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INTRODUCTION 

D u r i n g  the p a s t  decade c o a l  s c i e n t i s t s  and t e c h n o l o g i s t s  have become i n c r e a s i n g l y  
aware o f  t h e  p o t e n t i a l l y  dramat ic e f f e c t s  of  o x i d a t i o n  ("Weather ing")  on the  s t r u c -  
t u r e  and r e a c t i v i t y  o f  coa ls .  Present ly  known e f f e c t s  range from a u t o i g n i t i o n  i n  
mines [l] and p i l e s  [2], changes i n  e l e c t r o s t a t i c  charge, s l u r r y  pH and f l o t a b i l i t y  
[3]  o r  loss  o f  cak ing  p r o p e r t i e s  [4-71 and c a l o r i f i c  value [3,4] t o  decreased t a r  
[8,9] and v o l a t i l e  m a t t e r  y i e l d s ,  increased char  y i e l d s  [9,10] and a l t e r e d  char 
p r o p e r t i e s  [3,5,6]. 
i n  a recent  paper by Cox and Nelson [ll]. 

Because o f  a lack  o f  g e n e r a l l y  accepted and standardized procedures f o r  determining 
t h e  degree o f  weather ing  ( t h e  "weather ing index" )  o f  a g i v e n  coal sample, most data 

An e x c e l l e n t  overview of  coal  weather ing e f f e c t s  can be found 

on s t r u c t u r e  and r e a c t i v i t y  repor ted  i n  the l i t e r a t u r e  thus f a r  were o b t a i n e d o n  
c o a l  samples o f  u n c e r t a i n  weather ing s t a t u s  and should t h e r e f o r e  be i n t e r p r e t e d  
w i t h  g rea t  cau t ion .  

U n f o r t u n a t e l y ,  t h i s  s i t u a t i o n  i s  compounded by the  d i f f i c u l t y  o f  o b t a i n i n g  "non- 
weathered" c o a l  samples f o r  s t r u c t u r e  and r e a c t i v i t y  t e s t s  s ince  even re fe rence 
samples a v a i l a b l e  f rom c o a l  sample banks have sometimes been found t o  e x h i b i t  s igns 
o f  weather ing.  I n  t h e  near f u t u r e  a new c o l l e c t i o n  o f  standard coal  samples, t h e  
Premium Coal Sample Program c u r r e n t l y  underway a t  Argonne Nat iona l  Labora tory  under 
t h e  most s t r i n g e n t  anaerob ic  c o l l e c t i o n ,  p r e p a r a t i o n  and storage c o n d i t i o n s  [12], 
may help s o l v e  the  a v a i l a b i l i t y  problem. 
p o r t e d  here h igh  v o l a t i l e  B bituminous coal  samples ob ta ined d i r e c t l y  f rom f r e s h l y  
exposed seam fac ies  i n  t h e  Wasatch Plateau f i e l d  (Hiawatha and B l i n d  Canyon seams, 
Emery County, Utah) were used. 

The present study was prompted by the  d iscovery  o f  F S I  values as h i g h  as 4.0 i n  
c o a l s  obtained d i r e c t l y  f rom f r e s h  mine c u t s  i n  t h e  Hiawatha and B l i n d  Canyon seams 
C41. U n t i l  then, coa ls  f rom these seams were g e n e r a l l y  considered t o  be noncaking. 
S ince  F S I  values > 2.0 c o u l d  i n t e r f e r e  w i t h  p y r o l y t i c  conversion schemes under 
c o n s i d e r a t i o n  by U t a h  Power and L i g h t  Company [13], a systemat ic study o f  t h e  i n f l u -  
ence of weather ing on t h e  r e a c t i v i t y  and s t r u c t u r e  o f  se lec ted  Wasatch Plateau coa ls  
was undertaken. 

I n  the  coa l  weather ing experiments r e -  

EXPERIMENTAL 

Several  hundred pounds o f  samples were ob ta ined from t h e  top ,  m i d d l e  and bottom o f  
f r e s h l y  exposed c r o s s  s e c t i o n s  o f  the  Hiawatha and B l i n d  Canyon seams and immersed 
i n  water u n t i l  be ing  crushed and m i l l e d  t o  < 60 mesh i n  a n i t r o g e n  atmosphere. A l l  
sample s to rage took p l a c e  under n i t r o g e n  i n  h e r m e t i c a l l y  c losed g lass  b o t t l e s  a t  
-2OOC i n  t h e  dark.  
< 60 mesh coa l  were exposed t o  d i f f e r e n t  temperatures and atmospheric c o n d i t i o n s  
(N2 o r  a i r ;  d r y  o r  H20 s a t u r a t e d )  f o r  per iods  up t o  several  weeks o r  months us ing  a 
s p e c i a l l y  cons t ruc ted  bench sca le  weather ing system [41. 

I n  t h e  l a b o r a t o r y  weather ing experiments, 10-15 g a l i q u o t s  of  
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FSI determinat ions  were performed according t o  ASTM Standard 0-720-67, whereas 
standard ASTM proximate ana lys is ,  c a l o r i f i c  va lue  and t o t a l  s u l f u r  de termina t ions  
were c a r r i e d  ou t  by Standard Labora tor ies  (Hunt ington, Utah).  
performed w i t h  a M e t t l e r  I thermal ana lyzer  under the  f o l l o w i n g  c o n d i t i o n s :  ( i n i -  
t i a l  p y r o l y s i s  r u n )  sample weight approx. 10 mg, n i t r o g e n  f l o w  100 ml/min,  heat ing  
r a t e  15"C/min, end temperature 790°C, (subsequent char  combustion run; a f t e r  c o o l i n g  
down) a i r  f low 100 ml/min, heat ing  r a t e  15"C/min, end temperature 990°C. 

C u r i e - p o i n t  p y r o l y s i s  mass spectrometry was performed w i t h  an Ex t ranuc lear  5000-1 
ins t rument  under t h e  f o l l o w i n g  c o n d i t i o n s :  sample we igh t  20 pg (depos i ted  from a 
f i n e  suspension i n  MeOH), heat ing  r a t e  approx. lOO"C/s, end temperature 610°C, t o t a l  
h e a t i n g  t ime 10 s, e l e c t r o n  energy 12 eV, mass range scanned m/z 20-260, t o t a l  
number o f  spectra summed 150, t o t a l  scanning t ime 30 s. 
i n v o l v e d  normal iza t ion  o f  s i g n a l  i n t e n s i t i e s  by means of the  NORMA program [141 
fo l lowed by f a c t o r  a n a l y s i s ,  d i s c r i m i n a n t  a n a l y s i s  and canonical  v a r i a t e  a n a l y s i s  
u s i n g  the  SPSS program package [15]. 

TG/DTG analyses were 

Computerized da ta  a n a l y s i s  

RESULTS AND DISCUSSION 

The FSI was found t o  be a h i g h l y  s e n s i t i v e  i n d i c a t o r  o f  the  weather ing s t a t u s  o f  
these coa ls  w i t h  a s l i g h t ,  bu t  measurable d i o p  i n  FSI va lue  o c c u r r i n g  o v e r n i g h t  upon 
exposure of f resh coa ls  t o  a i r  a t  room temperature. T y p i c a l  FSI weather ing  p r o f i l e s  
a r e  shown i n  F igure  1. Since coa l  weather ing i s  o f t e n  accompanied by complex we igh t  
changes due t o  t h e  i n t e r p l a y  o f  f l u c t u a t i o n s  i n  mo is tu re  conten t  and o x i d a t i v e  
phenomena, a s e r i e s  of weather ing experiments was c a r r i e d  o u t  w h i l e  c a r e f u l l y  moni- 
t o r i n g  changes i n  sample weight,  as shown i n  F igure  2. Weight c o r r e c t e d  weather ing 
t rends  of several  convent ional  parameters are i l l u s t r a t e d  i n  F igure  3a and Table I 
showing how mis lead ing  r e s u l t s  a re  ob ta ined i f  the  o r i g i n a l  weight o f  the  non- 
weathered sample i s  unknown (as i s  u s u a l l y  the  case).  
cor rec ted  change i n  c a l o r i f i c  va lue  i s  -1.1% a f t e r  96 hours a t  80°C i n  a i r  and -2.1% 
a t  100°C i n  a i r .  

Much more i n f o r m a t i v e  about changes i n  r e a c t i v i t y  and s t r u c t u r e  a r e  t h e  Thermogravi- 
met ry  (TG) and D e r i v a t i v e  Thermogravimetry (OTG) da ta  i n  Figures 4 and 5 and, i n  
p a r t i c u l a r ,  the P y r o l y s i s  Mass Spectrometry (Py-MS) data i n  Figures 6, 7, 8 and 9. 
The TG/DTG p y r o l y s i s  data i n  F igures  4a and 5a would seem t o  support  a weather ing  
mechanism dominated by the  fo rmat ion  o f  c r o s s l i n k s  between coal  molecules, thereby  
causing a widening o f  t h e  temperature range o f  the  p y r o l y s i s  process and a decrease 
i n  t h e  maximum p y r o l y s i s  r a t e  accompanied by increased char  y i e l d s  w h i l e  having 
l i t t l e  o r  no i n f l u e n c e  t h e  maximum r a t e  temperature (-450°C). 
char  combustion runs i n  F igures  4b and 5b i n d i c a t e  a s i m i l a r  k i n e t i c  t r e n d  (de- 
creased r e a c t i o n  r a t e  and increased temperature range) b u t  are l e s s  d e f i n i t i v e  due 
t o  a lower l e v e l  of r e p r o d u c i b i l i t y  than i n  the  p y r o l y s i s  runs. 

I n s p e c t i o n  o f  the  p y r o l y s i s  mass spec t ra  i n  F igure  6 shows the s t r u c t u r a l  e f f e c t s  o f  
weather ing t o  be dominated by a decreased y i e l d  o f  pheno l ic  and naphtha len ic  moie- 
t i e s  and a r e l a t i v e  inc rease i n  the  y i e l d  o f  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  
m o i e t i e s ,  as f u r t h e r  i l l u s t r a t e d  by the s c a t t e r  p l o t s  o f  se lec ted  peak i n t e n s i t i e s  
i n  F igure  7. 
c a l  e f f e c t s  o f  coa l  weather ing,  according t o  which the  process i s  c h a r a c t e r i z e d  by 
the fo rmat ion  o f  e t h e r  b r idges  between aromat ic n u c l e i  w i t h  concur ren t  r e d u c t i o n  i n  
f r e e  pheno l ic  hydroxy l  groups [16], and by the  o x i d a t i o n  o f  a l i p h a t i c  mo ie t ies  t o  
c a r b o n y l i c  and c a r b o x y l i c  f u n c t i o n a l  groups [17]. A more d e t a i l e d  p i c t u r e  o f  t h e  
complex changes i n  t h e  p y r o l y s i s  mass spec t ra  can be obtained by means o f  m u l t i -  
v a r i a t e  ana lys is  techniques such as d i s c r i m i n a n t  a n a l y s i s ,  as i l l u s t r a t e d  i n  F i g u r e  
8. The a p p l i c a t i o n  o f  these techniques t o  t h e  e v a l u a t i o n  o f  p y r o l y s i s  mass spec t ra  
of coa l  has been descr ibed elsewhere [14,18,19]. The d i s c r i m i n a n t  a n a l y s i s  r e s u l t s  
i n  F i g u r e  8 show t h a t :  ( a )  the  f i r s t  d i s c r i m i n a n t  f u n c t i o n  e x h i b i t s  no d e t e c t a b l e  
changes i n  the coa l  spec t ra  upon weather ing" a t  80°C i n  a n i t r o g e n  atmosphere, ( b )  

Note t h a t  t h e  we igh t  

The r e s u l t s  o f  t h e  

These f i n d i n g s  are  i n  e x c e l l e n t  agreement w i t h  c u r r e n t  views on chemi- 
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weathering e f f e c t s  a t  80°C and 100°C in  a i r  show s t rong  quan t i t a t ive  d i f fe rences ,  
( c )  several  o the r  s e r i e s  of aromatic, hydroaromatic and hydroxyaromatic compounds 
appear t o  decrease besides phenols and naphthalenes, and (d)  the changes i n  a l i -  
pha t ic  moieties a r e  much more complex than the simple formation of carbonylic and 
carboxylic groups, Examination of the  second discriminant function (not shown) 
confirmed the absence o f  de tec t ab le  changes a t  80°C i n  N2 b u t  revealed the  presence 
of s l i g h t  b u t  s i g n i f i c a n t  q u a l i t a t i v e  d i f fe rences  between the 80°C and 100°C 
weathering t rends ,  apparently ref1 ec t i  ng  t r ans i en t  chemical phenomena (peroxide 
formation?) during the weathering process. 

A1 though, a t  f i r s t  s i g h t ,  t he  "c l a s s i ca l "  coal weathering concept of c ross l ink ing  
through e the r  bridge formation between macromolecular chains appears t o  f i t  our ob- 
se rva t ions  q u i t e  we l l ,  modern views of v i t r i n i t e  a s  a binary system cons is t ing  of a 
"mobile" phase and a macromolecular "network" phase necess i t a t e  a rethinking of the  
c ross l ink ing  concept. The binary phase model, recent ly  sumar ized  by Given [20], 
assumes t h a t  up t o  50% o r  so of t he  bulk of the  coal sample cons i s t s  of r e l a t ive ly  
smal l ,  mobile molecules trapped i n  cages formed by a macromolecular network which 
makes u p  the remainder of t he  bulk. Direct evidence f o r  the presence of a trapped 
mobile phase can be obtained by Time-resolved Py-MS, as  shown in Figure 9. Approx- 
imately 50% of the Cz-alkylnaphthalene signal i n  Figure 9 is recorded well below 
typica l  pyro lys i s  temperatures f o r  covalent bonds but f a r  above t h e  expected vacuum 
d i s t i l l a t i o n  poin t  f o r  these  compounds. 
binary phase system i s  presented i n  Figure 10 ,  demonstrating t h a t ,  i n  p r inc ip l e ,  
th ree  p o s s i b i l i t i e s  f o r  intermolecular bond formation e x i s t  i n  such a system: (1 )  
"crosslinking" between network chains,  ( 2 )  "condensation" between mobile phase 
cons t i t uen t s ,  and (3 )  "graf t ing"  of mobile phase cons t i tuents  onto the  network 
chai ns . 
To obtain a b e t t e r  i n s i g h t  i n t o  the  behavior of the  two phases, f r e sh  and a r t i f i -  
c i a l l y  weathered (212 hrs a t  100°C in a i r )  Hiawatha coal samples were submitted t o  
vacuum d i s t i l l a t i o n  (30 hrs a t  180°C and 10-3 Tor r ) ,  pyridine ex t r ac t ion  (24 hrs i n  
Soxhlet e x t r a c t o r ) ,  sho r t  contac t  time (SCT) pyrolysis i n  a tubing bomb reac tor  
(2.5 g coal i n  5.0 g benzene, heating r a t e  20"C/s, end temperature 42OoC, t o t a l  
heating time 40 s ,  Hz pressure  1,000 psi i n i t i a l  t o  1,700 psi f i n a l )  and d i r e c t  
Curie-point Py-MS (1.5 X 10-5 g coal i n  vacuo, heating r a t e  lOO"C/s, end temperature 
610"C, t o t a l  heating time 10 s ) .  Subsequently, the  d i s t i l l a t e s ,  ex t r ac t s  o r  pyroly- 
za t e s ,  a s  well a s  the res idues  were analyzed by Py-MS. Preliminary r e s u l t s  a r e  
shown i n  Table I 1  and i l l u s t r a t e  the dramatic e f f e c t  of weathering on vacuum d i s -  
t i l l a t i o n  y i e l d s ,  pyr id ine  ex t rac t ion  y i e lds  and SCT tubing bomb reac tor  ( T B R )  
pyrolysis y i e lds .  The y i e ld  of the  small vacuum d i s t i l l a t e  f r ac t ion  (4%, dominated 
by alkylnaphthalenes;  see Figure l l a ) ,  shows a four fo ld  decrease upon weathering. 
The much l a r g e r  pyr id ine-ext rac tab le  f r ac t ion  (22%, a l so  dominated by a lkyl -  
naphthalenes but containing s ign i f i can t  cont r ibu t ions  from other  aromatic moieties;  
see Figure l l b )  decreases by a f a c t o r  of f i v e  t o  s ix  a f t e r  weathering. 

Hydroxyaromatics ( e .g . ,  phenols, dihydroxybenzenes), which a re  among the  most 
abundant homologous ion series i n  pyro lys i s  mass spec t ra  of f r e sh  whole coals (see 
Figure l l d )  a r e  near ly  absent i n  the  vacuum d i s t i l l a t e  (Figure l l a )  and r e l a t ive ly  
low in the  pyr id ine  e x t r a c t  (Figure l l b )  but make a more prominent appearance among 
the  SCT-TBR products shown i n  Figure l l c .  
p a r t i a l l y  produced through pyro ly t ic  bond sc i s s ions  and thus may represent  the net- 
work phase. Adaitionai support  f o r  ibis ioiiteiiii;n i: prnlvided by t h e  much smaller 
reduction f a c t o r  (2X) f o r  t h e  SCT-TBR y i e lds  from weathered coa l .  

A specula t ive  i n t e r p r e t a t i o n  of these findings m i g h t  envisage a mobile phase repre- 
senting 20-30% of t h e  bulk of t he  f resh  Hiawatha coal and undergoing a 4-6 fo ld  
reduction under the above weathering conditions.  Presumably, t h i s  reduction i s  due 
t o  the formation of s t rong  (d i a ry l e the r? )  bonds with hydroxyaromatic moieties i n  the 
network phase ( "g ra f t ing" ;  see Figure 10).  

A crude attempt t o  v i sua l i ze  the  proposed 

Probably these  hydroxyaromatics a re  

On t h i s  view, SCT pyro lys is  r e s u l t s  i n  
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p a r t i a l  degradat ion of  t h e  network i n t o  hydroxyaromatic compounds and o t h e r  sma l l ,  
mob i l e  molecules. However, t he  p y r o l y s i s  cond i t i ons  used appear t o  l eave  most o f  
t he  new bonds formed i n  t h e  weathering process i n t a c t ,  thus r e s u l t i n g  i n  a marked 
decrease i n  o v e r a l l  p y r o l y s i s  y i e l d s  f rom weathered coa ls .  

V i sua l  comparison o f  the  f o u r  MS pa t te rns  i n  F igu re  11 revea ls  an obvious t r e n d  t o -  
wards i nc reas ing  complex i ty  f rom the  vacuum d i s t i l l a t e  (F igu re  l l a )  t o  t h e  Cur ie -  
p o i n t  py ro l yza te  (F igu re  l l d ) .  For t h e  f i r s t  t h ree  f r a c t i o n s  t h i s  t rend  corresponds 
d i r e c t l y  w i t h  i nc reas ing  y i e l d s  ( f rom 4% f o r  t h e  vacuum d i s t i l l a t e  t o  38% f o r  t h e  
T8R py ro l yza te )  and, i f  ext rapolated,  would i n d i c a t e  a y i e l d  o f  between 40-50% f o r  
t he  Cur ie -po in t  pyro lyzate,  which i s  i n  good agreement w i t h  prev ious est imates f o r  
hvb Utah coals  [18]. 

A t  t he  same t ime, these observat ions h i g h l i g h t  t he  f a c t  t h a t  under SCT p y r o l y s i s  
cond i t i ons  some 50% o f  t h e  (m.a.f.) coa l  forms a char.  Th i s  char, which i s  d i f f i -  
c u l t  t o  analyze by most techniques c u r r e n t l y  a v a i l a b l e ,  m igh t  i n c o r p o r a t e  as much as 
2/3 of  the network phase. Th is  leads t o  the  ques t i on  whether t h e  p y r o l y s i s  products  
obta ined f rom the  network phase are rep resen ta t i ve  f o r  t h e  o v e r a l l  chemical s t r u c -  
t u r e  o f  the network. 
coa l ,  Given [20] concludes t h a t  i n  s p i t e  o f  a l l  a v a i l a b l e  data f rom s o p h i s t i c a t e d  
a n a l y t i c a l  methods, i n c l u d i n g  FTIR and 13C NMR, the  chemical na tu re  o f  t h e  network 
phase remains p r e t t y  much a mystery. 

I f the  b ina ry  phase concept i s  v a l i d  indeed, much e f f o r t  w i l l  have t o  be devoted t o  
the  e l u c i d a t i o n  o f  key s t r u c t u r a l  f ea tu res  o f  t he  macromolecular network i f  a more 
comprehensive p i c t u r e  o f  t h e  e f f e c t s  o f  weather ing on the  s t r u c t u r e  and r e a c t i v i t y  
o f  coals  i s  t o  be obta ined w i t h i n  the  foreseeable f u t u r e .  
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C a l o r i f i c  Value Fresh 80°C i n  ~ 2 ;  A* 
(BTU) 120 hours I (%)  

- as received 12028 12556 1+4.4 
- d r y  12457 12575 1+0.9 
- weight corrected 12028 12003 ,-0.2 

I 

8OoC i n  a i r :  A* IOOOC i n  a i r 1  A* 
96 hours I (%)  96 hours I (%) 

12299 1+2.3 12063 1+0.3 
12318 '-1.1 12078 '-3.0 
11893 1-1.1 11773 1-2.1 

I I 

TABLE I1  

WEATHERING EFFECTS ON HIAWATHA COAL PROCESS YIELDS 

Process 

Vacuum D i s t i l l a t i o n  
Py r id ine  E x t r a c t i o n  
SCT-TBR P y r o l y s i s  

% Y i e l d  

Fresh Coal Weathered Coal 

4 1* 
22 4 
38 17 

W W 
a 

:-  

F igure 1. E f f e c t  o f  
weathering a t  5OoC i n  
a i r  on FSI o f  coal 
samples from one B l i n d  
Canyon and two Hiawatha 
seam mines. 

\ 
\ 
b 

O b i  i i i j ' ' ' ' ID ' . ' . IS ' 
WEATHERING TIME (DAY) 
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Figure 2.  Effect of weathering 
on weight of Hiawatha seam coal .  
Note usefulness of control 
samples in  N2 f o r  d i s t inguish ing  
e f f e c t s  of moisture l o s s  (-4.4%) 
from e f f e c t s  of ox ida t ive  weight 
gain.  Error bars represent  
range o f  values f o r  t h ree  inde- 
pendently weathered a l i q u o t s .  

EEZY 80% in N2 -80% in air I IOOOC in air 

fixed 
carbon matter carbon 

Figure 3 .  Effect of weathering on proximate ana lys i s  of Hiawatha coa l .  
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Figure 6. 
samples. 

( 8 O O C  in N2) and obvious changes in spec t ra  c )  ( 8 O O C  in  a i r )  and d)(lOO°C i n  a i r ) .  
Overall weathering e f f e c t s  appear t o  be: decreased aromatic s e r i e s ;  increased 
carbonylic (CnH2nO) and carboxylic (CnH2n02) s e r i e s ;  decreased H S peak (m/z 34) ;  
increased C02 (m/z 44) and SO2 (m/z 64) peaks; increased MeOH so?vent r e t en t ion  
(m/z 23);  a l t e r ed  d i s t r i b u t i o n  of a l i p h a t i c  hydrocarbon s e r i e s .  
fragment ion peak a t  m/z 149 may be due t o  contamination. 

Curie-point pyro lys i s  mass spec t ra  of f r e sh  and weathered Hiawatha coal 
Note h i g h  degree of s i m i l a r i t y  between spec t ra  a )  ( f resh coa l )  and b) 

The phtha la te  
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Figure 9. 
alkylnaphthalenes),  m/z 158 ( e .g . ,  methylnapthol and/or C2-alkyl dihydro- 
naphthalenes) and  m/z 160 (e .g . ,  C2-alkyl t e t r a l i n s )  during Curie-point pyrolysis 
of a 20 pg sample from a hvb  Wasatch Plateau coal .  Note bimodal charac te r  of the 
signal a t  m/z 156. 

Time-resolved recording of the mass peaks a t  m/z 156 (mainly C2- 

1 - CROSSLINKING 
2 - CONDENSATION 
3- GRAFTING 

Figure 10. Highly schematized representa t ion  of a l l  th ree  poss ib le  types of 
weathering-induced bridge formations in a binary phase (mobile phase/network 
phase) coal model. 
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F i g u r e  11. C u r i e - p o i n t  d e s o r p t i o n / p y r o l y s i s  mass spec t ra  o f  t a r  f r a c t i o n s  
from a nonweathered ( " f r e s h " )  Hiawatha c o a l  ob ta ined b y  d i f f e r e n t  
techniques. Compare w i t h  Table I .  Note i n c r e a s i n g  complex i ty  
f rom a t o  d (exaggerated i n  d by t h e  presence o f  gaseous, low 
molecu la r  weight products,  e.g., a lkenes, l o s t  d u r i n g  c o l l e c t i o n  
of a-c) .  Peaks l a b e l e d  "P" represent  p y r i d i n e  res idues  and/or 
background s i g n a l s .  
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