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INTRODUCTION 

A v a r i e t y  of pu lse  sequences have been used to  ob ta in  so l id - s t a t e  
aluminum-27 and s i l icon-29  nuclear magnetic resonance (NMR) spec t r a  on the  
mineral mat te r  i n  Argonne Premium Coals. The aim of t h i s  research 
inves t iga t ion  is two-fold; t o  improve our knowledge of minerals found in coa l s  
and t o  e l u c i d a t e  t h e  poss ib le  ro l e s  of l aye r  s i l i c a t e s  in coal formation. To 
f a c i l i t a t e  the  l a t t e r  ob jec t ive ,  l a y e r  s i l i c a t e s  t h a t  a r e  in t imate  with the  
carbonaceous po r t ion  and present during c o a l i f i c a t i o n  must be i den t i f i ed .  
Nuclear magnetic resonance should provide va luable  information because it is 
s e n s i t i v e  t o  a l l  mineral  p a r t i c l e s  independent of t h e i r  s i z e  and it is a 
d i r e c t  cha rac t e r i za t ion  method, thus does not requi re  any modification of t he  
coa ls .  

In t h e  present  s tudy ,  NMR has been appl ied  t o  t h e  e n t i r e  s u i t e  of Argonne 
Premium Coals before  and a f t e r  separa t ion  of the  d e t r i t a l  mineral p a r t i c l e s  by 
s ink- f loa t  s epa ra t ion  (1). Preliminary r e s u l t s  a r e  presented f o r  t h e  d i r e c t  
cha rac t e r i za t io s  of the  minerals more in t imate ly  assoc ia ted  with the  organic 
por t ion  of these  coa ls .  

EXPERIMENTAL 

N M R  Spectrosco . The s i l icon-29  cross -polar iza t ion  (CP) (2) and sp in-  
echo (3) spec t r a  empyoping magic-angle sample-spinning (MAS) (4) were recorded 
a t  19.89 MHz on a Bruker Instruments spectrometer,  model CXP-100. The CP/MAS 
spec t ra  were recorded with contac t  times varying from -1 to  20 m s ,  a 2-second 
r e p e t i t i o n  time and with proton-decoupling dur ing  acquis i t ion .  The 
Hartman-Hahn matching condi t ion  was s e t  with pure k a o l i n i t e  spinning a t  about 
3.5 kHz; a l l  CP/MAS spec t r a  were recorded a t  t he  same speed a s  the  standard.  
The spin-echo s p e c t r a  were recorded with and without proton decoupling dur ing  
a c q u i s i t i o n  and wi th  a r e p e t i t i o n  t i m e  of .2 t o  2 seconds depending on TI. 
The to ta l  time requi red  t o  ob ta in  the  si l icon-29 spec t r a  varied from an hour 
t o  15 hours  f o r  CP/MAS spec t r a  and 2 t o  50 hours f o r  spin-echo spectra.  The 
aluminum-27 MAS, v a r i a b l e  angle sample spinning (VAS) ( 5 )  and s t a t i c  s p e c t r a  
were recorded wi th  a 45' pulse  (2.5 11s pulse width) a t  52.2 MHz on a Nicolet ,  
Magnetics spectrometer,  model NTC-200. The aluminum-27 spec t ra  required an 
hour to 15 hours f o r  d a t a  acquis i t ion .  Chemical s h i f t s  a r e  referenced t o  TMS 
f o r  s i l i con-29  and a 1 &aqueous so lu t ion  of AlC13  f o r  aluminum-27. 

Prepara t ion  of Mineral Concentrates by Sink-Float Separation. A t y p i c a l  
procedure t o  ob ta in  concentrates of minerals was t o  suspend -100 mesh Argonne 
Premium Coal in a 1.42 g/cm so lu t ion  (1 g coal/ lO mLs) by u l t r a s o n i f i c a t i o n .  
The coa l  s l u r r i e s  were cent r i fuged  f o r  30 t o  90 minutes t o  allow f o r  t h e  
dens i ty  separa t ion .  The raw coa l  was c l ea r ly  separated i n t o  a black ,  
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carbonaceous upper po r t ion  (low dens i ty )  and a grayish mineral po r t ion  on t h e  
bottom. These two por t ions  could be r ead i ly  separated with minimal mixing by 
decantation. The two por t ions  were sepa ra t e ly  washed with water and e thano l  
t o  remove t h e  C s C l  and Brij-35 and were subsequently d r i ed  i n  s vacuum oven a t  
COOm temperature. 

RESULTS AND DISCUSSION 

Several  commercially ava i l ab le  l aye r  s i l i c a t e s  and t h e i r  chemically 
modified va r i an t s  were analyzed t o  determine t h e  optimum s p e c t r a l  parameters 
required f o r  t h e i r  observation. Methods were a l s o  developed t o  d i s t i n g u i s h  
between the  layer  s i l i c a t e s  present  and t o  f ind  ways t o  overcome the problems 
of poor s e n s i t i v i t y .  In si l icon-29 NMR experiments,  cross-polar izat ion can be 
used t o  t ake  advantage of the d ipo la r  coupling t o  protons thereby enhancing 
t h e  s igna l  of t he  d i l u t e  nuclear  sp in  system. The appropriate  mix time 
depends on t he  r a t e  of po la r i za t ion  t r a n s f e r ,  o r  t he  e f f e c t i v e  s i l i con -p ro ton  
in t e rnuc lea r  dis tance,  and t h e  l i f e t ime  of t h e  proton magnetization. The 
r e s u l t s  of these experiments on a l l  Argonne Premium coals  showed t h a t  using a 
mix t i m e  of approximately 5 m s  s e l e c t i v e l y  enhances the  sharp k a o l i n i t e  
resonance a t  -92.5 ppm (compare Figs l a  and lb) .  This was a s u r p r i s i n g  r e s u l t  
s i n c e  o the r  s i l i c a t e s  a r e  expected t o  have s t r u c t u r e s  with s i l icon-proton 
dis tances  s i m i l a r  t o  kao l in i t e .  However, it allowed the  unambiguous 
i d e n t i f i c a t i o n  of k a o l i n i t e  i n  a l l  of t h e  Argonne Premium Coals even when a 
small amount of k a o l i n i t e  was found in t h e  presence of a l a r g e  number of o the r  
minerals. The s i l icon-29 spin-echo NMR spectrum, i n  add i t ion  t o  having a 
resonance from k a o l i n i t e  (see Fig. l a )  a l s o  e x h i b i t s  a resonance a t  -108 ppm 
from quartz ,  a s  w e l l  a s  resonances from oeveral  o the r  s i l i c o n  sites (some 
minerals may have seve ra l  resonances due t o  c rys t a l log raph ic  inequivalence) i n  
t h e  region from -75 t o  -95 ppm. Silicon-29 resonances i n  t h e  l a t t e r  region 
a r e  typ ica l  of montmoril lonite o r  i l l i t e  clays having Si04 s t r u c t u r e s  wi th  two 
o r  t h ree  of t h e i r  next nea res t  neighbors a s  s i l i c o n  and t h e  remaining next 
nearest  neighbors as aluminum and/or hydrogen. The k a o l i n i t e  resonance a t  
-92.5 ppm was narrowed from 3 ppm t o  1 ppm when proton decoupling was 
employed. However, no s i g n i f i c a n t  change in l inewidth was observed f o r  t h e  
o the r  resonances which prevented f u r t h e r  i d e n t i f i c a t i o n  of o the r  l a y e r  
s i l i c a t e s .  A proton decoupling f i e l d  of 48 kHz was employed and should have 
been of s u f f i c i e n t  magnitude t o  decouple a l l  protons from s i l i con .  Thus, 
other  line-broadening mechanisms, €or  example, bulk s u s c e p t i b i l i t y  anisotropy 
e f f e c t s  a r i s i n g  from noncrys t a l l i n i ty ,  mst dominate t h e  resonances of t h e  
other  minerals. It should be pointed out  t h a t  t h e  s i l icon-29 NMR s p e c t r a l  
parimeters were se l ec t ed  t o  discr iminate  aga ins t  quartz- l ike minerals  
(although qua r t z  resonances do appear i n  some spec t r a  a t  -108 ppm, Figs.  l a  
and IC) in order t o  maximize condi t ions f o r  observat ion of t h e  l a y e r  
s i l i c a t e s .  

The s o l i d - s t a t e  aluminum-27 NMR spec t r a  of t h e  Argonne Premium Coals show 
t h a t  a g r e a t e r  proport ion of t h e i r  aluminum is found i n  octahedral  environ- 
ments (Table l ) ,  some of which is due t o  k a o l i n i t e ,  and d i f f e r i n g  amounts of 
t e t r ahedra l  aluminum. The aluminum-27 spectrum of I l l i n o i s  16 bituminous coa l  
(APCS 13) shown i n  Fig. 2a e x h i b i t s  t e t r a h e d r a l  resonances in t h e  region 
centered a t  65 ppm and octahedral  resonances i n  the  region a t  0 ppm. The Utah 
bituminous coa l  (APCS 116) was found t o  have t h e  most t e t r a h e d r a l  aluminum, 
about one-third t h e  area of t he  t o t a l  aluminum s i g n a l  (see Table 1 and 
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Fig. 2c). The values in Table 1 were determined from the  MAS spec t ra .  S t a t i c  
and VAS spec t r a  were a l s o  run t o  confirm tha t  t he  oc tahedra l  resonances were 
devoid of sp inning  sidebands t h a t  would inf luence  t h e  r e l a t i v e  i n t e n s i t i e s  of 
t he  t e t r ahedra l  and oc tahedra l  aluminum centerbands. 

I n  addi t ion  t o  t h e  spec t r a  of t he  raw coa l s ,  NMR measurements were 
performed on dens i ty  separa ted  mater ia l s .  The predominantly carbonaceous 
por t ion  of the  Argonne Premium Coals was separa ted  from the  heavier ,  mineral- 
r i c h  mater ia l  t o  provide information on the  d i s t r i b u t i o n  of the d i f f e r e n t  
l aye r  s i l i c a t e s  c lose ly  assoc ia ted  with t h e  organic matter. Minerals t ha t  a r e  
f ine ly  d ispersed  wi th  n the  organic matrix were found t o  f l o a t  in a s o l u t i o n  
of dens i ty  1.42 g/c> (aqueous so lu t ion  of C s C l  and Brij-35). while t h e  
l a rge r ,  mineral-rich mater ia l  sank a f t e r  cen t r i fuga t ion .  We chose APCS 16 as 
one of the  f i r s t  coa ls  t o  separa te  because i t  had the  most favorable t e t r a -  
hedra l  t o  oc tahedra l  aluminum r a t i o .  The aluminum-27 NMR spectrum (Fig. 2d) 
of the mineral concent ra te  obtained from dens i ty  separated APCS 86 shows at 
l e a s t  a two-fold inc rease  i n  i n t e n s i t y  of the  t e t r a h e d r a l  resonance over t h a t  
observed f o r  t h e  raw coa l  (Fig. 2c). Moreover, t h i s  treatment apparently does 
not a l t e r  t he  s t r u c t u r e  of t he  minerals. The aluminum-27 o r  si l icon-29 NMR 
spec t ra  of raw APCS #3 ( I l l i n o i s  C6) a r e  e s s e n t i a l l y  the  same a s  the  cor re-  
sponding spec t r a  of its mineral concentrate obtained by s ink- f loa t ,  Pigs. l a  
and IC, 2a and 2b. The e f f e c t  of concent ra t ing  the  mineral  matter is apparent 
from the  reduct ion  in time needed t o  acqui re  t h e  spec t r a ;  the raw coa l  
required approximately 15 hours of t o t a l  a c q u i s i t i o n  (Pig. 2c) while t h e  
mineral concent ra te  required less than 2 hours (Pig. 2d). In addi t ion ,  t h e  
si l icon-29 spectrum of the  carbonaceous upper po r t ion  of the  same coa l  
(Pig. Id )  (50 hours t o t a l  accumulation time) shows s u b s t a n t i a l  d i f fe rences  in 
mineral composition compared with spec t r a  of t h e  raw coal or mineral con- 
cent  r a t  e. 

These spec t r a  of t h e  dens i ty  separa ted  f r a c t i o n s  c l ea r ly  demonstrate t h a t  
a d i f f e r e n t  mix of minerals is in t imate ly  d ispersed  in the organic mat r ix  
compared t o  t h a t  found f o r  t h e  d e t r i t a l  material .  We a r e  cu r ren t ly  pursuing 
add i t iona l  dens i ty  separa t ions  in order t o  see  whether s p e c t r a l  d i f f e rences  
can be observed wi th  mesh s i z e  or  whether o the r  Argonne Premium Coals show 
i n t e r e s t i n g  behavior. We f e e l  these i n i t i a l  r e s u l t s  demonstrate t ha t  NMR can 
y i e l d  va luable  information about t h e  type of mineral  matter present in coa l  
and tha t  t he  technique has the po ten t i a l  t o  reso lve  mineral matter i n t ima te ly  
assoc ia ted  with t h e  organic  por t ion  of coa ls  from epigenet ic  minerals t ha t  a r e  
present. 
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TABLE 1. Dis t r ibu t ion  of Tetrahedral  and Octahedral Aluminum Found in t h e  
Argonne Premium Coal Samples (APCS) by Sol id-s ta te  Aluminum-27 NMR.a 

Coal Number % Tetrahedral  % Octahedral 

Upper Freeport  mv bituminous 

Wyodak subbituminous 

I l l i n o i s  No. 6 hvC bituminous 

Pi t tsburgh No. 8 hvA bituminous 

Pocahontas lv bituminous 

Utah bituminous 

Stockton hvA bituminous 

North Dakota l i g n i t e  

(APCS # l )  

(APCS 1 2 )  

(APCS J3) 

(APCS #5) 

(APCS #7) 

(APCS 14) 

(APCS #6) 

(APCS #8) 

25 

8 

10 

13 

32 

33 

10 

5 

75 

92 

90 

87 

68 

67 

90 

95 

a h t i m a t e d  e r r o r  is f 5 X .  
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Figure 1. Silicon-29 MAS NMR spectra of raw A P C S  83:  (a) spin-echo and 
(b) CP; and spin-echo spectra of i ts  density separated ( c )  sink 
(mineral-rich) and (d) f loa t  (organic-rich) material. 
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Figure 2. Aluminum-27 MAS NMR spectra of (a) raw APCS 13 (b) s i n k  of APCS 13 
(c> raw APCS 16 and (d)  sink of APCS #6.  
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