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Introduction 

A knowledge o f  how t o  determine molecular weights and molecular  weight 
d i s t r i b u t i o n s  o f  coal macromolecules has been a long-standing goal of coal  
s c i e n t i s t s  (1). A fundamental understanding of t h e  chemical and physical u n i t s  i n  
coa ls  requ i res  a knowledge o f  t h e  populat ion of various s izes o f  molecular e n t i t i e s  
i n  the coal. In format ion on t h e  molecular  weight d i s t r i b u t i o n  of coal 
macromlecules can a i d  i n  understanding the  behavior o f  t h e  macromolecules i n  
var ious chemical and phys ica l  processes. I n  t h e  h igh temperature processes such as 
l i q u e f a c t i o n  and p y r o l y s i s ,  many bonds i n  the  coal are broken and r e l a t i v e l y  small 
molecular  weight m a t e r i a l  i s  obtained. These products have been ex tens i ve l y  s tud ied 
and are no t  t he  concern o f  t h i s  paper. 

The goal o f  our research i s  t o  apply r e l i a b l e  and accurate polymer 
cha rac te r i za t i on  methods t o  t h e  h igh  molecular weight macromolecules of t h e  
l i g n i t e .  We have u t i l i z e d  low-angle l a s e r  l i g h t  s c a t t e r i n g  (LALLS) photometry i n  a 
s t a t i c  mode and a l s o  coupled w i t h  s i z e  exc lus ion chromatography (SEC) f o r  t h e  
determinat ion o f  weight average molecular  weights and molecular weight 
d i s t r i b u t i o n s ,  Polymers can be separated on t h e  bas i s  o f  s i z e  by SEC, t hus  
p rov id ing  i n f o w a t i  on about molecular weight d i s t r i b u t i o n s ;  however, mo!ecul a r  
weight va lues depend on c a l i b r a t i o n  data which a re  subject  t o  l a rge  e r r o r s  (2) .  
These e r ro rs  r e s u l t  from t h e  lack o f  s i m i l a r i t y  between the  shapes and p o l a r i t i e s  o f  
t h e  c a l i b r a t i o n  standards and t h e  ma te r ia l s  whose molecular weights a re  t o  be  
determined. Since l i g h t  sca t te r i ng  techniques g ive absolute molecular  weight 
values, a LALLS photometer was used as an on - l i ne  detector  i n  an  SEC system and no 
e r r o r  prone c a l i b r a t i o n s  o f  the s ize exc lus ion column were necessary. A r e f r a c t i v e  
index (RI) de tec to r .  was used i n  se r ies  with t h e  LALLS f l o w  c e l l  t o  prov ide 
concentrat ions o f  t h e  e l u t i n g  solute. 

Measurement o f  the molecular  weights o f  t h e  coal macromolecules o f  course 
requi res t h a t  t h e y  be so lub i l i zed .  Our i n i t i a l  s tud ies  ( 3 )  were c a r r i e d  out w i t h  
humic acids f r a n  a Nor th Dakota l i g n i t e  (Beulah-Zap seam), main ly  because the  humic 
ac ids  are convenient ly  obtained by e x t r a c t i o n  w i t h  base a t  ambient temperatures. 
Thermal cleavage reac t i ons  which could have ex tens i ve l y  degraded o r  depolymerized 
t h e  coal macromolecules would not  have occurred under these condi t ions,  although 
base i n i t i a t e d  depolymerizations may have occurred. 

In o r d e r  t o  observe t h e  s c a t t e r i n g  and i n t e r p r e t  t h e  r e s u l t s  wi thout  
c a p l i c a t i o n s .  it i s  important t h a t  t he  op t i ca l  absorbance o f  t h e  macromolecules a t  
t h e  l a s e r  wavelength o f  633 tnn be neg l i g ib le .  Obviously coal -der ived macromolecules 
must be deco lo r i zed  and considerable e f f o r t  was expended i n  f i n d i n g  t h e  best  way t o  
reduce t h e  molar a b s o r p t i v i t y  o f  the humic acids. The most successful method was 
found t o  be reduc t i on  o f  t h e  exhaust ive ly  methylated humic ac id  w i t h  z inc  dust i n  
a c e t i c  anhydride (3). The r e s u l t i n g  l i g h t  powder was so lub le i n  THF and exh ib i t ed  
s a t i s f a c t o r y  chromatographic p r o f i l e s  i n  the  SEC, i n d i c a t i n g  t h a t  s i g n i f i c a n t  
adsorpt ion of t h e  ma te r ia l  t o  t h e  SEC column was not a problem. 
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Results and Discussion 

Having reduced the  molar a b s o r p t i v i t y  o f  t h e  methyl humates, we were able t o  
determine Rayleigh f a c t o r s  f o r  so lu t i ons  i n  THF i n g  t h e  s t a t i c  LALLS c e l l .  A 
l i n e a r  dependence o f  Kc/RQ w i t h  c was obtained (ry = 0.99) (F igure 1). Thus t b e  
weight average molecular weight could be obtained fran t h e  i n t e r c e p t  (1.3 x 10 ) 
(Table 1). These data con t ras t  s i g n i f i c a n t l y  w i t h  those o f  Hombach (4 )  where a 
nonl inear  sca t te r i ng  p l o t  was obtained. I n  t h a t  case, i t  was necessary t o  i n t roduce  
a mod i f i ca t i on  t o  the  v i r i a l  equation so t h a t  t h e  non- l inear  curve could be resolved 
i n t o  a l i n e a r  and an exponential component. A t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  t h e  
mod i f i ca t i on  was not presented. Our data requi red no such manipulat ion, which would 
have made ca l cu la t i ons  o f  molecular weight d i s t r i b u t i o n s  from t h e  f l ow  c e l l  
i n te r faced  w i t h  the  SEC system more complex. Furthermore the reduc t i on  e l im ina tes  
t h e  fluorescence which would cause an add i t i ona l  compl icat ion i n  determining t h e  
molecular  weight from s c a t t e r i n g  p l o t s  (5 ) .  

Table 1. Molecu1ar.weights f o r  humic ac id  and ox id i zed  l i g n i t e  de r i va t i ves  

S t a t i c  LALLS: 

MW 

A2 

dnfdc 

SEC-LALLS: 

M n 

yr 
Mz 

MZ:Mw:Mn 

Reduced methyl humate 

1.3 x l o 6  
0 2 2  

-4.2 10-5 

9.7 x 105 

1.8.x 106 

1.4 x l o 6  

1.9:1.3:1 

Reduced ox ida t i on  product 

1.3 x l o 6  
0 -18 
-3.6 10-5 

6.6 x l o 5  
7.8 x 105 
9.1 105 

1.4:1.1:1 

A s o l u t i o n  of t he  r e d u c t i v e l y  ace ty la ted  methyl humate i n  THF was character ized 
i n  the  SEC-LALLS-RI system. The LALLS chromatogram exh ib i ted  a s ing le  symmetrical 
curve whereas the  corresponding R I  chromatogram was near ly  symmetrical (F igure 2). 
Values f o r  the number average, weight average, and z everage molecular weights were 
c a  cu lated fran t h e  LALLS and R I  data (Mn = 9.7 x 10 , Mw = 1.4 x l o6 ,  Mz = 1.8 x 

Thus the  humic ac id  ex t rac ted  from l i g n i t e  w i t h  base i s  a l a r g e  macromolecule; 
t h e  r e l a t i o n s h i p  between t h e  molecular weight o f  t h i s  mater ia l  and t h a t  of t h e  
macromolecules which comprise t h e  major humin p o r t i o n  o f  the coal must next be 
establ ished. Although increased y i e l d s  o f  humic ac ids can be obtained by more 
severe treatments w i th  base (h igher  temperatures o r  u l t rason ica t i on ) ,  t h e  issue of 
thermal degradation react ions o f  the macromolecules cannot be neglected i n  ma te r ia l s  
obtained from l i g n i t e  under these condi t ions.  Instead a m i l d  o x i d a t i v e  reac t i on  was 
chosen t o  obta in  so lub le ma te r ia l  from t h e  l i g n i t e .  This ox ida t i on  was c a r r i e d  out  
w i t h  4-nitroperbenzoic ac id ,  a reagent which was recen t l y  repor ted t o  be e f f e c t i v e  
f o r  the cleavage o f  benzyl e thers (6 ) .  Benzyl e the r  l inkages occur i n  t h e  l i g n i n  

10 b ) w i t h  po l yd i spe rs i t y  r a t i o s  o f  Mz : Mw : Mn = 1.9 : 1.3 : 1. 
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s t ruc tu re  between t h e  c o n i f e r y l  groups and have been suspected t o  be present i n  
coa ls  as l i nkages  between a r y l  groups (perhaps l a r g e l y  between con i fe ry l -de r i ved  
groups o r  conjugates thereof ) .  Treatment o f  t h e  Beulah l i g n i t e  w i t h  4- 
n i t roperbenzoic  ac id  i n  r e f l u x i n g  c h l o r o f o n  gave o n l y  a small amount o f  ma te r ia l  
so lub le  i n  organic solvents; t h i s  ma te r ia l  was s i m i l a r  i n  composit ion t o  t h e  waxy 
ma te r ia l  normal ly  ex t rac ted  from l i g n i t e s  with organic  solvents. A f t e r  removal o f  
4-n i t robenzoic  ac id  and 4-nitroperbenzoic ac id  w i t h  hot  methanol, t h e  res idue was 
ext racted w i t h  base t o  g i ve  l a r g e  amounts o f  humic ac ids i n  y i e l d s  up t o  90 % (on an 
maf basis). Thus t h e  reagent was presumed t o  have converted the major p o r t i o n  o f  
t h e  l i g n i t e  humin t o  a base-soluble form by cleavage o f  s u f f i c i e n t  number o f  cross- 
l i n k i n g  groups o f  t h e  benzyl e ther  o r  some o the r  o x i d a t i v e l y  l a b i l e  type t o  g i ve  
carboxy l ic  a c i d  and phenol ic  groups. The reac t i on  r a t e s  and y i e l d s  va r ied  
considerably depending on t h e  p a r t i c l e  s i ze  and leng th  o f  sample storage; these 
ox ida t i on  s tud ies  a r e  s t i l l  under i nves t i ga t i on .  Oxidations o f  model compounds 
i n d i c a t e  t h a t  carbon br idges between a r y l  groups (such as i n  diphenylmethane) a r e  
not  cleaved by t h i s  reagent. However po lynuclear  aromatic systems (such as i n  
phenanthrene and anthracene) may be ox id ized t o  quinones o r  o ther  products. 

A sample o f  t h e  base-extractable product from t h e  4-nitroperbenzoic ac id  
ox ida t i on  o f  l i g n i t e  was converted t o  t h e  methylated d e r i v a t i v e  w i t h  dimethyl 
s u l f a t e  fo l lowed by diazomethane i n  DMF-ether, and was reduc t i ve l y  ace ty la ted  w i t h  
z inc dust i n  ace t i c  anhydride as i n  t h e  humic ac id  d e r i v a t i z a t i o n  above. A l i g h t  
t a n  THF-soluble ma te r ia l  was obtained. The molecular weight was determined i n  t h e  
t h e - s t a t i c  LALLS c e l l  i n  THF solut ion.  A l i n e a r  r e l a t i o n s h i p  was obtained i n  the  
Kc/Re versus c p l o t  ( r 2  = 0.95) (F igure 3). he molecular  weight obtained f o r  t h e  

f o r  t h e  humic ac id  d e r i v a t i v e .  
The r e d u c t i v e l y  ace ty la ted  ox ida t i on  product was a l so  examined w i t h  t h e  SEC- 

LALLS-RI system. A symmetrical peak was observed f o r  t h e  LALLS response, and a non- 
symmetrical peak f o r  the R I  response (F igu re  4). Somewhat lower values f o r  t he  
number average, weight av rage and z average molecular T i g h t s  were ca l cu la ted  from 
these data (Mn = 6.5 x l o f ,  Mw = 7.8 x l o 5 ,  Mz = 9.1 x 10 1. 

These data i n d i c a t e  t h a t  by o x i d a t i v e l y  c leav ing  the benzyl e the r  groups w i t h  
t h e  peracid, a subs tan t i a l  macromolecule i s  produced which i s  comparable i n  s ize t o  
t h a t  obtained by s imple base e x t r a c t i o n  o f  t h e  l i g n i t e .  This impl ies t h a t  t he re  i s  
sane basic u n i t  o f  t h i s  molecular  weight making up t h e  coal s t ruc tu re ,  and t h a t  i n  
base e x t r a c t i o n  some o f  these u n i t s  are released, whereas i n  perac id ox ida t i on  a 
l a r g e  number of them a r e  re leased by sc i ss ion  o f  c ross - l i nk ing  bonds. 

, 

d e r i v a t i v e  o f  t he  o x i d a t i o n  product (1.3 x 10 l? was t h e  same as t h e  value obtained 

Experimental 

Humic ac ids were i s o l a t e d  f r a n  l i g n i t e  f r a n  t h e  Beulah mine i n  Mercer Co. ND 
(Beulah-Zap seam, Sent ine l  Bu t te  formation, F o r t  Union Region) and methylated w i t h  
dimethyl s u l f a t e  fo l lowed by diazomethane as described i n  reference 3. The methyl 
humate was reduced w i t h  zinc dust i n  ace t i c  anhydride. 

Oxidat ion o f  t h e  l i g n i t e  was ca r r i ed  out  by r e f l u x i n g  11 g o f  Beulah l i g n i t e  
w i t h  12.4 g of 4-n i t roperbenzoic  acid. i n  150 m l  o f  c h l o r o f o n  f o r  20 hours. The 
m i x t u r e  was f i l t e r e d  wh i l e  ho t  and the  t h e  res idue was ext racted wi th hot methanol 
t o  remove t h e  4-n i t robenzoic  acid. A 3.8 g p o r t i o n  o f  t h e  residue was ext racted 
w i t h  NaOH s o l u t i o n  and the  r e s u l t i n g  s o l u t i o n  was t rea ted  w i t h  dimethyl s u l f a t e  as 
i n  t h e  preparat ion o f  methyl humates. The methylated product was a c i d i f i e d  w i t h  
HCl, cent r i fuged,  and d r i e d  t o  g i ve  a 1.75 g y i e l d  o f  methylated ox ida t i on  
product. Th is  ma te r ia l  was t rea ted  w i t h  diazomethane i n  DMF-ether fo l lowed by z inc 
dust i n  a c e t i c  anhydride t o  g i ve  0.70 g o f  reduc t i ve l y  acety la ted methylated 
product. 

Rayleigh s c a t t e r i n g  was measured w i t h  a KMX-6 LALLS photometer i n  THF 
solut ion.  The dn/dc values were determined us ing a KMX-16 d i f f e r e n t i a l  l a s e r  
re f ractometer  a t  several concentrat ions i n  THF so lu t i on .  The s i z e  exc lus ion 
chromatography was c a r r i e d  out  w i t h  a 30 cm by 7.5 mm 105 A PLgel column i n  THF a t  a 
sample concentrat ion o f  2 mg/ml. The KMX-6 LALLS photometer w i t h  a flow-through 



c e l l  and a Model 401 R I  de tec to r  were used f o r  measurement of t h e  Rayleigh 
sca t te r i ng  and R I  response o f  t h e  e f f l uen t  from t h e  SEC column. Data were acqui red 
a t  3.5 points/sec f o r  each detector. The LALLS and R I  peaks were d i v ided  i n t o  100 
area s l i c e s  each for c a l c u l a t i o n  o f  t h e  molecular weights. 
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