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INTRODUCTION 

Recently, a considerable amount of attention has been directed at understanding how the macromolecular 
structure of coal influences its reaction behavior. The fact that coal must have a macromolecular structure has 
been recognized for some time, and has been embodied in many of the "classic" models of coal structure(e.g. 
refs. 1-5). The recognition that coals will behave accordingly naturally accompanied the development of 
these models. Van KrevelenZ and Kreulen6 recognized the colloidal nature of coals and used this to explain 
many important features of their behavior. Wolfs e t  aL7 demonstrated that that certain polymeric substances 
were good analogs for coal, with respect to pyrolysis behavior. This work remains the Cornerstone for many 
of the sophisticated models of coal pyrolysis behavior today. The development of models of fluidity has long 
been based on "depolymerization" as a key step (e.g. ref.8). And of course extraction of soluble material 
from coal has been understood for many years as the segregation of smal l  soluble components from an 
insoluble mauk which can also be broken down to some extent by thermal decomposition9 

What has changed in recent years is mainly the level of understanding of the macromolecular structure of 
coal, and the number of took (mostly borrowed from the polymer field) used to study that structure. The 
review by Green et  al.l0 has summarized much of the historical development of the coal macromolecular 
concept, as it exists today, and discusses many of the tools that have been applied in studying the problem. 

The present paper is concerned mainly with some rather specific aspects of the problem of characterization of 
the maeomnlecular structure of coals. and theirrelationship to key reaction processes and physical 
properties.The main characterization technique used throughout this work is soh  nt swellingll, as has been 
used extensively in recent years to characterize the extent of crosslinking in coalsf2-16. This classic 
technique was originally developed for examination of extents of crosslinking in polymers. The simplest 
relationship that embodies the essence of the technique is the Flory-Rehner equation, a relationship between 
the molecular weight between crosslinks in a polymer (M) and the extent to which the polymer is 
volumenically swollen by a particular solvent (Q: 

where pc is the density of the original coal, ps is the density of the solvent, Ms is the molecular weight of 

the solvent and x is the solvent-network interaction parameter. The measurement of x is difficult, as is its 
estimation for specifically interacting solvents such as pyridine. Values range between 0.3 and 0.6 for typical 
pairs of solvents and coals. It has teen suggested that the Flory-Rehner equation does not hold particularly 
well for coals, which are highly crosslinked ri 'd  network^'^,'^. Its use here is only illustrattive, and more 
sophisticated approaches have been de~eloped '~*~~;  unfortunately these other approaches require more 
information about the structure of the coal- namely, the molecular weight of repeat units within the coal 
structure. Since such information is not readily available at present, this will tend to restrict somewhat the use 
of these more sophisticated approaches. For the purposes of modeling transport and reaction processes in 
coals, detailed information about the structure will not always be necessary, and progress can be made 
without having the exact form of the structure-swelling relationship available. It is in this light that the 
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present results are presented. 

The present paper considers two entirely different aspects of the relationship between macromolecular 
sUucture and reactivity and transport in coals. The first aspect concerns the reactions of crosslinking in coals 
during thermal treatment. This topic has been previously explored using the solvent swelling 
methodology1s,16. Here the work is extended to consider how the colloidal smcture of coal is affected by 
moisture removal, and by funher heating. The second aspect concerns the diffusive transport of solvent 
species in coals, and the activation energies for such processes. 

EXPERTMENTAL 

The analyses of the coals examined in this study are provided in Table 1. Except where otherwise noted, the 
coals were ground and sieved to the size range 53-88pm. Special care was given to the lignites to avoid any 
more drying than necessary while processing. The first four samples in Table 1 were judged to have dried to 
only a limited extent since mining, and all were crushed in-house from large lumps. To prevent drying, these 
four samples were stored at 100% relative humidity conditions, at room temperature, by suspending the 
samples above a large reservoir of clean water, in a sealed container. It is of course difficult in practice to 
maintain truly 100% relative humidity conditions in such a manner, particularly if the chamber must be 
occasionally opened for sample removal. There was consequently a small difference in measured moisture 
contents between bed-moist samples (which are effectively immersed storage samples) and those used in this 
study. The difficulty in characterizing the initial moisture contents of immersed samples was what prompted 
us to use this slightly different storage method. Related sample storage and characterization information 
concerning these lignites can be found elsewhere19. 

Thermal treatments of the samples were always performed under inert gas (high punty helium or nitrogen), 
to avoid any possible role of oxidation in the results. The thermal ueatments were performed in either 
standard tube furnaces, in which the samples were normally heated at low heating rates (a few tens to 
hundreds of degrees per minute) or in a wire mesh type of apparatus, in which small amounts of sample are 
contained in the folds of a stainless steel wire @id that is heated at rates of order 1000Wsec. 

Solvent swelling measurements were performed largely as described in other studies20. In the present case, 
however, the measurements were performed in small tubes of a few millimeters inner diameter and less than 
S cm in length. This technique permitted such measurements to be made with modest quantities of sample, 
provided that the sample and solvent is frequently stirred during the first phases of the swelling process. This 
technique gives reproducibility comparable to that for the standard technique with large tubes. A major 
reason for the difference between the standard solvent swelling techniques and those employed here stems 
from a concern about measuring accurately rates of swelling. In the second part of this paper, results will be 
given for activation energies of diffusion processes in coals, which were determineti from timed swelling 
experiments. In the cases in which rate data were of interest, the swelling experiments were performed in 
thermostatted baths. The small diameter of the tubes and the frequent mixing of the contents with a small 
stirrer assured good heat transfer between the environment and the sample. In order to determine the height 
of the column of coal at any particular time (and thus the volumetric swellirg ratio), the samples were 
"quenched' by immersion in an ice bath, and were quickly centrifuged in a high speed centrifkge, with 
cooling. The centrifugation takes only about ten minutes, during which time, because they are cooled, the 
samples swell negligibly. 

RESULTS AND DISCUSSION 
THE CROSSLINKING BEHAVIOR OF COALS DURING DRYING AND PYROLYSIS 

I 

Some aspects of this problem have been discussed previously, both in connection with the drying behavior 
of lignites19 and the pyrolysis behavior of various ranks of ~ o a l ~ ~ , ' ~ ,  This work has been extended in 
order to understand more fully how the macromolecular stmcture is altered during these processes. 



At the outset, it is impoltant to note that all ranks of coal have a colloidal snucture, that will shrink and swell 
in response to imbibation of a solvent. The most common "solvent" is water, in tha! it is naturally present in 
all ranks of coal at the time of mining. The shrinkage and swelling behavior of li 
response to moisture loss and gain, respectively, has been quantitatively studiedg21. In these earlier 
studies, it was noted that the extent of shrinkage was closely related to the amount of moisture lost from the 
lignite- to a crude approximation, the extent of shrinkage was calculable assuming the the water lost from the 
coal had a specific volume of lcc/g. This is why measurements of BET surface area (or any of the other 
usual measurements of porosity) often reveal so little micro- and uanstitional porosity in lignites-- the 
porosity essentially collapses as the samples are being dried for examination by the usual porosity 
determination methods. 

More recently, we have extended the examination of drying phenomena to include a much wider range of 
ranks. Figure 1 shows the volumetric shrinkage of coals ranging from lignite up to bituminous in rank, and 
surprisingly, a very good linear correlation exists between the volumetric shrinkage and moisture content 
throughout the entire range. The actual correlation is: 

Thus it is apparent that colloidal swelling behavior is observed with water as a "solvent" even in ranks up to 
bituminous. This menas that this entire range of ranks is subject to the same qualitative kinds of uncertainty 
in porosity characterizations as are lignites. To be sure, the effects are not nearly as large in bituminous 
coals, but there is no question that porosity does collapse upon drying. 

It has been shown that the shrinkage that accompanies dryin of lignites is to some extent irreversible. 
Typically, only about 80% of the shrinkage is recoverable'? The question is, what determines the extent of 
irreversiblity of shrinkage? There are apparently some processes that occur, presumably on a molecular level, 
that prevent full reswelling of the coal, once it is rewet. This raises a general question of how coals crosslink 
during thermal treatments of any kind. We have explored some aspects of this problem by performing 
solvent swelling measurements on thermally mated coals. The results on one set which was heated slowly in 
a tube furnace is shown in Table 2. Several features may be noted in Table 2. Fist. coals that are still wet 
generally do not swell to as great an extent in pyridine as do coals that are dried at ordinary conditions. This 
is easily understood in terms of the network having already swollen to a significant extent in water. The fact 
that pyridine is able to swell it as much as it does is evidence of its stronger interaction with the lignites, 
relative to water with the lignites. Tetrahydrofuran (THF), on the other hand, is only a marginally better 
solvent for these lignites than water itself, as indicated by the modest swelling of wet coals in this solvent. 
There appears to be no constant ratio of swelling in pyridine to swelling in THF, nor is there a constant ratio 
of swelling in THF compared to that in water; this makes the point that even in fairly similar coals of identical 
rank, such as in this set of North Dakota lignites, the individual interactions of solvent and coal are rather 
important in determining swelling behavior. 

The swelling ratio of a wet coal in pyridine is related to the swelling rarios of ronm temperam dried coals in 
pyridine. If the pyridine swelling ratio of a wet sample is multiplied by the ratio of (water) wet to dry volume 
of the lignite, the actual swelling ratic of the dry sample in pyridine may be estimated, i.e. there is no 
evidence of co-operative swelling effects involving pyridine and water. 

The samples that are heated directly to 373K from a wet state obviously crosslink to a much lesser degree 
than do the samples that were fist  dried, and then heated. This is evidence that there are crosslinking 
processes that must occur at temperatures at least as low as 373K. and in the absence of oxygen from the 
atmosphere. Further, the processes are apparently strongly promoted by the absence of moisture during 
heating. The carboxyl contents of the lignites have been measured directly by barium exchange after reaction 
under these conditions, and in no case was a reduction greater than 10% seen in increasing the drying 
temperature from 373K to 473K. Together, this information suggests that the decarboxylation reactions that 
have been postulated to determine crosslinking in high temperature processeslS (and which has received 
suppofi from modeling work22), may be supplemented by another process that is promoted by the absence 
of water during the initial phases of the heating process. For comparison, high heating rate pyrolysis 

tes and brown coals in 

%Shrinkage = 0.94(%Moisture Loss) -0.6 
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I 

behavior is shown in Figure 2. The illustrated behavior is fairly typical of all of the lignites, whether dried or 
undried. except as noted below. The experiment in this case consisted of heating a wet lignite at a rate of 
roughly lOOOK/sec to a peak temperature, shown as the abcissa value, and then immediately cooling at a rate 
of about 300K/sec. It can be seen that the extent of crosslinking remains much lower at much higher 
temperatures in these rapid heating experiments.There is, however, still a slight tendency to crosslink at 
temperatures below about 625K. Above about 650K. all the lignites show a tendency to depolymerize, 
shown as an increase in solvent swelling tendency, and coinciding with the onset of the tar formation 
process. A similar observation has recently been independently reported23. The swelling ratio decreases 
rapidly beyond about 700K, as the crosslinking reactions occur rapidly in this temperature range. It was in 
this temperature range that the decarboxylation reactions were thought to dominate. The directly determined 
decrease in carboxyl content did, in the one case studied, exactly equal the amount of C02 formed in the 
temperam range up to 9OOK. The mechanism of the decarboxylation, and more imponantly, how it 
participates in the crosslinking process reamains unlolown. Again, the absence or presence of water had no 
effect on these higher temperature mechanisms, except in one sample. This may not be surprising in view of 
the fact that the water should have evaporated by the time these high temperatures are attained. However 
earlier pyrolysis results for the Beulah lignite did show an effect of predrying even at high heating ratesi5. 

In addition to the effects of thermal treatment noted above, 373K drying was also noted to considerably 
decrease the rate of diffusion into coals, compared to the rate of diffusion into room teperature airdried 
samples. The rate of swelling of even a low moisture bituminous coal, such as Powhatan was decreased by a 
factor of two by 3733 drying (i.e. standard ASTM conditions). The ultimate swelling ratio was however 
unaffected by the drying. This suggests that physical crosslinking of some kind is promoted by the drying 
procedure, but may be reversed if the solvent is strong enough. This reversible crosslinking is also noted in 
the lianite samules, and is distinct from the irreversible crosslinkinn that occurs above 373K. or in some 
case<even at 373K. 

- 

ACTIVATION ENERGIES FOR D TFFUSTON 

The above discussion of the effects of crosslinking has pointed up how crosslinking may affect the diffusion 
process in coals. As part of an effort to characterize better the diffusion of solvents and large molecules 
through the bulk of the coal (as opposed to through pores), we have made measurements of diffusion rates 
of various solvents by tracking solvent swelling as a function of time. The process of diffusion in the bulk of 
a crosslinked macromolecular material is generally an activated process, meaning that the diffusion 
coefficient varies according to: D=Doexp(-E/RT). Very good recent studies of the diffusion process. unde 
conditions similar to os of merest here have shown the process to actually be of the "Case II" type; i.e. 
relaxation controlled1 9 s  y 1  .There ' is not space here to go into the details of the process. 

The process of diffusion has been studied at temperatures from 298Kup to 318K. with pyridine, 
teuahydrofuran and water as diffusants. Various ranks of coal, and heat treated coals have been examined. 
Selected results are given in Table 3. Several features are important to note. First, there is a large difference 
in advation energies between the different ranks of coal, and between different solvents. Heat Watment 
seems to have the expected effect- not only does the diffusion become slower at all mpxatures ,  but the 
activation energy increases, presumably as the smcture becomes more rigid, and the vibrational 
conformations necessary to allow for solvent molecules to pass become ever less probable. The value of 
activation energy is felt to depend more upon the size of the penetrant species, and less upon the specific 
interactions of the coal and the solvent molecule. Note that the activation energy for THF is considerably 
lower than that for pyridine, however the rate of swelling in pyridine is more than an order of magnitude 
higher than in THF at room temperature, and the extent of swelling is also much higher in pyridine. 
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CONCLUSIONS 

This paper has, in a very brief manner, touched upon two different aspects of how the macromolecular 
structure of coal relates to imponant physical and chemical phenomena. The studies continue as of this 
writing, on both of the above topics. The utility of straightforward techniques of characterization of 
macromolecular structures, such as solvent swelling, cannot be underestimated as important contributors to 
the more complete understanding of complex processes and phenomena in coals. 
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Table I-Coals Snidied 

&AMPLE C & 2 ASH Q Moisnire 

Beulah lignitea 65.6 3.6 1.1 0.8 11.0 17.9 26.0 
Freedom lignitea 63.5 3.8 0.9 1.4 6.1 24.3 27.9 
Glenn Harold lignite” 61.1 4.4 0.8 0.4 7.4 25.9 28.9 
Gascovne limite” 60.9 4.2 0.6 1.4 8.2 24.7 7 0 7  

~ . .. ~ ~~ ~. 

B e u l i  lignzeb 65.9 4.4 1.0 0.8 9.7 18.2 32.2 
Texaslignite(PSOC1036)C 61.5 4.7 1.4 1.3 12.5 18.5 31.8 
Belle Ayr Subbit. 69.3 4.4 1.0 0.5 10.3 14.5 30.3 
Big Brown S~bb.(PS0C785)~ 62.8 4.6 1.1 1.1 12.6 17.8 27.8 
MontanaS~bbit.(PSOC837)~ 57.8 4.3 0.8 0.7 11.9 24.6 17.0 
PittsburghNo.8 (HVBit.)b 74.2 4.1 1.4 2.3 13.2 4.8 1.7 
Bruceton HVBit.d 80.4 5.3 1.6 1.0 4.6 6.7 1.7 
Powhatan HVBit. 72.3 5.1 1.5 3.6 9.7 7.8 1.1 

*All results on a dry weight percent basis, except moisture which is ASTM value 
on m as-received, bed moist basis. 
*Oxygen by difference. 
a- Grand Forks Energy Research Center lignite sample bmk. 
b- Argonne National Laboratory Premium Coal Samples. 
c- Pennsylvania State University Coal Sample Bank. 
d- U.S. Bureau of Mines Standard Sample. 

Table 2- Effect of Drvinr and Thermal Treatments on Solvent Swelling of Limites 

Condition Beulah Freedom Gascovne Glenn Harold 

Wet 1.48/1.08 1.62/1.00 1.33l1.07 1.60/1.18 

O%R.H.,300K, 30days 2.22/1.28 2.06/1.33 2.10/1.32 2.1W.32 
Wet, dried at 373K.lhr 2.34/- 2.50/-’ 2.051- 2.471- 

0% R.H.,300K,24hrs 2.20/- 2.01/- 1.901- 2.101- 

Dry,then 373K,lhr 2.0li.34 1.70/1.35 1.68jl.38 i.81j1.33 
“(then 473K, lhr 1.43/1.25 1.6U1.28 1.54/1.29 1.7Y1.22 
”, then 573K, 1 hr 1.22/1.16 1.4V1.15 1.50/1.06 1.5 0/1.15 
”, then 573K, 2 hr 1.14/1.10 1.30/1.12 1.42!1.06 1.4Y1.13 

*All values are volumemc swelling ratios, given as: 
(pyridine volumetric swelling ratio/tetrahydrofurm volumemc swelling ratio). 
-0% R.H. refers to drying over concentrated sulfuric acid, a 0% relative humidity environment. Samples 
marked “dry” were initially dried in this manner at room temperature, prior to themid treatment. 
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Table 3- Activation Enewies for Diffusion in Coals 

coal Treatment Activation Enerev (kcaVmolZ 
Beulah (Arzonne Sample) Air dried, lday 18.0 

Air dried, 3days 17.9 
Vacuum dried, 2983 19.4 
Vacuum dried. 373K 21.5 

Montana Subbit. Airdried 18.1 

F’itts. No. 8 
Bruceton HVBit. 
Bruceton HVBit. 

Vacuum dried, 373K 12.6 
Vacuum dried, 373K 13. 
Vacuum dried, 3733 8.8 (THF) 
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INTERRELATIONSHIPS BETWEEN COAL ANALYSIS, COAL CONVERSION 
AND COAL STRUCTURE 

Dennis Binseth and Bradley Bockrath 
U . S .  Department of Energy 

Pittsburgh Energy Technology Center 
P.O. Box 10940  

Pittsburgh, PA 15236 

Uodels for the average structure of a coal and for its chemistry both rely 
heavily on analyses that are subject to considerable errors. In addition to 
these analytical problems, it is often true that our notions concerning the 
"reasonableness" of a chemical reaction of a coal are influenced by our 
conception of what an average structure €or that coal looks like. This 
picture of an average structure for a coal vas in turn probably influenced 
by analytical results obtained for extracts and/or products of "mild" 
reaction conditions. These two factors -- the weakness of analytical 
techniques for solid coal, and the somevhat circular dependence of our 
concept of coal structure on coal chemistry -- present problems for studies 
of both coal structure and coal chemistry. The development of improved 
analytical techniques for solid coal as vel1 as for characterization of coal 
chemistry, is very important to any improvement in our real knowledge of 
coal and its significant fuel- processing chemistry. Several projects at 
PETC have focused on improvement of our ability to characterize solid coal 
and its fundamental chemistry during direct liquefaction. 

A large number of average structural models for specific coals have been 
published, and many describe in some detail how the structure was 
derived (1). The input data include elemental analyses (C,H,N,O,S), 
possibly an aromaticity from 13C NMR. and often some characterization data on 
extracts or mild-reaction products. It is emphasized by everyone who 
publishes an average structure that the structure is only a statistical 
entity and is not meant to represent the organic structure of a coal on a 
molecular scale. Although we are repeatedly cautioned, it is easy to let 
our thought processes concerning chemistry be influenced by such attractive 
(seductive) visual representations. It is worthvhile to look at the 
potential errors in the data used for generation of an average structure or  
for describing a chemical reaction of coal. 

Determination of the elemental composition of coal is routinely accepted as 
a starting point for describing a coal's structure: however, the distinction 
betveen organic and inorganic forms can lead to problems. The recent paper 
by Ehmann et al. ( 2 )  reviews the well-documented problems associated vith 
determination of organic oxygen in coals. This problem is in part related 
to the lack of an accurate analytical method for the determination of water. 
Because of the sequence of steps in a total elemental analysis of coal, 
residual water remaining after drying translates directly into errors in 
both organic oxygen and organic hydrogen. Similarly, the accepted method 
for determination of organic sulfur is by difference ( 3 )  and thus contains a 
significant coal-specific uncertainty related to the dispersion of pyritic 
sulfur in the coal. The rather bleak picture is that there is significant 
uncertainty in three of the five major elements in the organic structure of 
coal. 
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The composition of coal extracts is a very important input to construction 
of coal models; however, this extract rarely appears explicitly in average 
structural models that focus on representing the insoluble matrix of a coal 
structure. The amount of extractable material that is truly soluble, so 
that it can be analyzed by modern techniques, i's usually rather small ( 5 -  
15%). Inference of an overall coal structure from the 5% of its composition 
that can be analyzed is always fraught with difficulties. The yield of 
extract can be raised significantly by a variety of thermal and chemical 
means; however, these extracts may be criticized as being too substantially 
transformed to be meaningful for coal structural studies. Bow would a 
reviewing organic chemist react if the identification of an organic solid 
was accomplished by analyzing the sample as a TBP extract after heating to 
300OC with 10% water and 15% added mineral matter? 

B u l k  spectroscopic analyses of coal that are capable of yielding direct 
structural information on the solid are infrared (IR) and nuclear magnetic 
resonance ( N Y R ) .  Infrared spectroscopy is always capable of yielding 
qualitative information, but quantitation has proven elusive. The solid- 
state CP!3C NHR spectra of coal can provide very useful structural 
information; however the question of what fraction of the total carbon is 
being observed is still being debated ( 4 ) .  If the 13C aromaticity is 
determined on a nonrepresentative fraction of the total carbon, o u r  picture 
of the average structure of a coal may be seriously in error. 

Investigation of chemical reactions involving coal is rendered very 
uncertain by our problems in analyzing the coal itself. It is difficult to 
describe the chemistry of an organic reaction when the nature of the 
starting material is uncertain. An improved understanding of the 
fundamental chemistry of direct liquefaction is an ongoing area of interest 
at PETC. This goal requires development of analytical techniques appropriate 
to the coal liquefaction system. One approach has been application of CP- 
UAS-13C NYR techniques for measurement oE net hydrogenation. By combining 
this measurement with material balance information, it is possible & 
principle to determine the relative amounts of hydrogen consumed in 
hydrogenation, bond cleavage, and heteroatom removal. 

The analysis of a variety of liquefaction systems using this hydrogen 
utilization approach has led to several conclusions: (1) under conventional 
liquefaction conditions, the net hydrogen consumed in hydrogenation of 
aromatic components is often small, ( 2 )  significant changes in "conversion" 
measured by solvent solubility can be accomplished with virtually no peJ 
hydrogen chemistry, and (3) analytical methods for analysis of slurries of 
coal and vehicle oil are a major limitation to the improvement of our 
understanding of coal conversion chemistry. A typical hydrogen utilization 
profile for a coal conversion experiment conducted at 3800C is shown in 
Table 1. 

The conversion of coal to THP solubles was in excess of 80% in this 
I experiment. Although the experiment indicates an >EO% "conversion", all of 

the numbers in Table 1 may be nonsignificant because of experimental error. 
I A major potential contributor to the experimental e r r o r  in both heteroatom 

Y removal and total hydrogen consumption is the inability to accurately 
determine water in coal. If 1 ut % molecular water exists in the "dry coal" J 

4; 
1 

i' 
1' 
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the analytical method conventionally used for direct oxygen and hydrogen 
determinations translates this water content intp an error of - 2  H/ lOOC in 
the coal and would also result in a significant overestimation of the amount 
of organic oxygen in the slurry. This sensitivity of organic hydrogen and 
organic oxygen to the accuracy of the water determination indicated to us a 
need for improved confidence in the coal moisture analysis. A recently 
completed study of the water content of a variety of coal samples, both from 
the Argonne sample bank and from coals typically used for liquefaction 
research, indicates that the problem may be significant, especially for air- 
dried (or mildly air oxidized) samples ( 5 ) .  This study used an isotope 
exchange procedure that is capable of determining water that is not volatile 
under conditions of the ASTW procedure. The method does not require removal 
of the water from the coal to obtain an analysis. It is hoped that this 
method will provide a more accurate evaluation of the water content of a 
coal, which in turn will improve the accuracy of organic oxygen and hydrogen 
determinations. 

Another significant uncertainty in discussions of coal chemistry is the 
measurement of the hydrogen within the slurry that is available in hydro- 
aromatic structures. Such structures as the hydropyrenes have repeatedly 
been shown to be very effective in enhancing coal conversion. However, the 
content of such materials in complex heavy recycle vehicles, not to mention 
coal, is not easily determined. The content of multi-ring hydroaromatics in 
a coal structure is very important in establishing the amount of internal 
hydrogen readily available for participation in thermolytic reactions. 
Catalytic dehydrogenation of coal and vehicle has been used as a measure of 
this available hydrogen. We have attempted t o  use this technique coupled 
with NWR measurement of the aromaticity change on dehydrogenation to better 
understand the source of the hydrogen in such experiments. Conversion of a 
hydroaromatic to an aromatic with H2 generation should conform to the 
following stoichiometry: 

,(Hydroaromatic) CAT - - - - ->  I(A;;;;t:C) + 4 H2 (g) 

Carbon 

Thus it should be possible to plot change in moles of aromatic carbon versus 
moles of hydrogen gas produced and obtain a slope of 2 (moles of carbon 
aromatized per mole HI produced). An example of such a system, the Pd 
catalyzed dehydrogenation of the bitumen gilsonite, is shown in Figure 1. 
Gilsonite was chosen because of its apparent high hydroaromatic content and 
its complex composition. The slope indicated in Figure 1 is near enough to 
the theoretical value for classical hydroaromatic dehydrogenation to 
conclude that the approach may be workable. This very simple analysis is 
applicable to complex systems and has potential for providing quantitative 
information relevant to coal conversion chemistry. If condensation of 
aromatics is the dominant source of the hydrogen gas generated, then a slope 
near zero might be expected because condensation should not affect the 
carbon aromaticity, fa. If the hydrogen produced from hydroaromatic 
dehydrogenation is subsequently consumed by some unspecified bond cleavage 
chemistry within the liquefaction system, a slope greater than two would be 
expected. This technique has some promise €or investigating internal 
redistribution of hydrogen in coal- vehicle slurries at mild temperatures. 
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Another example of a well-accepted concept in coal chemistry that is 
difficult to study directly is the role of free radicals in the thermal 
chemistry of coal. The existence of a huge reservoir (-1OlB spins/g) of 
stable radicals in coal itself complicates the direct observation of the 
effects of the incremental transient of thermolytically produced radicals 
via ESR(6). An alternative method for observing the radical involvement in 
complex systems is to introduce into the system a nonintrusive chemical 
probe molecule sensitive to the presence of radicals. This approach 
attempts to circumvent our inability to directly monitor the formation and 
destruction of reactive free-radical species in coal with any reliability. 
The hope is that the appropriate probe will be selectively sensitive to the 
population of coal radicals that are directly involved in conversion. 
Recent work at PETC has used the equilibration of cis- and trans-decalin as 
a probe of the time-averaged steady-state concentration of radicals in 
complex coal liquefaction systems. A greater steady-state concentration of 
radicals results in a more rapid conversion of pure cis-decalin to the 
equilibrium mixture of cis and trans isomers. In this chemical-probe 
approach, only a small amount of a pure compound is added to the 
liquefaction feedstock. Because the chemistry of complex liquefaction 
systems is not likely to be perturbed by a small amount of additive, the 
chemical probe method has the potential to yield more relevant information 
than that from investigation of reactions in which a model compound is the 
sole or the predominant reactant. The decalin isomerization probe has been 
used to determine the steady-state concentration of free radicals in coal 
liquefaction using heavy petroleum resid as vehicle. 

Conclusions 

Studies of the net chemistry of direct liquefaction have focused attention 
on a number of analytical deficiencies that limit our confidence in 
describing coal chemistry and/or coal structure. The most obvious 
analytical limitations are the accuracy of the *3C fa value, which allows us 
to quantitatively assess the hydrogenation of aromatics, and the accuracy of 
the water determination in coal, which determines the accuracy of subsequent 
measurement of organic oxygen and hydrogen. These concerns are, of course, 
not new, but it is important that they be kept firmly in mind so that 
research aimed at resolving our analytical deficiencies can go on 
simultaneously with our investigations of the relevant chemistry of lique- 
faction and the structure of coal. 

) 
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Table 1. 

Uydrogens per 100 
Carbons of Slurry 

Hydrogenation 
Heteroatom Removal 
Gas Production 
Matrix Bond Cleavaae 
Total Hydrogen Consumption 

Conditions: Feed = Illinois No. 6 coal (49) t SRC I1 ED (79)  
Temperature = 380OC 
Reaction Time = 20 minutes 
Catalyst = Molybdenum (as ammonium heptaaolybdate), 0.0069 
Gas = 82, 2000 psi 
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Figure 1. Relationship between change in aromaticity and gas generation on 
catalytic "Dehydrogenation" o f  gi 1 soni te. 
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INTRODUCTION 

A homogeneous p i e c e  of v i t r i n i t e  c o n t a i n i n g  n o  m i n e r a l  matter h a s  
t w o  o r g a n i c  p h a s e s .  One of  t h e s e  c o n s i s t s  of a c r o s s l i n k e d  
macromolecular network and t h e  o t h e r  i s  a s o l u b l e  f a m i l y  of 
macromolecules hav ing  a v e r y  broad  molecu la r  weight  d i s t r i b u t i o n .  
The network i s  h e l d  t o g e t h e r  by c o v a l e n t  bonds a s  w e l l  a s  by 
non-covalent i n t e r a c t i o n s .  There  i s  abundant  ev idence  f o r  a n  
i m p o r t a n t  role  of hydrogen bonds i n  t h e  macromolecular s t r u c t u r e  
and growing ev idence  f o r  an i m p o r t a n t  ro lp -6or  d ipo le -based  
i n t e r a c t i o n s  between t h e  aromatic g r o u p s .  These same 
non-convalent f o r c e s  a r e  i m p o r t a n t  i n  b i n d i n g  t h e  e x t r a c t a b l e  
phase  t o  the i n s o l u b l e  network.  T h i s  pape r  d e a l s  w i t h  t h e  way t h e  
macromolecules pack t o g e t h e r  i n  t h e  s o l i d  and e s p e c i a l l y  t h e  role  
t h a t  t h e  a romat ic -aromat ic  i n t e r a c t i o n s  p l a y  i n  t h e  pack ing  o f  t h e  
macromolecular segments .  

Evidence  f o r  t h e  E x i s t e n c e  of Non-covalent I n t e r a c t i o n s  and  t h e i r  
Geometry 

Hydrogen bonds i n  c o a l s  can  be obse rved  d i r e c t l y  i n  t h e  I R  s p e c t r a  
of  c o a l s .  The d i s r u p t i o n  of coa l - coa l  hydrogen bonds by20rgan ic  
b a s e s  h a s  a l s o  been d i r e c t l y  obse rved  s p e c t r o s c o p i c a l l y .  Coa l s  
swell  much more i n  s o l v e n t s  which a re  s t r o n g  hydrogen bond 
a c c e p t o r s  t h a n  t h e y  90 i n  v e r y  s i m i l a r  m a t e r i a l  w i thou t  hydrogen  
bonding c a p a b i l i t i e s  . There  c a n  b e  no doubt  b u t  t h a t  hydrogen 
bonds between d i f f e r e n t  p a r t s  of  t h e  coa l  network e x i s t  and can  b e  
broken by e x t e r n a l  r e a g e n t s  and presumably  can r e -a r r ange  w i t h i n  
t h e  c o a l  provided  the  c o n d i t i o n s  are  r i g h t .  There  i s  an enormous 
l i t e r a t u r e  on t h e  geometry of  hydrogen  bonding .  F o r  o u r  p u r p o s e s ,  
it i s  s i m p l e  enough t o  s t a t e  t h a t  the hydrogen w i l l  l i e  on a l i n e  
c o l l e c t i n g  t h e  two n u c l e i  which s e r v e  a s  t h e  t e rminus  f o r  t h e  
non-covalent i n t e r a c t i o n .  
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A t t r a c t i v e  i n t e r a c g i o n s  e x i s t  between a r o m a t i c  u n i t s  due t o  London 
d i s p e r s i o n  f o r c e s .  The re  have  been a number of  c a l c u l a t i o n s  on 
v a r i o u s  sys t ems ,  b u t  s i n c e  t h e y  a r e  v e r y  t i m e  consuming, t h e y  
emphasize s m a l l  m o l e c u l e s ,  p a r t i c u l a r l y  benzene-benzene 
i n t e r a c t i o n s .  I n  a d d i t i o n ,  t h e r e  a r e  e x p e r i m e n t a l  s t u d i e s  of g a s  
phase  complexes ,  
s t r u c t u r e s  of PNA sys t ems .  I n  s m a l l  r i n g s ,  t h e  most f a v o r a b l e  
i n t e r a c t i o n  o c c u r s  when t h e  r i n g s  a r e  a t  r i g h t  a n g l e s  t o  each  
o t h e r  i n  a T-shaped c o n f i g u r a t i o n .  Face- to- face  p a r a l l e l  s t a c k i n g  
i s  r e p u l s i v e  a t  a l l  d i s t a n c e s .  T h i s  i s  no t  s u r p r i s i n g  s i n c e  one 
i s  b r i n g i n g  two e l e c t r o n  c l o u d s  i n t o  i n c r e a s i n g l y  c l o s e  p r o x i m i t y .  
A s  t h e  r i n g  s i z e  grows l a r g e r .  t h e r e  i s  a t endency  t o  move o f f  of 
t h e  p e r p e n i i c u l a r  somewhat, b u t  t h e  p a r a l l e l  s t a c k  remains  
r e p u l s i v e .  I n  c r y s t a l  s t r u c t u r e s  where t h e r e  i s  t h e  n e c e s s i t y  
f o r  f i l l i n g  s p a c e ,  a " h e r r i n g b o n e "  p a t t e r n  i s  adopted  which 
p r e s e r v e s  b o t h  the  "T" i n t e r a c t i o n s  and p r o v i d e s  a pack ing  
geometry which i s  space  f i l l i n g .  

I n  an amorphous polymer ne twork  l i k e  c o a l s ,  we a n t i c i p a t e  a 
compromise between t h e  thermodynamic d r i v i n g  f o r c e  f o r  "T" 
c o n f i g u r a t i o n  i n t e r a c t i o n s  between a r o m a t i c s  and a pack ing  which 
e f f i c i e n t l y  f i l l s  space .  It i s  no t  e a s y  t o  p r e d i c t  what t h e  
outcome w i l l  be .  H i r s c h ' s  X-ray d a t a  are q u i t e  e x p l i c i t  i n  
i d e n t i f y i n g  some p a r a l l e l  s t a c k i n g  i n  c o a l s  bu t  i t  i s  i m p o s s i b l e  
t o  compare t h e  f r e q u e n c y  of  t h i s  geometsy w i t h  t h a t  of a 
p e r p e n d i c u l a r  o r i e n t a t i o n  of a r o m a t i c s .  

O r i e n t a t i o n  of Aromat ics  w i th  Respec t  t o  t h e  Eeddinp P l a n e  

It i s  o f t e n  assumed by c o a l  s c i e n t i s t s  t h a t  t h e  a r o m a t i c  sys tems 
i n  c o a l s  b o t h  have  a s t r o n g  t endency  towards  p a r a l l e l  a l ignmen t  
and t end  t o  a l i g n  p a r a l l e l  t o  t h e  bedding  p l a n e .  While t h e r e  i s  
c l e a r  X-ray e v i d e n c e  f o r  some t endency  towards  p a r a l l e l  s t a c k i n g ,  
t h e  ev idence  f o r  a l ignmen t  of a r o m a t i c  r i n g s  p a r a l l e l  t o  t h e  
bedding  p l a n e  i s  much more t enuous .  I n  H i r s c h ' s  c l a s s i c a l  p a p e r s ,  
he p r o v i d e s  e v i d e n c e  f o r  t h e  a l ignmen t  of a r o m a t i c  sys tems 
p a r a l i e 1  t o  t h e  bedd ing  p l a n e  i n  a n  a n t h r a c i t e  c o a l  bu t  s t a t e s  
t h a t  t h e  d e g r e e  of p r e f e r r e d  o r i e n t a t i o n  i s  s m a l l  i n  t h e  low rank  
cqa.ls an4 i n c r e a s e s  w i t h  r a n k ,  p a r t i c u l a r l y  i n  t h e  a n t h r a c i t e  
r e g  i o n  " . 
The o t h e r  f a c t o r  which comes i n t o  p l a y  i s  t h e  s t r i k i n g  a n i s o t r o p y  
i n  c o a l  mechan ica l  p r o p e r t i e s .  Coa l s  a r e  much s t r o n g e r  
p e r p e n g i c u l a r  t o  t h e  bedding  p l a n e  t h a n  p a r a l l e l  t o  t h e  bedding 
p l ane .  T h i s  i s  a s i g n i f i c a n t  f a c t o r  i n  mine d e s i g n  b u t  i t  h a s  
not  h e r e t o f o r e  been de te rmined  whether  t h e  mechanica l  a n i s o t r o p y  
was an i n h e r e n t  p r o p e r t y  of the m a t e r i a l  o r  was due t o  t h e  c l e a t s  
and cljacks which form whenever a p i e c e  of c o a l  i s  hacked from a 
seam. 

complexes,in b i o l o g i c a l  sys t ems  and a l s o  c r y s t a l  
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The a l ignmen t  of  a r o m a t i c  s t r u c t u r e s  i n  c o a l s  wi th  r e f e r e n c e  t o  
t h e  bedding  p l a n e  was i n v e s t i g a t e d  u s i n g  F o u r i e r  t r a n s f o r m  I R  
d i ch ro i sm wi th  p h o t o a c o u s t i c  d e t e c t i o n .  A s o l i d  d i s k  of c o a l  was 
c u t  and t h e  bedding  p l a n e  a c c u r a t e l y  de t e rmined .  T h i s  was p l a c e d  
i n  t h e  p h o t o a c o u s t i c  d e t e c t o r  of  an IBK FTIR and s p e c t r a  o b t a i n e d  
u s i n g  p l a n e  p o l a r i z g d  l i g h t  indexed  t o  t h e  bedding  p l a n e .  
were o b t a i n e d  a t  4 5  
t h a t  t h e  i n s t r u m e n t  was o p e r a t i n g  p r o p e r l y ,  a c r y s t a l  of 
ac ry lamide  was o r i e n t e d  i n  t h e  I R  i n s t r u m e n t  and t h e  d i c h r o i c  
s p e c t r a  o b t a i n e d .  From t h e s e  s p e c t r a ,  w e  cou ld  a c c u r a t e l y  
b a c k - c a l c u l a t e  t h e  known bond a n g l e s  i n  t h e  o r i e n t e d  s i n g l e  
c r y s t a l .  Eased on t h e s e  c a l c u l a t i o n s ,  w e  e s t i m a t e  t h a t  o u r  e r r o r  
i s  2 3O. Dich ro ic  s p e c t r a  of  Ill. No. 6 c o a l  and a c r y l a m i d e  a r e  
shown i n  F i g .  1. I n  none of t h e  c o a l s  was any a l ignmen t  of t h e  
o r g a n i c  s t r u c t u r e s  p a r a l l e l  t o  t h e  bedding  p l a n e  d e t e c t e d .  

We have a p p l i e d  1 3 C  NElR u s i n g  o r i e n t e d  samples  i n  a s i n g l e  c r y s t a l  
p robe  a s  w e l l  a s  o p t i c a l  b i r e f r i n g e n c e  t o  some of t h e s e  c o a l s .  
Both of  t h e s e  t e c h n i q u e s  i n d i c a t e  a n e t  o r i e n t a t i o n  of  t h e  
a r o m a t i c  r i n g s  of  abou t  1.5O, w i t h i n  t h e  expe r imen ta l  e r r o r  of t h e  
I R  measurements. Our c o n c l u s i o n  i s  t h a t  t h e  o r g a n i c  groups  i n  
c o a l s  a r e  e s s e n t i a l l y  randomly a r r a n g e d .  

To probe  t h e  mechanica l  a n i s o t r o p y ,  a ser ies  of c o a l  t h i n  s e c t i o n s  
were swol len  under a microscope  aqd t h e  s w e l l i n g  measured on 
photographs  of  t h e  t h i n  s e c t i o n s .  F e a t u r e s  on t h e  t h i n  s e c t i o n  
were i d e n t i f i e d ,  t h e s e  f e a t u r e s  be ing  connec ted  by l i n e s  which 
would run e i t h e r  p a r a l l e l  t o  o r  p e r p e n d i c u l a r  t o  t h e  bedding  
p l a n e .  The c o a l  i s  w e t  w i t h  a s o l v e n t  and as i t  expands it was 
photographed  and t h e  movement of  t h e s e  f e a t u r e s  measured on t h e  
pho tographs ,  d i r e c t l y  g i v i n g  l i n e a r  expans ions .  These d a t a  were 
o b t a i n e d  f o r  s i x  c o a l s  and a r e  shown i n  F i g .  2.  F o r  a l l  c o a l s  and 
s o l v e n t s ,  t h e  s w e l l i n g  i s  h i g h l y  a n i s o t r o p i c .  The c o a l s  expand 
much g r e a t e r  p e r p e n d i c u l a r  t o  t h e  bedding  p l a n e  phan t h e y  d o  
p a r a l l e l  t o  t h e  bedding  p l a n e .  The mechanica l  a n i s o t r o p y  of c o a l s  
must be  a d i r e c t  consequence  of  t h e i r  macromolecular s t r u c t u r e .  

We a r e  f aced  wi th  an a p p a r e n t  c o n t r a d i c t i o n  i n  t h a t  c o a l s  have  
randomly o r i e n t e d  groups  on a molecu la r  l e v e l  b u t  are mechan ica l ly  
a n i s o t r o p i c  on a l a r g e r  s c a l e .  There  are two p o s s i b i l i t i e s .  
There  may be a random c o i l  network w i t h  a non-random d i s t r i b u t i o n  
of  b ranch  p o i n t s ,  t h e  b ranch  p o i n t s  o c c u r r i n g  more f r e q u e n t l y  
p a r a l l e l  t o  t h e  bedding  p l a n e  t h a n  p e r p e n d i c u l a r  t o  i t .  Another 
p o s s i b i l i t y  i s  a c o a l  s t r u c t u r e  which f e a t u r e s  an a r r a y  of  s h e e t s  
d i v i d i n g  and t w i s t i n g  and e v e n t u a l l y  a c h i e v i n g  an  i n d i v i d u a l  group 
random o r i e n t a t i o n  w h i l e  m a i n t a i n i n g  a bu lk  s t r u c t u r e  a n i s o t r o p y  
under s t r e s s .  

S p e c t r a  
To v e r i f y  i n t e r v a l s  moving i n  a 360° c i r c l e .  
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Such s t r u c t u r e s  have  been proposed f o r  amorphous fBrbons  and 
r e c e n t l y  f o r  a low-rank c o a l  based  on X-ray d a t a .  

R e v e r s i b l e  A s s o c i a t i o n  of t h e  Coal i n  t h e  Macromolecule 

As i f  t h i s  was not  s u f f i c i e n t  s t r u c t u r a l  complex i ty ,  t h e  c o a l  i s  
n o t  a t  an  e q u i l i b r i u m  c o n f i g u r a t i o n  when removed from t h e  mine t o  
a tmosphe r i c  p r e s s u r e  and 3 s  c a p a b l e  of undergoing  a number of 
i n t e r n a l  re -ar rangements .  A p l o t  of l i n e a r  expans ion  d u r i n g  
s o l v e n t  s w e l l i n g  p a r a l l e l  t o  and p e r p e n d i c u l a r  t o  t h e  bedding  
p l a n e  €or s e v e r a l  c o a l s  v s .  t i m e  is shown i n  F i g .  3. Both of 
t h e s e  c o a l s  show e x c e s s  expans ion  bo th  p a r a l l e l  and p e r p e n d i c u l a r  
t o  t h e  bedding  p l a n e ,  t h a t  e x c e s s  o c c u r r i n g  a t  d i f f e r e n t  times. 
The e x i s t e n c e  o f  t h e  s w e l l i n g  e x c e s s  was f i r s t  no ted  by Peppas and 
a s c r i b e d  t o  a m e t a s t a b l e  s t a t y l c a u s e d  by t h e  slow motion of  t h e  
c o a l  macromolecular  segments.  We a g r e e  w i t h  h i s  i n t e r p r e t a t i o n .  

When t h e  s o l v e n t  i s  removed from t h e  c o a l ,  t h e  s o l i d  which r ema ins  
h a s  a somewhat d i f f e r e n t  shape  t h a n  t h e  s t a r t i n g  c o a l  d i d :  it i s  
h i g h e r  p e r p e n d i c u l a r  t o  t h e  bedding  p l a n e  and no t  q u i t e  a s  wide. 
Subsequent  s w e l l i n g s  of t h i s  m a t e r i a l  a r e  t o t a l l y  r e v e r s i b l e ,  
always r e t u r n i n g  t o  t h e  same shape  and s i z e .  Wet t ing  t h e  c o a l  
w i t h  t h e  s o l v e n t ,  a l l o w i n g  i t  t o  expand,  and t h e n  c o n t r a c t i n g  it 
by removing t h e  s o l v e n t  l e t s  t h e  c o a l  macromolecular segments f i n d  
t h e  e q u i l i b r i u m  p o s i t i o n s  t o  which t h e y  w i l l  r e t u r n  a g a i n  and 
a g a i n  a s  t h e  p r o c e s s  i s  r e p e a t e d .  The c o n f i g u r a t i o n  of  c o a l s  i n  
t h e  seam i s  no t  a t  e q u i l i b r i u m  a t  1 a t .  Coa l s  do  n o t  r e - a r r a n g e  
t o  t h e i r  e q u i l i b r i u m  form wi thou t  some t r e a t m e n t  because  t h e y  a r e  
g l a s s y .  I f  made r u b b e r y ,  t h e n  re -ar rangement  w i l l  o c c u r .  
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AROMATIC STRUCTURES IN WHOLE COAIS AND COAL l4ACEXAIS 

Randall E. Winans, Ryoichi Hayatsu, Robert L. McBeth, 
Robert G. Scott and Robert E. Botto 

Chemistry Division, Argonne National Laboratory, 
9700 South Cass Avenue, Argonne, IL 60439 USA 

ABSTRACT 

New information on the chemical and physical structure of coals and separated 
coal macerals strongly suggests that polycyclic aromatics do not dominate the 
aromatic structure except in the very high-rank coals and in inertinites. Two 
very different approaches have led to these conclusions. First, a very mild, 
selective oxidation method has been used to break down the coal macromolecular 
structure into molecules which can be readily characterized. The products are 
dominated by single ring aromatics. Second, small-angle neutron scattering has 
been used to study solvent swollen coals. There is no evidence from the 
scattering data for the existence of a layered structure, instead long tubular 
pores are being formed apparently as a result of changes in the hydrogen- 
bonding in the matrix. 

INTRODUCTION 

In the past, coal scientists have thought that coal consists mainly of 
polycyclic aromatic structures. Figure 1 depicts an extreme example. Even 
recently, three ring aromatics have been proposed as an average aromatic 
structural unit on the basis of NMR spectroscopic evidence. Our recent 
findings strongly suggest that polycyclic aromatics are not the most abundant 
structures in the lower rank bituminous coals as has been previously thought, 
Our results have significant implications for the development of mild coal- 
solubilization processes. 

Fimre 1. Early thoughts on the aromatic structure of coals. 

A major problem in coal characterization and in coal utilization is the 
intractability of the coal macromolecular network. High temperature treatments 
yield smaller, volatile and soluble molecules, which can be greatly altered 
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from their original structures, along with a significant amount of a non- 
volatile char. Mild oxidation should provide a soluble mixture of compounds in 
higher yields and with structural characteristics more like the original coal. 
The approach described here oxidatively cleaves activated benzylic sites which 
are activated by the formation of pyridinium salts at that carbon from the 
reaction with pyridine and iodine. This reaction sequence has been described 
in an initial communication for whole coals (1) and the results of the first 
reaction step on the macerals have been published (2) .  This report summarizes 
the results on the yields of the oxidation step and the characterization of the 
products ( 3 ) .  Also, a solvent refined coal (SRC) has been reacted to test the 
selectivity of the method. 

A few oxidative degradation studies on separated coal macerals have been 
published ( 4 - 6 ) .  In these studies there was extensive oxidation and only small 
molecules were identified. In this study, both smaller and higher molecular 
weight fractions, which were separated on the basis of solubility, have been 
characterized by using gel permeation chromatography (GPC), GCMS, Pyrolysis MS 
(PyMS) in the precise mass measurement mode, and NMR. Compounds in the higher 
molecular weight range are not volatile enough for GCMS and are broken down 
into smaller fragments by PyMS. While rearrangements may occur in PyMS, their 
likelihood is reduced when pyrolysing the oxidation products in comparison to 
the whole coals or maceral concentrates. It is interesting to note the 
remarkable lack of large polycyclic aromatics in the soluble products. The 
significance of this result will be discussed. 

Coal porosity has been studied by SANS in the dry state ( 7 , 8 , 9 )  and in non- 
swelling deuterated solvents ( 7 . 9 ) .  These studies suggested that this 
technique can be useful for examining pore structure. In the second part of 
this study, changes in the physical structure of coals upon swelling in an 
organic solvent have been examined. It is known that bituminous coals will 
swell in solvents such as pyridine (10). The phenomenon of coal solvent 
swelling is being used to characterize coal structure, especially in 
determining molecular sizes between crosslinks. Swelling can affect coal 
reactivity in thermolysis reactions. Also, it is important to note that 
.swelling increases reagent accessibility in chemical modification of coals 
(11). SANS is being used in this study to examine the changes in pore 
structure in a Pittsburgh seam hvA bituminous coal, Argonne Premium Coal Sample 
#4 (12,13). Two perdeuterated solvents are used, benzene for non-swelling and 
pyridine for swelling conditions. The deuterated solvent provides a large 
contrast between the solvent and the solid coal for neutron scattering. 

EXPWINENTAL 

A description of the coals and SRC is given in Table 1. The Argonne Premium 
Coal Samples (APCS) have been recently mined and have been stored under 
nitrogen in sealed glass ampules (14). 

The pyridine salts of the samples were prepared by refluxing 1 g of the coal, 
maceral or polymer in 60 ml of pyridine with 4 g of iodine for 70  hrs (2) .  The 
reaction mixture was poured into 10% aqueous NaHSO3 and the solution filtered. 
The derivatized coal was washed free of pyridine, dried and analyzed. In a 
typical oxidation, fresh Ag20 prepared from 9 . 5  g of AgNO3 and sodium 
hydroxide, was refluxed with 1.0 g of the substate in 50 ml of 10% aqueous NaOH 
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for 20 hrs. The silver and unoxidized samples were removed by filtration and 
the filtrate acidified with aqueous HCl. Products which were alkaline soluble 
but insoluble in the slightly acidic solution are termed humic acids. The 
solubles were extracted with EtgO-MeOH. Yields were determined by analyzing 
the products for carbon. The products were methylated with diazomethane for 
further analysis. 

GCMS and PyMS data were obtained on a Kratos MS-25 mass spectrometer. A 60 m x 
0.25 mm DB-1701 fused silica column was used in GCMS analysis. The details of 
the PyMS experiment have been reported (2). The samples were all heated at 
50"/min on a platinum screen and the instrument was operated in the precise 
mass measurement mode. 

For the very high resolution experiments, the samples were inserted into an all 
glass heated inlet system (300°C) and leaked into the source of a Kratos MS 50 
ultra high resolution mass spectrometer. A dynamic resolution of 80,000 was 
obtained for the low voltage (11 eV) electron impact LVHRMS experiment with a 
scan rate of 1000 seconds/decade. The 70 eV E1 spectra were obtained with 
50,000 dynamic resolution with a scan rate of 100 seconds/decade. Both 
spectrometers were operated with a Kratos DS 90 data system. Data were 
transferred to a Micro VAX I1 for final analysis. 

RESULTS AND DISCUSSIONS 

The yields for the oxidation step are very sample dependent, as is shown in 
Table 1. The yields are calculated on the basis of carbon content of the 
starting material and of the products, with the values given being an average 
of at least two experiments. 

Proton NMR data lends support to the observation of the lack of polycyclic 
aromatics in the products. Since even the solvent-soluble fractions contained 
compounds which were too large and nonvolatile for GCMS, the proton NMR spectra 
were taken. The methyl ester region is the most informative and is shown for 
several coal samples and the SRC sample in Figure 2. From the spectra of a 
number of known methyl esters, three regions can be assigned: 3.6-3.8 
aliphatic, 3.8-4.0 single-ring aromatics and heteroaromatics, and 4.0-4.2 
polycyclic aromatics and heteroaromatics. Single-ring aromatics and aliphatics 
are the most abundant species in these samples, except in the SRC. A general 
trend is observed in which the relative amount of polycyclic aromatics 
increases with rank. This observation is important in that it shows that the 
procedure does not destroy many of the polycyclic aromatics. 

Compounds that can be separated by GCMS are mostly benzene and hydroxybenzene 
carboxylic acids. The total ion chromatograms for subbituminous and Pittsburgh 
Seam coals are shown in Figure 3. Although this is a fairly mild oxidant, 
tetra-, penta-, and hexa-carboxylic acids are still formed. Also note that 
even the hydroxybenzene tetra- and penta-carboxylic acids are formed. More 
model compounds are being examined to understand this result better. In 
addition to benzene and hydroxybenzene carboxylic acids, significant amounts of 
furan carboxylic acids are found in the subbituminous coal. 
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Lignite 

Subbituminous 

PI tt 8 b u rg h hvA 

SRC 

4.4 4.s 4.0 8.a a .6  a.4 0.n a.0 
C h 0 m lo a I 8 hl f t (p p m) 

Fieure 2 .  Methyl e s t e r  region o f  the l H  NMR spec t ra  of the methylated solvent- 
so luble  f r ac t ions  from the Ag20 oxidation recorded on a Nicolet 200 MHz 
instrument with C D C l 3  as the so lvent .  ( '///,.-aliphatic, =-single r i n g  
aromatic, =-polycyclic aromatic .) 

Fragments found by PyMS w i t h  the premium coal  samples and the  v i t r i n i t e s  (3) 
a r e  dominated by a l i p h a t i c s ,  s ing le- r ing  aromatics, and hydroxylated aromatics. 
PyMS of the  humic products r e s u l t s  in v o l a t i l i z a t i o n  a t  lower  temperatures than 
with the coa l .  Comparing the  pyrolysis products between the  two samples, the 
most s t r i k i n g  d i f fe rence  is the  reduction i n  a l ipha t i c s  i n  the  humic ac id  
f r ac t ion .  A l l  o f  these  r e s u l t s  strongly suggest t h a t ,  f o r  our v i t r i n i t e  
samples and the coa l s  with a carbon content of less than 83%, t he  s ing le- r ing  
aromatics dominate. Unlike many o ther  experiments, m o s t  o f  t he  carbon is 
characterized w i t h  t h i s  approach. 

From preliminary small-angle neutron sca t t e r ing  r e s u l t s ,  we conclude t h a t  in a 
good swelling so lvent  the t e r t i a r y  s t ruc tu re  of t h i s  bituminous coa l  undergoes 
major rearrangement (12,13).  Whereas the  o r ig ina l  coa l  contains a broad s i z e  
range o f  roughly spher ica l  pores,  the  swollen coa l  contains elongated pores 
with severa l  d i s t i n c t  s i ze s .  The pyridine appears t o  be determining the  new 
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Firrure 3 .  Total ion chromatograms of solvent soluble fractions from the Ag20 
oxidation of two premium coals. Major peaks: 2-6 number of methyl 
carboxylates on benzene: 1P-5P, on phenol: lN, on pyridine: 2F-4F, on furan. 

pore dimension. Exactly five pyridines can be fitted into a 9 A radius circle. 
The size of the pyridine molecule has been estimated from space-filling 
computer models based on the van der Waals radii of the individual atoms. It 
is important to note that we are observing relatively narrow elongated pores. 
These results could be explained by invoking hydrogen bonding between the 
pyridines and the phenols or other acidic hydroxyls on the surface of the 
tubular pores. In addition, it is thought from the NMR and ESR experiments 
that the motion of pyridine in a coal is restricted (15). Our SANS data argues 
against a layered, polycyclic aromatic structure for this coal. 

In summary, the results from both oxidation and SANS strongly suggest that 
polycyclic aromatics do not dominate the structures of hv bituminous, 
subbituminous, and lignite coals. These can be contrasted with the 
calculations made by NMR spectroscopists (16.17) which suggest that the average 
aromatic ring size is three. This number does not seem to be rank dependent 
(16) which is a little difficult to rationalize. We know that for vitrinites 
the starting material is mostly lignin (18) which does not contain polycyclic 
aromatics. Therefore, one would expect a gradual increase in the amount of 
polycyclic aromatics in vitrinites with increasing rank. The remnants of 
lignin are easily identified in low rank coals (19). Our results do not rule 
out the possibility of microdomains of layered structure, but they do suggest 
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that stacking of planar polycyclics is unlikely. Figure 4 displays two 
generalized structural arrangements for coals. The lower one appears to be 
more likely with hydrogen bonding, represented by the filled circles, playing a 
critical role in determining the overall structure. 

Average Number 
Aromatic Rinas 

1.x 

FiEure 4. Possible coal structural arrangements. Top-stacked polycyclic 
aromatics, bottom-single ring aromatics with hydrogen bonding. 
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