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INTERACTION OF ORGANIC SOLVENT MIXTURES WITH A SUBBITUMINOUS COAL 
BELOW PYROLYSIS TEMPERATURE 

David Lindsey 

Energy and Environment Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

ABSTRACT 

The interactions of a subituminous coal with certain binary organic 

solvent mixtures have been studied at 2500C. Mixtures of pyridine, 

quinoline, piperidine, tetrahydroquinoline, and ethylenediamine with 

either toluene or tetralin were contacted with coal in a successive 

batch, stirred reactor, the extractions being carried to near completlon. 

Two distinct behaviors of extraction yield as a function of composition 

have been identified. In the majority of the solvent mixtures the 

extraction yield increases linearly with increasing concentration 

of the more active solvent. When the active solvent is ethylenediamine 

however, the extraction yield increases rapidly when small concentrations 

of ethylenediamine are used but then levels out close to its maximum 

value in a 50-50 mix. This behavior ;s an indication that, except 

in the case of ethylenediamine, the activity of solvent mixtures is 

a function of bulk solution properties. 
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I. INTRODUCTION 

There is no longer a question that the vast resources of coal 

in the United States must be utilized to meet our future energy needs. 

One important use of coal is the conversion to liquid fuels, and an 

variety of coal liquefaction processes are currently being developed. 

These processes vary in operating conditions and contacting schemes, 

but they all involve the use of organic liquids. Therefore, a key 

to the development of coal liquefaction processes is the understanding 

of coal/organic liquid interactions. The purpose of this work has 

been to study the interaction of organic solvent mixtures with coal. 

Coal Liquefaction 

Coal liquefaction processes involve three main steps: (1) contacting 

of the coal, organic liquid, and catalyst (if used) at elevated pressure 

and temperature. (2) Separation of solids (coal residue) fran the 

liquid phase. This involves the use of conventional equipment such 

as filters, centrifuges, or cyclones. (3) The separation of the coal 

liquid product from the organic liquid phase. This is normally accomplished 

by distillation, often at reduced pressure. The coal derived liquid 

may then be further processed and upgraded for its end use, the recovered 

solvent recycled, and the coal residue used as boiler fuel. 

Non-catalytic processes generally use high boiling solvents that 

aid coal pyrolysis. When a homogeneous catalyst is used, a solvent 

can be used to shuttle hydrogen to the coal or it can depol}1nerize 

the coal and open the pore structure to allow greater contact with 

the catalyst. High temperatures (above 3500 C) are most often used; 
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however, a process which would be effective at lower temperatures 

would have many advantages. 

Clearly organic solvent interactions with coal play an important 

role in any liquefaction process. The objective of this work is to 

study the interactions of organic solvent mixtures with a subbituminous 

coal below the pyrolysis temperature. Coal/solvent interactions have 

been the subject of many previous studies, usually in Soxhlet type 

contactors. The Soxhlet arrangement involves the vaporization of 

a solvent from a vessel to a reflux condenser, from which it is more 

or less continuously drained over a coal sample. The extracted materi al 

-~~~. ;-s-'-=carr-i-ed~ba-e-~i-nt()~t-he"---S'()=l=vefl-t-··ve~s-ei~"F-h~-s-t-Yf>e-0f~Ge-v-i-Ge-i-s-GQ-n---------

venient for contacting pure solvents and coal, but cannot be used 

to study mixed solvents effectively. For this reason, solvent mixtures 

have not been studied extensively. The limited work available shows 

that in some cases solvent mixtures can be more effective than pure 

solvents in solubilizing coal. 

Previ ous Work 

Early studies of solvent/coal interactions. dating back to the 

beginning of the century, were completed by extracting coal in Soxhlet 

contactors, run at atmospheric pressure. The solubility of coals 

of various ranks in a variety of solvents were studied in this way. 

Of primary concern to these early investigators was the amount and 

character of the extracted materi al. 

From these studies, broad types of interactions were hypothesized. 

in 1951, Oele and co-workers divided organic solvents into the categories 

of non-specific, degrading, reactive and specific, based on the different 
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types of interactions. l Unfortunately, these classifications are 

often ambi guous any may not refl ect fundiJTlental properti es of the 

coal/solvent interaction, but they do provide a means of organizing 

previous work on coal/solvent interactions. 

The main characteristics of a non-specific solvent are held to 

be its inability to extract a significant amount of coal. In 1951, 

Dryden identified low boiling hydrocarbons such as benzene, ethanol, 

and acetone as non-specific solvents. 2 The coal extracts obtained 

from these solvents generally have a high molecular hydrogen to carbon 

ratio, about 1.6, and low number average molecular weights, less than 

600. The extraction yield of a bitllTlinous coal was found to be a 
-=====~---------

strong function of temperature by Ashbury, but even at temperatures 

approaching 3000e, the yields are relatively 10w. 3 

Solvents identified as degrading are high boiling aromatic hydro

carbons in which coal can be pyrolyzed and which thus appear to be 

effecti ve sol vents at hi gh temperatures. Phenanthrene is an example 

of a d~grading solvent. It is postulated that these solvents act 

as a vehicle for thermal cracking of the coal into smaller more soluble 

species. This claim was supported by Orchin who used phenanthrene 

at 3500e to extract 90% of a bitumi nous coal and recovered the sol vent 

quantitatively in high purity.4 

The most common type of reactive interaction is hydrogen donation 

from the solvent to the coal or, usually, to coal pyrolysis products. 

The mai n feature of this type of sol vent is the presence of hydrogen 

atoms that may be removed fairly easily. Thus hydroaromatic compounds 

such as tetrlin or tetrahydroquinoline are good hydrogen conor solvents. 
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The hydrogen transf er process is pos tul ated to take pl ace between 

thermally-formed free radicals and the solvent. Curran, et al. (1967), 

proposed that the rate of hydrogen transfer is determined by the rate 

of thermal decomposition to form free radicals. 5 An agitated auto-

cl ave was used in these studi es at temperatures between 3500 C and 

4000C. Curran's conclusion was supported by the resuls of work done 

by Draemel (1975).6 He found no evi dence of hydrogen transfer below 

the pyrolysis temperature of the subbituminous coal studied (3200C). 

Wiser also supports the free radical hydrogen donation sequence. 7,8 

Another type of reactive interaction is the reaction between 

ni trogen tms=es-anucrci=a=$4Ye-g ;=n=eera=l. R=eYtl¥t-s-09t=a=i=Re-Q=b;Y=DQ.Fi=gb=i========~ 

in 1977, indicated that ethylenediamine and piperidine interact with 

coal in this manner.9 He found an increase in the nitrogen content 

in both the extracted material and the coal residue and suggested 

that the cause was the formation of an amide and a water molecule. 

Solvents which appear to dissolve coal effectively by physical 

means are des i gnated as specif i c solvents. They are often abl e to 

extract a si gnifi cant amount of materi al even at room temperature. 

Most solvents labeled as specific have a free electron pair from an 

oxygen or nitrogen atom whi ch may be a cause of the sol vent acti vity. 

The relative solvent strength with respect to coal and the electron 

pair availabil ity was correl ated by Halleux and Tscmal er in 1959. 10 

This investigation covered a series of pyridine bases. They concluded 

that solvent power increases with increasing basicity, unless steric 

hinderance prevents the organic base from interacting with the acid 

sites in coal. This type of interaction is not considered reactive 
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since pyri di ne bases do not have a hydrogen (bonded to nitrogen) 

available to participate in the reaction to form an amide. 

Research into coal/solvent interactions has, for the most part, 

concerned pure organic compounds in Soxhlet extraction apparatus run 

at atmospheric pressure. Work with variable pressure Soxhlet was 

done first by Bone and subsequently by Ashbury, by Draemel, and by 

Dorighi among others. ll ,3,6,9 The fact that the pressure is variable 

allows a range of temperatures to be studied, instead of only the 

atmospheric boiling point of the solvent. Studies of mixed solvents 

have usually been done as a supplement to pure solvent studies. For 

that reason, these studies have not been comprehensive. Many of the 

organi c compound mi xtures were contacted with coal in Soxhl et-type 

devices in which the composition of the solvent contacting the coal 

cannot be determined. Investigations of solvent mixtures have 

examined low boiling mixtures, high boiling mixtures, and mixtures 

in whi ch addi ti ons are made to degradi ng sol vents. 

Several researchers have examined mixtures of low boiling hydro

carbons. In 1921, Bone and co-workers reported qual itati vel y that 

with a pyridine/ammyl alcohol mixture a good extraction yield was 

obtained at llOOC.ll . Bakes (1933) noted similar enhancement with 

aromatic (benzene or toluene)/alcohol (ethanol, methanol) mixtures 

at low temperatures.12 Vahrman made the following observation concerning 

this behavior: 

"When small amounts of polar solvent (e.g., alcohols) 

are added to less polar ones such as paraffins and aromatic 

hydrocarbons, the extraction rate is increased. This 
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i ndi cates that wetting of the matri x mol ecul es traversed 

by pores is necessary to facilitate solvent penetration." l3 

It is important to note, however, that the aromatic/alcohol mixtures 

do not extract as much coal as certain nitrogen bases, such as piperidine, 

at the same temperature. 

High boiling mixtures were tested by same early investigators. 

In 1937, Kuznetsoff extracted coal with equimolar mixtures of tetralin 

or quinoline with phenol or naphthalene and mixtures of phenol and 

naphthalene. 14 Since an atmospheric Soxhlet system was used, the temperature 

of extraction was the atmospheric boiling point of the particular 

mixture, which for the above compounds was arounCF2UOoC. T~l1e extraction 

yields reported were about equal to that of the most active solvent. 

Dyatova and Dartoya repeated the work in 1945 with similar results. 15 

More recently, Oele and co-workers (1951) used mixtures of tetraliny 

and m-cresol in a 3:2 ratio to extract a Limbra bituminous coal at 

4050 C. The yields obtained with this mixtures were high; however, 

the authors did not report pure solvent yields to allow comparison. 

More campl ete studi es of this type of mi xture are needed. 

The method of "spi ki ng" degradi ng sol vents with small amounts 

of reactive solvents has been the focus of recent mixed solvent 

studies. In 1971, Wise reported a series of extractions of a German 

coal using tar-oil and 25 different additives in a 5% solution. 10 

The extractions were carried out in an autoclave at the atmospheric 

boiling point of the tar-oil mixture, between 3600C and 4500 C, under 

a nitrogen atmosphere. The results indicated that with the most active 

additive--tetrahydroquinoline--a 74% yield was obtained, while the 
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oil alone extracted 53% of the coal. Wise concluded that compounds 

containing ring nitrogens are particularly effective additives, with 

the hydroaromatic member of a heterocyclic pair being more effective 

than the aranatic member. Thus, tetrahydroquinoline is more active 

than quinoline. Pyridine appears to deactivate the tar-oil, extracting 

just 51% of the coal on a dry, ash free basis. It must be recognized 

that extensive pyrolysis must occur at this temperature. 

Similar studies were recently completed at SRI International. 17 

Hendry and Hun of SRI used 101 solutions of 12 different cosolvents 

in phenanthrene. The Illinois No.6 coal and solvents were heated 

to 3500 C for 2 hr in a sealed quartz tube. They calculated yields 

based on total pyridine solubility of the reacted coal. The most 

active solution tested was the mixture of tetralin and phenanthrene, 

which solubilized 59% (daf) of the original coal, contrasted with 

the 33% yield obtained with phenanthrene alone. As in the work done 

by Wi se, hydroaranati cs were found to be more acti ve than the aranati c 

analog. 

The only mixture found to be effective at lower temperatures, 

was reported by Rybicka in 1959.18 He found that mixtures of higher 

ketones and formamides were considerably better for dissolution of 

Northumberland coal (82%C) than either of the pure components. The 

most effecti ve mi xture was found to be an azeotrophi c m; xture of 

methylcyclohexanone and dimethylformamide. The yield obtained in 

an abnospheric Soxhlet apparatus, at 1700 C, was 43% (daf). The pure 

solvent yield was stated to be less than 43% but not reported. 
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Methylcyclohexanone alone extracts 8.5% under similar conditions. 

No concl usi on was reached expl ai ni ng the effecti veness of this mi xture. 

It is apparent that in contrast to pure solvent studies, mixed 

sol vent work has been neither extensi ve nor systemati c. The studi es 

that have been done have frequently been conducted at temperatures 

beyond the coal pyrolysis temperature. At these temperatures it is 

difficult to say what the solvent is interacting with. The low 

temperature work has usually not examined the effect of concentration 

in binary mixtures. More work is needed to extend that positive results 

t hat have been obtai ned. Or, as stated by Rybi cka: 

lilt is felt that further study of binary mixtures 

using other powerful coal solvents could lead to useful 

extention of both the theory and practice of solvent 

e xtracti on work. 1118 

Scope 

The subject of this investigation is the interaction of certain 

binary organic solvent mixtures--nitrogen bases in aromatic hydro

carbons--with coal at temperatures below that at whi ch the coal undergoes 

significant pyrolysis .. The coal for this study is a western, low 

sulfur subbituminous coal. The binary mixtures are examined over 

the total concentration range at a fixed temperature of 2500C, the 

extractions being carried to near completion. 

This investigation tests the effect of mixture composition on 

the extraction yield of coal. It also examines the nature of the 

extracti on products by characteri zi ng both the extracted materi al 

and the remai ni ng coal resi due. 
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Nature of Results 

The solvent mixtures studied were contracted with coal in a batch, 

stirred reactor. Mixtures involving tetralin, toluene, pyridine, 

ethylenediamine, quinoline, piperidine, and tetrahydroquinoline, and 

were studied. Two distinct behaviors of extraction yield as a function 

of solvent composition were identified. In the majority of the solvent 

mixtures the yield increased linearly with increasing concentration of 

the more active solvent. When a mixture of toluene and ethylenediamine 

was used, the yield increased rapidly when small concentrations of 

ethylenediamine were used but then leveled out close to its maximum 

·~===~~=='vaclue=icn=a=50_··SD~_mjx ... Solvent.i.ncorporat i on was found not to be a 

strong function of mixture composition in any of the mixtures tested. 
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II. EXPERIMENTAL STUDIES 

To investigate the effect of solvent mixture compositions on 

the interaction of organic solvents with coal, it is necessary to 

conduct coal/solvent contacting: (1) at controlled solvent composition, 

(2) under controlled temperature conditions, and (3) under conditions 

which allow the use of solvent in such a way as to minimize the effects 

of dissolved coal material of the further interactions of the solvent 

with the remaining coal. A controlled solvent composition must be 

maintained in order to quantatively study the effect of composition 

on coal extraction. Constant temperature conditions during an experiment 

======;ar\'(=j=l"'eo~l"'0€1l;l@=i=@=1=@~to@mFler=at=1lr=e=€0,nQ=i=toi=Gn&=fo~p@d-merlLtQ exp~e-l=r l±t'-mw;e~nbl<t======== 

are necessary to insure similar extraction conditions for each solvent 

mixture. Since the interactions of coal and solvents are being studied, 

it is necessary to minimize the concentration of coal extract in the 

sol vent. 

A variable pressure Soxhlet-type contactor, a mechanically agitated 

sealed tube, or a stirred, batch reactor can be considered in terms 

of the requirements of this investigation. A variable pressure Soxhlet

type contactor has often been used to study the interactions of a 

single solvent with coal under controlled temperature conditions. 

It provides solvent/coal contacting without further interaction of 

the previously dissolved material and the coal; however, if solvent 

mi xlures are used the compos iti on of the sol vent contacting the coal 

cannot be controlled since the solvent is refluxed. As a result of 

the refluxing of the solvent, the overall solvent composition would 

not be the sGll1e as the composition of the solvent contacting the coal. 
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A mechanically agitated sealed tube would allow coal/solvent contacting 

to occur under conditions of controlled temperature and solvent com

position. A major drawback of this system is the fact that solvent 

cannot be used effectively. If an active solvent mixture is used, 

a very high solvent/coal ratio is required to minimize the final extract 

concentration. A stirred, batch reactor has that SiJT1e limitation. 

However, a stirred, batch reactor can meet the requirements, 

if certain modifications are made. These modifications involve the 

use of successive solvent batches for one batch of coal to control 

the concentration of extracted materi al in the coal. In order to use 

successive solvent batches, the coal must be contained, so a solvent 

batch may be removed without removing undissolved coal. Since the 

coal is contained, care must be taken to insure circulation of solvent 

through the coal. Therefore, a stirred, batch reactor, if adapted 

to provide for use of successive solvent batches, coal containment, 

and solvent circulation, is an acceptable coal/solvent contacting 

system for mixed solvent studies. 

Equi'pnen~ 

The modified~ stirred, batch reactor used in this study is 

illustrated in Fi g. 1. The 304 stai nl ess steel vessel has a di aneter 

of 6 cm and a total volume of 400 ml. It can operate at temperatures 

up to 350oC, at a pressure of 3.5 MPa (500 psig). The vessel is fitted 

with a rupture disc designed to fail at this upper operating limit. 

The vessel is heated by a tube heater which is connected to a temper

ature controller to provide constant temperature conditions during 

an experiment. 
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The coal is contained in a stainless steel basket which consists 

of a 2.5 cm length of 2.5 em di(l1leter tubing with 200 Tyler mesh 

(0.074 mm) screen silver soddered to one end. A 2.5 cm di(l1leter ring 

with 200 mesh screen attached, serves as a cover to the basket. The 

basket is secured inside the vessel in a 3 cm di(l1leter, stainless 

steel sleeve welded to the top flange. Solvent circulation is provided 

for by use of a stirring propeller that is set to a height 2 cm above 

the coal basket. When the propeller is rolated at 200 rp11 with a 

12 watt motor, the solvent is forced through the coal basket. Vortex 

formation is advoided by placing baffles above and below the stirring 

pr 0 pe 11 or . T ne----pas=ttrra-re=a=f4-ow-patt=ern ;"5 s lfet=e1"led='i=fl=F=i=§. 1=;=. =========== 

The solvent batches are supplied to the reactor fran vessels 

that mix and preheat the solvent mixtures. The entire solvent 

contacting system is shown schematically in Fig. 2. Coal extract 

solution can be removed from the reactor through the outlet tube, 

whi'ch is equipped with a 75 em double tube (1 cm/0.3 em) water cooled 

heat exchanger. Solvent is transferred under nitrogen pressure into 

the reactor fran a 200 ml stainless steel preheating vessel. This 

vessel serves to preheat the solvent mixture to the contacting temper

ature before it enters the reactor. For that reason, this vessel 

is designed to operate at comparable temperatures and pressures to 

the reactor (3500C, 3.5 MPa). As with the reactor, a rupture disc 

is used to protect the preheating vessel. The quantity of sol vent 

needed is meas ured before bei ng admitted to the preheater. A gl ass, 

2.5 cm diameter, 200 ml vessel is used for solvent measurement. The 

small dianeter allows accurate volume calibration. The measuring vessel 
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is fill ed from a 600 ml gl ass vessel. Thi s vessel has the capaci ty 

to hold 3 sol vent batches, whi ch is the maximlJll number employed for 

one batch of coal. The two glass vessels can each withstand a pressure 

of 0.45 MPa (50 psig) at 1500 C. Since the two glass vessels are always 

interconnected, one rupture disc that is designed to fail at 0.45 MPg 

protects both vessel s. 

Coal and Sol vents Studi ed 

The particular coal and solvents employed in this investigation 

were selected primarily because they had been used in previous studies 

of the interaction of coal with single organiC solvents. 9 Thus, extensive 

background information on the coal and solvents are available and 

results could be compared, meaningfully with the previous single 

solvent studies carried out at the same temperatures. The coal is 

a low sulfur, subbituminous coal fran the Roland SeCJ11 of the Wyodak 

Mine in Gilette, Wyoming. It had been stored in a nitrogen atmosphere, 

as 9 kg samples in sealed plastiC bags fran a previous investigations. 6 

This coal was alternately ball milled and sieved in order to 

obtain the desired particle size of minus 28, plus 150 Tyler mesh 

(0.595 - 0.105 mm). This coal was then transferred to sealed, 1 liter, 

metal cans, agai n in a nitrogen atmosphere. As needed, the contents 

of an individual car were emptied into a 600 ml beaker and stored 

in an evacuated (2 mmHg) dessicator. 

Samples of the coal were submitted for analysis to both the 

Commercial Testing and Engineering COOlpany in Denver, Color-ado and 

the University of California, Berkeley Microanalysis Laboratory. 

Conmerci al Testing used ASTM Test 0271-70 for their analyses. The 
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Microanalysis Lab use a Perkin-Elmer (Model 240) Analyzer for determining 

carbon, hydrogen, and nitrogen and the Grote Canbustion Method for 

determination of sulfur, chlorine, and ash. 19 The results of these 

analyses are displayed in Tables I and II. 

The analyses for carbon, hydrogen, nitrogen, and ash are of particular 

importance for this study. The disagreanent between the two laboratories 

for these components is only a few percent and may be attributed to 

the different analytical techniques used. Since all subsequent analyses 

of coal residue and extracted material were compiled by the U. C. 

lab, their values for the coal were averaged and used when calculating 

mass balances aUrlng tile stiRly. 

Solvents were selected for this study on the basis of activity 

as pure sol vents determi ned from previ ous work. Cost, toxi ci ty, and 

available purity were other factors considered in selecting solvents. 

The purity of a component in any solvent mixture studied must be relatively 

high so that results of solvent/coal contacting experiments are not 

influenced by solvent impurities. To insure high purity reagent grade 

solvents were used when available. The solvents studied are tetralin, 

toluene, pyridine, piperidine, ethylenediamine, tetrahydroquinoline, 

and quinoline. Pyridine and toluene are Mallinckrodt (A.R.) grade, 

while ethylenediamine is available at 98% purity from Mallinkrodt. 

Baker supplied quinoline and piperidine at 99% purity. The tetralin 

used is Aldrich (A.R.) grade. Reagent grade tetrahydroquinoline is 

obtained from PfaHz and Bauer. All solvents are used as received. 
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Procedure 

The determination of quantitative yields of soluble material 

in coal/solvent contacting experiments require that the coal and solvent 

quantities and condition be carefully established, that the conditions 

of contacting be controlled, and that recovery and separation of extracts 

and residues be provided for. 

Coal and Solvent Preparation 

Approximately 5 gn of coal are ranoved fran the storage dessi cator 

and placed in a 200 Tyler mesh sieve. The coal is thoroughly rinsed 

with distilled water to ranove any adhering fine particles. After 

the ri nse water is drained, and the coal is pl aced in a vacuum oven 

and dried for 24 hr at 1050C and 33 KPa while being swept with nitrogen 

at the rate of 0.8 g-mole/hr. A measured amount of the dry coal is 

then placed in the coal basket, which is inmediately sealed into the 

reaction vessel. The vessel is then thoroughly flushed with nitrogen. 

To prepare the solvent mixtures, each canponent solvent is measured 

volLKl1etl'ically to obtain the desired composition of the binary mixture. 

Density data and molecul ar wei ghts used to calcul ate the required 

vollJT1es of each solvent, are obtained from reference sources. 20 Five 

hundred millileters of this solution are then transferred to the glss 

mixing vessel. At this point, both glass vessels are sealed and flushed 

with nitrogen, and the solvent mixture vigorously stirred by means 

of a magnetic stirring bar-. 
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Extracti on 

Before sol vent/coal contacting can begi n, a sol vent must be measured 

and preheated to the extracti on temperature. A batch is measured 

by a transfer of 150 ml of the mixture fran the mixing vessel to the 

measuring vessel. To do this, valve 1 is closed and the mixing vessel 

is press uri zed to 0.24 MPa of nitrogen. When the level of sol vent 

in the measuring vessel is at the desired height, valve 1 is opened 

to equal i ze the pressure between the vessels and half the transfer. 

The preheating vessel, which had previously been sealed and flushed 

with nitrogen, is now evacuated. Valve 2 is opened, which allows 

t-tle tnlJ1S f er=eF t;-ne=e0Tl'toen4;-s 0"f=~Re=m@--a-S=I:JFi=rt~=v~~1 to=tb~~eb.t!o@£loatw@ar~~======== 

When the transfer is complete, valve 2 is closed. The preheater is 

equi pped wi th a tube heater whi ch heats the contents to 2500 C, the 

desi red contacti ng temperat ure. Whil e the sol vent batch is bei ng 

heated, the tube heater of the reaction vessel is switched on. This 

heater is connected to a controller to insure constant temperature 

duri ng the contacti ng. When the sol vent reaches the temperature 

of 250oC, which normally required 20 min, the preheating vessel is 

pressurized with nitrogen to 2.9 MPa and valve 3 opened. The nitrogen 

pressure forces the contents of the preheating vessel through 

va 1 ve 3 and into the reactor. After the preheater is empty, valve 

3 is closed, the stirrer of the reactor is turned on, and the initial 

time of solvent/coal contact is recorded. 
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Initial experiments with this contacting system, using single 

solvents had determined that at least two solvent batches are necessary 

to obtain comparable extraction yields to those of the pressurized 

Soxhlet extractor used in earlier studies. 9 For 4 hr of total contact 

time, which was selected for this study, a sequence of 1 hr/3 hr for 

2 solvent batches or 1 hr/l hr/2 hr for 3 solvent batches was found 

to di stri bute the extracted materi al roughly equa 11 y between the batches. 

Thus, after 40 min of contacting, a new solvent batch is measured 

and preheated as descri bed. When 1 hr of total contact time has passed, 

the first solvent batch is removed. To do this, valves 4 and 5 are 

======0p@l'I@d,-.~s-0=that~t-h8=pf=e5ScUf=e j~n~.he--~eactllr forces the sol vent sol ut ion 

through the outlet tube and heat exchanger into a 250 ml flask. Residual 

solvent in the outlet tube is removed through valve 6 (which supplies 

nitrogen) with valves 5, 4, and 6 being closed in sequence. The second 

batch is subsequently admitted to the reaction vessel and is removed 

after its alloted time. A third batch, if used, is handled similarly. 

Treatment of Extract Solution 

Treatment of the extract solution is required in order to determine 

the quantity of coal derived material in the solvent solution and to 

isolate this material fran the solvent. 

The first steps in treating the extract solution are the combining 

of the solvent batches, filtration of the mixture to remove any fine 

coal particles, and measurement of the total volume of the mixture. 

The fine coal particles collected in the filter are recovered and 

weighed. At this point, 10 ml aliquots of the extract solution are 

drawn by pipette and placed in a previously weighed petri dishes. 
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The di shes are pl aced ina vacuum oven at BOoC and 33 kPa, swept 

by nitrogen, until dry to constant weight, at least 24 hrs. The dishes 

are then reweighed, and the total extract weight calculated on the 

basis of the weight of extract in the 10 ml aliquot of the' extract 

solution. The solution is then distilled to less than 10% of its 

original volume and stored in a flint glass bottle. When extract 

material is needed for subsequent analysis, a portion of the concentrated 

solution is dried in a vacuum oven. 

Coal Residue Treatment 

The coal residue must be separated fraTI adhering solution so 

it may be dried and weighed accurately. This separation is accomplished 

by a thorough rinsing of the residue in a Buchner funne1. the residue 

is removed from the coal basket and placed on the previously weighed 

filter paper. A ri nse of eit her acetone or water is used. If the 

solvent mixture is miscible with water, then water is used as the 

rinsing agent; if not, then acetone is used. Acetone is miscible 

with all the mixtures tested. The rinsing is continued until the 

filtrate is clear. The filtrate is discarded since it is found that 

it contains a negligible amount of extract. The rinsed filter cake 

is then placed in a BOoC vacuum over for 24 hrs and weighed. The 

residue is stored in a flint glass bottle, inside an evacuated dessicator. 

Sampl es f or anal ysi s are taken as needed froo storage. 

Yield Determination 

FrOOl the treatment of the coal extract and residue, two different 

bases exist for calculation of the yield of soluble material. One 

way a yi el d may be cal cul ated is on the basis of the wei ght of extract 



19 

obtained, divided by the weight of coal originally in the basket. 

This yield is designated as the extract yield. To calculate the residue 

yield, the difference in weight of the original coal and the coal 

residue is divided by the weight of the original coal. Differences 

in the two numbers arise from solvent retention in the extract and 

residue, losses of extracted material, and gas evolution during extraction. 

A more complete discussion of yield calculation is presented in the 

next chapter. 

Characterization of Extract and Residue 

To obtain a more canplete picture of coal/solvent interactions, 

the extracted material and the coal residue must be characterized 

with respect to their canposition and molecular size. Here this is 

accomplished by using elemental analysis, vapor presure osmanetry 

and gel penneation chranatography. Fran an elemental analysis for 

C, H, and N, the molecular H/C ratio may be calculated. Also the 

precentage of nitrogen in the extract or residue reveals how much 

of a nitrogen solvent is retained. Molecular weight determination 

by vapor pressure osmanetry of extracted material gives further insight 

to the extraction process. Finally, from gel permeation chromatography 

of the coal extract a relative molecular weight distribution may be 

exami ned. 

Elanental Analysis 

Elemental analyses of coal extract and residue are obtained fran 

the U. C. Berkeley Microanalysis Laboratory, which employ a Perkin-

Elmer (Model 240) "CHN Analyzer"; weight percentages of carbon, hydrogen, 

and nitrogen are reported. All samples are submitted in sealed vi als 
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after being dried for 24 hr in a vacuum oven operating at 1300 C, 33 

kPa pressure and swept by nitrogen. 

Vapor Pres~! Osmometry 

Number average mol ecul ar wei ghts of pyri di ne sol uble coal extracts 

are determi ned with a Hewl et t-Packard (Model 320B) Vapor Pressure 

Osmometer, in pyridine solvent. The instrument uses the colligative 

property of saturation temperature of solutions to allow calculation of 

number average molecular weights. The solvent chosen for the determination 

was pyridine. The solutions are prepared by dissolution of the extract 

material in pyridine, filtration of the solution, and then evaporation 

of the pyridine ln a vacuum oven. Stfbsequent4y, four dTf'feFe1ft Knnornwmn'F,======== 

concentrations are prepared, ranging from 0.5% (by wt) to 3% and 

voltage measurements made. After calculation of a calibration constant 

using a known molecular weight material--reserpine (Aldrich 99%, 

M.W. = 608.71) number average molecular weights are calculated by 

di vi s i on of the cali br ati on const ant by the number (V/C)c =0, determi ned 

from the dat a. 

Gel Permeation Chromatography 

Gel permeation chromatography enhances information obtained by 

vapor pressure osmometry. It provides a qualitative molecular weight 

distribution of the extract. SiJ11ples are prepared identically to 

samples from the VPO runs; althrough, concentrations of less than 

0.1% (by wt) are requi red. 
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III. RESULTS AND DISCUSSION 

A nllTlber of binary organic solvent mixtures were contacted with 

the Wyodak coal at 2500 C. The effect of solvent mixture composition was 

studied and the nature of the extraction products characteri zed. 

~-periments Performed 

Before coal/solvent contacting experiments were undertaken with 

solvent mixtures, several experiments were performed with pure solvents. 

One objective of these single solvent experiments was to calibrate 

the mixed solvent equipnent by the comparison of the yields obtained 

in it with yields obtained under similar conditions with a pressurized 

Soxhlet extractor. 6,9 Another objective was to determine the optimum 

sol vant batch sequence. In addi ti on, a IIneutra 111 sol vent had to be 

chosen which could act as a background and a dulluent for lIactive
li 

solvents, to allow cooparison of the effectiveness of these active 

sol vents. 

The calibration experiments were made with tetralin and pyridine; 

two solvents for which data had been collected with variable pressure 

Soxhlet equi !1I1ent at 2500 C, for the Sa11e Wyodak coal. 6,9 Draanel 

found that tetralin extracted 8.7% (dry, ash free basis) of the coal 

at 2500C during 4 hr of contacting in a variable pressure Soxhlet 

extractor.6 In the mixed solvent equipnent, it was found that tetralin 

extracted 8.7% (daf) when two batches were used (1 hr/3 hr); but only 

8.Z'~ (daf) with one solvent batch when contacted with the same coal 

at 2500C for 4 hr. Using pyridine, Dorigh reported a Soxhlet extraction 

yield of 15.9% (daf), again at 2500 C and 4 hr extraction time. 9 A 
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15.0% (daf) yield was found in the analogous experiment in the mixed 

solvent equipnent when two soivent batches (1 hr, 3 hr) were ellployed. 

During these experiments the batch sequence that most equally 

split the extracted materi al between the batches was determined. 

When an i niti al pyri di ne batch was contacted with coal for 3 hr an 

extract yi el d of 13.5% (daf) was found, while a i niti al 2 hr batch 

of pyridine extracted 12.9% (daf), and an initial 1 hr batch solubilized 

11.7% (daf). The 4 hr extraction yields found in each of the above 

experiments--batch sequences of 3 hr/l hr, 2 hr/l hr/l hr, and 1 hr/3 hr--

were within 1% of each other. Thus, as stated in the previous chapter, 

the batch sequences decided upon were 1 hr/3 hr for two batches and 
r 

1 hr/l hr/2 hr for three solvent batches, considering 1 hr as a maximlJ1l 

contact time for a solvent batch. One hour is the minimlJ1l practical 

contact time since at lease 20 min are required for preheating a solvent 

batch and the preheater takes 30 min to cool to room tellperature. 

Selection of a neutral solvent involves consideration of several 

prerequisites: (1) The solvent cannot have a large extraction yield 

at the tellperature of interest so that its yield will not overshadow 

the effect of any active solvent used in combination with the neutral 

sol vent. (2) It must be misci ble with any acti ve sol vent used and 

inert toward them at 2500 C. (3) It cannot be significantly retained 

in the extract or coal residue, so that any retention found in a mixture 

can be attributed to the active solvent. (4) The neutral solvent 

chosen has to be rel ati vely i nexpensi ve and conveni ent to use; n 

experi ments. 
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Several solvents that met some or all of the prerequisites listed 

were considered. Cyclohexane meets all of the requirenents, but its 

vapor pressure at 2500 C is near the pressure 1 imit of the systen. 

Tetralin, although it is a hydrogen donor solvent at high tenperatures, 

satisfies the requirements at 2500 C.6 Its only drawback is its tendency 

to be retained to sooe degree in the coal extract and residue. Decalin 

and toluene were tested and found to be acceptable as neutral solvents. 

Toluene was selected over decalin because of its greater availability. 

To test the effect of using different neutral solvent, tetralin was 

used in two experimental sequences. 

nl~ s-o-lven t-m i-xt ures t-e-s=t;ce-d=wercec:-1;0=1=tJefl'e-hy-~=€l4=~€, tmeRa-,loqu +-.~I=tQo&Qf.±l=ciJ±r:l'F' ==== 

toluene/piperidine, toluene/ethylenediamine, toluene/tetrahydroquinoline, 

tetralin/pyridine and tetralin/tetrahydroquinoline. All were contacted 

with coal at 2500C for 4 hr using at least two sol vent batches per 

run. 

~.n_~~,~,~_,~~~ 

The most direct result obtained from coal/solvent contacting 

is the yield of extracted material. Determination of the relationship 

between the yield and the composition of solvent contacting the coal 

was a pri nci pal aim of t hi s i nves ti gati on. 

The yield can be calculated on two different bases, as described 

in the previous chapter. The extract yield is calculated by: 

(wt of extract) x 100% 
{WE oT coall-

The res i due yi el dis: 
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(wt of coal) - (wt of resi due) x 100% 
(WI or coal) 

Sol vent Retention 

Bef ore yi e1 ds are cal cu1 ated, sol vent retenti on must be taken 

into account. It was found that the solvents pyridine, piperidine, 

ethylenediamine, quinoline, and tetrahydroquino1ine all were retained 

in both the extract and in the residue. Correction of yields for 

sol vent retention invol ves the use of a simple nitrogen ba1 ance on 

the coal, residue, and extract although, depending on the initial 

.assLlllptions made, different methods of correction may be developed. 

Iwo dtffelerrt=omFFeCtTon-metnoUs=wer~=UseTI~~0ne=w~n~s================== 

based on the two assLlllptions that, in the abscence of nitrogen solvents, 

the percentage of nitrogen in the coal, residue, and extract would 

be equal, and that the solvent molecule incorporates as a whole. 

The other correction method used was based on the assLlllptionthat any 

material recovered as extract and residue in excess of the original 

aTlount of coal is due to sol vent retention, but does not aSSLllle that 

the solvent incorporates as a whole molecule. For convenience, the 

two correction methods. will be referred to as method 1 and method 2 

respecti vely. 

Correction method 1 was used by Dorighi for yield calcu1ations. 9 

With this method, the excess nitrogen in the extract or residue is 

assLllled to be caused by a retained solvent molecule. Corrected values 

of yield, as well as corrected elemental analyses of the extract and 

residue are calculated. The correction procedures are described in 

Appendix A. 
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To use correction method 2, one aSSllTles that the weight of retained 

solvent equals the excess weight of the extract and residue over the 

ori gi nal anount of coal. From the ni trogen contents of extract and 

residue obtained in the elanental analysis, an effective molecular 

weight of retained solvent is calculated. As a result of this cal

culation, an effective nitrogen content for the solvent is also determined. 

This effective nitrogen content of the solvent can then be substituted 

into the correcti on equati ons of met hod 1 to cal cul ate corrected yi el ds. 

The details of correction method 2 are presented in Appendix A. 

The data obtained for all runs are presented in Table III. Included 

in the table are extract and residue yields (corrected by methods 

1 and 2), corrected HIC ratio, solvent retention ratio (corrected by 

method 1), overall closure of mass balance (using correction method 1), 

and nllTlber average molecul ar wei ght of extracted materi ale Correction 

methods 1 and 2 may be compared from these data. With several solvents, 

tetrahydroquinoline in particular, there is a large difference between 

the extract and residue yields. This difference is reflected in the 

overall mass bal ance and is a direct result of using correction 

method 1. With low yields «20%), the residue yield is very sensitive 

to solvent correction.· If the solvent is not being retained as a 

whole molecule as assllTled, an over correction results. A slight over 

correction tends to significantly inflate the calculated residue yield. 

Correction method 2, on the other hand, forces the total mass balance 

to close; therefore, over correction is not a problem. The yield 

calculated as a result of applying this method, will always lie 

in between the residue and extract yields calculated by use of 
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method 1. This intermediate valve is expected to be closer in value 

to the IItrue ll yield, than either yield calculated by method 1. 

Correction method 1 handles most cases adequately (based on the overall 

mass balance), but when a large difference in extract and residue 

yield is calculated, correction method 2 provides more satisfactory 

yi el d val ues. 

Effect of Sol vent COOlpOS iti on on Y i el d 

Once corrected yi el ds are cal cul ated, an eval uati on can be made 

of the yield vs solvent mixture composition behavior. ' Plotted on 

the following graphs are corrected dry, ash free extract yield vs 

========<s=roT'll'""'VeTft COlilpOS i ti Ort. rhe y, elils presented are those correcteaby 

method 2 except for the yields of the piperidine/toluene mixture where 

correction method 1 provided an overall mass balance of at least 96%. 

Pyridine, a base of intermediate strength (pKB = 8.75), has been 

studied extensively as a coal solvent. 9 The yields obtained froo 

the pyridine/toluene and pyridine/tetralin mixtures are presented 

in Figs. 3a and 3b respectively. As can be seen from these figures, 

both mixtures exhibit a linear increase of yield with an increasing 

percentage of pyridfne. Solvent correction was necessary only for 

the case of 90% and 100% pyridine, and even in these cases, the solvent 

retenti on is small. 

Quinoline is a two ring arOOlatic molecule with a base strength 

similar to pyridine. Quinoline has generally been reported to be 

a more active solvent than pyridine. 21 ,22 Figure 4a shows the results 

of extraction of coal with quinoline/toluene mixtures of different 

concentractions. As with pyridine, a linear increase in yield with 
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increasing quinoline concentration is found; although the yields 

with quinoline were higher. Solvent correction was necessary at all 

concentrations. Correction method 2 was used because use of method 

1 gave a large difference between extract and residue yields. The 

effective molecular weight of quinoline calculated by method 2 were 

between 80 gIg-mole and 95 gIg-mole whereas quinoline actually has 

a molecular weight of 129 gIg-mole. It is clear that quinoline is 

not being retained as a whole molecule; although, it is difficult 

to conclude from the calculated molecular weight in exactly what some 

of the molecule is being retained. The crnount of solvent retention 

does not appear to be a f unct i on of qui no 1 i ne concent rat ion. 

Piperidine, the hydroaranatic analog of pyridine, is a strong 

organic base (pKB = 2.88). Hence solvent activity may be expected 

both because of its free electron pair on the nitrogen heteroatan 

and its interaction with acid sites of coal. The graph of yield vs 

concentration for the toluene/piperidine mixture is shown in Fig. 4b. 

Again the large increase in yield with -increasing concentration is 

observed. Sol vent retention corrections were required for all con

centrations of piperidine. Extract and residue yields calculated 

by correction method 1 are within 3% of each other, suggesting that 

piperidine is retained as a whole molecule. 

Tetrahydroquinoline combines many features that should make it 

an excellent coal solvent. First of all, it is a proven hydrogen 

donor at high temperatures. Wise found it to be an excellent activator 

of tar-oil for coal extraction at 4000C.16 Secondly, it possesses 

a nitrogen heteroatom. Fi nally, it has a base strength comparabl e 
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to piperidine. In 1969, Hausigk in found that tetrahydroquinoline 

would dissolve 90% (daf) of a bituminous coal at 300oC.23 He attributed 

this high yield to hydrogen donation. At lo.-ler temperatures hydrogen 

donation would not be expected. 5 

Figures 5a and 5b display the results of extractions with tetra

hydroquinoline in mixtures with toluene and tetralin respectively. 

In any proposed coal liquefaction process, tetrahydroquinoline could 

only be expected to be present in small concentrations because its 

low concentrations in coal derived liquids and its high cost as a 

pure additive. For this reason, high concentrations of tetrahydroquinoline 

were not studied in this investigation. As before, a linear relationship 

between yield and composition is observed. Correction for solvent 

retenti on usi ng method 1 gave excessi ve differences between extract 

and residue yields. This may mean that only part of the molecule 

is incorporated. The effective molecular weights calculated by use 

of correction method 2 corroborates this theory. They range fran 

20 gIg-mole to 110 gIg-mole, generally increasing with increasing 

tetrahydroqui no 1 i ne concentr ati on. Tetrahydroqui nol i ne has a mol ecul ar 

weight of 133 gIg-mole. The amount of solvent retention was particularly 

large at the 50% canposition in toluene. This high retention may 

be caused by thermal de compos iti on although Haus i gk reported that 

tetrahydroquinoline is themally stable at 300oC.23 

The only mixture that displayed a nonlinear relation between 

yield and mixture composition was ethylenediamine/toluene (Fig. 6). 

Ethylenedi(JJline is a strong base (pKB = 3.04), and that fact, along 

with its aliphatic character, make it a likely candidate to interact 
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with acid sites in coal. This reactive type of interaction is reflected 

in the yield vs concentration behavior. It appears that as soon as 

the ethylenedianine concentration reaches a certain minimlITl level, 

at which all available acid sites in the coal may be attacked during 

the extraction time, the yield is close to the pure solvent value. 

Correspondingly, the sol vent retention of ethyl enedi amine is hi gh, 

even at low concentrations. Solvent correction 2 was employed to 

calculate yields because overall mass balances calculated with correction 

method 1 did not close. The molecular weights calculated by use of 

method 2 ranged froo 40 gig-mole to 50 gig-mole, less than the actual 

value of 60 gig-mole. In this case, the mass balance closure problem 

with solvent correction method 1 may be due to amide formation, along 

with the loss of a water mol ecul e. 

The mi nimlITl anount of ethyl enedi ami ne required to attack the 

acid sites in coal can be calculated on the basis of the data·from 

this study. Judging frOll the results for 10% and 50% ethylenediamine, 

one may estimate that the yield levels out at 30% ethylenedianine 

in tal uene. It has been observed that at least 80% of the total extraction 

occurs in the first solvent batch of 150 g. The c11lount of ethylnedrc11line 

in a 30 mol% ethylenediamine batch is 0.55 g-moles. So the minimllTl 

ratio of ethyl enedi c11line to coal needed is approximately 0.15 g-moles/g. 

or 0.38 g-mole ethylenediamine per g-atan carbon in the extract. 

The linear behavior of yield vs concentration of all the mixtures 

st udi ed, with the excepti on of ethyl enedi ami ne/tol uene, indi cates 

that different mechanisms of solubility may exist for these mixtures 

and the ethylenediamine/toluene mixture. Since many bulk solution 
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properties change approximately linearly over a range of concentration, 

one may conclude that the extraction yield is a function of the bulk 

solution properties for the mixtures toluene/pyridine, tetra1in/pyridine, 

to1 uene/qui no1 i ne, to1 uene/ pi peri di ne, to1 uene/tetrahydroqui no1 i ne, 

and tetra1in/tetrahydroquino1ine. The ethy1enedicmine/to1uene behavior 

on the other hand, seans to be a site-specific effect, depending only 

on presence of sufficient ethy1enedicmine. 

Another question to be answered is whether solvent retention 

is due to bulk solution effects or if it is site-specific. This may 

be addressed by examination of the cmount of retention at each con-

centration. Displayed in Table IV are the ratios of moles of solvent 

retained in the extract to grcmatoms of carbon or oxygen in the extract 

and the moles of solvent retained in the residue per gram-atom of 

carbon in the coal residue. The extract ratio is calculated by: 

SEiM. W. s 
%c/lCJt1X 

where SE is the extract solvent retention ratio (weight basis), M.S.s 

is the molecular weight of the solvent retained, and %C is the mole 

percent carbon inthe extract. The residue ratio is determined similarly. 

In all cases, the val ues of SE and %C were determined by the use of 

correcti on method 1. 

As can be seen from Tabl e IV the sol vent retention in both the 

extract and residue increases rapidly with small concentrations of 

the active solvent for all solvent mixtures where solvent retention is 

found. Furthermore, with the exception of retention of ethylenedicmine 

in the residue, the molar solvent retention ratios stay relatively 
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constant at concentrations of the active solvent over 10%. This behavior 

suggests that solvent retention of piperidine quinoline, tetrahydroquinoline, 

and ethylenediCllline 1s a site-specific effect. As stated before solvent 

retention is small when pyridine is used as the active solvent. 

The magni tude of the mol ar sol vent retention rat i 0 vari es somewhat 

from mi xture to mi xture. Ethyl enedanai ne and pi peri di ne sean to behave 

similarly, with one solvent molecule being retained per 70 carbon 

atan (or one per 8 oxygen atans) in the extract. The retention in 

the residue is somewhat less; one solvent molecule is retained for 

140 carbon atoms. With ethylenediamine, a sharp increase of residue 

========'j"-etcent=i=0A ~~s=f=0l:Jn,El=at-hj=gh=GOXLGe-Jlt-r:atLons. One may expect that quinol ine, 

which is larger than both piperidine and ethylenediamine, would be 

retained less on a molar basis because of steric considerations. 

That is the cause with one quinoline molecule being retained per: 

200 carbon atoms in the extract (60 oxygen atoms in the extract) and 

500 carbon atoms in the residue. The retention of tetrahydroquinoline 

is slightly higher than quinole. 

Characterization of Extraction Products 

To f urt her unders tand the co al /sol vent inter act ion mechani sm, 

the extraction products must be analyzed. One important characterization 

is the molecular hydrogen to carbon ratio. That information along 

with molecul ar wei ghts of extracts, all ows interpretation of how the 

nat ure of the extract changes with changes in sol vent and sol vent 

canposition. Finally, gel permeation chranatography gives a qualitative 

molecular weight distribution of the extracted material. 
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Molecular_Hydrogen to Carbon Ratio 

The molecular H/C ratios are calculated fran the corrected elanental 

analyses. To obtain corrected carbon and hydrogen percentages, the 

presence of retained sol vent (ca1cul ated by method 1) is accounted 

for by calculation of carbon and hydrogen balances. The specific 

correction procedure is described in Appendix A. 

The extract H/C ratio is plotted vs yield in Fig. 8. This graph 

includes the data fran this study as well as work canpleted at different 

temperatures in another study.9 As can be seen, a definite trend 

exists. At higher extraction yields the H/C ratio of the extract 

decreases. This indicates that the most easily extracted material 

is that which is hydrogen-rich. It also danonstrates that, without 

hydrogen addition, a coal liquefaction process based on solvent extraction 

cannot obtain in high yield, a product which has a H/C ratio higher 

than that of the coal (H/C = 1.01). What is striking about this graph 

is that it represents extractions carried out with different pure 

solvents over a wide range of temperatures below the pyrolysis tanperature, 

and with different sol vent mi xtures over a range of concentrations. 

Nonetheless, all the points still lie in a fairly narrow band. 

Molecular Weight of Extract 

NllTlber average mol ecul ar wei ghts were determi ned us i ng vapor 

pressure osmanetry, for the extracts of toluene/pyridine and toluene/ 

piperidine mixtures. These results are plotted in Fig. 9. With thye 

pyri di ne mi xture, a defi nite trend exi s ts--the molecul ar wei ght of the 

extract increases with increasing yield because the material most 

easily solubilized is of ~ow molecular weight. 
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The piperidine/toluene extracts exhibits the scrne trend as pyridine; 

although the curve levels out at the higher yields (90%, 100% piperidine). 

This may be due to the fact that a portion of the piperidine extract 

is not soluble in the VPO solvent, pyridine. The insoluble material 

would tend to be of high molecular weight, so the actual molecular 

weights of the piperidine extract are more than likely sanewhat higher 

than is shown. 

The magnit ude of t he mol ecul ar wei ghts determi ned are canparabl e 

to molecular weights of extracts reported in other studies. 9 ,24,25 

Van Krevelen reported molecular weights of pyridine extracts between 

600 and 1100, the valve depending upon the rank of the coal extracted. 24 

Dorighi reported a nunber average molecular weight of piperidine 

extract of 1200. 9 This is significantly higher than the valve determined 

here. The discrepancy is probably due to the different temperatures 

at whi ch the extracts were di ssol ved in pyri di ne. Dori ghi extracted 

the piperidine extract in pyridine in an atmospheric Soxhlet extractor, 

while the piperidine extract in this study was dissolved in pyridine 

at roan temperature. The val ue reported by Dori ghi is thus probably 

a better representation of the molecular weight of the material extracted 

by pi peri di ne. 

Gel Permeat ion ,£hromatography 

To gain information concerning the molecular weight distribution of 

extracted material weight distribution of extracted material, gel permea

tion chranatography was used. The materi al obtained fran the extraction 

of coal with toluene/pyridine mixtures of various concentrations were 

tested. The chranatographs shCM a fl at distri bution over a range 
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of elution vollJT1es. Since there is little detail in the traces, they 

are not presented. The molecular weight distribution can be calculated 

from the range of elution volume where extract is detected. The 

calibrations of elution volllTle versus molecular weight are available 

from gel permeation chromotographs of pure compounds. The molecular 

weight range of every extract tested is from 1800 to 200 with a peak 

found at a mol ecul ar wei ght of 1100. 
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IV. CONCLUSIONS 

The results of this study indicate the utility of the use of 

solvent mixtures in the examination of the solvent/coal interaction 

mechani sm. FrOll the i nteracti on of sever al sol vent mi xtures with 

the subbitumi nous coal of this study, it seems that two different 

types of mechanism may be involved. When pyridine, quinoline, piperidine, 

or tetrahydroquinoline are added to toluene, the extent of coal dissolution 

in the mi xture at 2500C appears to be a function of bul k sol ution 

properties. The yield vs solvent mixture concentration behavior of 

the mixture of ethylenediamine in toluene is of a different nature, 

however, and suggests that the ethylenedianine/coal interaction may 

involve a site-specific phenOllena. The solvent retention of all active 

solvents both in the extracted material and in the coal residue appears 

to be a site-specific effect, based on the fact that solvent retention 

increases rapidly with small concentrations of the active solvent. 

The molecul ar hydrogen to carbon rati os and number average molecul ar 

weights of extracted material determined in this study are consistent 

with val ues reported previ ousl y for si ngl e sol vent i nteracti ons with 

a subbituminous coal at a range of temperatures below the coal pyrolysis 

temperature.9 They are function primarily of the anount of materi al 

extracted, not the solvent compos iti on used. 



36 

ACKNOWLEDGMENTS 

The aut hor gr atef ull y acknowl edges the ass; stance gi ven by 

Professors E. A. Grens II, T. Vermuellen, and 1. 1. Cornet in the 

preparation of this thesis. Assistance in the area of gel permeation 

chromot agraphy provi ded by Paul Davi s was greatly appreci ated. 

This work was done under the auspices of the U. S. Department of 

Energy. 



37 

APPENDIX A. SOLVENT INCORPORATION IN EXTRACTION PRODUCTS 

The incorporation of solvent into extracted material and coal 

residue as a result of coal/solvent contacting has been observed in 

several studies. 1,6,9 Different approaches may be used to adjust 

weights of extract and residue to account for solvent retention. 

Two different correction methods were used in this study. Correction 

method 1, developed by Dorighi, is based on the asstJTlpt;ons that 

(1) without sol vent retention, the percentage of nitrogen would be 

the sane in the extract, residue and coal and (2) the solvent is incorporated 

as a whole molecule. Correction method 2 is based on the asstJTlption 

=========t=n-a4i tche==am0I:lA,t-0f=S0=1=ve-n,~~akeI\tj-on is egual to the excess wei ght 

of uncorrected extract and residue over that of the original coal. 

Deri vati on of Correcti on Method 1 

Fran elanental analyses, the mass fraction of nitrogen in the 

residue or extract is known--rN.eN. The mass fraction of nitrogen 

in the retained solvent is known--SN. AsstJTle: If there were no solvent 

retention. then rN::; en = cN. the mass fraction nitrogen in coal (0.0097). 

WR = weight of retained solvent in residue. 

WE = weight of retained solvent in extract. 

R = wei ght of uncorrected resi due. 

E = wei ght of uncorrected extract. 

R* = wei ght of corrected resi due. 

E* = wei ght of corrected extract. 

By definition: 

R = R* + WR (1) 
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From a nitrogen balance: 

( 2) 

. Rearrangement yields: 

( 3) 

and 

R* = R - ~ ( 4) 

Yields can now be calculated by: 

c - R* -C-- x 100% (residue yield) 
(5 ) 

E* r- x 100% (extract yield) 
( 6) 

where C wei ght of ori gi nal coal. 

Once the allount of sol vent retai ned has been determined, corrected 

elemental analyses for carbon and hydrogen may be calculated. The 

val ues of uncorrected and corrected elemental analyses are presented 

in Table A-I. The corrected carbon mass fraction is: 

(7) 

* where r c is the corrected mass fraction of carbon in the residue, 

rc is the uncorrected value, and Sc is mass fractionof carbon in the 
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solvent. A similar equation is used to correct the hydrogen values 

in both the extract and residue. 

Derivation of Correction Method 2 

AssLlT1e: total retained solvent = 

WER = E + R - C ( 8) 

By defi niti on: 

( 9) 

Let X = sN (now a variable) 

By sUDS ti tUtl on of=tq. (=sc)-tntlFl:-q. (=&)r.::================ 

(
eN - X) ( rN - X) 

WER = E 1 - cN _)(" + R 1 - cN - 'X 
(10) 

Sol vi n g f or x: 

(11 ) 

An effective molecular weight is calculated by: 

M.W. (14.n)/x (12) 

where n = number of nitrogen atoms in solvent molecule. 

Now with the new sN. corrected val ues of extract and residue 

can be calculated by use of Eq. (3) and Eq. (4). The corrected extract 

and residue yields subsequently calculated by use of Eq. (5) and 

Eq. (6). will be identical because Eq. (8) forces the total mass balance 
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to be sat i sf i ed. As a res ult of thi s res trai nt, mean i ngf ul values 

of corrected elemental analyses cannot be calculated. 

Compari son of Methods 

The limiting assLlTlption of correction method 1 is that the solvent 

molecule is retained as a whole molecule. In solvents, such as ethylenedicmine, 

where this is clearly not the case, severe over corrections arise. 

The over correction leads to large differences in extract and residue 

yields. The corrected mass balances show large losses of hydrogen. 

In these cases, correction method 2 becomes useful. Since, in correction 

method 2, the total mass balance is forced to be satisfied, overcorrection 

is not a problan. The yield calculated as a result of applying this 

method, will always be in between the extract and residue yields calculated 

by use of method 1. This compromise value is more than likely closer 

to the "true" yield than either yield calculated by method 1. 
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Table I. Analysis of Roland seam coal by the Commercial Testing 
and Engineering Company. 

% Moisture 

% Ash 

% Volatile 

% Fixed Carbon 

Btu 

As Received 

Proximate Analysis 

1.00 

14.35 

46.26 

38.39 

10790 

Dry Basis 

14.49 

46.73 

38.78 

10817 

================%-SmTrrur~==============~~~0a,==================~)~.O~<4~=========== 

% Moisture 

% Carbon 

% Hydrogen 

% Nitrogen 

% Chlorine 

% Sulfur 

% Ash 

% Oxygen (difference) 

HIC Molcular Ratio 

Ultimate Analysis 

1.00 

61.41 

4.89 

," .02 

0.07 

1.03 

14.35 

16.23 

0.96 

62.03 

4.94 

1.03 

0.07 

1.04 

14.49 

16.40 

0.96 
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Table II. Analysis of Roland Seam Coal by the University of California, 
Berkeley, Microanalysis Laboratory. 

Elemental Analysis* (Dry Basis**) 

% Carbon 59.28 + 0.9 

% Hydrogen 5.01 0+ 0.02 

% Nitrogen 0.97 + 0.03 

% Chlorine 0.17 + 0.08 

% Sulfur 0.46 + 0.09 

% Ash 15.34 + 0.7 

% Oxygen (difference) 18.77 

HIC Molecular Ratio 1.01 

* Values reported represent an average value of five samples submitted 
along with the standard deviation where appropriate. 

** Samples were dried for 24 hours at 1050C in an oven evacuated to 
250 mm Hg and swept by nitrogen. 



- :, .. 

Table Ill. 
Summary of the data resulting from the extraction of Rolland Seam coal at 2500C for 4 hr. 

] Solvent 
Yields H/C3 Retention4 

Mole Mole II 

Compo A % Compo B % Ext. 1 Res. 1 Ext. ~ Ext. Res. Ext. Res. OHB5 Mn6 

Toluene 100 7.5 9.4 1.67 0.87 98 535 

To 1 uene 90 Pyridine 10 7.6 9.4 1.55 0.96 98 ·639 I 

To1 uene 50 Pyridine 50 11.0 9.6 1.45 0.92 100 724 

To 1 uene 10 Pyridine 90 15.1 20.0 15.7 13.1 0.86 0.05 96 836 

Pyridine 100 14.7 21.5 15.0 1.30 0.84 0.07 94 902 

Tetra1 in 100 9.0 7.5 1.44 0.94 101 

Tetra1 in 90 Pyridine 10 9.0 5.1 1. 36 0.89 103 

Tetra1in 50 Pyridine 50 10.4 10.1 1. 31 .0.82 100 

Tetra1 in 10 Pyridine 90 11.6 13.2 1. 31 0.79 99 

Toluene 90 Quinoline 10 5.9 13.6 6.~ 1. 43 0.73 0.07 93 669 

Toluene 50 Qui no 1 i ne 30 12.1 18.5 12.
4 

1. 26 0.76 0.11 0.20 94 807 

Toluene 10 Quino1 ine 90 18.3 13.6 19. , 1. 20 0.75 0.14 0.11 95 861 

Qui no1 i ne 100 25.0 28.2 25. 0.99 0.67 0.29 0.09 94 871 

Toluene 90 Piperidine 10 ll.5 15.2 1.23 0.81 0.44 0.18 97 

Toluene 50 Piperidine 50 17.9 22.7 1.03 0.75 0.59 0.27 96 +=:0 

To 1 uene 10 Piper i di ne 90 28.0 30.0 0.70 0.66 0.99 0.32 98 U"I 

Piperidine 100 35.5 39.1 0.92 0.59 0.50 0.28 97 

To 1 uene 95 Tetrahydroquino1 ne 5 9.6 15.3 11. 1. 31 0.88 0.38 0.10 95 

To1 uene 90 Tetrahydroquinol ne 10 7.6 22.3 10. 1. 17 0.82 0.58 0.19 88 

Toluene 80 Tetrahydroquinol ne 20 9.6 21.8 13. 1. 07 0.69 0.65 0.12 90 

To 1 uene 50 Tetrahydroquinol ne 50 19.2 27.5 25. 0.67 0.87 1.86 0.13 93 

Tetralin 95 Tetrahydroqui ~01 i ne 5 10.1 15.4 11. 1. 28 0.76 0.17 0.05 96 

Tetralin 90 Tetrahydroquino1'ne 10 6.8 24.8 10. 1. 26 0.70 0.57 0.18 85 

Tetralin 80 Tetrahydroquino1ine 20 12.5 20.1 16 1 1.08 0.87 1.86 0.13 93 

Toluene 90 Ethylenediamine 10 13.1 20.0 14 2 1. 17 0.61 0.25 0.20 94 

Toluene 50 Ethylenediamine 50 36.2 42.3 38 9 0.81 0.46 0.41 0.24 95 

Toluene 10 Ethylenediamine 90 36.7 42.9 39 4 0.52 0.53 0.49 0.32 95 

Ethylenediamine 100 34.6 49.7 43 0 0.45 0.62 0.66 0.26 87 

1Corrected when necessary by method 1. 
2Corrected by method 2. 
3Corrected molecular hydrogen to carbon ratio. 
4weight ratio of retained solvent to solvent-free extract (residu~). 
50 vera ll mass balance (%)-recovery of cool in extract, residue. 
6NlJl1ber average molecular weight of extract. 



Table IV. Solvent retention. 

----Extract----- Res i due 

COO1ponent A Mole % COO1ponent B Mole % I S~ S~ Sl 
c 

Toluene 90 Qui no 1 i ne 10 0 0.0013 
Toluene 50 Quinoline 50 .0020 0.016 0.0036 
Toluene 10 Quinoline 90 .0025 0.016 0.0020 

Qui no 1 i ne 100 .0052 0.016 0.0016 

Toluene 90 Piperidine 10 .012 0.13 0.0070 
Toluene 50 Pi per i di ne 50 .015 0.14 0.0071 
Tol uene 10 Piperidine 100 .012 0.08 0.0073 

Toluene 95 Tetrahydroquinoline 5 .0070 0.053 0.0020 
Toluene 90 Tetrahydroquinoline 10 .0099 0.093 0.0034 
Tol uene 80 Tetrahydroquinoline 20 .011 0.096 0.0021 
Tol uene 50 Tetrahydroquinoline 50 .025 0.17 0.0024 

Tetral in 95 Tetrahydroquinoline 5 .003 0.036 0.0009 
Tetralin 90 Tetrahydroquinoline 10 .010 0.077 0.0031 .p. 

Tetra 1 in 80 Tetrahydroquinoline 20 .0092 0.090 0.0015 0'> 

Toluene 90 Ethyl enedi ami ne 10 .0095 0.15 0.0068 
Toluene 50 Ethyl enedi ~i ne 50 .013 0.11 0.0078 
Toluene 10 Ethyl enedi ami ne 90 0.014 0.14 0.016 

Ethyl ened i ~i ne 100 .017 0.094 0.022 

1 2-moles of solvent retained in extract (resid~e) 
Sc g-atOO1s of carbon 1n extract (res1due) 

2 g-moles of solvent retained in extract 
So g-atOO1s of oxygen 1n extract 

~ 



Table A-I. Summary of data resulting from extraction of Roland Seam coal at 2500 0 for 4 hr with solvent mixtures listed. 
II 

Yields (Dry Basis) Extract Compo Res i due C04IIp. 

Uncorr. Corrected Uncorr. Corrected1 Uncorr. Corrected1 
Component Mole Component Mole 

A % A % Ext. Res. Ext. Res. 1 Ext. 2 %C %Ii %N %C %Ii %C %H %N %C %H 

Toluene 100 Pyridine 5.B9 7.94 79.16 10.84 61.19 4.42 
90 10 6.5 8.0 78.75 10.31 0.41 57.80 4.61 1.34 
50 50 9.3 9.6 79.11 9.57 0.51 57.57 4.43 1.45 
10 90 12.8 12.6 17.0 13.3 76.84 8.42 0.79 59.03 4.28 1.78 58.14 4.17 

Tetralin 100 12.5 12.5 18.2 74.12 8.06 0.78 61.16 4.34 1.01 60.13 4.20 
100 0 7.6 6.4 
90 10 7.6 4.3 81. 79 9.0~ 0.26 63.31 4.49 0.95 
50 50 8.8 8.6 78.67 8.98 0.52 
10 90 9.8 11. 2 78.18 8.52 0.59 59.91 3.96 1.08 

Toluene 90 Quinoline 10 5.0 4.9 11. 52 5.3 79.76 9.59 0.75 61.12 3.75 1.66 59.42 3.62 
50 50 11.5 0 10.3 15.7 10.6 78.24 7.88 1. 98 77.62 8.16 65.00 4.14 2.63 61.22 3.88 
10 90 17.7 11.0 15.5 20.0 16.4 76.87 6.87 2.22 75.88 7.08 59.25 3.74 1.97 56.49 3.55 
0 100 27.3 20.4 21.2 27.1 21. 9 71.08 5.37 4.29 64.72 5.34 58.10 3.30 1.80 55.76 3.11 

90 Piperidine 10 14.1 -3 9.8 12.9 77.57 9.72 5.72 80.65 8.30 62.00 5.44 3.36 60.43 4.07 
-!:=> 

50 

! 
50 11.5 0 10.3 15.7 78.24 7.88 1. 98 77.62 8.16 65.00 4.14 2.63 61.22 3.88 -....J 

10 90 47.3 1.7 23.8 25.4 76.97 8.88 8.79 83.28 4.86 61.22 5.56 4.70 58.25 3.22 
0 100 36.7 14.3 30.07 33.17 75.87 8.33 6.13 78.5 6.03 61.57 5.10 4.38 59.03 2.89 

95 Tetrahydroquinoline 5 11.2 3.85 8.1 13.0 9.3 78.25 8.39 3.59 77.14 8.44 61.16 4.69 1.88 59.05 4.30 
90 10 10.2 3.0 6.4 18.9 8.8 80.30 7.95 4.49 79.78 7.76 64.55 4.84 2.52 61.33 4.18 
80 20 13.5 8.5 8.2 18.2 11.7 80.40 7.58 4.74 79.91 7.13 60.65 3.85 1.98 58.22 3.33 
50 50 46.5 13.0 16.2 23.3 21.5 80.32 6.89 7.19 78.68 4.40 59.19 4.60 2.11 56.21 4.10 

Tetralin 95 5 10.1 9.0 8.6 13.0 9.8 81.9 8.62 2.36 81.07 8.68 62.50 4.10 1.39 61.64 3.91 
90 10 9.1 6.8 5.8 21.0 8.7 78.47 8.15 4.46 76.90 8.08 62.67 4.21 2.43 59.33 3.48 
80 20 16.5 10.3 10.6 17.0 13.6 80.91 7.60 4.39 80.75 7.23 56.04 3.68 1.09 53.99 3.31 

Toluene 90 Ethylenediamine 10 14.0 0.7 11.1 17.3 12.0 74.95 9.22 10.95 83.78 8.18 62.00 5.06 8.62 66.42 3.40 
50 

i 
50 43.3 20.5 30.6 35.8 33.0 68.48 7.76 14.36 80.28 5.45 54.52 4.38 9.79 58.22 2.24 

10 90 46.5 16.0 31.1 36.4 33.4 69.24 6.87 16.10 83.71 3.67 58.61 5.34 12.05 64.57 2.78 
0 100 48.6 26.9 39.3 42.1 36.4 62.30 7.06 19.19 77.08 2.90 57.76 5.33 10.49 62.43 3.22 

1 = Corrected by method 1. 
2 = Correc ted by method 2. 
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