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INTRODUCTION 

Proton n.m.r. investigations of coals swollen in deuterated 
pyridine showed that the free induction decay /FID/ consists of 
Gaussian and Lorentzian components related to two populations of 
protons which have widely different degrees of rotational 
mobility (1-5). The Gaussian component of FID has been unanimous- 
ly ascribed to the macromolecular part of the coal matter that is 
supposed to have very limited rotational mobility. These publica- 
tions as well as the ensuing debates (6-8) however, reflected the 
controversy regarding the nature of the Lorentzian /mobile/ pro-- 
tons in coals. 
One view is that all Lorentzlan protons can be attributed to 
molecules that are free to rotate in cages of the macromolecular 
network. Since the Free molecules may be differentiated in their 
sizes and may have restricted freedom of rotation, their spin- 
spin relaxation times may be also differentiated and account for 
numerous populations of various mobilities withln the group of 
Lorentzian protons. 
The otter view is that a significant part of the Lorentzian 
protons, especially those of lower mobility, may be also 
associated with fragments OF the macromolecular network that can 
rotate due to a single C-C or C - 0  bond linking such fragment to 
the network. 
The controversy cannot be easily clarified; there is no 
experimental technique available that could isolate all the free 
molecules and would leave intact the macromolecular network. 
A more realistic approach is a separation of a mixture of free 
molecules and structural units linked to the network by single 
bonds, after these bonds have been cleaved by heat treatment of 
the coal. Fln insight into the composition of such mixture can 
provide information on the nature of species that are likely to 
be associated with the mobile protons. It seems that pyrolysis- 
Field ionization mass spectrometry can be used in order to 
attain this goal. 

Recently, an improved experimental setup For time-resolved in- 
source pgrolgsis /py./ field ionization / f , i . /  mass spectrometry 
/m.s./ has been described (9) and examples of its application to 
studginy various biomaterials have been shown. There is a number 
of characteristic Features OF the py.-F.i.m.5. that are relevant 
to coal studies. Due tb an increase of temperature of a sample in 
the direct introduction system of the mass spectrometer at 
heating rates around 1 OC per second and recording magnetic scans 
in 10 OC intervals, the volatilized species are not effected by a 
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higher temperature than is needed for their volatilization and 
detection. High vacuum and short residence time of the volatiles 
in the ion source of the spectrometer also reduce significantly 
secondarg reactions between the species. The volatiles undergo 
soft ionization in the high electric field to produce molecular 
iuns, with essentially no Fragmentation ions. Hence, the mode of 
heating and ionization coupled with frequent scanning, can 
provide inFormation about the composition of the material. 
When the py.-f.i.m.s. is applied to a coal, a mixture of free 
molecules as well as some parts of the macromolecular network is 
volatilized C10). Heating a coal to around 500 oC in the mass 
SDectrometer should result in thermal decomposition OF various 
single bonds that link structural units in the network ill). 
Although it is difficult to ascertain whether all Free molecules 
and the structural units rn question are volatilized in the mass 
spectrometer, this volatilized material certainly represents a 
high proportion of them. 

The present paper shows such py.-F.i.m.s. data for a low rank 
bituminous coal. rlore specifically. the molecular welght 
distribution of volatilized material as well as elemental 
composition OF its m a j o r  components, are determined. 

E X P E R  IPIENTAL 

The coal studied. 78 2 C and 15.8 h 0 daF. is derived from 
CarboniFerous deposits from the Ziemowit mine in Poland. Its pet- 
rographic cornposition ,/ .: vol .dmmf/ is: vitrinite. 60; exinite, 
1%; and inertinite, 90.  
Proton n.m.r measurements of Zeeman relaxation for the same coal 
showed ilZ:~ that the Fraction of mobile protons is 32 :: of all 
protons. Assuming that the content of hydrogen in the mobile and 
immobile phases of the coal is approximately the same, the 
relaxation measurements indicate that the coal mobile phase con- 
tent is app. 32 wt :. OF organic material. 
Previously the py.-f.1.m.s. of coals and their pyridine extracts 
has already been described (10) using this novel technique. About 
100 micrograms of ground coal sample was heated in the high va- 
cuum OF a combined e.i/f.i./F.d. ion source OF a double-focusing 
mass spectrometer CFinnigan MOT 731, Bremen, F R G S .  The sample was 
heated at a constant rate OF oC/min from 50 to 500 oC. The 
volatilization of the coal was 30 '.. daf.This end.temperature had 
been selected in such way that the yield OF volatilization OF the 
coal in the mass spectrometer was comparable with the mobile 
phase content in the coal. The temperature also corresponds to a 
rapid decrease of volatilization that is shown in Figure 
disillaging total ion current. 
Fortg spectra were recorded electrically in the whole temperature 
range. The F.L. signals OF all the spectra were integrated, 
processed and plotted using the Finnigan Spectro-System 200 to 
give a summed spectrum. Five measurements of the sample were 
recorded and their averaged, summed spectrum was finally obtained 
which is reproducible and representative OF the coal. 
High mass resolution /h.r./ F.i. mass spectrography was carried 
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out using the same py. conditions as above. The photoplate ( 0 2 ,  
Ilford, England) was exposed to f.i.ions in the range m/z 60-SO0 
for  about 10 min. The resolution obtained was between 10,000 and 
20,000 /SO % valley definition/ with an average mass accuracy of 
approximately 0.003 Dalton /3 mmu/. The photographic plate was e- 
daluated with a Gaertner comparator. rlass measurements were 
calibrated using perfluorokerosene.The accurate mass determi- 
nations allow the calculation of the elemental composition OF the 
f . 1 .  ions. 

RESULTS QND DISCUSSION 

The volatilization of the coal pyrolysed in the mass spectrometer 
to 500 OC corresponds to 30 wt % daf which is in accord with the 
mobile phase content of the coal, 32 wt % org. mat. 
The molecular weights o f  the volatilized components were in the 
range of 80 to 000 Daltons., However, most intense f.i. signals 
were found in the much narrower range from 230 to Lf30 Daltons; 
abundances above this range quickly decreased to negligible va- 
lues. The f.i. mass spectrum in question is not displayed here, 
since a similar one From another coal has been shown elsewhere 
8 : l O j .  
High resolution F.1. data are shown in the Table.They are ralated 
to the ma,]or components of the volatilized material; the data For 
species For which intensities on the photoplate were below 5 4 
are not included. nor are the data For species above 300 Daltons 
that could not be accurately measured under the selected 
experimental conditions. Thus, the Table shows elemental composi- 
tion OF the species that account For app.50 wt % of the 
volatilized material. 
The species represent all homolog series OF hydrocarbons From 
C,Ht, to C,,,H2,-2g ; of compounds with one oxygen atom 
From C , H p K - p O  to CnHin-300; and with two oxygen atoms From 
c&H24-6 02 to c,tcz~-t6 OL. These formulae relate to compounds that 
contain one, two /such as naphthalene and indene/ and three 
aromatic rings /such as anthracene, cyclopentaphenanthrene and 
benzoacenaphthenel as well as Four aromatic rings /such as 
pyrene, chrysene/ and five aromatic rings as in benzopyrene. 
There are from 1 to 8 carbon atoms in the alkyl substituents on 
the aromatic rings. It is. worthy of note that the alkyl 
substituents are not long. Even if one assumes all alkyl carbons 
Form one alkyl substituent on a ring, a substituent cannot be 
longer than Cg f o r  indenes, C+ for acenaphthenes. Fluorenes and 
anthracenes and C 4  for benzenes and naphthalenes. Essentially the 
same applies to alkyl oxygen compounds. 
Under the same py.-f.i.m.s. experimental conditions, compounds 
with normal and branched alkyl chains up to C g i  were easily 
detected in natural waxes (13). Thus, the present results 
indicate that long alkyl compounds are not major constituents of 
the coal and discussing the FID signals OF coal in terms of its 
"polyethelene structures" (B.C. Gerstein in reference 8 )  is not 
correct f o r  the coal studied and may be not correct for other 
coals. 

In summarizing, the Following statements can be made: 
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- Py.-f.1.m.s. of coal  can provide inFormation on chemical nature 
of species that most likely, contain protons detected by 
n.m.r. experiments as mobile protons. 

- The results F o r  a low rank bituminous coal show a high 
diversity of molecular weiqhts For such compounds, From EO to 
800 Oaltons. 

- The hiqh resolution F.1. data, although limited to maJor 
components, also show diverse structures the number OF 
aromatic rings is from 1 to 5. the number of carbon atoms in 
alkyl substituents is in the range from 1 to 8. 

- This structural diversity must account for the wide range of 
rotational mobilities OF the components OF the mobile phase. 
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Abstract 

The hypothesis t h a t  coals  can be considered t o  consis t  o f  two component groups 
has i t s  o r i g i n s  i n  observations o f  coal behavinur as we l l  as  der i v ing  from t h e  
analys is  o f  coals  and attempts t o  def ine t h e i r  s t ructure.  The r e s u l t s  o f  
extensive s tud ies o f  untreat.ed, preheated and hydrogenated coals, us ing  
ana ly t i ca l  and microscopic techniques, have allowed some i n s i g h t  i n t o  t h e  
associat ion between the so-cal led mobile phase and macromolecular network, and 
have provided in format ion upon d i f ferences i n  t h e i r  chemical proper t ies.  

The y i e l d  o f  chloroform-soluble ex t rac t  has been used t o  i nd i ca te  the extent  o f  
t h e  mobile phase. I n  untreated coals, on l y  a por t i on  o f  t h e  mobile phase i s  
read i l y  removable. A f te r  m i ld  preheating o r  m i l d  hydrogenation, there a r e  
sharp increases i n  t.he y i e l d  o f  ex t rac t  and accompanying changes i n  
proper t ies.  (Under these condit ions, it i s  bel ieved t h a t  weak b ind ing between 
the mobile phase and network i s  disrupted. The s o l u b i l i s a t i o n  o f  t he  network 
requires much h igher  energy input  and necessitates the  consumption o f  
hydrogen. The proper t ies o f  the network components d i f f e r  s i g n i f i c a n t l y  from 
those o f  t h e  mobile phase and both are coal rank-dependent. 

I n t roduc t i on  

Much o f  t he  research pursued j o i n t l y  by the authors and t h e i r  associates has 
involved s tud ies o f  the c a t a l y t i c  hydrogenation o f  coals i n  the  absence o f  
solvent. The aims have been t o  u t i l i s e  t h i s  technique t o  t r y  t o  e luc idate t h e  
mechanisms o f  c a t a l y t i c  coal l i que fac t i on  and simultaneously t o  provide some 
ins igh t  i n t o  coal s t ructure.  The concept t h a t ,  i n  broad terms, coals can be 
considered t o  cons is t  o f  two d i s t i n c t  groups o f  const i tuents  has been a 
p a r t i c u l a r  foca l  po int .  The hypothesis i s  not new and has been advanced i n  a 
number of ways s ince the  ea r l y  p a r t  o f  t h i s  century. I t s  rev i va l  i n  recent  
years i s  l a r g e l y  a t t r i b u t a b l e  t o  the  e f f o r t s  o f  t he  l a t e  Peter Given t o  whom i s  
also owed the now wide usage o f  the expressions ‘mobile phase’ and 
‘macromolecular network’ (1,2).  

To a l l ow  some c l a r i f i c a t i o n  f o r  a general readership, b r i e f  d e f i n i t i o n s  o f  
these terms w i l l  be attempted. The mobile phase comprises the  smaller 
molecules i n  coals ,  some o f  which are ext ractable i n  solvents. The inso lub le  
po r t i on  of coal i s  p r i m a r i l y  a three-dimensional cross-l inked macromolecular 
network o r  matr ix .  The mobile phase i s  attached t o  o r  he ld w i t h  t h e  network by 
physical c o n t r a i n t s  and weak chemical bonds. 
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Peter Given was d i r e c t l y  instrumental i n  prov id ing t h e  i n i t i a t i v e  and impetus 
which o r ig ina ted  the authors’ research. These e f f o r t s  have extended s ince 
1983. Previous f i nd ings  were disseminated through several publ icat ions (3-7). 
I n  t h i s  paper, some o f  the e a r l i e r  data have been co l l a ted  w i t h  more recent (8) 
and h i t h e r t o  unpublished resu l t s  t o  provide an account o f  t he  relevance o f  
these s tud ies t o  the two-component concept. 

Experimental 

Coals covering a range o f  rank downwards from low-vo la t i l e  bituminous were 
examined i n  so lvent- f ree c a t a l y t i c  hydrogenation over the  temperature range 
300-4OOOC and f o r  react ion times up t o  60 min. The work discussed here 
s p e c i f i c a l l y  invnlved fou r  coals which were obtained from the  Penn State Coal 
Sample Bank. These were a subbituminous coal (PSOC-1403) and three hvAb 
bituminous coals, PSOC-1168, PSOC-1266 and PSOC-1510. Character is t ics  o f  t h e  
coals are sunwnarised i n  Table 1. The reactors  were o f  the tub ing bomb t ype  and 
the i n i t i a l  (co ld)  hydrogen pressure was 7 MPa. A sulphided Mo c a t a l y s t  was 
introduced t o  the coal by impregnation from an aqueous so lu t i on  o f  ammonium 
tet ra th iomol  ybdate. 

The gaseous products, chloroform-soluble ex t rac ts  and chloroform-insoluble 
residues were characterised using a range o f  ana ly t i ca l  techniques. A 
p a r t i c u l a r  advantage o f  conducting the  hydrogenation reactions i n  the absence 
o f  solvent i s  t h a t  microscopy can be used t o  observe d i r e c t l y  the changes 
wrought i n  the whole reacted coals and i n  the  ext racted residues. Considerable 
emphasis was placed on t h i s  method o f  analys is  us ing both v i s i b l e  l i g h t  
microscopy and quan t i t a t i ve  fluorescence microphotometry. Deta i led 
descr ip t ions o f  t he  procedures and techniques have been given e a r l i e r  (3-7). 

Results and Discussion 

Ca ta l y t i c  Hydrogenation 

Detai led examinations o f  the composition and d i s t r i b u t i o n  o f  the reac t i on  
products over a range o f  react ion condi t ions showed t h a t  t h e  fou r  coals  
exhib i ted c e r t a i n  common trends. O f  p a r t i c u l a r  note, there was i n  each case, a 
sharp d i s t i n c t i o n  between the events which took place a t  low and h igh 
conversions. The d i v i s i o n  occurred a t  a chloroform-solubles y i e l d  o f  
approximately 25% ut dmmf coal. 

Low ex t rac t  y i e l d s  were obtained e i t h e r  by shor t  react ion times a t  h igh 
temperatures o r  by more extended react ion a t  low temperatures. The 
designations o f  high and low temperature depend upon the i nd i v idua l  coal and, 
more espec ia l l y  upon the  coal rank. The evidence accrued i n  t h i s  research has 
shown t h a t  there e x i s t s  a threshold temperature below which the  p o t e n t i a l  f o r  
l i q u i d s  formation i s  minimal and above which conversion can proceed a t  an 
appreciable ra te.  

It i s  supposed t h a t  t h i s  temperature i s  essen t ia l l y  determined by the densi ty  
and nature o f  the cross l inks i n  the  macromolecular network. This i s  cons is tent  
w i th  evidence showing t h a t  the ease o f  conversion and the s e l e c t i v i t y  t o  lower 
molecular weight l i q u i d s  increases w i t h  decreasing coal rank (8,9). For t h e  
subbituminous coal ,  t he  ra te  o f  l i q u i d s  formation was n e g l i g i b l e  a t  300oC and 
became appreciable a t  35OOC and higher. The bituminous coals began t o  
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respond only  a t  temperatures around 400oC. Sim i la r  observations have been 
made experiments which compared the so lvent- f ree hydrogenation o f  a l i g n i t e  
and a bituminous coal ( 1 0 ) .  

During the i n i t i a l  stages o f  conversion, as the  l i q u i d  y i e l d  increased t h e r e  
were rad i ca l  changes i n  the  proper t ies o f  the chloroform-soluble ext racts .  The 
H/C atomic r a t i o ,  a l i p h a t i c  hydrngen content and o i l  t o  asphaltene (O/A) r a t i o  
each increased r a p i d l y  a t  f i r s t ,  passed through a maximum and decreased equa l l y  
p r e c i p i t a t e l y  t o  a lower value, as i l l u s t r a t e d  i n  F igure 1. The curve shown 
f o r  t he  O/A r a t i o  i s  t y p i c a l  o f  the behaviour exhib i ted by the other  coals. 

A notable d i s t i n c t i o n  was t h a t  the magnitudes nf the  changes were d i f f e r e n t  f o r  
the subbituminous coal and the group o f  bituminous coals. Examples o f  the 
di f ferences between the  values f o r  t he  parent. coal ex t rac ts  and the maxima 
are: H/C r a t i o  1 . 4 8  t o  1.60 f o r  t h e  subbituminous coal, PSOC-1403, and 1 . 0 1  t o  
1.06 f o r  t he  bituminous coal, PSOC-1266; O/A r a t i o  0.8 t o  8.0 f o r  PSOC-1403 and 
0.25  t o  1.5 f o r  PSOC-1266. 

A t  the maxima, 1H n.m.r. and elemental analyses showed t h a t  the greater  
propor t ion of t h e  ex t rac t  hydrogen was a l i p h a t i c :  10.5% f o r  PSOC-1403 and 6.9% 
f o r  PSOC-1266. I n  a l l  cases nver 90% o f  t he  t o t a l  hydrogen content was 
a l i p h a t i c  a t  t h i s  po int .  The h igh  a l i p h a t i c  hydrogen content was associated 
w i th  t h e  presence o f  polymethylene chains. The e a r l y  release o f  p a r a f f i n i c  
mater ia l ,  as n-alkanes and as long chain subst i tuents  t o  aromatic s t ructures,  
under condi t ions o f  m i l d  py ro l ys i s  has been observed i n  other  research 
(11-13). Over t h e  i n i t i a l  period o f  conversion, i t  was a l so  observed t h a t  o n l y  
small quan t i t i es  o f  l i g h t  hydrocarbon gases were produced. 

For the  fou r  cnals, t he  maxima occurred between 5-10% w t  ex t rac t  y i e l d  and t h e  
subsequent decreases were arrested between 20-35% ex t rac t  y ie ld .  No 
d i s t i n c t i o n  could be made on the basis o f  coal rank although, admittedly, t h e  
number o f  coals  i s  small. 

The production o f  ex t rac t  y ie lds  i n  excess o f  20-35% w t  marked the second stage 
o f  conversion. Over t h i s  period, the H/C atomic r a t i o  and the  t o t a l  a l i p h a t i c  
hydrogen content remained approximately constant o r  decreased on ly  gradual ly  
while the O/A r a t i o  passed through a shallow minimum, Figure 1. The secondary 
gain i n  s e l e c t i v i t y  t o  o i l s  a t  h igh conversions may represent the  
interconversion o f  asphaltenes t o  o i l s  a f t e r  extended react ion o f  the primary 
d i sso lu t i on  products. 0t.her phenomena associated with the progress o f  t he  
second stage were t.hat the product.ion o f  l i g h t  hydrocarbon gases increased, the  
aromat ic i ty  o f  t h e  ex t rac t  progressively increased and oxygen f u n c t i o n a l i t i e s  
were e l iminated.  

The consumption o f  gaseous hydrogen mir rored the changes described above, 
Figure 1. For the bituminous cnals a t  400"C, the i n i t i a l  ra te  o f  hydrogen 
uptake was very low. With f u r t h e r  reaction, i t  accelerated, passed through a 
maximum, and then f e l l  t o  a lower, more steady value. A f te r  about 60 minutes 
react ion,  t he  t o t a l  consumption was about 1.5% w t  dmmf coal (about 2.0% u t  f o r  
t h e  subbituminous coal ) .  A t  the po in t  o f  t r a n s i t i o n  from the slow i n i t i a l  ra te  
t o  the accelerat ing ra te ,  t he  l i q u i d  y ie lds  were between 5 1 5 %  w t  dmmf coal. 
The accelerat ion i n  hydrogen uptake coincided w i t h  t h e  end o f  t he  f i r s t  phase 
o f  conversion. A t  t h i s  juncture, the t o t a l  hydrogen consumed was 0.1-0.2% w t .  
The corresponding f i g u r e  f o r  t he  subbituminous coal was about 0.3% w t .  

i n  
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The existence o f  two stages o f  conversion has been separately demonstrated i n  
studies by Mnbil R 8 D Corporation where, i n  non-cata ly t ic  so lvent  
l iquefact ion,  two k i n e t i c  regimes were dist inguished. I n i t i a l  conversion was 
rap id  w i th  low attendant hydrogen consumption whi le  subsequent conversion was 
slower and created a much greater demand f o r  hydrogen (14 ) .  These f i nd ings  
were re-confirmed i n  l a t e r  studies by the same group, when i t  was f u r t h e r  shown 
t h a t  the products f i r s t  formed were o f  higher H content and more a l i p h a t i c  than 
those generated i n  the  second regime. A subbituminous coal was found t o  
consume more hydrogen than a bituminous coal a t  t he  same level  o f  conversion 
( 1 5 ) .  

The foregoing observat.ions have d i r e c t  impl icat ions t o  coal s t ructure.  I n  the 
present work, the prnduction o f  l i q u i d s  i s  f a c i l e  below about 15% l i q u i d s  y i e l d  
and requires l i t t l e  hydrogen consumption. The processes most probably invo lve 
the release o f  species which are phys i ca l l y  trapped o r  are weakly bonded t o  the 
inso lub le matr ix .  A t  h igh conversions, the products are der ived from the 
breakdown o f  t he  macromolecular network. This  phase o f  conversion requi res the 
cleavage and s t a b i l i s a t i o n  o f  strong bonds, thereby creat ing an appreciable 
demand f o r  hydrogen. 

The products formed dur ing the two stages are q u i t e  d i f f e r e n t  i n  composition 
which can account. f o r  the rather  dramatic swings observed i n  the  e x t r a c t  
proper t ies with increasing conversion. The hydrogen-rich a l i p h a t i c  products, 
which are f i r s t  l iberated,  are responsible f o r  t he  i n i t i a l  increases i n  the 
measured parameters. Later, as they become progressively d i l u t e d  by more 
aromatic mater ia ls  emanating from the network, t he  proper t ies pass through a 
maximum and then decrease. 

Fluorescence Microscopy 

The phenomenon o f  v i t r i n i t e  fluorescence has been described f o r  76 humic and 
v i t r i n i t i c  mater ia ls  w i th  l eve l s  o f  organic maturation ranging from peat t o  low 
v o l a t i l e  bituminous coal (5,6). Figure :a shows t h a t  fluorescence i n t e n s i t y  
decreases sharply through the ser ies peat - pea t / l i gn i te  t r a n s i t i o n a l  mater ia ls  
- l i g n i t e  - subbituminous coal. The so-called primary fluorescence w i t h i n  t h i s  
range i s  bel ieved t o  be due t o  the presence o f  f luorophors der ived from 
biopolymers, especia l ly  l i g n i n .  A second peak i n  fluorescence i n t e n s i t y  
(Fig. 2b) commences a t  about subbituminous rank, i s  reached i n  coals  wi th a 
v i t r i n i t e  maximum reflectance o f  about 0.9%, and i s  l a rge l y  l o s t  by medium 
v o l a t i l e  bituminous rank. This "secondary fluorescence" i s  a t t r i b u t e d  mainly 
t o  the presence nf the mobile phase, a conclusion which i s  supported by a 
notable pa ra l l e l i sm among the trends, i n  t h i s  rank range, o f  fluorescence 
in tens i t y ,  chloroform-solubles y i e l d  and Gieseler maximum f l u i d i t y  (5).  The 
spectral d i s t r i b u t i o n s  o f  the secondary fluorescence undergo a red s h i f t  due t o  
the increasing conjugation o f  double bonds which accompanies c o a l i f i c a t i o n .  

A f te r  chloroform ext ract ion,  coals s t i l l  demonstrate low leve ls  o f  res idual  
fluorescence (Fig. 31,  in terpreted as being due t o  entrapped por t ions o f  t he  
mobile phase. The f i g u r e  a lso shows t h a t  m i l d  thermal pretreatment (3SOOC 
f o r  3 m i n ;  N2 atmosphere) considerably enhanced the  i n t e n s i t y  o f  fluorescence 
which subsequently was e n t i r e l y  removed by extended chloroform ex t rac t i on  (6). 
Apparently the heat treatment d i s rup ts  t h e  bonding between network system and 
mobile phase, r e s u l t i n g  i n  increased y ie ld ;  with reduced energy t r a n s f e r  
between the  two phases, there i s  l ess  p o s s i b i l i t y  f o r  intermolecular quenching, 
so t h a t  fluorescence i n t e n s i t y  i s  enhanced. 
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Brown and Waters ( 1 6 )  showed t h a t  the y i e l d  o f  chloroform-soluble ex t rac t  could 
be increased severa l - fo ld  by coal pretreatment which involved rap id  heating and 
cool ing. The l i b e r a t i o n  o f  addi t ional  ex t rac t  by t h i s  means i s  i den t i ca l  to  
the  s i t u a t i o n  described above. The enhanced y ie lds  reported by Brown and 
Waters are o f  t h e  same order as those corresponding t o  the  i n i t i a l  conversion 
stage As t h i s  f i r s t  stage incurred 
l i t t l e  o r  no ne t  consumption o f  hydrogen external t o  the coal, it i s  be l ieved 
tha t  t he  e f f e c t s  o f  preheat.ing and o f  low seve r i t y  cat .a ly t ic  hydrogenatinn are 
equivalent. Brown and Wat.ers concluded t h a t  t h e  mater ia l  derived by preheating 
was o r i g i n a l l y  present as such i n  the coals and was not. a product o f  
pyro lys is .  Th i s  i s  more o r  less the same d e f i n i t i o n  o f  the mobile phase as it 
i s  understood i n  t h e  present research. 

Just as the untreated bituminous coals showed a para l l e l i sm among 
chloroform-solubles, v i t r i n i t e  fluorescence i n t e n s i t y  and Gieseler p l a s t i c i t y ,  
t he  products o f  a s ing le  hvAb coal (PSOC-1510), hydrogenated f o r  vary ing 
react ion t imes w i t h  a su l f i ded  molybdenum ca ta l ys t ,  showed s i m i l a r  
i n t e r r e l a t i o n s  (F ig .  4 ) .  These resu l t s ,  together w i t h  the observation t h a t  
chloroform-extracted co81s lose t h e i r  c a p a b i l i t y  t o  become thermoplastic ( 1 7 ) ,  
are convincing evidence *.hat t.he mobile phase i s  a necessary agent i n  promoting 
f l u i d  behaviour. 

Chloroform e x t r a c t i o n  o f  the whole products o f  dry hydrogenation ( 4 0 0 O C ;  60  
min; 5% Mo; 7 MPa Hz!  of PSOC-1266 produced a st rongly  f luorescent  ex t rac t  
and non-f luorescent residue. A f te r  drying, the ex t rac t  was seen under the 
microscope t o  conta in  two components w i t h  d i s t i n c t i v e  ' fluorescence 
cha rac te r i s t i cs  (Fig. 5 ) .  Component 1 had a fluorescence spectrum very s i m i l a r  
t o  t h a t  o f  the o i l  (hexane-soltrble) f r a c t i o n  o f  the same hydrogenation 
products; component 2 had a spectrum l i k e  t h a t  o f  the corresponding asphaltene 
f rac t i on ,  which, i n  add i t i on  t o  a higher peak wavelength, had a very much lower 
fluorescence i n t e n s i t y  than the  o i l  f r a c t i o n .  The observed d i f ferences i n  the 
fluorescence cha rac te r i s t i cs  o f  the o i l  and asphalt.ene f rac t i ons  are bel ieved 
t o  he due tn the  more h igh l y  condensed mater ia ls  which consti t lute the l a t t e r .  

As reac t i on  cond i t i ons  became more severe, the fluorescence spectra o f  the 
hydrogenated v i t r i n i t e  underwent a red s h i f t  (Fig. 6 )  from around 600 nm a t  
35OOC t o  around 680 nm a t  400OC. The t rend i s  bel ieved t o  be due t o  the 
production of a higher propcr t inn o f  asphaltenic mater ia l  from the v i t r i n i t e  
network, as shown e a r l i e r  by the reduction i n  O/A r a t i o  w i th  increasing 
conversion, 

Svnnosis 

The l i q u e f a c t i o n  behaviour t o  the  fou r  coals invest igated al lows a general 
d e f i n i t i o n  of t h e  mobile phase as t h a t  mater ia l  which i s  read i l y  l i be ra ted  by 
m i ld  thermal treatment. The mobile phase components are r i che r  i n  hydrogen and 
s i g n i f i c a n t l y  more a l i p h a t i c  than the  s t ruc tu ra l  u n i t s  which comprise the 
network. l a t t e r  are connected by much stronger bonds, necess i ta t ing more 
severe react ion and higher hydrogen consumption t o  secure t h e i r  release. The 
compositions of t he  mobile phase and network are also dependent upon coal rank. 

Fluorescent l i g h t  microscnpy allowed a d i s t i n c t i o n  between the ext ractable 
l i qu ids ,  which f luoresce s t rongly ,  and the matr ix ,  which does not. The 
d i s rup t i on  of weak bonding effected by thermal treatment, which increased the 

i n  the ca t .a l y t i c  hydrogenation experiments. 

The 
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ex t rac t  y i e l d ,  was pa ra l l e led  by changes i n  f luorescence i n t e n s i t y .  The 
fluorescence spectra o f  t he  ext racts  a lso r e f l e c t  t he  compositional d i f f e rences  
between the mobile phase and the sn lub i l i sed  coal network. 

Based upon s o l u b i l i t y  i n  chloroform, the  mobile phase i s  est imated t o  
cons t i t u te  5 1 5 %  w t  o f  t.he coal. Obviously, t h i s  amount w i l l  vary i f  other  
character is ing solvents are used. 

It i s  t o  be expected there w i l l  be a gradation i n  the manner i n  which t h e  
smaller molecules are associated w i th  the network. This  may involve both 
physical and chemical forces such as covalent bonds; d ispers ion forces; 
hydrogen bonding; and could involve physical entrapment. It i s  doubt fu l  
whether any s ing le  technique can d i s t i ngu ish  between these d i f f e r e n t  modes o f  
attachment s u f f i c i e n t l y  c l e a r l y  t o  es tab l i sh  a prec ise boundary. D i f f e r e n t  
energies w i l l  be required t o  d i s rup t  the d i f f e r e n t  types o f  attachment. I t  may 
be s i g n i f i c a n t  t h a t  Brown and Waters ( 1 6 )  found t h a t  the increase i n  
chloroform-soluble y i e l d  upon coal preheating was dependent upon t h e  
pretreatment temperature. A minor peak i n  the  y i e l d  was observed a t  
temperatures i n  the  region o f  300°C and a second major one a t  400-4SO0C. 

The p a r t i c u l a r  experimental studies, which have been described here, have 
provided a basis f o r  a p r a c t i c a l  d e f i n i t i o n  o f  the boundary o f  the mobile phase 
i n  coals and some t e n t a t i v e  clues t o  the  nature o f  i t s  assoc iat ion w i t h  t he  
network. I nev i tab l y ,  o ther  research techniques w i l l  provide a d i f f e r e n t  
perspective. 
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Table 1. Coal P roper t i es  

Penn S t a t e  Sample 
Bank No. PSOC- 1403 PSOC- 1266 PSOC-1168 

Seam 
County 

S ta te  
ASTM rank 
Mean maximum 

re f l ec tance  of 
v i t r i n i t e  (%) 

Mo is tu re  (a . r .  wt%) 
M ine ra l  M a t t e r  (a )  

(d ry ,  w t%)  ( c )  

Anderson 

Campbell 
Wyoming 

sub 8 

0.40 

23.3 
_- 
11.9 

L. K i t t a n n i n g  
Mahoning 

Ohio 
hvAb 

0.83 
3.4 _ _  
6.1 

L. K i t t a n n i n g  
Lawrence 

Pennsylvania 
hvAb 

0.83 
2.4 _ _  

14.5 

Elemental Composition (% dmnf) 

Carbon 72.9 83.2 71.8 
Hydrogen 4.5 5.0 4.9 
Oxygen ( b )  20.4 8.6 18.8 
Ni t rogen  1.2 2.1 1.6 
Organic s u l f u r  0.9 0.5 2.9 

Petrographic Composition (Mineral-Free, v o l  %)  

V i  t r i n i t e  88 91 88 
E x i n i t e  2 3 4 
l n e r t i n i t e  11 6 7 

( a )  r e p o r t e d  as ASTM ash 
( b )  b y  d i f f e r e n c e  
( c )  b y  low-temperature ashing 

PSOC-1510 

L. K i t t a n n i n g  

Pennsylvania 

hvAb 

_ _  

0.89 

1.4 
-_ 
l.2 

77.4 
4.9 
15.2 
1.7 
0.8 

83 , 
10 
7 
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FOR hvAb COAL, PSOC-1266 
Figure 1. RELATIONSHIP OF H2 CONSUMPTION AND OIA RATIO 

(solvent-lree hydrogenalion; 400%; 1% WI  sulfided MO; 7 MPa H2) 

".b., 0:s 0'. ,:. ( ' 2  1'. >:. 
VlTRlNlTE REFLECTANCE (RO max, X) 

Figure 2. PRIMARY AND SECONDARY VlTRlNlTE FLUORESCENCE (AbSOIUIe Unlls) 
(a) PRIMARY FLUORESCENCE IN U-V IRRADIATION 

(b) SECONDARY FLUORESCENCE IN BLUE-LIGHT IRRADIATION 

7 0  1 

5 1 0  I5 2 0  

CHLOROFORM-SOLUBLES YIELD (%) 

Figure 3. PEAK FLUORESCENCE INTENSITY O F  RAW ( A ) 
AND EXTRACTED VITRINITES ( A  ) VERSES YIELD OF 

CHLOROFORM-EXTRACTABLES. 
Also shown are data for thermally pretreated vilrlnite betore ( ) 

and after ( ) prolonged chlorotorrn extraction (ret.6) 
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WITH OIL AND ASPHALTENE FRACTIONS OF HYDROGENATED COAL 

(PSOC-1266; solvent-Ires: 400°C; 60 mln; 5% WI sulllded Mo; 7 MPe n, cold) 

Flpure 5. COMPARISON OF FLUORESCENCE SPECTRA OF TWO 
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F IQUI~  6. FLUORESCENCE SPECTRA OF VITRINITE FOLLOWING 
HYDROGENATION AT 350 AND 400% 

(PSOC-1266; SOIVBnl-free: 60 mln; 5% W sulllded Mo: 7 MPa H r  cold) 
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A Study of the Proposed Two Phase Model for High-Volatile Bituminous Coals 

Masaharu Nishioka 

Corporate Research and Science Laboratory, 
Exxon Research and Engineering Company, 
Clinton Township, Annandale, NJ 08801 

Introduction 
It has been proposed that coal is composed of macromolecular networks and 

relatively small molecules occluded in macromolecular networks. 122 This idea 
is known as a so-called two phase or host-guest model, which states that a 
mobile (molecular) phase or a "guest" of relatively low molecular weight such 
as a pentacyclic triterpane and various long chain alkyl aromatics is 
physically held inside an immobile (macromolecular) phase or a host of 
relatively high molecular weight. This is alternatively interpreted as a 
modified model in which some portions of the mobile phase are bonded to the 
immobile phase, however, it is thought that a substantial portion of the 
mobile phase is clathrated within the immobile phase. 3 , 4  

extraction were investigated in 1960 to early 19705.6 they were reestimated in 
late 1970 to early 1980 as components with mobile protons since the 1H NMR 
free-induction decay was applied for coal to distinguish between mobile 
protons and immobile protons .'-I3 
characterize the two phase mode1,14-20 and there seems to be consensus by them 
that only some portions of a mobile phase can be extracted using conventional 
extraction procedures because of restricted orifice sizes of immobile phases 
or networks. However, there is no direct evidence to prove the two phase 
model. 

experiments. One used a combination of chemical class fractionations of coal 
extracts and mild pyrol ses of coals and extracts. 
3-butylamine treatment23 of coal followed by two different pyrolyses. The 
concentrations of 3-alkanes, polycyclic aromatics (PAH), and pentacyclics, 
regarded as representative compounds in the mobile phase, were carefully 
determined. It is concluded that the two phase model is not applicable for 
high-volatile bituminous coal. 
coal are uniformly abundant in both extracts and residues. 

Experimental Section 

Although low-molecular-weight (extractable) compounds with difficulty in 

Many works have been recently reported to 

In this paper, the two phase model was studied by two sets of 

Another used an 

It is also inferred that major constituents of 

Five different rank coals were obtained from Exxon Research and 
Engineering Co. (Annandale, NJ). ACS reagent and HPLC grade solvents were 
used. Palladium on activated carbon (10%) was obtained from Alfa Products 
(Danvers, MA). Tetrahydrofuran (THF) was distilled before u s e ,  but other 
materials were used without purification. 

Illinois No. 6 coal was treated as outlined in Figure 1. 
was put into a 300 mL bomb (Parr Instrument Co., Moline, IL) in a removable 
Pyrex liner. After adding 3-butylamine (25 mL), evacuating, and purging with 
N2 five times, the bomb was heated to 350°C within 10 min with a Parr bomb 
heater, held at 350 & 3°C for 4 h with agitation with a magnetic stirrer. 

After treatment, the products were washed out with THF, filtered, and 
Soxhlet-extracted with THF. One part of the THF extract was hydrotreated 

The coal (6g) 
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following the Mudamburi and Given's procedure. 22  I Z 3  
with tetralin (5.6 mL) and H2 (initial pressure 6.5 MPa) in a tubing bomb 
heated by immersion in a preheated fluidized bed sand bath for 30 min at 
425°C. Another sample ( 2 g )  was pyrolyzed in cyclohexane (30 mL) and 3% 
aqueous H202 ( 3  mL) at 350°C for 30 min in a bomb. The sample (0.3g) after 
H202 treatment was further refluxed in decalin ( 5 0  mL) with Pd (10%) on 
activated carbon (300 mg) at 19O'C for 24 h. 

Five different rank coals were put into Pyrex glass flasks under a dry N2 
atmosphere and were heated at 250 
flow in a Forma Scientific high-temperature vacuum oven 24 h as shown in 
Figure 2. Starting and pyrolyzed samples (2 - 3 g) were extracted with 200 mL 
of THF for 24 h in a Soxhlet apparatus under N2 atmosphere. These extracts 
were fractioned into chemical classes by column adsorption chromatography on 
neutral alumina.24 The 
aliphatic and neutral aromatic fractions were analyzed in this study. 

ionization detector was used. Sample injection was made in the splitless 
mode, and helium carrier gas was set at a linear velocity of 50-60 cm s - 1 .  
The fused silica capillary tubing (30 m x 0.25 mm i.d.) coated with SE-54 
(film thickness of 0.25 pm) was obtained from SUPELCO, INC. (Bellefonte, PA). 
Compounds were identified by comparison of sample component retention data 
with those of pure standards and by gas chromatography/mass spectrometry 
(GC/MS). Mass spectral data were collected with a Hewlett-Packard 5970 mass 
spectrometer system operated in the electron-impact mode at 70 eV with the ion 
source and analyzer temperature held at 250 and 280'C, respectively, with the 
scan speed set at 300 amu s - 1 .  

A sample (2g) was heated 

1 OC and about 660 mmHg pressure under N2 

The fractionation sheme is summarized in Figure 2. 

Hewlett-Packard Model 5840A gas chromatograph (GC) equipped with a flame 

Results and Discussion 
Given's et a1.22,23925 reported that the yield of 2-alkanes and 2-alkyl 

aromatics released from coals by liquefaction in tetralin at 400-425°C was 
6-10 times greater than the yield obtained by Soxhlet extraction. 
it difficult to conceive of such homologous series being released from the 
macromolecular network by thermal reactions, and inferred that the compounds 
were clathrated inside the network. It is, however, impossible to distinguish 
between the disruption of chemical bonds and physical bonds using their data. 
Since most of the organic matter of high-volatile bituminous coals could be 
extracted with THF after mildly heating in 2-butylamine, 2-alkanes and PAH 
were analyzed for the THF extracts from an original and n-butylamine heated 
coals to investigate physically trapped low-molecular-weight compounds. 
THF extract from the 2-butylamine heated coal was pyrolyzed using the Given's 
procedure as well as another different method to differentiate between 
breaking covalent bond and physical forces (Figure 1). Although the detailed 
solvation mechanism in n-butylamine is not clear, the differences of 
ahundances of such compounds between Sample I1 and Sample I11 or IV are 
unequivocally due to degradation of chemical bonds. (See Figure 1) 

The yield of Sample I1 f:-om the Illinois No. 6 coal was approximately 85 
wt % ,  which was normalized for the extract and the non-extract because of 18 
wt % of the weight gain after heating in 2-butylamine. 
2-alkanes in the Samples were semi-quantitatively analyzed by GC. 
are shown in Table I relative to 2-C20H42 in Sample I. 
yields of these compounds in Samples I11 and IV are greater than 10 times of 
those in Samples I and 11, while the yields of these compounds in Samples I 

They found 

The 

Relative abundances of 
The results 

It is obvious that the 
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and I1 are almost comparable, From this result, it can be concluded that the 
increased compounds in Samples 111 and IV were mostly derived from the thermal 
pyrolysis of macromolecules, and were not released from clathrated compounds 
inside the network or  immobile phase. 

Samples I, 11, and IV. It is obvious that n-alkanes with carbon numbers 17 to 
22 were relatively increased from Samples I1 to IV by the pyrolysis. 
Pentacyclic triterpanes are presumably thermally labile compared with 
E-alkanes, and their abundances decreased in the order of Samples I, 11, and 
IV as expected. The relative abundances of the major PAH in Samples I - V are 
also shown in Table I relative to phenanthrene in Sample I. These compounds 
in Samples 111 - V were noticeably increased by thermal reactions similar to 
the 2-alkanes. They are apparently important partial constituents of coal 
macromolecules, or derived from macromolecules during pyrolysis. 

obtained by Given was due to the degradation of coal macromolecules, 
because more than 10 times of n-alkanes originally present in Illinois No. 6 
coal extracts were formed from p-butylamine extracts under their reaction 
conditions. It is proposed that E-alkyl groups are one of important 
constituents of Illinois No. 6 coal macromolecules, and most of the 2-alkanes 
in coal-derived products were formed from high molecular weight compounds. 

A-4 were heated at 250 OC for 26 h and fractionated into chemical classes as 
shown in Figure 2. 
adsorb on neutral alumina, they are not eluted by benzene but are found in the 
A-3 and A-4 fractions.26 
(aromatics) fractions of these heat-treated samples as well as the A-2 
fraction of the original coal extract. 
found in fractions A-1 and A-2 after heating the extract fractions A-3 and A-4 
to 250 OC for 24 h. Simply refractionation a mixture of A-3 and A-4 gave very 
little material in the A-1 and A-2 fractions, so it is clear that the origin 
of the new compounds is pyrolysis. Furthermore, many new peaks are found in 
the chromatograms of these fractions. Clearly new compounds are present. 
Their origin could only be pyrolysis reactions occurring in a coal extract at 
250 OC. 

compounds such as alkylbenzenes, alkylnaphthalenes, phenanthrene, and 
alkylhydroaromatic triterpanes, presumably formed by pyrolysis of the 
high-molecular-weight fractions. Both results, obtained by different 
experimental procedures, are clearly consistent. 

confirm the identification of the hydroaromatics, because it is known most of 
the hydroaromatics are dehydrogenated by Pd on activated carbon at the low 
temperature used in this study. The second was to investigate the effect of 
aromatization by dehydrogenation during coal liquefaction. 

hydropyrenes were abundant in Sample IV compared to Sample 111, while 4- and 
5- ring PAH such as chrysene and benzopyrenes were abundant in Sample I11 
(Table I). 
Sample 11 is a mild radical cracking while the major reaction involved in 
forming IV from Sample I1 is hydrocracking including thermal aromatizations at 
high temperature. Hydroaromatics, therefore, seem to be one of important 
constituents of coal macromolecules. 

Figure 3 shows the gas chromatograms of the aliphatic fractions of 

It can be interpreted that the great increase of I?-alkanes in the product 

The Illinois No.6 THF extract and a dried mixture of fractions A-3 and 

Since high-molecular-weight aromatic Compounds strongly 

Figure 4 shows gas chromatograms of the A-2 

Significant amounts of material were 

Among the new compounds are a number of low-molecular-weight aromatic 

There were two purposes for the reaction leading to Sample V. One was to 

Hydroaromatics such as hydroanthracenes, hydrophenanthrenes, and 

It is thought that the major reaction producing Sample IV from 

Although aryl groups such as biphenyls 
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and phenylnaphthalenes are abundant in Samples 111 and IV, carbon linked 
aromatics were not found in these samples at a significant level. The 
abundances of the aliphatics and aromatics in Sample V are quite similar to 
other coal liquids such as the Solvent-Refined Coal I1 heavy distillate (SRC 
I1 HD),27 although the feedstock was a different coal. 

quite uniform despite extracts or non-extracts. Most n-alkanes and PAH are 
not physically trapped inside networks. 
partial constituents of macromolecules or derived from macromolecules during 
pyrolysis, and can be thought as "preferred" constituents.27 
free low-molecular-weight compounds can be extracted under conventional 
conditions, such as a Soxhlet extraction. 

No. 6 coal, the coal should be considered as a mono phase. Coal molecules 
contain "preferred" components such as n-alkanes and PAH studied in this 
paper. The preferred components are estimated for Illinois N o .  6 coal. 
It a l s o  seems that aromatics linked with a couple of carbons are not so 
substantial in Illinois N o .  6 coal as above "preferred" structures. 

Illinois No. 6 coal are essentially different from the two phase model. The 
"preferred" moieties are partial constituents of coal macromolecules 
regardless of molecular weight, and some exist as free molecules of low- 
molecular-weight. 

From above results, we can infer as the follows: coal components are 

They are both free molecules and 

Most the neutral 

Since the two phase model does not appear to be appropriate for Illinois 

The mono phase model and its "preferred" structures contained in the 
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Table I. Approximate Relative Abundances of Selected Compounds in Each Sample 

s amp1 eb 
I I1 I11 IV V 

G-Cl7H36 1 4 40 110 40 
1?- C18H38 2 5 40 70 70 
B-Cl9H40 2 4 50 30 30 
B ~ c 2 OH4 2 1 3 40 20 20 
B-CZlh44 2 6 80 20 20 
B-C22H42 0.3 0.5 30 10 10 
naphthalene a a 3 4 10 
fluorene a a 0.2 5 5 
phenanthrene 1 1 3 10 20 
anthracene 0.05 0.05 0.1 1 4 
fluoranthene a a 2 4 5 
pyrene 0.1 0.1 2 3 4 
benzo[b]fluorene a a 0.4 0.5 0.05 
benz[a]anthracene a a 2 0.03 0.06 
chrysene a a 2 0.1 0.01 

a <0.01 
Relative abundances are shown as ~-C20H42-l for aliphatics and 
phenanthrene-1 for aromatics. 
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Table 11. Neutral Aromatics Identified in Original and Pyrolyzed I l l i n o i s  No. 
6 Samples 

Peak Molecular Mass and/or 
No. Major Fragmentsa m/z Possible Structure 

1 106. 120 C7- and C?-benzene 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

14 
15 
16 
17 
18 
19 

20 
21 
22 

23 

24 

142 
142 
156 
168 
182 
355(100), 281(62.5), 221(44.5), 207(77.0) 
180 
178 
178 
194 
198 
355(3.3), 281(5.3), 223(10.3), 207(22.1), 
149 (100) 
192 
208 
202 
216 
228 
281(2.0), 259(3.3), 241(1.2), 207(8.7), 
147(14.6), 129(100) 
228 
279(9.5), 207(37.8), 167(30.1), 149(100) 
412(12.0), 397(10.4), 384(6.1), 369(4.0), 
281(21.9), 207(100) 
440(2.0), 339(28.3), 281(22.1), 207(100) 

429(3.4), 415(3.4), 289(30.6), 281(20.5), 
207(100) 

2lmethylnaphthalene 
1-methylnaphthalene 
C2 -naphthalene 
methylbiphenyl 
C2 -biphenyl 
unknown 
me thylfluorene 
phenanthrene 
anthracene 
C2-fluorene 
methyldibenzothiophene 
unknown 

me thylphenanthrene 
C3-fluorene 
pyrene 
methylpyrene 
benzo[glanthracene 
unknown 

chrysene 
unknown 
alkyl pentacyclic 

alkyl pentacyclic 

unknown 

hydroaromatics 

hydroaromatics 

aNumbers in parentheses denote relative abundances of mass spectra 
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INTRODUCTION 

I n  r e c e n t  y e a r s  few t o p i c s  have generated a more s p i r i t e d  d i s c u s s i o n  among 
coa l  s c i e n t i s t s  than t h e  i s s u e  o f  t h e  p u t a t i v e  b i n a r y  ( m o b i l e  + network) phase 
n a t u r e  o f  c o a l s  [l]. 
"mob i le  phase" i n  coa l  soon came t o  encompass a broad range o f  more o r  l e s s  
r e a d i l y  e x t r a c t a b l e  and/or d i s t i l l a b l e  lower  mo1:cular w e i g h t  (MW) components, 
v a r i o u s l y  r e f e r r e d  t o  as "gues t  mo lecu les"  [3], c l a t h r a t e s "  [1,4] o r  s i m p l y ,  
and perhaps most s u c c i n c t l y ,  "b i tumen" [5] .  

" m o b i l i t y "  i n  NMR spectroscopy i s  q u i t e  d i f f e r e n t  f rom t h a t  i n  t h e  f i e l d  o f  
s e p a r a t i o n  sc ience,  where m o b i l i t y  g e n e r a l l y  r e q u i r e s  a measurable degree o f  
s o l u b i l i t y  and/or d i s t i l l a b i l i t y  i n  l i q u i d  o r  gaseous media, r e s p e c t i v e l y .  For  
example, p o l y m e t h y l e n e - l i k e  m o i e t i e s ,  such as found i n  some coa l  components [6], 
a r e  h i g h l y  "mob i le "  i n  NMR terms [l], w i t h o u t  n e c e s s a r i l y  b e i n g  e x t r a c t a b l e  by 
s o l v e n t s  o r  d i s t i l l a b l e  by n o n d e s t r u c t i v e  h e a t i n g .  

I n i t i a l l y  based on NMR o b s e r v a t i o n s  [2], t h e  concept o f  a 

None o f  these terms appears t o  be comple te ly  s a t i s f a c t o r y .  The concept  o f  

The t e r m  "gues t  molecules",  o r i g i n a l l y  i n t r o d u c e d  t o  i n d i c a t e  s p e c i f i c a l l y  
l a b e l e d  marker mo lecu les  used i n  NMR s t u d i e s  o f  coa l  [7], i s  e q u a l l y  
u n s a t i s f a c t o r y  f o r  m o b i l e  phase components ind igenous t o  t h e  coa l  i t s e l f .  
t h e r e  appears t o  be i n s u f f i c i e n t  evidence f o r  t h e  presence o f  s i z e a b l e  
q u a n t i t i e s  o f  t r u e  " c l a t h r a t e s "  t o  r u l e  o u t  o t h e r  p o s s i b i l i t i e s ,  e . g . ,  s t r o n g  
noncova len t  bonding r a t h e r  t h a n  p h y s i c a l  entrapment.  

A lso ,  

F i n a l l y ,  comple te ly  e q u a t i n g  t h e  "mob i le  phase" w i t h  s o l v e n t  (e .g .  p y r i d i n e )  
e x t r a c t a b l e  "bi tumen" i n  coa l  i g n o r e s  t h e  p o t e n t i a l  presence o f  c o l l o i d a l  
p a r t i c u l a t e  m a t t e r  i n  t h e  p y r i d i n e  e x t r a c t s  as w e l l  as p o s s i b l e  so lvent - induced 
s c i s s i o n  o f  weak chemical bonds. Furthermore, t h e  s o l v e n t - e x t r a c t a b l e  f r a c t i o n  
may w e l l  i n c l u d e  macromolecular components, such as r e s i n i t e s .  

Mass s p e c t r o m e t r i c  o b s e r v a t i o n s  have thus  f a r  p l a y e d  a r a t h e r  l i m i t e d  r o l e  
i n  t h e  "mob i le  phase" d i s c u s s i o n s  [l] b u t  a r e  s t a r t i n g  t o  shed some l i g h t  on t h e  
key q u e s t i o n :  i s  t h e r e  c o n c l u s i v e  evidence f o r  t h e  presence o f  a c h e m i c a l l y  
and/or p h y s i c a l l y  d i s t i n c t  "mob i le  phase", as opposed t o  a cont inuum o f  p o s s i b l e  
mo lecu la r  s i z e s  and s t r u c t u r e s ?  

I n  t h e  c o n t e x t  o f  t h e  p r e s e n t  d i s c u s s i o n  t h e  te rm "mob i le  phase" w i l l  be 
used t o  d e s c r i b e  those components which can be t h e r m a l l y  e x t r a c t e d  ( " d i s t i l l e d " ,  
"desorbed") under vacuum a t  tempera tures  below t h e  thermal degradat ion  range o f  
t h e  c o a l .  The r e s i d u e ,  des ignated  as t h e  nonmobi le ( "ne twork" )  phase, i s  
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t h e r m a l l y  degraded i n  t h e  p y r o l y s i s  tempera ture  range. O f  course, t h e  onset  o f  
p y r o l y s i s  may v a r y  c o n s i d e r a b l y ,  depending on h e a t i n g  r a t e ,  rank  and coa l  t y p e  
C81. 

EXPERIMENTAL 

Two samples o f  -100 mesh ANL-PCS (Argonne N a t i o n a l  Laboratory-Premium Coal 
Sample) c o a l ,  a P i t t s b u r g h  #8 seam (hvAb) and a Beulah Zap seam ( l i g n i t e )  
sample, were a n a l y z e d  by vacuum p y r o l y s i s  f i e l d  i o n i z a t i o n  mass spec t romet ry  
(Py-FIMS) and C u r i e - p o i n t  p y r o l y s i s  l o w  v o l t a g e  e l e c t r o n  i o n i z a t i o n  mass 
spec t romet ry  (Py-EIMS) i n  t h e  t i m e - r e s o l v e d  (TR) mode. I n  a d d i t i o n ,  a sample o f  
f r e s h  -60 mesh Hiawatha seam (hvBb) c o a l ,  o b t a i n e d  from an Emery County (Utah)  
mine was analyzed b y  TR Py-EIMS.  Convent ional  c h a r a c t e r i z a t i o n  da ta  on ANL-PCS 
coa ls  can be found elsewhere [9] .  

For temperature-programmed p y r o l y s i s  i n  combina t ion  w i t h  TR-FIMS, about 100 ug 
samples were t r a n s f e r r e d  i n t o  a q u a r t z  c r u c i b l e  and i n t r o d u c e d  i n t o  t h e  h i g h  
vacuum (10-3 Pa) o f  t h e  i o n  source  (200 C).  
F inn igan MAT 731 d o u b l e - f o c u s s i n g  mass spec t rometer ,  a combined EI/FI/FD/FAB i o n  
source and a AMD I n t e c t r a  d i r e c t  i n t r o d u c t i o n  system has been p r e v i o u s l y  
descr ibed i n  d e t a i l  [ lo] .  The samples were heated l i n e a r l y  f rom 50 C t o  750 C 
a t  a r a t e  o f  100 C h i n .  I n  genera l ,  34 F I  mass s p e c t r a  were recorded i n  t h e  m/z 
50-900 mass range. 

The Py-EIMS exper iment  was performed u s i n g  an E x t r a n u c l e a r  5000-2 C u r i e - p o i n t  
Py-MS system. The c o a l  sample was hand ground i n t o  a f i n e ,  u n i f o r m  suspension 
i n  Spectrograde methanol  ( 5  mg o f  sample per  m l  o f  methano l ) .  A s i n g l e  5 J J ~  
drop o f  t h e  suspensions was coated  on t h e  fe r romagnet ic  f i l a m e n t  ( C u r i e - p o i n t  
temperature o f  610 C) and a i r - d r i e d  under cont inuous  r o t a t i o n  f o r  approx imate ly  
1 min, r e s u l t i n g  i n  25 u g  o f  d r y  sample on t h e  f i l a m e n t .  The f i l a m e n t  was 
i n s e r t e d  i n t o  a b o r o s i l i c a t e  g l a s s  r e a c t i o n  tube and i n t r o d u c e d . i n t o  t h e  vacuum 
system o f  t h e  mass spec t rometer .  D i r e c t l y  i n  f r o n t  o f  t h e  open, c r o s s  beam t y p e  
e l e c t r o n  i o n i z a t i o n  chamber t h e  f e r r o m a g n e t i c  w i r e  was i n d u c t i v e l y  heated f o r  
0.4 s a t  a r a t e  o f  a p p r o x i m a t e l y  1500 K/s t o  an e q u i l i b r i u m  tempera ture  o f  610 C 
( a s  de termined by t h e  C u r i e - p o i n t  tempera ture  o f  t h e  w i r e ) .  The p y r o l y s i s  i n l e t  
was preheated  a t  200 C t o  reduce t h e  condensat ion losses .  Other MS c o n d i t i o n s  
were as f o l l o w s :  e l e c t r o n  impact  energy 12 eV, mass range scanned 50-200 amu, 
number o f  scans 41,  t o t a l  scan t i m e  15 s .  

RESULTS AND DISCUSSION 

Is t h e r e  a c h e m i c a l l y  and/or p h y s i c a l l y  d i s t i n c t  "mob i le  phase" i n  c o a l  as 
opposed t o  a cont inuum o f  m o l e c u l a r  s i z e s  and s t r u c t u r e s ?  The temperature- 
reso lved t o t a l  i o n  i n t e n s i t y  ( T I I )  p r o f i l e  o f  a P i t t s b u r g h  #8 coa l  i n  F i g u r e  1 
obta ined by tempera ture  programmed Py-FIMS shows t h e  presence o f  a l o w  
temperature "hump' wh ich  appears t o  e x p l a i n  25-30% o f  t h e  t o t a l  i n t e g r a t e d  F I  
s i g n a l  i n t e h s i t y  i n  t h e  mass range m/z 50-900. P r e v i o u s l y ,  Chakravar ty  e t  a l .  
[ll] r e p o r t e d  a s i m i l a r  p r o f i l e  f o r  P i t t s b u r g h  #8 coa l  o b t a i n e d  by C u r i e - p o i n t  
p y r o l y s i s  i n  combina t ion  w i t h  t i m e - r e s o l v e d  l o w  v o l t a g e  EIMS and were a b l e  t o  
demonstrate t h a t  t h e  low tempera ture  hump c o n s i s t e d  p r i m a r i l y  o f  homologous 
s e r i e s  o f  a l k y l s u b s t i t u t e d  aromat ic  (e.g. ,  benzenes, naphthalenes, 
phenanthrenes) and hydroaromat ic  (e .g . ,  t e t r a l i n s )  compounds. These compounds 
were i n t e r p r e t e d  t o  r e p r e s e n t  t h e  t h e r m a l l y  e x t r a c t a b l e  ("vacuum d i s t i l l a b l e " )  
f r a c t i o n  o f  t h e  w e l l  known "bi tumen" component o f  most h i g h  v o l a t i l e  b i tuminous  
coa l  s .  

The i n s t r u m e n t a l  se tup  u s i n g  a 
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More r e c e n t l y ,  Yun e t  a1. [12] conf i rmed t h e  presence o f  t h i s  l o w  tempera ture  
hump i n  vacuum thermograv imet ry  (TG) /MS s t u d i e s  o f  ANL PCS c o a l s  u s i n g  l o w  
v o l t a g e  EIMS. An i m p o r t a n t  aspec t  o f  t h e  l a t t e r  s tudy  was t h a t  t h e  mass s p e c t r a  
ob ta ined f o r  t h e  t h e r m a l l y  e x t r a c t a b l e  components as w e l l  as f o r  the  main 
p y r o l y s i s  e v e n t  were found t o  be v i r t u a l l y  i n d i s t i n g u i s h a b l e  f r o m  those observed 
by Chakravar ty  e t  a l .  u s i n g  C u r i e - p o i n t  Py-EIMS, n o t w i t h s t a n d i n g  a 5 o r d e r s  o f  
magnitude lower  h e a t i n g  r a t e  (3.3 X 10-2 C/s vs.  1.5 X l o3  C/s) and 3 o r d e r s  
o f  magnitude l a r g e r  sample ( 5 0  mg v s .  25 u g ) .  

Furthermore, w i t h  p roper  p r e h e a t i n g  o f  t h e  t r a n s f e r  zone between p y r o l y s i s  and 
i o n i z a t i o n  reg ions ,  t h e  l o w  v o l t a g e  E1 mass s p e c t r a  o f  P i t t s b u r g h  #8 c o a l  were 
shown t o  be h i g h l y  s i m i l a r  t o  t h e  cor respond ing  F I  mass s p e c t r a  i n  t h e  m/z 
50-300 mass range when a l l o w i n g  f o r  known d i f f e r e n c e s  i n  i o n  t r a n s m i s s i v i t y  
between the  d i f f e r e n t  types  o f  mass spec t rometers  used [13]. 
t i m e - r e s o l v e d  T I 1  p r o f i l e s  s i m i l a r  t o  those shown i n  F i g u r e  1 as w e l l  as t o  t h e  
cor respond ing  mass s p e c t r a  i n  F i g u r e  2a have been observed (up t i l l  m/z 300) by 
means o f  3 separa te  Py-MS methods, t o g e t h e r  c o v e r i n g  a broad range o f  d i f f e r e n t  
p y r o l y s i s ,  i o n i z a t i o n  and mass s p e c t r o m e t r i c  d e t e c t i o n  techn iques .  

The advantages o f  t h e  FIMS d a t a  shown here  a r e  t h a t  l i t t l e  o r  no f r a g m e n t a t i o n  
o f  m o l e c u l a r  i o n s  occurs  d u r i n g  t h e  i o n i z a t i o n  process and t h a t  F I  response 
f a c t o r s  f o r  a romat ic  and hydroaromat ic  compounds tend t o  show r e l a t i v e l y  l i t t l e  
v a r i a t i o n  [14]. 
i o n  t r a n s m i s s i v i t y  o f  t h e  magnet ic s e c t o r  i n s t r u m e n t  used, t h e  F I  i o n  p r o f i l e s  
and F I  s p e c t r a  shown i n  F i g u r e s  1 and 2, r e s p e c t i v e l y ,  a r e  s u i t e d  f o r  making 
r e l i a b l e  s e m i q u a n t i t a t i v e  es t imates  w i t h  r e g a r d  t o  r e l a t i v e  t h e  y i e l d  and 
molecu la r  w e i g h t  d i s t r i b u t i o n  o f  coa l  t a r  f r a c t i o n s  c o n s i s t i n g  p r i m a r i l y  o f  
a romat ic  and hydroaromat ic  o r  a l i c y c l i c  compounds. U n f o r t u n a t e l y ,  F I  response 
f a c t o r s  f o r  a l i p h a t i c  compounds show a g r e a t  dea l  more v a r i a t i o n  [15]. 
Consequent ly,  f o r  t h e  purpose o f  t h i s  d i s c u s s i o n  no a t t e m p t  w i l l  be made t o  
q u a n t i t a t e  t h e  c o n t r i b u t i o n s  o r  mo lecu la r  w e i g h t  d i s t r i b u t i o n s  o f  a l i p h a t i c  
components i n  s p i t e  o f  t h e i r  w e l l  recogn ized r o l e  i n  coa l  p y r o l y s i s  p rocesses .  

Comparison o f  t h e  l o w  temperature component ( "mob i le  phase") and h i g h  
temperature component ( " b u l k  p y r o l y z a t e " )  s p e c t r a  i n  F i g u r e s  2b and Zc, 
r e s p e c t i v e l y ,  r e v e a l s  r o u g h l y  s i m i l a r  average molecu la r  we igh ts  (Mn-350) b u t  
r a t h e r  d i f f e r e n t  MW d i s t r i b u t i o n s .  Moreover, t h e r e  a r e  pronounced d i f f e r e n c e s  
i n  r e l a t i v e  F I  s i g n a l  i n t e n s i t i e s ,  e s p e c i a l l y  i n  t h e  mass range up t o  m/z 400. 

F i g u r e  3 shows t h e  r e l a t i o n s h i p s  between t h e  temperatures and molecu la r  w e i g h t  
d i s t r i b u t i o n s  f o r  6 success ive  r e g i o n s  o f  t h e  T I 1  p r o f i l e  i n  F i g u r e  1. 
I n t e r e s t i n g l y ,  r e g i o n s  a, b and c ,  p r i m a r i l y  r e p r e s e n t i n g  t h e  l o w  tempera ture  
components, show r e l a t i v e l y  narrow MW d i s t r i b u t i o n s  around Mn va lues  wh ich  
markedly i n c r e a s e  w i t h  temperature.  
i n t e r p r e t a t i o n  o f  t h e  low tempera ture  "hump" as a vacuum d e s o r p t i o n  and 
d i s t i l l a t i o n  process r a t h e r  t h a n  as a p y r o l y t i c  process. 
d,  e and f, r e p r e s e n t i n g  t h e  major  T I 1  maximum i n  F i g u r e  1, e x h i b i t  much broader  
MW d i s t r i b u t i o n s  c h a r a c t e r i z e d  by a g r a d u a l l y  decreas ing  average m o l e c u l a r  
we igh t  of  t h e  p y r o l y z a t e .  
i n t e r p r e t a t i o n  o f  t h e  major  T I 1  peak as t h e  " b u l k  p y r o l y s i s "  event  [ll]. 

The t r a n s i t i o n  between c and d i s  r a t h e r  abrup t ,  suggest ing  t h a t  we may indeed 
be w i t n e s s i n g  c o n t r i b u t i o n s  f rom two more o r  l e s s  d i s c r e t e  p o p u l a t i o n s  o f  
mo lecu les  w i t h  r e g a r d  t o  m o l e c u l a r  s i z e  d i s t r i b u t i o n s .  
ex t remely  complex i n t e r p l a y  between i n t r a m o l e c u l a r  and i n t e r m o l e c u l a r ,  as w e l l  

I n  o t h e r  words, 

I n  combina t ion  w i th  t h e  l a r g e  mass range and n e a r l y  c o n s t a n t  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  proposed 

By c o n t r a s t ,  r e g i o n s  

T h i s  would seem t o  be  c o n s i s t e n t  w i t h  t h e  proposed 

However, i n  v i e w  o f  t h e  
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as i n t r a p a r t i c l e  and e x t r a p a r t i c l e ,  parameters i n  t h e  exper iments d e s c r i b e d  
here, t h e  p o s s i b l e  presence o f  a cont inuum o f  mo lecu la r  s i z e s  can c e r t a i n l y  n o t  
be r u l e d  o u t  a t  t h i s  p o i n t .  

More i n f o r m a t i v e ,  perhaps, a r e  t h e  marked d i f f e r e n c e s  i n  r e l a t i v e  F I  s i g n a l  
i n t e n s i t i e s  between t h e  mass s p e c t r a  shown i n  F i g u r e s  2b and Zc. 
w i t h  t h e  p r e v i o u s l y  ment ioned r e s u l t s  r e p o r t e d  by Chakravar ty  e t  a l .  [ll] and 
Yun e t  a l .  [12] ,  t h e  mass spectrum o f  t h e  low tempera ture  component ( F i g u r e  2b) 
appears t o  be dominated by homologous s e r i e s  o f  a romat ic  and hydroaromat ic  
compounds. Chemical i d e n t i f i c a t i o n  o f  many o f  t h e  compounds up t o  MW 350 has 
been accompl ished by h i g h  r e s o l u t i o n  GC/MS [16,17], a l t h o u g h  p r e c i s e  
i d e n t i f i c a t i o n  o f  t h e  many p o s s i b l e  i somer ic  s t r u c t u r e s  i n v o l v e d  w i l l  have t o  
awa i t  t h e  a v a i l a b i l i t y  o f  s u i t a b l e  r e f e r e n c e  compounds. 

The spectrum o f  t h e  b u l k  p y r o l y s i s  event  i n  F i g u r e  2c appears t o  be dominated b y  
hydroxy aromat ic  compounds, e.g., a l k y l s u b s t i t u t e d  phenols and naphtho ls .  
P o s i t i v e  i d e n t i f i c a t i o n  o f  these compounds i s  much l e s s  s t r a i g h t f o r w a r d ,  
a l though a s u r p r i s i n g l y  h i g h  degree o f  correspondence can be found w i t h  Py-GC/MS 
data on P i t t s b u r g h  #8 coal  [18]. Moreover, Chakravar ty  e t  a l .  have demonstrated 
t h a t  t h e  main p y r o l y s i s  event  can be deconvo lu ted  i n t o  a t  l e a s t  t h r e e  
o v e r l a p p i n g  e v e n t s  i n v o l v i n g  v i t r i n i t i c  m o i e t i e s  i n  a d d i t i o n  t o  
a l g i n i t e / c u t i n i t e - l i k e  and s p o r i n i t e - l i k e  components [ll]. 

I n  C u r i e - p o i n t  Py-MS s t u d i e s  o f  maceral  concent ra tes  [19], v i t r i n i t i c  m o i e t i e s  
were shown t o  be t h e  main source  o f  t h e  hydroxy  aromat ic  components. 
Consequently, t h e  hydroxy  aromat ic  s i g n a l s  observed i n  F i g u r e  Zc appear t o  be 
p r i m a r i l y  d e r i v e d  f r o m  v i t r i n i t e - l i k e  components by means o f  p y r o l y t i c  
processes. Presumably,  t h e r e f o r e ,  t h e  "nonmobile phase", r a t h e r  than t h e  
"mobi le phase", i s  t h e  main source o f  the  phenols observed i n  TG/MS and Py-MS 
s t u d i e s  o f  P i t t s b u r g h  #8 c o a l .  
t h e  o b s e r v a t i o n  t h a t  p h e n o l i c  p r o d u c t s  a re  a l s o  observed i n  Py-MS a n a l y s i s  o f  
p y r i d i n e  e x t r a c t s  o f  P i t t s b u r g h  #8 c o a l  known t o  c o n t a i n  c o l l o i d a l  m a t t e r  
whereas t h e  cor respond ing  t e t r a h y d r o f u r a n  e x t r a c t s ,  f r e e  o f  c o l l o i d a l  m a t e r i a l ,  
produced no pheno ls  [18] .  

I n  low r a n k  c o a l s ,  such as l i g n i t e s ,  v i t r i n i t i c  components have been shown t o  
produce abundant (a1  k y l )  d i h y d r o x y  benzene and methoxy hydroxy  benzene compounds 
o f  a s t r u c t u r a l  t y p e  which can be t r a c e d  back t o  f o s s i l  l i g n i n  m o i e t i e s  [ZO].  
I n  agreement w i t h  t h e s e  e a r l i e r  s t u d i e s ,  t h e  h i g h  tempera ture  component spectrum 
o f  a Beulah Zap l i g n i t e  ( F i g u r e  4c) e x h i b i t s  dominant ( a l k y l )  d ihydroxy  benzene 
s i g n a l s  a t  m/z 110, 124, and 138. The low abundance o f  F I  s i g n a l s  above m/z 200 
can be a t t r i b u t e d  t o  t h e  more h i g h l y  c r o s s l i n k e d  n a t u r e  o f  t h e  macromolecular 
network phase i n  l i g n i t e s .  

As shown i n  F i g u r e  4b, the  l o w  tempera ture  f r a c t i o n  o f  Beulah Zap l i g n i t e  
r e v e a l s  a comple te ly  d i f f e r e n t  t y p e  o f  mass spectrum. From prev ious  s t u d i e s  on 
s o i l  o r g a n i c  m a t t e r  b y  Hempf l ing  e t  a l .  [21], t h e  FIMS s i g n a l s  i n  F i g u r e  4b a r e  
known t o  r e p r e s e n t  v a r i o u s  p l a n t - d e r i v e d  compounds such as n - f a t t y  a c i d s  o r  
monomeric e s t e r s  (m/z 368, 396, 424, 452, 480) and aromat ic  d i e s t e r s  (m/z 544). 
Apparent ly ,  we a r e  d e a l i n g  w i t h  t h e r m a l l y  e x t r a c t a b l e  "biomarker" compounds 
which have n o t  y e t  been l i n k e d  i n t o  t h e  macromolecular ne twork  phase o f  t h e  
1 i g n i t e .  

The above o b s e r v a t i o n s  p o i n t  t o  t h e  importance o f  rank and d e p o s i t i o n a l  
environment i n  d e f i n i n g  t h e  m o l e c u l a r  c h a r a c t e r i s t i c s  o f  t h e  "mob i le  phase" as 

I n  agreement 

F u r t h e r  suppor t  f o r  t h i s  c o n j e c t u r e  comes from 
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w e l l  as t h e  "network phase" o f  c o a l s .  
pos t -depos i  t i onal  f a c t o r s ,  such as "weather ing"  d u r i n g  s to rage o r  
t r a n s p o r t a t i o n ,  a l s o  s t r o n g l y  e f f e c t  t h e  compos i t ion  o f  b o t h  phases, as r e p o r t e d  
by Jakab e t  a l .  [22]. Figures  5 and 6 i l l u s t r a t e  t h e  e f f e c t s  o f  m i l d  o x i d a t i o n  
o f  a Hiawatha hvb coal  f o r  100 hours  a t  100 C under c o n t r o l l e d  l a b o r a t o r y  
c o n d i t i o n s ,  as measured by t i m e - r e s o l v e d  C u r i e - p o i n t  Py-MS. Both  t h e  l o w  
temperature hump as w e l l  as t h e  b u l k  p y r o l y s i s  event  a r e  markedly reduced. 
Moreover, t h e  compos i t ion  and n a t u r e  o f  t h e  low temperature components have 
undergone a dramat ic  change ( F i g u r e  5 b ) .  
t e t r a l i n s  dominat ing  t h e  spectrum o f  f r e s h  coa l  ( F i g u r e  5a) a r e  n e a r l y  
comple te ly  gone. Ins tead,  we now f i n d  low MW, oxygen-conta in ing  mass s i g n a l s  
apparent ly  r e p r e s e n t i n g  a l i p h a t i c  c a r b o x y l i c  and c a r b o n y l i c  f u n c t i o n a l i t i e s ,  
e.g., l i b e r a t e d  by low temperature p y r o l y s i s  o f  weak oxygen bonds [22].  These 
observa t ions  would seem t o  i n d i c a t e  t h a t  i t  i s  p o i n t l e s s  t o  s t u d y  "mob i le  
phase"/"network phase" phenomena i n  coa l  samples o f  u n c e r t a i n  weather ing  
s t a t u s .  
CONCLUSIONS 

Temperature-programmed vacuum p y r o l y s i s  i n  combina t ion  w i t h  t i m e - r e s o l v e d  s o f t  
i o n i z a t i o n  mass spec t romet ry  a l l o w s  p r i n c i p a l l y  t o  d i s t i n g u i s h  between two 
d e v o l a t i l i z a t i o n  s teps  o f  coa l  wh ich  a r e  r e l a t e d  t o  t h e  "mobi le" and 
"non-mobile" phase, r e s p e c t i v e l y .  The mass s p e c t r o m e t r i c  d e t e c t i o n  o f  a lmost  
e x c l u s i v e l y  mo lecu la r  i o n s  o f  t h e  t h e r m a l l y  e x t r a c t e d  o r  degraded coa l  p r o d u c t s  
enables t o  s t u d y  t h e  change o f  m o l e c u l a r  we igh t  d i s t r i b u t i o n  as a f u n c t i o n  o f  
d e v o l a t i l i z a t i o n  temperature.  Moreover, ma jor  coa l  components can be i d e n t i f i e d  
which are  r e l e a s e d  a t  d i s t i n c t  tempera ture  i n t e r v a l s .  

When l i m i t i n g  our  a n a l y s i s  and d i s c u s s i o n  o f  m o b i l e  phase components t o  t h e  
t h e r m a l l y  e x t r a c t a b l e  f r a c t i o n ,  we may conclude t h a t  t h e  y i e l d s  and compos i t ions  
o f  these p r o d u c t s  ( e s t i m a t e d  t o  c o n s t i t u t e  5-15% o f  dmmf coa l  w e i g h t )  a r e  
s t r o n g l y  dependent on rank, coa l  t y p e  and weather ing  s t a t u s .  I n  c o a l s  o f  hvb  
and h i g h e r  r a n k  t h e  n a t u r e  o f  t h e  t h e r m a l l y  e x t r a c t a b l e  bi tumen f r a c t i o n  i s  
c o n s i s t e n t  w i t h  t h a t  o f  a n a t u r a l  p y r o l y z a t e  formed by c a t a g e n e t i c  p rocesses  
d u r i n g  t h e  " o i l  f o r m a t i o n  window" s t a g e  o f  m a t u r a t i o n  w i t h  subsequent l o s s  o f  
t h e  more r e a c t i v e  oxygen c o n t a i n i n g  m o i e t i e s .  Not s u r p r i s i n g l y ,  i n  l o w  r a n k  
c o a l s  v a r i o u s  types  o f  r e l a t i v e l y  l i t t l e  a l t e r e d  "biomarkers" mo lecu les  appear 
t o  be i m p o r t a n t  c o n s t i t u e n t s .  

Furthermore, a r t i f i c i a l  "weather ing"  o f  coa l  under c a r e f u l l y  c o n t r o l l e d  
c o n d i t i o n s  i n  t h e  l a b o r a t o r y ,  r e v e a l s  a r a p i d  l o s s  o f  t h e r m a l l y  e x t r a c t a b l e  
m o b i l e  phase components ( p o s s i b l y  b y  " g r a f t i n g "  t o  t h e  network phase [23]) 
accompanied b y  a decrease i n  t o t a l  p y r o l y s i s  y i e l d s .  
f u t u r e  d i s c u s s i o n s  o f  "mob i le  phase" phenomena o n l y  r e s u l t s  o b t a i n e d  on c o a l s  o f  
known weather ing  s t a t u s ,  e.g., ANL-PCS c o a l s ,  shou ld  be  used. 

Wi th  r e g a r d  t o  t h e  c e n t r a l  q u e s t i o n  whether t h e r e  e x i s t s  a c h e m i c a l l y  and/or 
p h y s i c a l l y  d i s t i n c t  "mob i le  phase" i n  coa ls ,  mass s p e c t r o m e t r i c  da ta  on ANL-PCS 
c o a l s  ( o n l y  2 o f  8 a r e  p resented  h e r e )  s t r o n g l y  suppor t  t h e  presence o f  a 
t h e r m a l l y  e x t r a c t a b l e ,  b i t u m e n - l i k e  f r a c t i o n  which i s  c h e m i c a l l y  d i s t i n c t  f rom 
t h e  remain ing  coa l  components. 
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a) P i t t s b u r g h  #8 Seam 
( I n t e g r a t e d  Spectrum; 50-750-C) 

Py--F,MS F i g u r e  1. Thermogram o f  a 
P i t t s b u r g h  #8 coa l  sample 
showing a d i s t i n c t  l o w  t 20000 

VI tempera ture  r e l e a s e  o f  
c m o b i l e  phase components. D 
*I 15000 Crosshatched i n t e r v a l s  a - f  - cor respond t o  m o l e c u l a r  

w e i g h t  p r o f i l e s  o f  F I  i o n s  

c 

i n  F i g s .  3a- f ,  r e s p e c t i v e l y .  c 10000 
0 - - 
9 5000 

1 0 0  zoo 300 400 5 0 0  600 700 
; 

Temperature ( c 1 

F i g u r e  2. Comparison o f  
P i t t s b u r g h  *8 ( h v b )  coa l  
Py-FI mass s p e c t r a  
recorded o v e r  d i f f e r e n t  
temperature i n t e r v a l s .  
Note marked d i f f e r e n c e s  
between l o w  tempera ture  
components i n  ( b ) ,  
thought  t o  r e p r e s e n t  
p r i m a r i l y  vacuum 
d i s t i l l a b l e  "mob i le  
phase" c o n s t i t u e n t s ,  and 
h i g h  tempera ture  
components i n  ( c ) ,  
thought  t o  r e p r e s e n t  
m a i n l y  p y r o l y s i s  p r o d u c t s  
d e r i v e d  from t h e  
macromolecular "network 
phase". 

a )  High Temperature Components 
(430-495 C )  

50 ?SO 2 S O  JlJo 450 SSO 650 -,= 7% 



21 1255-275 CJ 

bl 1295-315 CJ 

4 SOr 
cJ 1370-390 Cl 

0 
2w 400 6 0 0 , I B W  

f f J  1505-525 CJ 

F igu re  3. Mo lecu la r  
weight d i s t r i b u t i o n s  o f  
py ro l yza tes  i n  s i x  
successive temperature 
i n t e r v a l s  du r ing  Py-FIMS 
a n a l y s i s  o f  P i t t s b u r g h  
#8 c o a l .  Each i n t e r v a l  
corresponds t o  a cross-  
hatched reg ion  i n  F i g u r e  
1. The F I  s i g n a l  i n t e n -  
s i t i e s  were added i n  
a r b i t r a r i l y  chosen mass 
c lasses o f  50 da l tons .  

a )  Beulah Zap Seam 
i l n t e g r a t e d  Spectrum; 50-565 C )  

F igu re  4 .  As F igu re  2 
bu t  r e p r e s e n t i n g  
Beulah Zap seam 
l i g n i t e .  Note  
biomarker p a t t e r n  o f  
vacuum d i s t i l l a b l e  l ow  
temperature component 
i n  ( b ) .  Fu r the r  note 
marked d i f f e r e n c e  w i t h  
P i t t s b u r g h  #8 i n  
F igu re  2. 

b l  Low Temperature , /1 
4[5: bioli:k:r , s i g n a l s  

Components 
(265-310 C )  

324 

124 

c )  High Temperature Components 
(390-460 C) 
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F igu re  5. T ime-resolved 
T I 1  p r o f i l e s  o f  a Hiawatha 
seam (hvBb) coa l  ob ta ined  
by C u r i e - p o i n t  p y r o l y s i s  i n  
combinat ion w i t h  l ow  
v o l t a g e  EIMS. Note e f f e c t  
o f  a r t i f i c i a l  "weather ing"  
compare w i t h  F i g u r e  6. 
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a) LOW TEMP. COMPONENT 
(fresh coal) *1 
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b) LOW TEMP. COMPONENT 
(weothered coal) 
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F igu re  6. 
spec t ra  o b t a i n e d  by l ow  v o l t a g e  EIMS. 
o f  m i l d  a r t i f i c i a l  "weather ing" .  

Comparison between low  temperature component 
Note pronounced e f f e c t  

Compare w i t h  F i g .  5. 
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MOLECULAR STRUCTURE AND CONFORMATIONAL STABILITY OF COALS 

Richard Sakurovs,  Leo J. Lynch and Wesley A. Barton 

CSIRO Divis ion of Coal Technology, PO Box 136, North Ryde 
NSW 2113, A u s t r a l i a  

ABSTRACT 

F a c t o r s  which i n f l u e n c r  the molecular conformation and s t a b i l i t y  of t he  
o rgan ic  f r a c t i o n s  of c o a l s  a r e  d i scussed .  Data f o r  an e x t e n s i v e  s u i t e  o f  
A u s t r a l i a n  c o a l s  from experiments  u s ing  nuc lea r  magnetic resonance techniques to 
measure t h e  e f f e c t s  of h e a t i n g  and exposure t o  py r td ine  on t h e  s t a b i l i t y  of c o a l  
molecular  s t r u c t u r e s  a r e  presented.  Two types of f u s i b l e  m a t e r i a l  a r e  l d e n t i f i e d  
and  how t h e s e  m a t e r i a l s  and t h e i r  E u s i b i l i t y  vary wt th  coa l  rank a r e  eva lua ted .  
Also the  rank and maceral  dependence of the d e s t a b i l i z i n g  e f f e c t s  of py r id ine  a r e  
catalogued.  

Key Words: Coal f u s i b i l t t y ,  NMR, macera l s ,  molecular  s t r u c t u r e .  

INTRODUCTION 

The Molecular P r o p e r t i e s  o f  Coals 

Dry c o a l s  .are e s ; c n t i a l l y  o rgan ic  s o l i d s  a t  ambient temperature  and, excep t  
fo r  a degree  of molecular  mob i l i t y  a s s o c i a t e d  with a l i p h a t i c  s t r u c t a r e s  appa ren t  
f r o m  nuc lea r  magnet ic  resonance measurements ( I ) ,  t h e y  can be considered t o  be 
r i g i d  molecular  l a t t i c e s .  Although the  molecular s t r u c t u r e s  o f  o rgan ic  s u b s t a n c e s  
profoundly a f f e c t  t h e i r  s o l i d  s t a t e  p r o p e r t i e s ,  t h e  molecular  s t r u c t u r e  o f  c o a l s  
has  been l i t t l e  s t u d i e d  compared t o  t h e i r  chemical composi t ion and func t ion -  
a l i t y .  S t u d i e s  of coa l  s t r u c t u r e  a t  any l e v e l  a r e  d i f f i c u l t  hecause o f  t h e  
complex h e t e r o g e n e i t y  of  any p a r t i c u l a r  coa l  and the  g r e a t  v a r l a h i l i t y  o f  c o a l  
types t h a t  occur .  

Broadly speaking t h r e e  main concepts  a r e  used t o  model t h e  molecular 
s t r u c t u r e  of c o a l s :  

L) Coals a s  macromolecular three-dimensional  c r o s s l i n k e d  v i s c o e l a s t i c  g l a s s y  
s o l i d s  ( 2 , 3 ) .  

11) Coals as macromolecular/molecular tdo-phase systems - t h e  h o s t l g u e s t  O K  

' r i g i d '  and 'mobile '  phase model (4-6).  

i i i )  Coals  a s  p a r a c r y s t a l l i n e  subs t ances  dep ic t ed  a s  having amorphous and o rde red  
m t c e l l a r  r eg ions  ( 7 ) .  

The major l i m i t a t i o n  t o  the  use fu lness  of each of t hese  concepts  (and,  no 
doubt ,  t he  n e c e s s i t y  f o r  a l l  t h r e e )  stems from the g r e a t  v a r t a b i l i t y  o f  c o a l  
types.  Also,  t h e s e  concepts  have mostly been app l i ed  only t o  the  v t t r t n i t a  
macetals .  

Conformat iona l  s t a b l l t t y  and t h e  molecular  s t r u c t u r e  of o rgan ic  s o l i d s  a r e  
determined b o t h  by t h e  n a t u r e  of t he  molecular network (how d i s c r e t e  molecular  
u n i t s  a r e  connected by cova len t  c r o s s l t n k s )  and by t h e  n a t u r e  and d i s t r i b u t i o n  of 
the  v a r i o u s  non-covalent i n t e r a c t i o n s  amongst t hese  u n i t s .  The non-covalent 
i n t e r a c t i o n s  inc lude  l o c a l i z e d  (e.g.  hydrogen bonds) and non-local ized 
e l e c t r o s t a t i c  i n t e r a c t i o n s  and the short-range non-polar i n t e r a c t i o n s  between 
molecular  u n i t s  due t o  the  ub iqu i tous  and weak van d e r  Waals t nduc t lon  and London 
d i s p e r s i o n  f o r c e s  (8). t 

Thus i n  t h e  c a s e  of t h e  aromatic-r ich ( i . e .  v i t r t n i t e  and i n e r t i n i t e )  4 

macerals  o f  c o a l s ,  i f  t he  molecular  u n i t s  a r e  considered t o  be  condensed a r o m a t i c  
and hydroaromatlc  r i n g  s t r u c t u r e s ,  t h e  molecular  conformation and s t a b i l i t y  of t h e  
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macera ls  is determined by t h e  d e n s i t y  o f  c o v a l e n t  c r o s s l i n k s ,  t h e  degree  of  p o l a r  
f u n c t i o n a l i t y  and the  s i z e  and geometry of the  condensed r i n g  u n i t s .  

The a l i p h a t i c - r i c h  l i p t i n i t e  macerals a r e  comprised o f  a v a r i e t y  of 
s t r u c t u r e s  i n c l u d i n g  long-chain a l k a n e s ,  polymertzed a l t c y c l i c  s t r u c t u r e s  and 
hydroaromatic u n i t s  ( 9 ) .  T h e i r  conformation is determined l a r g e l y  by c o v a l e n t  
c r o s s l i n k s  and probably o n l y  t o  a minor e x t e n t  by p o l a r  i n t e r a c t i o n s .  

One means of i n v e s t i g a t i n g  molecular s t r u c t u r e s  i s  t o  de te rmine  t h e  e x t e n t  t o  
which a s o l i d  can be d e s t a b t l i z e d  by hea t  p r i o r  t o  i t s  p y r o l y t i c  decomposition. 

S i g n i f i c a n t  molecular  m o b i l i t y  a c t i v a t e d  i n  brown c o a l s  a t  t empera tures  
between 300 and 600 K has  been r e l a t e d  t o  t h e  f u s i o n  of t h e  e x t r a c t a b l e ,  
a l i p h a t i c - r i c h  f r a c t t o n  of t h e  c o a l s  (10).  Thermal d e s t a b i l i z a t i o n  of t h e  
molecular l a t t i c e  of a r o m a t i c - r i c h  macera ls  tn  bituminous c o a l s  a t  t e m p e r a t u r e s  
above -600 K is  a s s o c i a t e d  w i t h  t h e i r  c h a r a c t e r i s t i c  t h e r m o p l a s t t c i t y  (11).  
r e l a t i o n s h i p  between t h e  e x t e n t  of t h i s  f u s i o n  and the  molecular p r o p e r t i e s  of t h e  
v t t r i n t t e  and i n e r t i n i t e  macera ls ,  however, i s  not  wel l  understood. 

The 

The i n t e r a c t i o n  between s o l v e n t s  such  a s  p y r i d i n e  and c o a l  can a l s o  be 
i n t e r p r e t e d  i n  terms of  t h e  s t r u c t u r a l  f e a t u r e s  d i s c u s s e d  above. 9ow s m a l l  
n u c l e o p h i l i c  molecules d i s r u p t  i n t e r -  and in t ra -molecular  non-covalent 
i n t e r a c t i o n s  thereby  ' r e l a x i n g '  t h e  s t r u c t u r a l  mat r ix  and a l lowing  f u r t h e r  s o l v e n t  
p e n e t r a t i o n  has been e x t e n s t v e l y  d i s c u s s e d  by Peppas ( 1 2 ) ,  I a r s e n  (2 ,13)  and 
Marzec (14 ,15)  and t h e i r  co l leagues .  Indeed t h e  e x t e n t  t o  which exposure t o  a 
s o l v e n t  such  as p y r i d i n e  d e s t a b t l i z e s  a m a t e r i a l ' s  molecular S t r u c t u r e  is  a 
nedsure  of t h e  e x t e n t  t o  which the  s t a b i l i t y  of the  m a t e r i a l  depends on non- 
covalen t  and i n  p a r t i c u l a r  p o l a r  i n t e r a c t i o n s .  Solvent d e s t a b i l i z a t i o n  o f  t h e  
molecular  s t r u c t u r e  of  o r g a n i c  m a t e r i a l s  can  be q u a n t t f i e d  by s imple  NMR 
measurements a t  ambient tempera tures .  Such measurements have shown t h a t  up t o  
-60% of a c o a l ' s  molecular  s t r u c t u r e  can be d e s t a b i l i z e d  by p y r i d i n e  and, b y  t h e  
same token ,  t h a t  a t  least - 40% 1s tmpervious t o  p y r i d i n e  (15-17). 

Recent ly  Quinga and I a r s e n  (18)  have cons idered  t h e  r o l e  of non-polar 
i n t e r a c t i o n s  in c o a l s .  In p a r t t c u l a r ,  they  poin ted  out  the  l i k e l y  importance o f  
London d i s p e r s i o n  f o r c e s  between p l a n a r  a r o m a t t c  u n i t s  and t h a t  t h e  e f f e c t  of 
t h e s e  short-range i n t e r a c t i o n s  on t h e  s t a b t l i t y  of a l a t t i c e  would i n c r e a s e  w i t h  
i n c r e a s i n g  s i z e  o f  t h e  molecular  u n i t s .  Thus the  g r e a t e r  c o n c e n t r a l i o n  and growth 
i n  average  s i z e  o f  t h e s e  u n i t s  wi th  i n c r e a s i n g  rank f o r  bttuminous c o a l s  l e a d  t o  
enhancement of t h e  r o l e  of t h e  London d i s p e r s i o n  i n t e r a c t i o n  i n  t h e  s t a b i l i z a t i o n  
o €  t h e  molecular l a t t i c e  of t h e s e  c o a l s .  This process  no doubt l e a d s  t o  t h e  
format ion  of  t h e  ordered  g r a p h i t e - l i k e  s t r u c t u r e s  d e t e c t a b l e  by X-ray d i f f r a c t i o n  
(e.g. r e f .  7 )  and a p p a r e n t l y  n o t  d i s r u p t e d  by exposure o f  t h e  c o a l s  t o  p y r i d i n e  
and t h e t r  r e s u l t a n t  s w e l l i n g  (19).  Also t h e  microscopic  conformal and r e v e r s i b l e  
n a t u r e  of t h e  s w e l l i n g  of c o a l s  by p y r t d i n e  e s t a b l i s h e d  by Brenner ( 2 )  p o i n t s  to  
t h e s e  ordered  s t r u c t u r e s  e x i s t i n g  i n  microdomains of dimension l e s s  than - 

Strong ev idence  o f  t h e  dominant i n f l u e n c e  of  molecular s t r u c t u r e  on t h e  
p r o p e r t i e s  of  c o a l s  is i m p l i c i t  tn the  s e v e r a l  d a t a  sets which show an extremum i n  
t h e  measured p r o p e r t y  when p l o t t e d  a g a i n s t  carbon rank. Examples a r e  t h e  ex t rema 
which o c c ~ I r  i n  t h e  s o l i d  s t a t e  p r o p e r t i e s  of mass d e n s i t y  (20) and pro ton  s p i n -  
l a t t i c e  r e l a x a t i o n  r a t e  ( 2 1 )  a s  w e l l  a s  i n  s o l v e n t  s w e l l i n g  and e x t r a c t a b t l i t y  
( 2 ) .  

Nuclear Magnetic Resonance Techniques 

Pro ton  n u c l e a r  magnettc resonance ('H NMR) measurements c a n  d i s t i n g u i s h  
hydrogen i n  r i g i d  molecular  s t r u c t u r e s  of c o a l s ,  i . e .  s t r u c t u r e s  t h a t  do n o t  
undergo a p p r e c i a b l e  r e o r i e n t a t i o n  and/or t r a n s l a t t o n  d u r t n g  t i m e  i n t e r v a l s  
s ,  from hydrogen in mobi le  s t r u c t u r e s  which possess  more r a p i d  molecular  mot ions  
c h a r a c t e r i s t i c  of fused  O K  rubbery m a t e r i a l s .  The d a t a  provided by t h e s e  
measurements a r e  p r e s e n t e d  i n  t h i s  paper in terms of a parameter M2T t h a t  measures 
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t h e  e x t e n t  and d e g r e e  of molecular mobi l i ty .  
t h e  f requency  spec t rum of t h e  NMR s i g n a l  ( 2 2 ) .  t r u n c a t e d  h e r e  a t  16 kHz, and  is 
t n v e r s e l y  r e l a t e d  t o  t h e  average  molecular m o b i l i t y  of  t h e  specimen. Thus the 
r e l a t i v e  d e c r e a s e  i n  M Z T  is a s e n s i t i v e  measure of the  e x t e n t  and d e g r e e  of 
m o b i l i t y  a c q u i r e d  by r i g i d  molecular s t r u c t u r e s  a s  a r e s u l t  of t h e i r  d e s t a b i l i -  
z a t i o n  by thermal o r  s o l v e n t  t rea tment .  

MZT is an  e m p i r i c a l  second moment O f  

The t e c h n i q u e  of 'H NMR thermal a n a l y s i s  y i e l d s  d a t a  i n  t h e  form of MZT 
pyrograms ( t y p i c a l  examples a r e  shown i n  F i g u r e s  1 and 2).  The f u s i b i l i t y  o f  a 
c o a l  can be ranked by t h e  minimum v a l u e  of  M2T (X2T(min)) a t t a i n e d  d u r i n g  t h e  
experiment.  

Because t h e  e x t e n s i v e  proper ty  of  a specimen measured by 'H NMR is t h e  
hydrogen c o n t e n t ,  i n  the d a t a  a n a l y s e s  d e s c r i b e d  below maceral  c o n t e n t s  which a r e  
determined on a volume b a s i s  (denoted by ~ 0 1 % )  have been conver ted  t o  a w t %  
hydrogen b a s i s  (denoted  by H-wt%) by t h e  method of Lynch e t  a l .  (23).  In 
p r a c t i c e ,  t h e  changes produced i n  t h e  maceral  c o n t e n t  v a l u e s  are s m a l l  except  f o r  
t h e  c o a l s  r i c h e s t  i n  l i p t i n i t e .  

EXPERIMENTAL 

Data have been obta ined  f o r  an e x t e n s i v e  s u i t e  of w e l l  c h a r a c t e r i z e d  
A u s t r a l i a n  c o a l s  by 'H NMR exper iments  which probe s e p a r a t e l y  t h e  e f f e c t s  o f  h e a t  
and t h e  e f f e c t s  o f  exposure  t o  the  n u c l e o p h i l i c  s o l v e n t  p y r i d i n e  on t h e  molecular  
s t a b i l i t y  of the  c o a l s .  

The c o a l s  and c o a l  f r a c t i o n s  which have been examined by 'H NMR thermal  
a n a l y s i s  a r e  subdiv ided  i n t o  two s e t s  a s  fo l lows:  

a )  9 5  A u s t r a l i a n  bituminous c o a l s  ( b o t h  whole c o a l s  and maceral  c o n c e n t r a t e s  
i n c l u d i n g  10 p a i r s  of v i t r i n i t e  and i n e r t i n i t e  c o n c e n t r a t e s  o b t a i n e d  by 
d e n s i t y  s e p a r a t i o n )  w i t h  carbon c o n t e n t s  of 80 - 89% ( d a f )  and hydrogen 
c o n t e n t s  between 4.1 and 6% ( d a f ) ;  

b )  25  sub-bituminous and brown c o a l s  w i t h  carbon c o n t e n t s  of less than  80% ( d a f ) .  

The v i t r i n i t e  and i n e r t i n i t e  (predominantly s e m i f u s f n i t e  and i n e r t o d e t r i n i t e )  
c o n t e n t s  of t h e s e  c o a l s  a r e  in the  ranges  10 - 98 and 5 - 80 v o l %  (mmf) 
r e p e c t i v e l y .  The l i p t i n i t e  c o n t e n t  never exceeds 22 vol% and i s  <=IO volX i n  most 
coa ls .  

P y r i d i n e  s w e l l i n g  exper iments  involved  a s u i t e  of  46 bituminous whole c o a l s  
and maceral  c o n c e n t r a t e s  s e l e c t e d  from set ( a )  above. 

A l l  c o a l s  were ground t o  <SO0 urn and acid-washed t o  remove HC1-soluble i r o n  
( 2 4 ) .  The r e s u l t i n g  specimens were s t o r e d  a t  255 K under n i t r o g e n  u n t i l  they  were  
d r i e d  o v e r n i g h t  under  n i t r o g e n  a t  378 K immediately p r i o r  t o  thermal  a n a l y s i s  O K  

a d d i t i o n  of p y r i d i n e .  

The thermal  a n a l y s i s  experiments involved  the  c o l l e c t i o n  of  'H NMR d a t a  w h i l e  
c o a l  samples were be ing  h e a t e d  a t  4 K/min t o  875 K under non-oxidizing c o n d i t i o n s .  

In t h e  s o l v e n t  s w e l l i n g  s t u d y  each  c o a l  was soaked i n  excess  d e u t e r a t e d  
p y r i d i n e  i n  a s e a l e d  g l a s s  ampoule f o r  approximate ly  two months b e f o r e  NMR 
measurements were made a t  room temperature.  

DATA ANALYSES AND RESULTS 

Thermal A n a l y s i s  Data 

In F i g u r e s  1 and 2 t h e  MZT pyrograms f o r  seven  r e p r e s e n t a t i v e  c o a l  specimens 
a r e  p l o t t e d .  A n a l y t i c a l  d a t a  f o r  t h e s e  m a t e r i a l s  are l i s t e d  i n  Table  1. 
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The M Z T  pyrogram of a t y p i c a l  brown c o a l  ( a )  r e v e a l s  t h e  s i g n i f i c a n t  
thermally a c t i v a t e d  molecular  m o b i l i t y  which o c c u r s  on h e a t i n g  from room 
temperatdre  t o  - 600 K. This  has been shown t o  be the  r e s u l t  of f u s i o n  of the 
e x t r a c t a b l e  component of t h e s e  c o a l s  (IO). The r e d u c t i o n  i n  molecular  m o b i l i t y  
( i n c r e a s e  i n  MZT) above 600 K r e s u l t s  most ly  from v o l a t i l e  loss of t h i s  ' g u e s t '  
m a t e r i a l .  The M pyrogram of the e x t r a c t e d  r e s i d u e  of a brown c o a l  ( b )  which 
c o n s t i t u t e s  u s u a f l y  >BO% of t h e  t o t a l  c o a l  e x ' l i h i t s  only a low l e v e l  of t h e r m a l l y  
a c t i v a t e d  molecular  mobi l i ty .  The shal low mtnimum which does occur  i n  t h i s  
pyrogram i s  probably due t o  f u s i o n  oE r e s i d u a l  ' g u e s t '  m a t e r i a l .  Thus the  e x t r a c t  
r e s i d u e  or  'hos t '  component of brown c o a l s  (cons idered  t o  b e  l ign in-der ived)  has  
no s i g n i f i c a n t  fus ion  event  on h e a t i n g  t o  p y r o l y s i s  tempera tures  a t  4 Klmin. This  
is c o n s i s t e n t  wtth i t  being a h ighly  c r o s s l i n k e d  macromolecular s o l i d .  

The M Z T  pyrograms of two nominal ly  sub-bituminous c o a l s  a r e  recorded i n  
F igure  1. The thermal  behaviour  of t h e  lower rank C o l l i e  specimen (74.4% C) ( c )  
i s  s i m i l a r  t o  t h a t  of a brown c o a l  c o n t a t n i n g  l i t t l e  c x t r x t n h l e  ' g u e s t '  m a t e r i a l  
but  i t s  fus ion  is s h i f t e d  to h i g h e r  tempera tures  than t h a t  of the  brown c o a l s .  
The h igher  rank Amberley specimen (80.2% C) ( d )  c l e a r l y  shows two f u s i o n  
t r a n s i t i o n s .  The f i r s t  p a r a l l e l s  t h a t  of t h e  C o l l i e  c o a l  u n t i l  the  second s h a r p  
t r a n s i t t o n  occurs  above 600 K. This  c o a l  has  a h i g h  l i p t i n i t e  conten t  (18 ~ 0 1 % )  
and a cor respondingly  h igh  hydrogen c o n t e n t .  Its h i g h  v o l a t l l e  maLter va lue  
(47.3% d a f )  ranks i t  a s  a sub-bituminous c o a l  bu t  i t s  carbon rank (80 .2X  C d a f )  tr 
t n d t c a t i v e  of a lower rank bi tuminous coa l .  The second f u s i o n  t r a n s i t i o n  i9 
c h a r a c t e r l s t t c  of lower rank t h e r m o p l a s t i c  bi tuminous c o a l s  bu t  t h i s  c o a l  has  a 
c r u c i b l e  s w e l l i n g  number of only 2. 

The h i g h - v o l a t i l e  L i d d e l l  bt tuminous c o a l  (F igure  2 ( e ) )  shows l i t t l e  
t n d t c a t i o n  of thermally a c t i v a t e d  molecular  m o b i l i t y  below 500 K. There is some 
f u s i o n  between 500 and 600 K fol lowed by a major f u s i o n  t r a n s i t t o n  above 600 K 
which appears  very s i m i l a r  t o  the h igh  tempera ture  t r a n s i t i o n  of t h e  Amberley 
coa l .  This  L t d d e l l  c o a l ,  however, has  only  6% l i p t i n i t e ,  has a c r u c t h l e  s w c l l l n g  
number of 6.5 arid e x h l h i t s  c o n s i d e r a b l e  G t e s e l e r  f l u i d i t y .  We t h e r e f o r e  i d e n t i f y  
t h i s  htgh tempera ture  f u s i o n  event  wi th  the  a romat ic - r ich  macerals  of the  coa l  and 
a s s o c i a t e  i t  with the  thermoplegt ic  phenomenon. Hence, by i m p l i c a t i o n ,  a s t a g e  
has been reached i n  t h e  c o a l i f i c a t t o n  processes  whereby aromat ic - r ich  m a t e r i a l  
becomes f u s i b l e .  

The medium-volattle bt tuminous B u l l i  c o a l  which c o n t a i n s  no l t p t i n i t e  and has  
s i g n i f i c a n t  thermoplas t ic  p r o p e r t i e s  has  a MZT pyrogram ( f )  showing only one 
fus ion  t r a n s i t i o n  which is l e s s e r  i n  e x t e n t  and s h i f t e d  t o  h igher  tempera tures  
than t h a t  O E  the  Liddel l  coa l .  T1ii.i t r a n s i t i o n  is ,  of course ,  a t t r i b u t e d  t o  
aromat t c - r i c h  macerals .  

The M z T  pyrogram f o r  the Baralaba low-vola t t le  s e m i a n t h r a c i t e  (89.7% C) ( g )  
shows t h i s  m a t e r i a l  t o  be t o t a l l y  i n f u s t b l e  on h e a t i n g  t o  p y r o l y s i s  tempera tures .  

S t a t i s t t c a l  a n a l y s e s  were a p p l i e d  t o  the MZT d a t a  f o r  t h e  120 c o a l s  i n  s e t s  
( a )  and (b)  and f o r  those  swollen wi th  p y r i d i n e  t o  e s t i m a t e  va lues  of t h i s  
parameter  €or 'pure  average '  v i t r i n i t e ,  i n e r t t n i t e  and l t p t i n i t e  maceral groups.  
It was assumed t h a t  i n t e r a c t i v e  e f f e c t s  between macera ls  can be neglec ted  and 
hence t h a t  MZT v a r i e s  l i n e a r l y  wi th  maceral  composi t ion,  i.e. 

MZT - a * v t t r i n l t e  c o n t e n t  + b * l i p t i n i t e  c o n t e n t  + C. 1) 

The r e g r e s s i o n  c o e f E i c i e n t s  a ,  b and c provide  c a l c u l a t e d  M v a l u e s  f o r  'pure '  
v i t r i n i t e  (=- 100 * a + c ) ,  ' pure '  i n e r t i n i t e  (=c)  and 'pure' l i p t i n i t e  (= 100 * b 
+ c) .  
e x t r a p o l a t l o n s  t o  100% l i p t i n i t e  a r e  much l e s s  r e l i a b l e  than those  t o  100% 
v i t r i n i t e  or i n e r t i n i t e .  

Because the  l i p t t n i t e  c o n t e n t s  span a l i m i t e d  range of  v a l u e s ,  
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By apply ing  t h i s  a n a l y s i s  a t  d i s c r e t e  10 K tempera ture  i n t e r v a l s  t o  the  NMR 
thermal a n a l y s i s  d a t a  Eor the 120 c o a l s  i n  s e t s  ( a )  and ( b )  ( subdiv ided  i n t o  sub-  
bi tuminous and brown c o a l s  (<80% C ) ,  lower rank (80-85% C) and h i g h e r  rank (85-89% 
C )  bituminous c o a l s ) ,  r e g r e s s i o n  c o e f f i c i e n t s  a s  f u n c t i o n s  of  tempera ture  and 
hence s t a t i s t i c a l  M pyrograms r e p r e s e n t a t i v e  of the t h r e e  maceral groups were 
generated (F igures  5-5 ) .  
data  on c o a l s  wi th  a range oE thermal  p r o p e r t i e s  and whose p e t r o g r a p h i c  
s p e c i f i c a t i o n s  a r e  s u b j e c t  t o  c o n s i d e r a b l e  exper imenta l  u n c e r t a i n t y  (ZS), they a r e  
q u a n t i t a t i v e l y  imprec ise  and can be i n t e r p r e t e d  only  in a broad q u a l i t a t i v e  
manner. 

Because t h e s e  pyrograms a r e  der ived  s t a t i s t i c a l l y  from 

The 'pure '  v i t r t n i t e s  r e p r e s e n t a t t v e  of both bi tuminous c o a l  s u b s e t s  remain 
thermally s t a b l e  b e f o r e  t h e  o n s e t  oE f u s i o n  a t  t empera tures  above 600 K and have 
approximately the same maximum e x t e n t  of f u s i o n  (minimum MZT) ( F i g u r e s  4 and 5). 
The reg ion  of g r e a t e s t  f u s i o n  is s h i f t e d  t o  h igher  tempera tures  f o r  t h e  h igher  
rank bi tuminous c o a l  s u b s e t ,  c o n s i s t e n t  w i t h  the  expected rank dependence of c o a l  
t h e r m o p l a s t i c i t y  (e .g .  r e f s .  26 and 2 7 ) .  (This  is  b e t t e r  demonstrated by the p l o t  
o f  the tempera ture  of maximum f u s i o n  ( i . e .  minimum MZT v a l u e )  v e r s u s  mean maximum 
v i t r i n i t e  r e f l e c t a n c e  Rvmax f o r  the i n d i v i d u a l  c o a l s  of the  s e t  (F igure  6 ) ) .  

The ilZT pyrograms Eor t h e  'pure '  i n e r t t n i t e s  r e p r e s e n t a t i v e  of  t h e  two lower  
rank c o a l  s u b s e t s  ( F i g u r e s  3 and 4 )  i n d i c a t e  l i t t l e  molecular  m o b i l i t y  Ln the  
temperature  reg ion  of c o a l  t h e r m o p l a s t i c i t y  ( i . e .  >- 700 K). However, t h e  wel l  
der ined  minimum i n  the cor responding  pyrogram f o r  the h i g h e r  rank hi tuminous c o a l  
subse t  r e v e a l s  a degree  o f  f u s l h i l i t y  of i n e r t i n i t e s  i n  t h e s e  c o a l s .  

The much g r e a t e r  E u s i b i l i t y  of  t h e  l t p t i n i t e  macera ls  compared t o  t h e  
a romat ic  macera ls  f o r  a l l  ranks i s  c l e a r l y  demonstrated by the  r e s u l t s  shown i n  
F lgures  3-5. The low tempera ture  f u s i o n  o f  the  sub-bituminous l i p t t n i t e s  i s  
s i m i l a r  i n  p r o f i l e  t o  t h a t  of t h e  brown c o a l  (F igure  l ( a ) ) ,  c o n s i s t e n t  wi th  t h e s e  
l i p t i n i t e s  c o n t a i n i n g  the ' g u e s t '  m a t e r i a l s  e x t r a c t a b l e  from brown and o t h e r  low 
rank c o a l s  ( 2 8 ) .  
fus ion  tempera tures  of the  hi tuminous l t p t i n i t e s  can be expla ined  in terms of  
these  m a t e r i a l s  having a more h i g h l y  c r o s s l i n k e d  macromolecular s t r u c t u r e  than the 
l i p t i n i t e s  i n  the brown c o a l s .  

The g r e a t e r  thermal  s t a b i l i t y  i n d i c a t e d  by t h e  much h i g h e r  

Because l i p t i n i t e s  comprise only  a smal l  f r a c t i o n  of most A u s t r a l i a n  
bi tuminous c o a l s ,  t h e i r  c o n t r i b u t i o n  t o  t h e  f u s i b i l i t y  O E  the  whole c o a l s  i s  
expected t o  be minor. Thus t h e  MZT pyrograms f o r  t y p i c a l  bi tuminous whole c o a l s  
(F igure  2(e)  and ( f ) )  c l o s e l y  r e f l e c t  the  thermal  behaviour  of the  a romat ic - r ich  
macerals .  

Solvent  D e s t a b i l t z a t i o n  Data 

The d e s t a b i l i z a t i o n  of bi tuminous c o a l  s t r u c t u r e s  due t o  exposure t o  p y r i d i n e  
i s  measured by the percentage  change ( d e c r e a s e )  I n  the  value of MZT (APIpyr) f o r  
the  c o a l  a f t e r  two months soak. l n  i n t e r p r e t i n g  the  r e s u l t s  f o r  AMpyr we s e e k  to 
i s o l a t e  t h e  s e p a r a t e  i n f l u e n c e s  of rank  and maceral  composi t ion.  
a l l  t h e  c o a l s  is p l o t t e d  a g a i n s t  v i t r i n i t e  c o n t e n t  (F igure  7), t h e r e  i s  wide 
s c a t t e r  and no recognizable  t r e n d .  However, L E  t h e  c o a l s  a r e  s e p a r a t e d  i n t o  h i g h  
(>86I C) a?d low (80-86% C )  rank  bi tuminous s u b s e t s  (F igure  7 1 ,  a s t r o n g  
dependence on v i t r i n i t e  c o n t e n t  t o r  t h e  lower rank s u b s e t  becomes apparent  - the  
g r e a t e r  the  v i t r i n i t e  conten t  the  g r e a t e r  the  p y r i d i n e  d e s t a b i l i z a t i o n .  The 
i m p l i c a t i o n  t h a t  v i t r i n i t e  macerals  a r e  d e s t a b l i z e d  by p y r i d i n e  t o  a g r e a t e r  
e x t e n t  than t h e  o t h e r  maceral  types is  confirmed by s t a t i s t i c a l  e x t r a p o l a t t o n  of 
t h e  AMpyr v a l u e s  t o  'pure '  macerals  by means of a l i n e a r  r e g r e s s i o n  analogous t o  
t h a t  g i v e n  by Equat ion 1 ( r e s u l t s  no t  p r e s e n t e d  here) .  

When AMpyr f o r  

From Figure  7 i t  i s  a l s o  apparent  t h a t  w i t h i n  the  bi tuminous range t h e  lower 
rank  c o a l s  a r e  d e s t a b i l i z e d  by exposure t o  p y r i d i n e  much more r e a d i l y  than the 
h igher  rank c o a l s .  
v i t r i n i t e  a r e  l i t t l e  i n f l u e n c e d  by prolonged exposure (F igure  7).  T h i s  rank 

Indeed,  some h igher  rank specimens c o n t a i n i n g  -80 H-wt% 
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e f f e c t  becomes c l e a r  when AMpyr is  p l o t t e d  a g a i n s t  \max f o r  the  v i t r i n i t e - r i c h  
specimens (>=60 H-wt% v i t r i n i t e )  (F igure  8). Above R max - 1.0 t h e  v i t r i n i t e s  
become i n c r e a s i n g l y  impervious t o  p y r i d i n e  d e s t a b i l i z x t i o n  and i t  is only  a minor 
e f f e c t  when Rvmax >- 1.5. 

Comparison of Thermal and P y r i d i n e  D e s t a b i l i z a t i o n  

The r e l a t i o n s h i p  between the  e x t e n t  of  thermal  d e s t a b i l i z a t i o n  of t h e  
molecular  s t r u c t u r e s  of v i t r i n i t e - r i c h  bi tuminous c o a l s  on the  one hand and 
pyr id ine  s o l v e n t  d e s t a b i l i z a t i o n  on the  o t h e r  is i l l u s t r a t e d  i n  Figure  9 i n  which 
the r a t i o  of the  decrease  i n  M Z T  dur ing  h e a t i n g  t o  t h e  tempera ture  of maximum 
e x t e n t  of f u s i o n  t o  t h e  pyridine- induced decrease  AMpyr i s  p l o t t e d  v e r s u s  R p a x .  
For c o a l s  wi th  Rvmax < 1 t h i s  r a t i o  is independent  of rank and i ts  va lue  of 1.5 - 
2 (except  f o r  c e r t a i n  c o a l s  w i t h  r e l a t i v e l y  high l i p t i n i t e  c o n t e n t s  which 
t h e r e f o r e  enhance t h e i r  o v e r a l l  f u s i b i l i t y )  sugges ts  ( b u t  does not  r e q u i r e  - see 
below) an a p p r e c i a b l e  commonality between the  p a r t s  of  the  c o a l  s t r u c t u r e  thdL are  
d e s t a b i l i z e d  by s o l v e n t  and by thermal  t rea tment  r e s p e c t i v e l y .  A t  h i g h e r  rank tha> 
r a t i o  tends t o  i n c r e a s e  w i t h  \max, r e f l e c t i n g  t h e  reduced a h t l i t y  of p y r i d i n e  t o  
p e n e t r a t e  and d e s t a b i l i z e  molecular  s t r u c t u r e s  which a r e ,  however, t h e r m a l l y  
d e s t a b i l i z e d  a t  h igh  tempera tures .  

SUMMARY DISCUSSION 

Two d i s t i n c t  types  of f u s i b l e  m a t e r i a l s  occur  i n  c o a l s .  One type is 
a l i p h a t i c - r i c h  and a s s o c i a t e d  wtth t h e  l i p t i n i t e  macera ls  and t h e  o t h e r  i s  
contained i n  the  a romat ic - r ich  m a w r a l r  ind p a r t i c u l a r l y  t h e  v i t r i n i t e s  of 
bituminous c o a l s .  

In t h e  case  of low rank brown c o a l s  t h e  a l i p h a t i c - r i c h  e x t r a c t a b l e  m a t e r i a l  
f u s e s  a t  t empera tures  w e l l  below 600 K. With i n c r e a s i n g  coaliFLcatio.1 rank t h e  
thermal  s t a b i l i t y  of t h i s  l i p t i n i t e  m a t e r i a l  i n c r e a s e s  and the  tempera ture  range 
oE its f u s i o n  t r a n s i t i o n  approaches t h a t  of the  thermoplas t ic  phenomenon of 
bituminous c o a l s .  The enhanced s t a b i l i t y  wi th  i n c r e a s i n g  rank is a t t r i b n t e d  t o  
progress ive  covalen t  c r o s s l i n k i n g  which a l s o  would make the m a t e r i a l  non- 
e x t r a c t a b l e .  In  t h e  fused  s t a t e  i t  would remain a c r o s s l i n k e d  ‘rubbery‘  m a t e r i a l  
r e s i s t a n t  t o  s o l v e n t  s w e l l i n g  and shear- induced flow. 

Fusion i n  the  a romat ic - r ich  macera ls  is the b a s i s  of c o a l  t h e r m o p l a s t i c i t y  
and i t s  occurrence  i n  e f f e c t  ,def ines  the  bi tuminous range.  Fusion w i t h i n  t h e  
a romat ic - r ich  s t r u c t u r e s  of low-rank suh-hituminous c o a l s  is i n h i b i t e d  by t h e i r  
high covalen t  c r o s s l i n k  d e n s i t y .  V i t h  f u r t h e r  c o a l i f i c a t i o n  t h e s e  c r o s s l i n k s  a r e  
degraded and t h e r e  is loss of  o t h e r  Eunct ional  s i d e  groups.  A consequence of 
t h e s e  processes  is t h e  c o n s o l i d a t i o n  of t h e  a romat ic  u n i t s  i n t o  microdomains o r  
m i c e l l e s  ( 7 )  with i n c r e a s i n g  g r a p h i t e - l i k e  order .  These microdomains, s t a b i l i z e d  
by London f o r c e s ,  are i n i t i a l l y  smal l  and poorly ordered.  With increavind  rank 
they become l a r g e r ,  more ordered  and i n c r e a s i n g l y  s t a b l e  so t h a t  t h e i r  f u s i o n  
temperature  rises. Thermoplas t ic i ty  ceases  i n  a n t h r a c i t e s  when t h e s e  p h y s i c a l l y  
s t a b i l i z e d  s t r u c t u r e s  achieve  a degree of s t a b i l i t y  which i n h i b i t s  t h e i r  f u s i o n  
below t h e i r  t empera ture  of p y r o l y t i c  decomposi t ion.  Thts  s t a b i l i z a t i o n  process  i s  
g r e a t l y  a c c e l e r a t e d  by the rap id  condensat ion and growth in size of the  a romat ic  
u n i t s  forming the  ordered  domains a t  carbon rank > 87% (29). 

Of  t h e  a romat ic - r ich  macerals  the behaviour  descr ibed  above is most 
c h a r a c t e r i s t i c  of the  v i t r i n i t e s .  I n e r t i n i t c i  .arc L n  g e n e r a l  more oxygenated and 
aromat ic  than  t h e t r  corresponding v i t r i n i t e s .  Thei r  much g r e a t e r  thermal  
s t a b i l i t y  and r e s i s t a n c e  t o  p y r i d i n e  d e s t a b i l i z a t t o n  must r e l a t e  t o  g r e a t e r  
covalen t  c r o s z l l n k  d e n s i t y  a t  a l l  s t a g e s  of  c o a l i E i c a t i o n  and t h i s  would a l s o  
i n h i b i t  t h e  development of the  ordered microdomains i n  i n e r t i n i t e s  compared t o  
t h a t  i n  the  v i t r i n i t e s .  
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TABLE 1 Analyt tca l  data  f o r  representat ive  c o a l s  

Coal d e s c r i p t i o n  

m o i s t .  (%ad) ash(%db) V?l(%daf) C H N  S 
( X  d a f )  

- R30, Vic. 0.3 SO. 7 69.5 5.14 0.57 0.38 

C o l l i e ,  WA 11.9 8.1 39.4 74.4 4.31 1.32 0.91 

Amberley, Q l d  4.3 12.2 47.3 80.2 6.22 1.60 0.82 

Liddell  seam, NSW 2.8 5.8 39.5 83.4 5.63 2.19 0.41 

Bul l i  seam, NSW 1.2 8.9 22.4 89.2 4.86 1.62 0.46 

Baralaba, Qld 1.4 8.4 12.0 89.7 4.12 1 -88  1.18 

Lipt .  CSN C i e s e l e r  k m a x  V i t .  

(%)  (Xmmf) (%mmf) log (max f l u i d i t y ,  ddpm) 

R30, Vic. - - - - 
C o l l i e  WA 0.45 5 1  6 0 
Amberley, Q l d  0.59 80 18 2 - 
Liddel l  seam, NSW 0.78 8 3  6 6.5 2.26 

Bul l i  Seam, NSW 1.30 46  0 7.5 1.90 

Baralaba, Qld 2.14 63 0 0.5 nd 

____I 

nd = no d e t e c t a b l e  movement 
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M ~ T  pyrograms of a brown c o a l  (R30) ( a ) ,  i t s  e x t r a c t e d  res idue  (b), and 
a sample oE C o l l i e  ( c )  and Amberley (d)  subbituminous c o a l .  Analyt ica l  
data  i n  Table 1 .  

MZT pyrograms of a h i g h - v o l a t i l e  bituminous c o a l  ( e ) ,  a l o w - v o l a t i l e  
bituminous c o a l  ( E )  and a semi-anthracite ( g ) .  Analyt ica l  data i n  Table 
1. 

F ig-  1 

Fig. 2 
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Fig. 3 Pyrograms of 'pure' exinite (triangles), vitrinite ( 0 )  and inertinite 
( x )  for coals with < 80% carbon (daf). 

Fig. 4 Pyrograms of 'pure' exinite (triangles), vitrinite ( 0 )  and inertinite 
( x )  for coals with 80-85% carbon (daf). 

Fig. 5 Pyragrams of 'pure' exinite (triangles), vitrtnite ( 0 )  and inertinite 
( X )  for coals with 85-89% carbon (daf). 

Fig. 6 Plot of the temperature of maximum degree o f  fusion (TWt(min)) against 
reflectance (Rvmax) for bituminous coals. 
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Fig. 7 

Fig. 8 

Fig. 9 
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Plot of Wpyr against vitrinite content (on a wt% hydrogen basis) for 
bituminous coals with 80-86% C ( 0 )  and >E62 C (XI. The line of best fit 
to these data for the lower rank subset is shown. 

Plot of Wpyr against R,,max for vitrinite-rich (>60 H-wt% vitrinite) 
bituminous coals. 
Plot of the ratio of the decreases in M2T due to heating and to expoeure 
to pyridine against \max for vitrinite-rich ( >  60 H-wt% vitrinite) 
bituminous coals. 
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S P I N  D I F F U S I O N  AND SELECTIVE E X C I T A T I O N  NMR TECHNIOUES 
FOR COAL STRUCTURE STUDIES 

Naresh K. Sethi  
Amoco O i l  Research Department 
Naperv i l le ,  I l l i n o i s -  60566 

ABSTRACT 

The use o f  s e l e c t i v e  e x c i t a t i o n  NMR technique using DANTE pulse sequence i s  
presented as a method t o  o b t a i n  h igher  r e s o l u t i o n  i n  the CP/MAS spectrum o f  
coals. T h i s  technique i s  shown t o  work very wel l  i n  i s o l a t i n g  narrow 
i n d i v i d u a l  resonance l i n e s  from otherwise broad NMR bands u s u a l l y  obtained f o r  
coals. 
ob ta in ing  s t r u c t u r a l  in fo rmat ion  on coals.  
spin d i f f u s i o n  i n  coa ls  w i t h  sp in  l a b e l l i n g  and matching o f  magic angle 
spinning frequency w i t h  the chemical s h i f t  d i f f e r e n c e  i s  discussed. This 
method i s  suggested as a poss ib le  means t o  der ive  a r o m a t i c - a l i p h a t i c  carbon 
c o n n e c t i v i t y  in fo rmat ion .  

Study o f  carbon s p i n  d i f f u s i o n  i s  a l s o  discussed a s  a means o f  
The f e a s i b i l i t y  o f  observing carbon 

INTRODUCTION 

Sol id  s t a t e  1% NMR i s  widely accepted as an important a n a l y t i c a l  technique f o r  
coal c h a r a c t e r i z a t i o n .  The extent o f  s t r u c t u r a l  in fo rmat ion  a v a i l a b l e  from 
s o l i d  s t a t e  NMR experiments on coals i s ,  however, l i m i t e d .  A t y p i c a l  cross- 
eolar izat ion/magic angle sp inn ing  (CP/MAS) 
l i n e s ,  o f t e n  w i t h o u t  much f i n e  s t ruc tu re ,  a t t r i b u t e d  t o  unsaturated and 
saturated carbons. 
coals i s  ma in ly  inhomogenous, i .e . ,  extensive over lap o f  resonance l i n e s  occurs 
due t o  a d i s t r i b u t i o n  o f  s l i g h t l y  d i f f e r e n t  carbon s t r u c t u r e  types (1).  
o f ten  d e s i r a b l e  t o  determine the number o f  unique l i n e s  t h a t  comprise t h e  broad 
band as an important step f o r  e l u c i d a t i n g  t h e  s t r u c t u r a l  fea tures  o f  these 
mater ia ls .  
r e s o l u t i o n  i s  expected by ob ta in ing  the spectrum a t  higher magnetic f i e l d  
strength.  
use o f  s e l e c t i v e  e x c i t a t i o n  pulse techniques ( 2 ) .  
performed t o  r e s o l v e  t h e  broad band i n t o  unique resonance l i n e s .  
experiments can be used t o  reveal extended in fo rmat ion  prev ious ly  obscured by 
over1 ap. 

Another experiment which can prov ide  useful  informat ion on coal s t r u c t u r e  i s  
the study o f  carbon sp in  d i f f u s i o n .  Several studies repor ted  prev ious ly  have 
used carbon and proton sp in  d i f f u s i o n  under favorable circumstances t o  o b t a i n  
in fo rmat ion  on the  domain s i z e  i n  heterogenous s o l i d s  ( 3 ) ,  i n t imacy  o f  mix ing  
i n  polymer blends(4) and carbon-carbon c o n n e c t i v i t i e s  i n  amino ac ids(5) .  
d i f f u s i o n  between s p e c t r a l l y  resolved carbons ( a l s o  re fe red  t o  as spec t ra l  sp in  

spectrum o f  coals shows two broad 

It i s  w e l l  known t h a t  the  nature o f  NMR l i n e  broadening i n  

I t i s  

Due t o  inhomogeneous nature o f  l ine-broadening, no t  much ga in  i n  

An approach t o  achieving higher r e s o l u t i o n  i s  proposed here w i t h  the 

A set o f  such 
A ser ies  o f  experiments are 

Spin 

t 



d i f f u s i o n )  i s  induced l a r g e l y  v i a  t h e  homonuclear d i p o l a r  coupl ing.  The 
d i f f u s i o n  r a t e  i s  thus dependent upon the  i n te rnuc lea r  d is tance through the  
s t rength o f  t h e i r  d ipo le -d ipo le  coupling. Observing carbon sp in  d i f f u s i o n  i n  
coals, however, i s  extremely d i f f i c u l t  due t o  the s t a t i s t i c a l  d i s t r i b u t i o n  o f  
C-12 and C-13 isotopes which renders average d ipo le -d ipo le  coupl ing t o  be 10-15 
Hz and thus sp in  d i f f u s i o n  r a t e  i s  very slow (.l t o  .01 s - l ) .  Spin d i f f u s i o n  
r a t e  i s  f u r t h e r  reduced by magic angle sp inn ing and coupl ing o f  carbons w i th  
the protons. Therefore, t o  observe carbon sp in  d i f f u s i o n  i n  coals  very l ong  
mixing t ime (1-100 s) wi th  proton decoupling f i e l d  kept  on i s  requi red.  Th is  
places an excessive demand on the instrument performance, bu t  more impor tan t l y  
the sp in  l a t t i c e  r e l a x a t i o n  times can compete w i t h  sp in  d i f f u s i o n  r a t e ,  making 
the  experiment impossible. I n  t h i s  paper we show t h a t  i t  i s  f eas ib le  t o  
observe carbon sp in  d i f f u s i o n  i n  coals  by a combination o f  sp in  l a b e l l i n g  and 
ad jus t i ng  t h e  r o t o r  sp inn ing frequency t o  be equal t o  the chemical s h i f t  
d i f f e rence  ( i n  Hz) o f  two resonance l i nes .  
recent a r t i c l e s  on r o t a t i o n  enhanced sp in  d i f f u s i o n  i n  d i l u t e  sp in  systems by 
Ernst  and co-workers(6) and Veeman and KO-workers(7). They have shown t h a t  
under the cond i t i ons  o f  r o t a r y  resonance, sp in  d i f f u s i o n  r a t e  can be enhanced 
by an order  o f  magnitude. With t h i s  cond i t i on  f u l l f i l l e d  sp in  d i f f u s i o n  
between aromatic and a l i p h a t i c  carbons i n  coals  can be observed i n  as shor t  a 
t ime as 80111s. 

This  work i s  p r i m a r i l y  i n s p i r e d  by 

EXPERIMENTAL 

The experiments were performed on a Chem-Magnetics M-100 spectrometer operat ing 
a t  carbon frequency o f  25.11 MHz. Normal spectrum acquisat ion employed cross-  
p o l a r i z a t i o n  contact  t ime o f  lms w i t h  magic angle spinning. The sp inn ing r a t e  
could be monitored w i t h  a tachometer dur ing the experiment. The sp inn ing r a t e s  
were s tab le  w i t h i n  5Hz. 

Select ive e x c i t a t i o n  experiment proceeds as fo l lows:  c ross -po la r i za t i on  i s  used 
t o  produce t ransverse carbon magnetization. 
restores t h e  magnetization along the external  magnetic f i e l d  d i r e c t i o n .  DANTE 
(2) (delays a l t e r n a t i n g  w i th  nu ta t i on  f o r  se lec t i ve  e x c i t a t i o n )  pu lse sequence 
i s  then used t o  s e l e c t i v e l y  convert a s ing le  resonance l i n e  back t o  the  
transverse plane which i s  then detected under h igh  power proton decoupling. 
DANTE pulse sequence was a ser ies o f  20 pulses o f  0.3 microsec. 
(corresponding t o  a 900 degree non-select ive pulse o f  6.5 microsec. du ra t i on ) .  
100 - 200 microsec. delays were i nse r ted  between the  pulses t o  perform chemical 
s h i f t  s e l e c t i v i t y .  An approximate analys is  i nd i ca ted  t h a t  85% o f  the o r i g i n a l  
i n t e n s i t y  cou ld  be detected. I n te r fe rence  o f  DANTE pulse sequence w i t h  magic 
angle sp inn ing d i d  n o t  present any severe problems. 

Spin d i f f us ion  experiment employed the  spin-exchange pulse sequence described 
i n  d e t a i l  by  Maciel and co-workers(8). High power proton decoupling was appl ied 
dur ing the e n t i r e  experiment. A sequence o f  spectra obtained f o r  20 ana lys i s  
were t ransfered t o  a VAX computer. 
way. The r e s u l t s  are presented as a 2D contour p l o t .  

A non-se lect ive 900 pu lse  then 

long  

The 2D data was processed i n  a standard 

J 
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RESULTS AND DISCUSSION 

A p p l i c a t i o n  o f  s e l e c t i v e  e x c i t a t i o n  and r o t a t i o n  enhanced sp in  d i f f u s i o n  are 
i l l u s t r a t e d  here w i t h  a sample o f  I l l # 6  coal  which has been l e b e l l e d  w i t h  C-13 
enr iched methyl groups a t  var ious r e a c t i v e  s i t e s .  
spectra o f  t h i s  sample. 
spectrum correspond t o  the enriched methyl groups. 
0 - C H 3  and C-CH3 i n d i c a t i n g  methyl groups which are bonded t o  oxygen and carbon 
r e s p e c t i v e l y .  F igure  1B-G shows the  a p p l i c a t i o n  o f  DANTE pulse sequence i n  
i s o l a t i n g  unique methyl resonance l i n e s .  The spacing between the  pulses i n  
DANTE sequence was adjusted i n  successive experiments i n  small increments t o  
cover t h e  f u l l  chemical s h i f t  range. Peaks represent ing unique chemical s h i f t s  
were then se lec ted  t o  i n d i c a t e  the number o f  d i s t i n c t  methyl groups comprising 
t h e  broad l i n e .  
i d e n t i f i e d  f o r  t h e  0 - C H 3  groups occur ing a t  55 and 57 ppm whereas seven d i s t i n t  
peaks were i s o l a t e d  f o r  the  C-CH3 groups ranging from 16 ppm t o  33 ppm (no t  a l l  
peaks are shown i n  the f i g u r e ) .  As an example o f  t h e  r e s o l u t i o n ,  n o t i c e  i n  
f i g u r e  10 t h a t  t h r e e  l i n e s  which are w i t h i n  5 ppm can be d is t ingu ished.  
f i n e  s t r u c t u r e  would otherwise have been obscured by over lap.  

The w id th  o f  the  narrow l i n e s  obtained w i t h  the use o f  DANTE sequence approach 
t h e  values t h a t  a r e  t y p i c a l y  obtained f o r  resolved resonance l i n e s  from a 
p o l y c r y s t a l l i n e  pure compound i n  a CP/MAS experiment. L ine-widths o f  t h e  
i n d i v i d u a l  l i n e s  are i n  the  range o f  1-2 ppm, which i s ,  there fore ,  the  l i m i t  o f  
chemical s h i f t  r e s o l u t i o n  t h a t  can be achieved. 

The a b i l i t y  t o  i s o l a t e  s i n g l e  narrow l i n e s  a f fo rds  the p o s s i b i l i t y  o f  apply ing 
o ther  NMR techniques t o  i d e n t i f y  the chemical na ture  o f  carbons g i v i n g  r i s e  t o  
these l i n e s .  For example, use o f  p ro ton  m u l t i p l e  pulse instead o f  h igh  power 
decoupling d u r i n g  de tec t ion  o f  s i n g l e  l i n e s  would r e s u l t  i n  a spectra t h a t  i s  
i n d i c t i v e  o f  the  number o f  protons attached t o  the carbon (J-spectroscopy)(9).  
Analysis o f  such d i p o l a r  spectra can e s t a b l i s h  the i d e n t i t y  o f  each chemical 
s h i f t  as from methyl, methylene, methine o r  quaternary carbon. 

Figure 2 shows a 20 contour p l o t  f o r  the  sp in  exchange experiment on the same 
I l l # 6  c o a l .  The purpose o f  the experiment depicted here was t o  a c e r t a i n  the 
f e a s i b i l i t y  o f  observing carbon spin d i f f u s i o n  i n  coals.  
r idges  i n  the  2D p l o t  i n d i c a t e  the chemical s h i f t s  t h a t  have p a r t i c i p a t e d  i n  
t h e  sp in  exchange process dur ing  the mixing time. For the spin exchange t o  
occur between two carbon atoms, they must neccessrar i l y  be i n  c lose  p r o x i m i t y  
t o  each o ther .  Since i t  was unknown p r i o r  t o  the  experiments which p a i r  o f  
resonance l i n e s  would s a t i s f y  such condi t ions,  the spinning speed was se t  t o  
2630 H z  which corresponds t o  the  chemical s h i f t  d i f f e r e n c e  ( i n  Hz) o f  t h e  
h ighes t  p o i n t  of the  C-CH3 band and the highest p o i n t  o f  the  aromatic band. 
This was done w i t h  the assumption t h a t  the C-13 enriched methyl groups d i r e c t l y  
at tached t o  the  aromat ic r i n g  s t r u c t u r e  would have the grea tes t  p r o b a b i l i t y  o f  
undergoing sp in  exchange w i t h  the  aromatic carbons. 

Spin d i f f u s i o n  i s  enhanced f o r  those carbon spins whose chemical s h i f t  
d i f ferences are matched by the spinning frequency(6,7). To der ive  s t r u c t u r a l  
parameters from such experiments, a ser ies  o f  2D experiments would have t o  be 
performed cover ing  f u l l  s h i f t  range o f  aromatic and a l i p h a t i c  carbon band 

Figure 1 A  shows the  CP/MAS 
Two intense peaks i n  t h e  a l i p h a t i c  reg ion  o f  the  

These have been l a b e l l e d  as 

With t h i s  procedure o n l y  two unique resonance l i n e s  cou ld  be 

Such 

The o f f - d i a g o n a l  
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widths.  A l t e r n a t i v e l y  i t  i s  p o s s i b l e  t o  
d e r i v e  t h e  same in fo rma t ion  i n  l e s s  t ime  by 1D NMR wi th  t h e  use o f  DANTE 
sequence as demonstrated by E rns t  and co-workers(6) f o r  pure  model compound. 

The s tudy  o f  s p i n  d i f f u s i o n  i s  an ex t remely  p romis ing  techn ique f o r  o b t a i n i n g  
s t r u c t u r a l  i n f o r m a t i o n  about s p a t i a l  p o s i t i o n s  o f  carbon atoms i n  so l  i d s ( l 0 ) .  
I n  p a r t i c u l a r ,  r o t a t i o n  enhanced s p i n  d i f f u s i o n  appears t o  be a w e l l  s u i t e d  
techn ique t o  s tudy  t h e  a r o m a t i c - a l i p h a t i c  carbon c o n n e c t i v i t i e s  i n  coa ls .  
an approp r ia te  cho ice  o f  m ix ing  t ime, i t  should be p o s s i b l e  t o  d i s c r i m i n a t e  
between p a i r s  o f  carbon atoms as d i r e c t l y  bonded o r  two o r  more bonds away, 
? . e . ,  a l i p h a t i c  carbons a lpha t o  t h e  aromat ic  r i n g  versus o thers .  

Th is  would be very  time-consuming. 

With 

ACKNOWLEDGEMENTS 

Technical  ass is tance o f  members o f  a n a l y t i c a l  NMR group a t  Amoco Research 
Centre i s  g r a t e f u l l y  acknowleged. 
Joseph o f  Amoco O i l  Company f o r  p r o v i d i n g  the  C -  and 0- a l k y l a t e d  I l l # 6  coa l  
sample. 

Spec ia l  thanks a l so  go t o  D r .  Joseph T. 

1. 

2. 

3.  

4. 

5 .  

6. 

7. 

8. 

9. 

REFERENCES 

S u l l i v a n ,  M. J . ;  Maciel ,  G .  E., Ana l .  Chem., 1982, 54, 1606. 

Mor r is ,  G .  A.; Freeman, R., J .  Mag. Reson., 1978, 29, 433. 

Cheung, T .  T. P.; Gers te in ,  B. C.; Ryan, L. M.; T a y l o r ,  R .  E.; Dybowski, 

C. R., J. Chem. Phys., 1980, 73, 6059. 

Carava t t i ,  P.; D e l i ,  J. A.; Bodenhausen, G . ;  Erns t ,  R .  R., J. Am. Chem. 

SOC., 1982, 104, 5506. 

Frey, M. H. ; Opel la,  S .  J., J. Am. Chem. SOC., 1984, 106, 4942. 

Colombo, M. G . ;  Meier,  8. H.; E rns t ,  R .  R., Chem. Phys. L e t t . ,  1988, 146, 

189. 

Maas, W .  E. J. R.; Veeman, W .  S . ,  Chem. Phys. L e t t . ,  1988, 149, 170. 

Szeverenyi ,  N. M.; Su l l i van ,  M. J.; Maciel ,  G .  E., J. Mag. Reson., 1982, 

47, 462. 

Tereo, T . ;  Miura,  H.; Saika, A., J. Chem. Phys., 1981, 75, 1573; Z i lm,  K. 

71 7 



W . ;  Grant, D .  M . ,  J. Mag. Reson., 1982, 48, 524. 

10 VanderHart, D. L., J. Mag. Reson., 1987, 72, 13. 

718 



B 

C 

B I \  

Flgure 1: &plication of DANTE pulse sequence to' isolate iavldual components of . 
the C-13 enriched O-ctl3 and C-ctl3 groups. See text for &calls. 
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Figure 2: Absolute mode two dimensional contour p l o t  for sp in  exchange w i t h  
80 rn mixing time for label led  111#6 coal. 
Mrukings on the axis are Sa ppm. 

Spinnlng frequency - 2630 Hz. 
Sea t ex t  for details. 
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