly sjx 

liters and the total pressure was 125 nun Hg there was roughly one liter 

of total gas at one atmosphere and 20° C. Asstuning ideal gJs behavior 

and an average mass for the Ci~ gases of 65 allows the estimation of the 

calculated \.;eights shmvn in the last coltnnn for the gases which probably 

evolved from the coal. Since there was roughly 10.0 grams of DAF coal, 

the amount and composition of the evolved gases will obviously affect the 

mass balances . 

The following calculations show the magnitudes of the effects on 

the elemental analysis of the raw coal for the loss of,l to 2 wt.-% water, 

1 to 2 wt.-% CO, 2 to 4 wt.-% C02, 2 to 4 wt.-% CH2. 5, and 1 to 2 wt.-% 

rn4 as gas from the extraction apparatus. The effects on the carhon, hy

drogen or oxygen analysis are shown and the results are normalized 

to account for the amount subtracted. 

Representative residue analyses are also shown in the same manner 

to indicate the effects of solvent retained with the residues (average 

solvent composition for tetralin is roughly c0_91 H0_09 on a weight basis 

while phenol is c0_76 H0_06 o0_18 on a weight basis). 
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CALCULATED EFFECTS ON THE ELEMENTAL MASS ANALYSES OF RAW COAL 
FOR H20, C02, CH2. 5 and CH4 GAS LOSSES 

c 60.60% -1% co c 61.46% 
H· 5.30% and H 5.46% 

Other 34.09% -2% co2 Other 33.07% -1% CH4 and 
-2% cH2.5 Calculated 

Range for Raw 
Raw Coal I Coal Analyses 

-1% H20 I 
-....] 

c 60.00% ·I c 61.94 to 60. 98% 00 
I 

H 5.30% H 4.73 to 5.02%. 
Other 34.70% Other 33.32 to 34.09% 

:-2% H20 
H/C 1.06 ~ I H/C .92 to .99 

-2% CH 
· and 4 

c 61.22% -2% co c 63.04% -4% CH 
H 5.29% and H 5.63% 2.5 

Other 33.48% -4% co2 Other 31.32% 

:r· . . ·~ 



Initial 
Mass Balance 

c 65.25 

H 5.42 

H/C 1.00 

Iriital 
Mass Balance 

c 60.82 

H 5.13 . 

H/C 1.01 

APPENDIX B 

CALCULA1ED EFFECTS ON RESIDUE ELEME}..1'fAL ANALYSES 
AND MA.SS BALANCES FOR RETAI!'.'ED SOLVENT 

Case 1 - Tetralin, 300°C, 4 hours, 13.10 wt.-% yield (dry basis) 

Initial Final 
Residue Residue Extract 

62.78 63.97 81.45 

4.87 - 3% c.91 H.o9 4.74 9.11 

.93 (tetralin composition .89 1. 34 
by weight) 

Case 2 - Phenol, 250°C, 4 hours, 28.61 wt.-% yield (dry basis) 

Initial Final 
Residue Residue Extract 

56.8 54.60 70.85 

4.6 -lO% c.76 H.o6 °.18 
(phenol cornposi tion > 

4.40 6.47 

.97 by weight) .97 1.10 

Final 
Mass Balance 

66.26 

5.31 

.96 

Final 
~!ass Balance 

59.25 
4.99 

1.01 

I 
-..J 
<,0 
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0 

0 
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APPENDIX C 

During the course of the experimental part of this study, t\vo 

different types of phenol were used. The experimental results using 

'crystalline" reagent phenol were not reproducible and appeared to vary 

erratically.. TI1e results obtained when using phenol prep:1red from 

"liquid" phenol reagent were reproducible and coi1sistcnt. TI1e results 

discussed in: this report have been those obtained with fresh phenol 

from liquid phenol reagent. The reasons for the erratic perfonnance 

of the crystalline phenol, which contained a preservative, will be 

briefly discussed although no conclusive results have been generated. 

Experiments were conducted using both crystalline phenol reagent and 

phenol from liquid phenol reagent. The liquid phenol reagent contains 

88% phenol and 12% water. The water may be removed by an azeotropic 

distillation, and the phenol is. then essentially pure. TI1e crystal

line phenol contained .15 wt.-% H3P02 as a preservative. This de

composes at 180°C to PH3 gas and H3P04. The crystalline phenol was 

heated to 180°C for one hour to liberate t~e PH3 before a contacting 

experiment was conducted. \\'hen recovering and reusing the crystalline 

phenol with fresh crystalline phenol make-up, it was noted that the ex

traction yields were erratic and generally declined. The 200 mesh 

stainless steel screen basket was clogged by tarry, gummy deposits. 

When using freshly prepared liquid phenol the yields were consistent 

and no tarry deposits were formed in the system. Both ultraviolet and 

infrared spectra and gas chromatographs of.thc used crystalline 

. ~ 
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phenol and liquid phenol were generated and showed no detectable clif

ferences in the bulk phenol or in traces of impurities. 'l11e H3PO 4 

which was known to be present initially in the crystalline phenol 1.:~ 

a polymerization catalyst and is also used to crack tars at high tem

peratures. Since the initial concentration of H3ro4 was less than 

0.1 wt.-% the techniques used to detect differences may not have been 

able to detect anything. It must be assumed that the differences in 

performance of the phenols can be attributed to the H3Po4 or some prod

uct produced because of its presence. 
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----------LEGAL NOTICE-----------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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